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Introduction

There are 3 different forms of autophagy that are commonly 
described, which include macroautophagy, microautophagy, 
and chaperone-mediated autophagy.1 Macroautophagy (hereaf-
ter autophagy) has been extensively investigated and described 

as an essential homeostatic process by which cells break down 
their own components. During autophagy, parts of the cyto-
plasm and organelles are encapsulated in double-membraned 
vacuoles called autophagosomes, which finally fuse with lyso-
somes to degrade the incorporated material by acidic hydro-
lases.2 The autophagy machinery is thought to have evolved as 
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Sphingolipids are structural lipid components of cell membranes, including membrane of organelles, such as mito-
chondria or endoplasmic reticulum, playing a role in signal transduction as well as in the transport and intermixing of 
cell membranes. Sphingolipid microdomains, also called lipid rafts, participate in several metabolic and catabolic cell 
processes, including apoptosis. However, the defined role of lipid rafts in the autophagic flux is still unknown. In the pres-
ent study we analyzed the role of gangliosides, a class of sphingolipids, in autolysosome morphogenesis in human and 
murine primary fibroblasts by means of biochemical and analytical cytology methods. Upon induction of autophagy, by 
using amino acid deprivation as well as tunicamycin, we found that GD3 ganglioside, considered as a paradigmatic raft 
constituent, actively contributed to the biogenesis and maturation of autophagic vacuoles. In particular, fluorescence 
resonance energy transfer (FRET) and coimmunoprecipitation analyses revealed that this ganglioside interacts with phos-
phatidylinositol 3-phosphate and can be detected in immature autophagosomes in association with LC3-II as well as in 
autolysosomes associated with LAMP1. Hence, it appears as a structural component of autophagic flux. Accordingly, we 
found that autophagy was significantly impaired by knocking down ST8SIA1/GD3 synthase (ST8 α-N-acetyl-neuraminide 
α-2,8-sialyltransferase 1) or by altering sphingolipid metabolism with fumonisin B1. Interestingly, exogenous adminis-
tration of GD3 ganglioside was capable of reactivating the autophagic process inhibited by fumonisin B1. Altogether, 
these results suggest that gangliosides, via their molecular interaction with autophagy-associated molecules, could be 
recruited to autophagosome and contribute to morphogenic remodeling, e.g., to changes of membrane curvature and 
fluidity, finally leading to mature autolysosome formation.
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a stress response that allows unicellular eukaryotic organisms to 
survive during harsh conditions, probably by regulating energy 
homeostasis and/or by protein quality control. This is primarily 
performed by the ubiquitin-proteasome system, but autophagy 
plays a key role too. In fact, terminally misfolded proteins that 
are not timely removed tend to form aggregates and their clear-
ance requires autophagy. In addition, autophagy also serves in 
intracellular quality control by selectively segregating defective 
organelles, including mitochondria, and targeting them for 
degradation by the lysosomes. Autophagy interfaces with most 
cellular stress-response pathways, including those involved in 
controlling several human morbidity states.3 It is thus nowadays 
considered either a pathogenetic determinant or a therapeutic 
target in a plethora of human diseases.4

Much progress has been made in the field of autophagy in terms 
of identification of the molecular components involved in the 
process. The overall mechanics of the autophagy-lysosome path-
way are now completely understood: more than 30 autophagy-
related proteins (ATG proteins) have been identified, 18 of which 
are essential for autophagosome formation.5 However, how these 
vary in different cell types needs to be established. Generation 
of the phagophore requires the BECN1/Beclin 1-class III phos-
phatidylinositol (PtdIns) 3-kinase (PtdIns3K) complex, as well as 
generation and insertion of LC3 (microtubule-associated protein 
1 light chain 3)-II into the autophagosomal membrane.6 This is 
a consistent key step in autophagosomal formation and its level 
reflects the relative amount of autophagosomes in the cell. At the 
final step, fusion of autophagosomes to lysosomes may be medi-
ated by the RAB7A small GTPase and the lysosomal-associated 
membrane protein family LAMP.7,8

While the ATG proteins functioning in autophagy have 
extensively been analyzed, little is known about the lipid mol-
ecules that form autophagosomes. In particular, gangliosides 
are molecules composed of a glycosphingolipid (ceramide and 
oligosaccharide) with one or more sialic acids linked on the 
sugar chain. They are abundant lipid components of eukaryotic 
plasma membranes, which can play a role in several biological 
processes, including proliferation, apoptosis, membrane trans-
port, signal trasduction, and cell adhesion.9-11 Emerging evidence 
indicates that although autophagy and apoptosis utilize distinct 
machinery, these processes are highly interconnected by many 
key regulators, including different sphingolipids. For instance, 
current literature supports the notion that ceramide-induced 
autophagy functions to promote cell death, either through the 
induction of autophagic cell death,11,12 or by “switching” off auto-
phagy and inducing apoptosis through the CAPN/calpain-medi-
ated cleavage of ATG5,13 and/or DISC formation.14 Interestingly, 
acid sphingomyelinase (SMPD1), a hydrolase enzyme that is 
involved in sphingolipid metabolism reactions and is respon-
sible for breaking sphingomyelin down into phosphocholine 
and ceramide, appeared to be responsible for the induction of 
autophagy during amino acid depletion, the prototypical preau-
tophagic stimulus.15

Recently, Hwang et al. have demonstrated that gangliosides, 
sialic acid-containing glycosphingolipids, induce autophagic cell 
death of astrocytes by activation of the IKBKB/IKK-NFKB/

NF-kB pathway.16 Furthermore, ganglioside-induced autophagic 
cell death has been shown to be dependent on the generation of 
ROS, inhibition of AKT-MTOR, activation of MAPK1 (mitogen-
activated protein kinase 1)-MAPK3/ERK2-ERK1, and “lipid 
raft” integrity.17 A recent study demonstrates that the inhibition 
of sphingolipid synthesis in Saccharomyces cerevisiae suppressed 
autophagosome biogenesis through a mechanism that was both 
independent of the ATG12–ATG5 and ATG8–phosphatidyleth-
anolamine conjugates as well as the formation of phagophores.18 
However, a defined role for lipid rafts or individual gangliosides 
in regulating autophagy induction as well as autophagosome bio-
genesis and/or maturation is unclear. In this study, we analyzed 
whether gangliosides play a role in autophagosome morphogenic 
remodeling leading to autophagosome formation. To do this, we 
decided to use well established but untransformed cell models 
(primary human fibroblasts and mouse embryo fibroblasts), 
where GM3, GD3 and GD1a gangliosides are constitutively 
expressed.19

Results

Autophagy induction in primary fibroblasts
We preliminarily analyzed autophagy triggering. Common 

cellular stresses known to induce autophagy include amino acid 
starvation, glucose withdrawal, and ER stress. To trigger auto-
phagic machinery in our experimental model we used a classical 
autophagic stimulus, such as amino acid starvation (HBSS) and 
a pharmacological stimulus able to induce ER stress, tunicamy-
cin (TNC). As shown in Figure 1A (left panel), flow cytometry 
analysis of cells stained with Cyto-ID Autophagy detection kit 
showed a significant (P < 0.01) increase of green fluorescence 
emission in cells starved in HBSS or treated with TNC in com-
parison with untreated control cells. These data were also con-
firmed by using a specific antibody able to recognize cleaved 
form of LC3 (Fig. 1A, right panel). Flow cytometry results were 
confirmed by western blot analysis, which revealed a band cor-
responding to LC3-II either after cell starvation or in cells treated 
with TNC (Fig. 1B).

Engagement of sphingolipids in the autophagic process
Starting from the observation that sphingolipids have already 

been hypothesized to be related to autophagy in cancer cells,20 
we first investigated their possible involvement in autophagic 
progression by impairing their biosynthesis. For this purpose, we 
pretreated primary human fibroblasts with fumonisin B1 (FB1), 
an inhibitor of sphingosine (sphinganine) N-acyltransferase and 
de novo sphingolipid biosynthesis, before the autophagic stimu-
lus. Flow cytometry analysis after cell staining with anti-LC3-II 
antibodies clearly showed that cell pretreatment with FB1 signifi-
cantly inhibited autophagy either induced by HBSS or by TNC 
after 4 or 18 h (Fig.  2A). We therefore analyzed LC3 expres-
sion by western blot after autophagy triggering, in the presence 
or in the absence of FB1, under the same experimental conditions 
(Fig. 2B). Our results confirmed that in the presence of FB1 the 
conversion of soluble LC3-I to lipid-membrane-bound LC3-II, 
considered as the prototypical marker of autophagy, was signifi-
cantly lower (Fig. 2B, see densitometric analysis). Similar results 
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were obtained in experiments performed with mouse fibroblasts 
(MEFs, see Fig. S1).

In order to clarify the role of GD3 during autophagic pro-
cess, a small interfering RNA (siRNA) was employed to knock 
down ST8SIA1 gene expression. In our experimental conditions, 
we found that 48 h after siRNA addition: i) about 70% of cells 
(Fig.  2C, first panel) were transfected (positive control siGLO 
laminin A/C siRNA-FITC) and that ii) in cells transfected with 
ST8SIA1 siRNA a significant reduction (more than 70%) of 
ST8SIA1, with respect to scrambled siRNA transfected cells, 
was detectable (Fig. 2C, second panel). Flow cytometry analy-
ses of siRNA-treated cells (Fig. 2C, third panel), incubated with 
TNC as above, revealed that autophagy was significantly reduced 
as compared with scrambled siRNA transfected cells (Fig. 2C, 
fourth panel).

Implication of endocytosis 
in autophagy induction

Since a relationship of the 
classical endosomal pathway 
with autophagic process has 
recently been reported,21 we 
evaluated either the possible 
involvement of GD3 in endo-
cytosis or the contribution of 
endocytosis to the autophagy 
induced by TNC. For the first, 
we quantified the endocyto-
sis in fibroblasts, untreated 
or treated with sphingolipid 
biosynthesis inhibitor FB1. 
As expected, we found a very 
low basal endocytic activity 
in these cells. However, FB1 
that significantly impaired 
autophagy downmodulating 
GD3 synthesis did not influ-
ence endocytosis (Fig.  S2A). 
In addition, we also observed 
that D609, an inhibitor of 
endocytosis that selectively 
inhibits phosphatidylcholine-
specific phospholipase C, did 
not alter TNC-induced auto-
phagy (Fig.  S2B). Finally, 
immunofluorescence analyses, 
performed in order to verify 
whether GD3 was present in 
late endosomes, did not show 
any colocalization between 
RAB7A, a marker of late endo-
somes, and GD3 neither in 
control untreated cells nor in 
TNC-treated cells (Fig. S2C). 
Altogether, these data seem to 
indicate that in our experimen-
tal setting ganglioside GD3 

plays a minor role in the endocytic pathway, which, in turn, 
seems to play an ancillary role in TNC-induced autophagy.

Involvement of GD3 in autophagic machinery
Phosphatidylinositol 3-phosphate (PtdIns3P) has been sug-

gested to create a membrane platform to concentrate and spatially 
coordinate specific effectors necessary for signal transduction and 
progression of autophagy.22 With the aim to evaluate which step 
of autophagosome formation may act to block sphingolipid bio-
genesis, we analyzed the effects of disturbed sphingolipid metab-
olism on PtdIns3P levels. Cells, either untreated or treated with 
TNC (5 µM for 4 h at 37 °C), in the presence or in the absence 
of pretreatment with FB1, were subjected to phosphoinositide 
extraction. The samples were separated by HPTLC and the plates 
were immunostained with anti-PtdIns3P monoclonal antibody 
(Mab). The results showed that TNC administration increased 

Figure 1. Autophagy induction in primary fibroblasts. (A) Semiquantitative flow cytometry analysis of auto-
phagy performed in primary human fibroblasts untreated (full gray curves), starved 18 h with HBSS medium 
(dashed lines) or treated 18 h with TNC (empty curves) performed by Cyto-ID Autophagy detection kit (left 
panel) or by LC3-II cell staining (right panel). Numbers represent the median fluorescence intensity. A represen-
tative experiment among 3 is shown. (B) Primary fibroblasts, untreated or treated with HBSS or TNC (5 µM for 18 
h at 37 °C), were lysed in lysis buffer, subjected to 10% SDS-PAGE and analyzed by western blot using anti-LC3 
polyclonal antibody. Loading control was evaluated using anti-ACTB Mab.
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Figure 2. Engagement of sphingolipids in the autophagic process. (A) Semiquantitative flow cytometry analysis of autophagy performed after human 
fibroblast staining with anti-LC3-II antibody. The numbers represent the mean ± SD of the median fluorescence intensity obtained in 3 independent 
measurements. A representative experiment is shown. (B) Human fibroblasts, untreated or treated with TNC (5 µM for 4 h or 18 h at 37 °C) or HBSS, in the 
presence or in the absence of pretreatment with FB1, were analyzed by western blot using anti-LC3 polyclonal antibody. Loading control was evaluated 
using anti-ACTB Mab (left panel). Densitometric LC3-II-ACTB ratios are shown (right panel). (C) In the first panel cytofluorimetric analysis of fluorescence 
emission in fibroblasts transfected with FITC-siRNA is shown. The percentage of FITC-positive cells was considered indicative of the transfection effi-
ciency. The number represents the mean percentage ± SD of FITC-positive cells (corresponding to transfected cells) obtained in 3 independent measure-
ments. In the second panel cytofluorimetric evaluation of ST8SIA1 expression level 48 h after siRNA transfection is shown. The numbers represent the 
mean ± SD of the median fluorescence intensity obtained in 3 independent experiments. A representative experiment is shown. In the third and fourth 
panels a semiquantitative flow cytometry analysis performed by Cyto-ID Autophagy detection kit of autophagy induced by TNC in cells knocked down 
for ST8SIA1 (fourth panel) or in cells transfected with scrambled siRNA (third panel) is shown. The numbers represent the mean ± SD of the median 
fluorescence intensity obtained in 3 independent measurements. A representative experiment is shown.
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PtdIns3P synthesis, which was significantly reduced by cell pre-
treatment with FB1 (Fig. 3A).

We thus investigated the possible physical interaction of GD3 
with PtdIns3P by FRET methodology (Fig.  3B). Quantitative 
analyses were performed by pooling together data obtained from 
3 independent experiments (Fig. 3B, bar graph) by calculating 
the FRET efficiency (FE) by using the following algorithm: FE = 
[FL3DA − FL2DA/a − FL4DA/b]/FL3DA, where A is the accep-
tor and D the donor and where a = FL2D/FL3D and b = FL4A/
FL3A. This quantitative analysis indicated a strict molecular 
interaction between GD3 and PtdIns3P 4 h after TNC addi-
tion (Fig.  3B, in the second panel a representative experiment 
is shown), which was significantly prevented by pretreatment 
of cells with FB1 (Fig. 3B, in the fourth panel a representative 
experiment is shown). In accordance with the results reported in 
Figure 3A, the increased amount of PtdIns3P induced by TNC 
treatment was significantly prevented by FB1 (Fig. 3B, see histo-
grams in the second row).

To better understand the role of GD3 in the autophagic flux, 
specific experiments were performed by using bafilomycin A

1
 

(BafA1). This is an inhibitor of the late phase of autophagy, 
since it prevents maturation of autophagosomes, by hindering 
fusion between autophagosomes and lysosomes by inhibiting 
vacuolar H+ ATPase (V-ATPase).23 Human fibroblasts pretreated 
with BafA1 and then added with TNC, alone or in combina-
tion with FB1, were subjected to IVM analysis after triple stain-
ing with anti-LC3-II antibodies (green), anti-GD3 antibodies 
(red) and Hoechst dye (blue). Our results showed that BafA1 
induced an appreciable increase of LC3-II staining, due to the 
autophagosomes accumulation, either in control cells or, to a 
greater extent, in TNC-treated cells, which substantially colocal-
ized with GD3 (Fig. 3C, left and central panels). By contrast, 
BafA1 was ineffective in inducing autophagosome accumula-
tion in fibroblasts treated with FB1 before TNC administration 
(Fig. 3C, right panels).

GD3 intracellular localization during autophagic process
In light of these results, we analyzed the behavior of gan-

glioside GD3, which can be considered as a paradigmatic raft 
component,24 performing a time-course analysis by immunoflu-
orescence, after cell double staining with anti-GD3 antibodies 
(red) and anti-LC3 (green) or anti-LAMP1 (green) antibodies 
in TNC-treated cells (Fig. 4). As expected, in control untreated 
cells either LC3 or LAMP1 appeared diffused throughout the 
cell cytoplasm and GD3-LC3 (Fig.  4A, upper panel) as well 
as GD3-LAMP1 (Fig.  4B, upper panel) colocalization areas 

were very barely detectable (yellow spots in merge pictures). 
By contrast, in TNC-treated cells, colocalization of GD3 with 
LC3 (Fig. 4A, bottom line, yellow fluorescence in merge micro-
graph), as well as of GD3 with LAMP1 (Fig. 4B, bottom line) 
were well evident, as revealed by a number of punctate yellow 
spots in merge pictures. Importantly, this colocalization was 
detectable soon after TNC treatment (4 h), but was also observ-
able at later time points, i.e., up to 18 h. It has been reported that 
LC3 colocalizes with LAMP1 during autophagy.25 According 
to this observation, we also found that autolysosomes stained 
with anti-LC3 antibodies (Fig.  4C, second micrograph) were 
also positive to LAMP1 (Fig. 4C, first micrograph), as revealed 
by yellow fluorescence in the merge picture (Fig.  4C, third 
micrograph).

Morphometric analysis, performed as stated in Materials and 
Methods, revealed a different kinetics in GD3-LC3 and GD3-
LAMP1 association (bar graphs). In particular, GD3-LC3 colo-
calization, measured considering yellow spots, was higher 4 h 
after TNC addition (Fig. 4A, bar graph), whereas GD3-LAMP1 
colocalization peaked 18 h after TNC treatment (Fig. 4B, bar 
graph). As far as LC3-LAMP1 association was concerned, we did 
not observe any significant difference between 4 h and 18 h of 
TNC treatment (Fig. 4C, bar graph). Importantly, FB1 signifi-
cantly prevented TNC-induced colocalization of both LC3 and 
LAMP1 with GD3 as well as of LC3 with LAMP1. These experi-
ments seem to suggest that ganglioside GD3 was present on auto-
phagic vacuoles during their maturation stages.

Ultrastructural evidence of GD3 on the autolysosomal 
membrane

Immunogold electron microscopy was also performed in 
order to better assess the presence of ganglioside GD3 on the 
autophagic vacuoles in our samples. After treatment with TNC, 
several autolysosomes were detectable (Fig. 5A) and gold particles 
labeling GD3 ganglioside were observed on putative autolyso-
somes containing digested materials (Fig. 5B, arrows),

GD3 association with LC3 and LAMP1 during the auto-
phagic process

To investigate the intracytoplasmic redistribution of GD3 
in autophagy-triggered cells, possible molecular association of 
GD3 with LC3 or LAMP1 was analyzed by FRET methodol-
ogy (Fig. 6). Statistical analyses were then performed by pool-
ing together data obtained from four independent experiments 
(Fig.  6, right panels) and by calculating the FRET efficiency 
(FE). We used the following algorithm: FE = [FL3DA − FL2DA/a 
− FL4DA/b]/FL3DA, where A is the acceptor and D the donor 

Figure 3 (See opposite page). Involvement of GD3 in the autophagic machinery. (A) Human fibroblasts, untreated or treated with TNC (5 µM for 4 h 
at 37 °C), in the presence or in the absence of pretreatment with FB1, were subjected to phosphoinositides extraction. The extracts were run on HPTLC 
aluminum-backed silica gel and were analyzed for the presence of PtdIns3P, using an anti-PtdIns3P Mab. Densitometric scanning analysis of PtdIns3P 
levels was performed by MAC OS X using NIH Image 1.62 software. (B) Flow cytometry analysis of GD3-PtdIns3P association by FRET technique in: control 
cells (first panel), cells treated with FB1 (second panel) or TNC 4 h in the absence (third panel) or in the presence (fourth panel) of FB1. Numbers indicate 
the percentage of FL3-positive events obtained in one experiment representative of 4. In the bottom row is shown PtdIns3P 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, of GD3-PtdIns3P association. Results represent the mean ± SD from 3 independent experiments. Statistical analyses indicated that: 
i) GD3-PtdIns3P association was significantly higher in cells treated 4 h with TNC than in control cells and that ii) cell pretreatment with FB1 significantly 
prevents TNC-induced associations. *P < 0.01 vs. control; °P < 0.01 vs. TNC 4 h. (C) IVM analysis after cell staining for GD3 and LC3-II in control cells (first 
picture) and in cells treated with TNC in the absence (second picture) or presence (third picture) of FB1 and challenged (bottom row) or not (upper row) 
with BafA1. Yellow fluorescence observed in the merge picture indicates GD3-LC3-II colocalization.
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and where a = FL2D/FL3D and b = FL4A/FL3A (Fig. S3–S5). 
According to morphometric analysis reported above, this quan-
titative analysis indicated a strict molecular interaction of GD3 
either with LC3 or LAMP1, although with different kinetics. 
In fact, GD3/LC3 interaction peaked 4h after TNC addition, 
while GD3-LAMP1 association reached the higher FE only later 
(18 h), when the molecular association between GD3 and LC3 

instead decreased. Cell treatment with FB1, given before TNC 
administration, significantly prevented the molecular association 
of GD3 either with LC3 or with LAMP1. In accordance with 
the known mechanism of action of FB1 that blocks sphingolipid 
biosynthesis, this drug also decreased the intracellular levels of 
GD3 (Fig. 6, see insets). FRET analysis also revealed a signifi-
cant association of LC3 with LAMP1 in cells treated with TNC 

Figure 4. GD3 intracellular localization during the autophagic process. IVM analysis after cell staining for (A) GD3 and LC3-II, (B) GD3 and LAMP1 and 
(C) LC3-II and LAMP1 in control cells (upper row) and in cells treated with TNC (bottom row). Yellow fluorescence observed in the merge picture in 
TNC-treated cells indicates GD3-LC3-II, GD3-LAMP1 or LC3-II-LAMP1 colocalization. Bar graphs, showing morphometric analysis, evaluate GD3-LC3-II, 
GD3-LAMP1 and LC3-II-LAMP1 colocalization. In ordinate the percentage of cells in which we observed yellow fluorescence is shown. Data are reported 
as mean ± SD of the results obtained in 3 independent experiments. *P < 0.01 vs. control; °P < 0.01 vs. TNC 4 h.
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that a histotype-dependent role of different gangliosides cannot 
be ruled out.

Discussion

Lipid microdomains are normally detected at the cell plasma 
membrane, where they exert a key catalytic function facilitat-
ing molecular interactions.26 Under preapoptotic stimulation, 
the presence of raft-like microdomains at mitochondrial level 
has also been demonstrated.27,28 It has been hypothesized that 
they could contribute to mitochondrial remodeling, e.g., fission 
processes and changes of membrane curvature, associated with 
apoptosis.29 Furthermore, it has also been suggested that glyco-
sphingolipids could contribute to trafficking and scrambling of 
membranes among organelles in cell physiopathology.26 In the 

for 4 h or 18 h, but not in control cells. According to the above 
results, pretreatment of cells with FB1 significantly prevented 
this association (Fig. 6).

To verify by a sanctioned biochemical method whether GD3 
may interact with LC3, cell lysates, obtained from TNC-treated 
(4 and 18 h) or starved in HBSS (not shown) and untreated cells 
were immunoprecipitated with the anti-LC3 Ab, followed by 
protein G-acrylic beads. Results of TLC immunostaining analy-
sis, presented in Figure 7A, showed that in control unstimulated 
cells GD3 was slightly associated with LC3. On the contrary, 
after triggering with TNC, a significant proportion of GD3 
became associated with LC3, which was more evident in cells 
stimulated with TNC for 4 h. No bands were detected after 
TNC stimulation in control immunoprecipitation experiments 
with an IgG having irrelevant specificity.

In the same immunoprecipitates we also evaluated the asso-
ciation of LAMP1 with LC3 and observed a positive band of 
coimmunoprecipitation (Fig.  7B), which was more evident in 
cells stimulated with TNC for 18 h. No bands were detected 
after TNC stimulation in control immunoprecipitation experi-
ments with an IgG having irrelevant specificity. LC3 immuno-
precipitation was verified by western blot (Fig. 7C). Altogether, 
FRET and coimmunoprecipitation analyses clearly suggest that 
the induction of autophagy could trigger a molecular interaction 
between ganglioside GD3 and 2 key molecules involved in auto-
lysosome formation and maturation, such as LC3 and LAMP1.

Effect of exogenous GD3 supplementation on the auto-
phagic susceptibility of ganglioside-depleted cells

To verify whether GD3 has a primary role in autophagic 
processes, we pretreated human primary fibroblasts with FB1 
and then we treated them with exogenous GD3 before the auto-
phagic triggering. Flow cytometry analysis after cell staining 
with anti-LC3-II antibodies clearly showed that, while cell pre-
treatment with FB1 significantly inhibited TNC-induced auto-
phagy as mentioned above, the addition of exogenous GD3 was 
able to “reactivate” the autophagic process (Fig. 8A). As a fur-
ther control, we also performed the same experiments by using 
a different ganglioside of relevance in cell physiology, i.e., GD2 
disialoganglioside. We found that the effectiveness of this gan-
glioside in reactivating authophagic process in cells treated with 
FB1 was very low. Of note, statistical analysis indicated that 
GD3 was significantly more efficient in reactivating autophagic 
process than GD2 (FB1+GD3+TNC and FB1+GD3+HBSS vs. 
FB1+GD2+TNC and FB1+GD2+HBSS, P < 0.01), suggest-
ing that the action of GD3 could be quite specific. We there-
fore analyzed LC3 expression by western blot after autophagy 
triggering, in the presence or in the absence of FB1 plus exog-
enous GD3 or GD2, under the same experimental conditions 
(Fig.  8B). Again, our results confirmed that, in the presence 
of FB1, only treatment with GD3 restored the conversion of 
soluble LC3-I to lipid-membrane-bound LC3-II induced by 
TNC (Fig. 8C, see densitometric LC3-II/ACTB ratios), whereas 
GD2 was virtually ineffective. Similar results were obtained by 
using the starvation procedure (not shown). Altogether, these 
data confirm the above results suggesting that ganglioside GD3 
could actively participate in the autophagic process but, also, 

Figure 5. Ultrastructural evidence of GD3 on the autolysosomal mem-
brane. (A) Transmission and (B) immunogold electron microscopy micro-
graphs showing the presence of putative autolysosomes containing 
semidigested cell materials after treatment with TNC (A and B). Several 
gold particles indicating the presence of ganglioside GD3 are visible  
(B, arrows). Note that the gold particles do not appear randomly distrib-
uted but as small clusters (arrows).
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Figure 6. For figure legend, see page 759.
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present study we demonstrated for the first time a functional role 
for gangliosides in the autophagic process, suggesting that they 
may play a role in autophagosome morphogenesis, leading to 
mature autophagosome formation.

As a general rule, the adaptive mechanism of autophagy pro-
cess, in parallel with proteasome activity, allows the recycling of 
unfolded proteins and, more importantly, of cytoplasmic compo-
nents, including organelles, into basic components. For instance, 
selective autophagy of mitochondria, known as mitophagy, is 
an important mechanism able to hijack specific mitochondrial 
components to the lysosomal pathway. In this case, autophagy 
serves as a mechanism to sequester selected mitochondrial car-
gos and then to deliver those mitochondrial components to the 

lysosome for degradation.30 In the present paper, we observed 
that early after autophagic ignition (4 h) the main ganglioside 
of fibroblasts, GD3, is associated with PtdIns3P and LC3. These 
molecular associations are compatible with a role for GD3 in the 
initiation phase of autophagy and with autophagosome biogene-
sis. Interestingly, at later time points (18 h) a GD3-LAMP1 asso-
ciation was also detected, suggesting that GD3 could also play a 
role in the maturation of the autophagosome into autolysosome.

Although gangliosides, in particular ceramides, have previ-
ously been associated with autophagy induction,11,31 the contri-
bution of constitutive glycosphingolipids to cellular autophagic 
processes is still unknown. Since ceramides are suppressors of 
AKT,32 it can be argued that inactivation of MTOR, a well-known 

Figure 6 (See opposite page). GD3 association with LC3 and LAMP1 during the autophagic process. Flow cytometry analysis of (A) GD3-LC3-II, (B) GD3-
LAMP1 and (C) LC3-II-LAMP1 association by FRET technique in: control cells (first panel), cells treated with TNC 4 h (second panel) or 18 h (third panel), 
in the absence (upper row) or in the presence (bottom row) of FB1. Numbers indicate the percentage of FL3-positive events obtained in one experiment 
representative of 4. Inserts represent GD3 intracellular amount in the corresponding sample and was quantitatively expressed by the median fluores-
cence intensity. Bar graphs in (A–C) show evaluation of FE, according to the Riemann algorithm, of GD3-LC3-II, GD3-LAMP1 and LC3-II-LAMP1 associa-
tion. Results represent the mean ± SD from four independent experiments. Statistical analyses indicated that: i) GD3-LC3-II association was significant 
either 4 h or 18 h after TNC administration, but was higher in cells treated with TNC for 4 h; ii) GD3-LAMP1 association was significant either 4 h or 18 h 
after TNC administration but was higher in cells treated with TNC for 18 h and that iii) LC3-II-LAMP1 association was significant either 4 h or 18 h after 
TNC administration. In addition, evaluation of FE also indicates that cell pretreatment with FB1 significantly prevents all the above associations. *P < 0.01 
vs. control; °P < 0.01 vs. TNC 4 h.

Figure 7. GD3 associates with LC3 and LAMP1. Coimmunoprecipitation of LC3 with GD3 (A) and LAMP1 (B) in control cells and in cells treated with TNC 
4 h or 18 h. Primary fibroblasts, untreated or treated with TNC, were lysed in lysis buffer, followed by immunoprecipitation with anti-LC3 polyclonal anti-
body. A rabbit IgG isotypic control was employed. The immunoprecipitates were subjected to ganglioside extraction. The extracts were run on HPTLC 
aluminum-backed silica gel and were analyzed for the presence of GD3, using an anti-GD3 Mab (GMR19) (A). Alternatively, the immunoprecipitates 
were analyzed for the presence of LAMP-1 by western blot analysis, using anti-LAMP1 Mab (B). As a control, the immunoprecipitates were assessed by 
immunoblot with anti-LC3 polyclonal antibody (C).
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preautophagic signaling molecule that acts downstream of AKT, 
may represent a key mechanism of ceramide-induced autophagy. 
In fact, it has been demonstrated that accumulation of ceramide 
suppresses AKT activity to stimulate autophagy both in human 
colon cancer and breast cancer cell lines.31 Accordingly, it has 
been suggested that amino acid starvation could activate the 

“sphingolipid rheostat” signaling, inactivating MTOR, activat-
ing the MAPK1-MAPK3 pathway and inducing autophagy.15,17 
Moreover, in astrocytes, gangliosides have also been hypothesized 
to promote the autophagic process by activating NFKB,16 prob-
ably via generation of reactive oxygen species,17 known activators 
of this transcription factor. Finally, a recent work also suggested 

Figure 8. Effect of exogenous GD3 supplementation on the autophagic susceptibility of ganglioside-depleted cells. (A) Semiquantitative flow cytom-
etry analysis of autophagy performed in primary human fibroblasts performed by LC3-II cell staining. The numbers represent the mean ± SD of the 
median fluorescence intensity obtained in 3 independent measurements. A representative experiment is shown. (B) western blot analysis (using anti-
LC3 polyclonal antibody) of human primary fibroblasts untreated or treated with TNC (5 µM for 18 h at 37 °C) in the presence or in the absence of 
pretreatment with FB1, either incubated or not with GD3 or GD2 (50 µg/ml). Loading control was evaluated using anti-ACTB Mab. (C) Densitometric 
LC3-II-ACTB ratios are shown.
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that sphingolipids could act as regulators of the crosstalk between 
apoptosis and autophagy.33

In the present work, in agreement with these observations,15-18 
and with those underlying the presence of GD3 not only on the 
plasma membrane, but also in the cell cytoplasm,34,35 including 
the ER-mitochondria associated membranes,36 we found that 
the inhibitor of ceramide synthase FB1 significantly prevented 
autophagy induced either by amino acid starvation or by tunica-
mycin. Furthermore, we point out a specific role for ganglioside 
GD3, since we found that the knocking down of GD3 synthase 
significantly hindered autophagy. This finding was strongly sup-
ported by the observation that treatment with exogenous GD3 
significantly counteracted the effects of FB1, restoring auto-
phagic susceptibility to TNC or HBSS. Conversely, at least in 
our cell system, i.e., human and murine fibroblasts, the role of 
other gangliosides, such as GD2, known to be abundant in other 
cell types, e.g., neuronal cells, appeared as negligible. We can 
thus hypothesize that different gangliosides could act differently 
depending on the cell histotype.

The importance of the sphingolipid-protein molecular inter-
action has already been suggested. In particular, it has been 
hypothesized that ganglioside-protein interactions, which can 
be evaluated by different techniques, e.g., FRET analysis and 
mass spectroscopy,37,38 could act as regulators of membrane orga-
nization and may be implicated in the pathogenesis of human 
diseases.39-41 Accordingly, by using FRET and coimmunoprecipi-
tation analyses, we provided proof of a direct molecular associa-
tion between GD3 ganglioside and autophagy determinants, i.e., 
GD3-LC3 and GD3-LAMP1. Importantly, these results came 
from analyses performed in freshly isolated nontransformed 
fibroblasts, where the genomic and metabolic alterations due to 
the number of subseedings are minimized.

On these bases, we hypothesize that the biophysical and bio-
chemical properties of ganglioside GD3 could be fundamental 
in the autophagic process, contributing to autophagosome bio-
genesis and/or maturation. At which step of the autophagic flux 
gangliosides could play a critical role still remains to be clari-
fied. As a general rule our data seem to suggest that the block 
of sphingolipid biogenesis may affect autophagosome formation. 
However, our results also showed that i) the contribution of the 
endocytic process appears negligible, at least in the present exper-
imental model, and that ii) the block of sphingolipid biogenesis 
may affect PtdIns3P synthesis. It has been reported that during 
autophagosome formation, the balance between the production 
of PtdIns3P and its turnover is critical in regulating both the size 
and the rate of production of autophagosomes.42 In particular, the 
synthesized PtdIns3P takes part in the creation of a platform that 
helps in the recruitment of specific effectors for membrane-traf-
ficking events, including autophagosome biogenesis.43 Thus, our 
results seem to suggest that ganglioside GD3 may act at an early 
step of the autophagic flux, i.e., during autophagosome biogen-
esis, but also carry on its action throughout the autophagosome 
maturation steps. In fact, other analyses reported here, e.g., GD3-
LAMP1 association observed by FRET, seem to indicate that the 
presence of ganglioside GD3 could be pivotal in all the steps lead-
ing to the morphogenesis of mature autolysosomes. Conversely, 

experiments performed with the inhibitor of vacuolar H+ ATPase 
BafA1 seem to indicate that the role of ganglioside in the late 
events, such as acidification, could be negligible.

A further important point to be considered here is derived 
from the fact that tunicamycin, the preautophagic drug used in 
this work, is also considered as a paradigmatic ER stress inducer.44 
ER stress is known to activate a complex intracellular signaling 
transduction pathway, called the unfolded protein response, 
essentially devoted to reestablish ER homeostasis. However, it 
is also well established that ER stress, i.e., a physiopathological 
condition in which protein folding is perturbed, represents an 
essential step of the autophagic process. During autophagy the 
membrane trafficking and intermixing leads to the formation of 
autophagosomes, but the origin of autophagosomal membranes 
appears still unclear. In fact, at present, there is much contro-
versy about the organelle from which the membranes origi-
nate: the endoplasmic reticulum (ER), the mitochondria, or the 
plasma membrane.2 Very recently, it has been suggested that 
autophagosomes form at the ER-mitochondria contact site, at 
least in mammalian cells.45 Here, we provide evidence that gan-
gliosides could participate to this intermixing activity thanks to 
their molecular interaction with key molecules involved in auto-
phagosome biogenesis and maturation, e.g., PtdIns3P, LC3, and 
LAMP1.

Considering that sphingolipids are known to strongly influ-
ence the biophysical properties of the membranes, as well as their 
curvature,29,46 we can speculate that ganglioside GD3 may play 
a pivotal role in morphogenetic remodeling of autophagosomes 
during the autophagic process.

Although sphingolipids are involved in many aspects of cell 
life and death and although sphingolipid metabolism has been 
proposed as a possible target for the generation of novel chemo-
therapeutics and sphingomimetics in different fields of investiga-
tion, including cancer,33 the study of the “sphingolipidome,” due 
to its complexity, is still at the beginning. Better knowledge of the 
role of gangliosides in the autophagic pathway may thus provide 
useful insights in basic as well as in translational medicine.

Materials and Methods

Cells and autophagy induction
Primary human fibroblast cultures obtained from skin biopsy 

and mouse embryo fibroblasts (MEFs), prepared as previously 
described,47 were maintained in Dulbecco’s Modified Eagle 
Medium (DMEM) (Sigma, D5796), containing 10% fetal calf 
serum (FCS) plus 100 units/ml penicillin, 10 mg/ml strepto-
mycin, at 37 °C in humified CO

2
 atmosphere. For autophagy 

induction, cells were stimulated under condition of nutrient 
deprivation with Hank’s Balanced Salt Solution (HBSS) (Sigma, 
H9269) or treated with tunicamycin (from Streptomyces lysosu-
perficus; TNC, Calbiochem, 654380), 5 µM, for 4 h or 18 h 
at 37 °C. The optimal incubation time with HBSS and tunica-
mycin was selected on the basis of preliminary experiments. To 
inhibit autophagy, cells were pretreated with bafilomycin A

1
 

(BafA1, 1 µM 1 h before autophagy induction) (Sigma-Aldrich, 
B1793). After treatments, cells were collected and prepared for 
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experimental procedures described below. Results obtained with 
MEFs were substantially superimposable to that obtained with 
human fibroblasts (reported in Fig. S1).

Analysis of autophagy
Flow cytometry analyses
Detection of autophagy was performed by using 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 quanti-
tative approach for monitoring autophagic activity at the cellular 
level by using a 488 nm-excitable probe that becomes fluores-
cent in vesicles produced during autophagy.48 Alternatively, to 
validate data obtained by using Cyto-ID Autophagy Detection 
Kit we quantified autophagy after cell staining with rabbit poly-
clonal anti-LC3-II antibody (Abgent, AP1805A). Briefly, cells 
(untreated or treated with HBSS or TNC, 5 µM for 18 h at 37 
°C), fixed with 4% paraformaldehyde and permeabilized by 
0.5% (v/v) Triton X-100 were incubated with rabbit polyclonal 
anti-LC3-II antibody for 1 h at 4 °C, followed by AlexaFluor 
488-conjugated anti-rabbit (Molecular Probes, A-11008) for 
additional 30 min. After washing, cells were analyzed by flow 
cytometer. As showed in Figure 1A, these 2 alternative methods 
to quantify autophagy revealed completely overlapping results.

Western blot analysis
Cells, untreated or treated with HBSS or TNC (5 µM for 18 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 Na

3
VO

4
 and 75 U of aprotinin and allowed to stand for 20 

min at 4 °C. The cell suspension was mechanically disrupted by 
Dounce homogenization (10 strokes). The lysate was centrifuged 
for 5 min at 1300 × g to remove nuclei and large cellular debris. 
After evaluation of the protein concentration by Bradford Dye 
Reagent assay (Bio-Rad, 500-0006) the lysate was subjected to 
10% sodium-dodecyl sulfate polyacrilamide gel electrophoresis 
(SDS-PAGE). The proteins were electrophoretically transferred 
onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, 
162-0177). Membranes were blocked with 5% defatted dried 
milk in TBS, containing 0.05% Tween 20 and probed with 
rabbit polyclonal anti-LC3 antibody (MBL Int Corporation, 
PD014) or with anti-ACTB/β-actin Mab (Sigma, A5316). 
Bound antibodies were visualized with horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG (Sigma-Aldrich, A1949) or 
anti-mouse IgG (Sigma-Aldrich, A9044) and immunoreactivity 
assessed by chemiluminescence reaction, using the ECL western 
detection system (Amersham, RPN2106). Densitometric scan-
ning analysis was performed by Mac OS X (Apple Computer 
International), using NIH Image 1.62 software. The density of 
each band in the same gel was analyzed, values were totaled, and 
then the percent distribution across the gel was detected.

Analysis of the effects of fumonisin B1 on autophagy 
induction

Primary fibroblasts, untreated or treated with HBSS or TNC 
(5 µM for 4 h or 18 h at 37 °C), were incubated with 30 µM 
fumonisin B1 (FB1, Sigma, F1147) (inhibitor of ceramide syn-
thases) for 24 h at 37 °C to evaluate the effects of sphingolipid 
depletion on autophagy induction.

In parallel experiments, cells, incubated with 30 µM 
fumonisin B1 for 24 h at 37 °C were treated with GD3 (Alexis 
Biochemicals, 302-010), 50 µg/ml, or GD2 (Sigma, G0776), 50 
µg/ml, for 30 min.

Briefly, after evaluation of the protein concentration by 
Bradford Dye Reagent assay the lysates were analyzed by western 
blot using the anti-LC3 polyclonal antibody, as reported above.

Assays of endocytosis
Control and treated cells were washed 3 times, resuspended 

in DMEM and then incubated for additional 30 min with dex-
tran-FITC (1 mg/ml, Sigma-Aldrich, 53379) at 37 °C. After 
3 washings, cells were resuspended in PBS and immediately 
analyzed by a cytometer. To distinguish the ingested dextran 
particles from those attached on the cell surface we used fluo-
rescence quenching with trypan blue as previously described.49 
To inhibit endocytosis, cells were pretreated 30 min with 20 µM 
tricyclodecan-9-yl-xanthogenate (D609, Millipore, 251400), an 
inhibitor of endocytosis that selectively inhibits phosphatidylcho-
line-specific phospholipase C,50 before autophagic induction.

ST8SIA1 (GD3-synthase) 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 
manufacturer’s instructions, using 25 nM Smart pool siRNA 
ST8SIA1 (GD3 synthase) (Dharmacon, M-011775-02) and its 
related scrambled siRNA as control (Dharmacon, D-001810-
10-05). The transfection efficiency was confirmed by using a 
Dharmacon’s positive silencing control, siGLO laminin A/C 
siRNA (D-001620-02). Forty eight h after transfection cells 
were treated with TNC for 4 h, as described above.

After 48 h, the effect of transfection on ST8SIA1 (GD3-
synthase) expression level was verified by flow cytometry by 
using an anti-ST8SIA1 (K-18) polyclonal antibody (Santa Cruz 
Biotechnology, sc-44587).

PtdIns3P analysis
Primary fibroblasts, either untreated or treated with TNC (5 

µM for 4 h at 37 °C), in the presence or in the absence of pretreat-
ment with FB1, were subjected to phosphoinositide extraction, as 
previously described.51 Samples were normalized for protein con-
tent, quantified as reported above. Briefly, chloroform/methanol/
HCL extraction was followed by lipid drying under N

2.
 Samples 

were separated by high-performance thin layer chromatography 
(HPTLC) using aluminum-backed Silica gel 60 (20 × 20) plates 
(Merck, 1.05547.0001) saturated with 1% potassium oxalate in 
50% methanol. Chromatography was performed in chloroform
:acetone:methanol:acetic acid:water (40:15:13:12:8) (v:v:v:v:v). 
The plates were immunostained for 1 h at room temperature with 
anti-PtdIns3P Mab (Echelon Biosciences Inc., Z-P003) and then 
with HRP-conjugated anti-mouse IgG. Immunoreactivity was 
assessed by chemiluminescence reaction, using the ECL western 
detection system. PtdIns3P was quantified from TLC plates by 
densitometric scanning analysis, using NIH Image 1.62 software.

Immunofluorescence analysis
For triple fluorescence analysis, control and treated cells were 

fixed with 4% paraformaldehyde and then permeabilized by 
0.5% (v/v) Triton X-100. After washing, cells were incubated 
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with rabbit polyclonal anti-LC3-II antibody or anti-LAMP1 
Mab (Santa Cruz Biotechnology, sc18821) or anti-PtdIns3P 
Mab (Echelon Biosciences Inc., Z-P003) or with goat polyclonal 
antibody to RAB7 (Santa Cruz Biotechnology, sc-6563) for 1 
h at 4 °C. After washing cells were incubated with AlexaFluor 
488-conjugated anti-rabbit (Molecular Probes, A-11034) anti-
mouse IgG (Molecular Probes, A-11001) or anti-goat (Molecular 
Probes, A-11055) for additional 30 min. After washing, cells 
were incubated for 1 h at 4 °C with IgM anti-GD3 (Seikagaku 
Corporation, 370635) or anti-GD2 Mab (Abcam, ab68456) fol-
lowed by AlexaFluor 594-conjugated anti-mouse IgM (Molecular 
Probes, 4-21044). Finally, after washing, all samples were coun-
terstained with Hoechst 33258 (Sigma, 94403), 1 mg/ml in 
PBS, and then mounted in glycerol/PBS (ratio 1:1, pH 7.4). The 
images were acquired by intensified video microscopy (IVM) 
with an Olympus fluorescence microscope (Olympus Corporation 
of the Americas, Center Valley, Pa.), equipped with a Zeiss charge-
coupled device (CCD) camera (Carl Zeiss).

Morphometric analysis
Quantitative evaluation of cells in which GD3 colocalized 

with LC3 or with LAMP1 or cells in which LAMP1 colocalized 
with LC3-II was performed by analyzing fluorescence images 
(magnification 500 × ) by counting at least 200 cells for each 
experimental point. Only those cells in which GD3-LC3-II, 
GD3-LAMP1 or LAMP1-LC3-II overlapped (yellow fluores-
cence) were considered in our analysis.

Transmission electron microscopy (TEM) studies
For TEM examination, cells were fixed in 2.5% cacodylate-

buffered (0.1 M, pH 7.2) glutaraldehyde (TAAB, G004) for 20 
min at room temperature and post-fixed in 1% OsO

4
 (Electron 

Microscopy Sciences, 19100) 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 (Electron 
Microscopy Sciences, 10200). Ultrathin sections were collected 
on 200-mesh grids and counterstained with uranyl acetate 
(Electron Microscopy Sciences, 22400) and lead citrate.

Immunogold electron microscopy
Immunoelectron microscopy was also performed as previously 

described.28,37 Ganglioside GD3 antigenicity was in fact demon-
strated as resistant to fixation procedures preserving cell ultra-
structural features.

Briefly, thin sections were treated with PBS containing 1% 
(w/v) gelatin, 1% BSA, 5% FCS and 0.05% Tween 20 and then 
incubated with anti-GD3 abs diluted 1:30 in the same buffer 
w/o gelatin overnight at 4 °C. After washing for 1 h at room 
temperature (RT), sections were labeled with anti-mouse IgG-
10 nm gold conjugate (1:10) for 1 h at RT and washed again. 
Negative controls were incubated with the gold conjugate alone 
and then counterstained with uranyl acetate and lead citrate. No 
non-specific gold labeling was detectable in these conditions.

Both TEM and IEM samples were observed with a Philips 208 
electron microscope (Royal Philips, Amstelplein; Amsterdam) at 
80 kV.

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-PtdIns3P, GD3-LC3-II, GD3-LAMP1, and 
LC3-II-LAMP1.52 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. 
PtdIns3P and LAMP1 staining were performed using mouse 
unlabeled antibodies and LC3-II staining was performed using 
unlabeled rabbit antibodies and saturating amount of PE-labeled 
anti-mouse (for PtdIns3P and LAMP1, Sigma, P9670) or anti-
rabbit (for LC3-II, Sigma, P9537). GD3 was detected by using a 
mouse IgM anti-GD3, followed by biotinylated anti-mouse IgM 
(BD Biosciences PharMingen, 553519) and then by saturating 
concentrations of streptavidin-Cy5 (BD Biosciences PharMingen, 
554062). 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 determination 
of FRET efficiency (FE), changes in fluorescence intensities of 
donor plus acceptor labeled cells were compared with the emis-
sion signal from cells labeled with donor-only and acceptor-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 subtracting the bind-
ing 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 calculated according to Riemann 
(see details in Fig. S3–S5).53

LC3 immunoprecipitates
Primary fibroblasts, untreated or treated with HBSS and 

TNC (5 µM for 18 h at 37 °C), were lysed in lysis buffer (10 nM 
TRIS-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 10 mg/ml leupeptin). 
Cell-free lysates were mixed with protein G-acrylic beads (Sigma-
Aldrich, P3296) and stirred by a rotary shaker for 2 h at 4 °C to 
preclear nonspecific binding. After centrifugation (500 × g for 
1 min), the supernatant was immunoprecipitated with anti-LC3 
polyclonal (MBL Int Corporation, PD015) plus protein G-acrylic 
beads.

A rabbit IgG isotypic control (Sigma, I5006) was used. The 
immunoprecipitates were split into 2 aliquots. The first one was 
subjected to ganglioside extraction, according to the method of 
Svennerholm and Fredman.54 The second one was checked by 
western blot analysis, using anti-LAMP1 Mab.

Ganglioside analysis in the immunoprecipitates of LC3
Briefly, immunoprecipitates were extracted twice in chloro-

form/methanol/water (4:8:3) (v/v/v) and subjected to Folch par-
tition by the addition of water resulting in a final chloroform/
methanol/water ratio of 1:2:1.4. The upper phase, containing 
polar glycosphingolipids, was purified of salts and low molecular 
weight contaminants using Bond elut C18 columns (Superchrom, 
07807T, Restek Corporation, Bellefonte, PA), according to the 
method of Williams and McCluer.55 The eluted glycosphingolip-
ids were dried down and separated by HPTLC, using aluminum-
backed silica gel 60 (20 × 20) plates (Merck). Chromatography 
was performed in chloroform/methanol/ aqueous KCl (0.25%) 
(5:4:1) (v/v/v). The dried chromatograms were soaked for 90 s 
in a 0.5% (w/v) solution of poly(iso)butylmethacrylate (Sigma-
Aldrich) dissolved in hexane. The plates were immunostained 
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for 1 h at room temperature with GMR19 anti-GD3 Mab and 
then with HRP-conjugated anti-mouse IgM (Sigma, A8786). 
Immunoreactivity was assessed by chemiluminescence reaction, 
using the ECL western detection system.

Immunoblotting analysis of LC3 immunoprecipitates
The immunoprecipitates, obtained as reported above, were 

subjected to SDS-PAGE. The proteins were electrophoretically 
transferred onto polyvinylidene difluoride (PVDF) membranes. 
Membrane were blocked with 5% defatted dried milk in TBS, 
containing 0.05% Tween 20 and probed with anti-LAMP1 Mab 
or anti-LC3 polyclonal antibody. Bound antibodies were visu-
alized with HRP-conjugated anti-mouse IgG or anti-rabbit IgG 
and immunoreactivity assessed by chemiluminescence reaction, 
using the ECL western detection system.

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 ana-
lyzed by a Macintosh computer using CellQuestPro Software. 
Collected data analysis was performed by using ANOVA 2-way 

test for repeated samples by using Graphpad software. All  
data reported in this paper were verified in at least 3 differ-
ent experiments and reported as mean ± standard deviation  
(SD). Only P values of less than 0.01 were considered as 
significant.
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