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Abstract

To obtain mechanistic insights into the cross talk between lipolysis
and autophagy, two key metabolic responses to starvation, we
screened the autophagy-inducing potential of a panel of fatty
acids in human cancer cells. Both saturated and unsaturated fatty
acids such as palmitate and oleate, respectively, triggered
autophagy, but the underlying molecular mechanisms differed.
Oleate, but not palmitate, stimulated an autophagic response that
required an intact Golgi apparatus. Conversely, autophagy
triggered by palmitate, but not oleate, required AMPK, PKR and
JNK1 and involved the activation of the BECN1/PIK3C3 lipid kinase
complex. Accordingly, the downregulation of BECN1 and PIK3C3
abolished palmitate-induced, but not oleate-induced, autophagy
in human cancer cells. Moreover, Becn1*’~ mice as well as yeast
cells and nematodes lacking the ortholog of human BECN1
mounted an autophagic response to oleate, but not palmitate.

, Maria Chiara Maiuri**3, Lorenzo Galluzzi
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Thus, unsaturated fatty acids induce a non-canonical, phylogeneti-
cally conserved, autophagic response that in mammalian cells
relies on the Golgi apparatus.
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Introduction

Macroautophagy (here referred to as “autophagy”) relies on the
sequestration of cytoplasmic structures in double-membraned
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vesicles that are commonly known as autophagosomes. Upon
closure, autophagosomes fuse with lysosomes to generate autolyso-
somes, resulting in the degradation of the autophagosomal cargo
and inner membrane by acidic hydrolases. The nucleation of auto-
phagosomes is often initiated by unc-51-like autophagy-activating
kinase 1 (ULK1) and generally requires phosphatidylinositol
3-kinase, catalytic subunit type 3 (PIK3C3, also known as VPS34).
PIK3C3 encodes the catalytic subunit of a class III phosphatidylino-
sitol-3 kinase that operates within a large macromolecular complex
involving beclin 1, autophagy related (BECN1), ATG14 and phos-
phoinositide-3-kinase, regulatory subunit 4 (PIK3R4, also known as
VPS15) (Weidberg et al, 2011). The elongation of autophagosomal
membranes relies on two conjugation reactions, that is, the conjuga-
tion of ATG12 to ATGS and that of mammalian orthologs of yeast
Atg8 to phosphatidylethanolamine. In this setting, microtubule-
associated protein 1 light chain 3 (MAP1LC3, best known as LC3)
and GABA(A) receptor-associated protein (GABARAP) family members
are conjugated to phosphatidylethanolamine in process that
resembles ubiquitination. Such a cascade of reactions involves ATG?7
(an El-like enzyme) and ATG3 (an E2-like enzyme), eventually
yielding phosphatidylethanolamine-conjugated and autophagosome-
associated LC3 and GABARAP proteins (Rubinsztein et al, 2012).
Thus, the formation of autophagosomes can be quantified by
following the redistribution of LC3B (the most studied member of the
LC3/Atg8 family) to cytoplasmic puncta or by assessing its lipidation
(which increases its electrophoretic mobility). In addition, the
so-called autophagic flux (i.e. the actual ability of autophagosomes
to degrade intracellular components) can be monitored by measuring
the turnover of long-lived proteins or by determining the degradation
of specific autophagic substrates such as sequestosome 1 (SQSTM1,
best known as p62) (Bjorkoy et al, 2009). Of note, autophagic
responses are negatively regulated by mechanistic target of rapamy-
cin (MTOR) complex I (MTORCI), a key hub for the control of cell
survival, growth and proliferation (Laplante & Sabatini, 2012).

Autophagy plays a major role in the differentiation and function
of adipocytes (Singh et al, 2009b; Zhang et al, 2009), in the mobili-
zation of lipid droplets within hepatocytes (a process that has been
dubbed “lipophagy”) (Singh et al, 2009a), as well as in the oxida-
tion of fatty acids (FAs) by cancer cells (Guo et al, 2013), underscor-
ing its significant impact on lipid metabolism. Conversely, several
saturated FAs (SFAs) and unsaturated FAs (UFAs) appear to modu-
late autophagy (Brenner et al, 2013). Moreover, neutral lipid drop-
lets have recently been shown to contribute to autophagic responses
by providing substrates for the formation of autophagosomes
(Dupont et al, 2014a).

The UFAs oleate (C18:1) and linoleate (C18:2) stimulate the auto-
phagic flux in both mammary epithelial cells (Pauloin et al, 2010)
and hepatocytes (Mei et al, 2011). Along similar lines, polyunsatu-
rated FAs including di-homo-y-linoleic acid (C20:3), arachidonic
acid (C20:4) and eicosapentaenoic acid (C20:5) induce autophagy in
multiple cell types (Fukui et al, 2013; O’Rourke et al, 2013). Conver-
sely, the autophagy-modulatory potential of the SFA palmitate
(C16:0) exhibits a significant degree of variation. Indeed, palmitate
has been shown to inhibit (Las et al, 2011; Kim et al, 2013) as well
as to activate (Khan et al, 2012; Martino et al, 2012) autophagy in
pancreatic islet and vascular endothelial cells. Moreover, palmitate
reportedly limits autophagy in hepatocytes (Mei et al, 2011), yet
promotes it in mouse embryonic fibroblasts (Tan et al, 2012). At
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least in some cell types, the autophagic response to palmitate
involves protein kinase C (PKC) (Tan et al, 2012), eukaryotic trans-
lation initiation factor 2, subunit 1o, 35 kDa (EIF2S1, best known as
elF2a) and its substrate elF2o kinase 2 (EIF2AK2, best known as
PKR), and mitogen-activated protein kinase 8 (MAPKS, best known
as JNK1) (Shen et al, 2012). In addition, palmitate has been shown
to stimulate or inhibit AMP-activated protein kinase (AMPK), an
upstream regulator of autophagy impinging on MTORCI signaling,
depending on experimental variables including cell type, concentra-
tion and exposure time (Fediuc et al, 2006; Sun et al, 2008).
Although these discrepancies have not been investigated in detail,
they may reflect the ability of palmitate to modulate autophagy in a
manner that changes with time, initially promoting it and then
inhibiting it. In support of this notion, feeding mice with a high-fat
diet for a prolonged period has been shown to promote alterations
in intracellular lipids that are accompanied by defects in the fusion
between autophagosomes and lysosomes (Koga et al, 2010).

Driven by the consideration that distinct FAs influence the
composition of cellular membranes and affect long-term health in a
different manner (Wijendran & Hayes, 2004; Cascio et al, 2012), we
performed a systematic analysis of FAs for their capacity to induce
autophagy in short-term experiments. Here, we report the unex-
pected finding that SFAs and UFAs promote autophagy by activating
different molecular mechanisms. Thus, while SFAs stimulate canon-
ical autophagy, UFAs trigger a BECN1- and PIK3C3-independent
autophagic response that is accompanied by the redistribution of
LC3 to Golgi-associated vesicles.

Results
Palmitate and oleate induce autophagy in vitro and in vivo

To identify FAs that trigger autophagy, we exposed human osteosar-
coma U20S cells that stably express a green fluorescent protein
(GFP)-LC3 chimera (Shen et al, 2011) to a panel of 26 FAs differing
in the length of the carbon chain as well as in saturation status,
followed by assessment of GFP-LC3 " puncta by automated fluores-
cence microscopy. SFAs with 15-18 carbon atoms such as penta-
decanoic, hexadecanoic, heptadecanoic and octadecanoic acid
(stearate), but neither smaller nor larger SFAs, promoted the forma-
tion of GFP-LC3" dots in U20S cells (Fig 1A). Similarly, several
UFAs with 14-20 carbon atoms, including myristoleic, palmitoleic,
oleic, linoleic and arachidonic acid, efficiently triggered the aggrega-
tion of GFP-LC3 in cytoplasmic dots (Fig 1A). Based on solubility
considerations and natural abundance in human cells (as well as in
commonly employed oils, i.e. palm and olive oil), we chose to focus
our study on one UFA, that is, oleic acid (oleate) and one SFA, that
is, hexadecanoic acid (palmitate).

The increase in GFP-LC3 * puncta, LC3 lipidation and p62 degra-
dation induced by palmitate and oleate was exacerbated by the addi-
tion of E-64d and pepstatin (Fig 1B and C), two well-known
inhibitors of lysosomal proteases. This indicates that palmitate and
oleate do not stimulate the mere accumulation of LC3 at cytoplasmic
structures, but truly increase the autophagic flux. Of note, the same
results were obtained with stearate (C18:0) (Fig 1B and C), indicat-
ing that palmitate constitutes an appropriate saturated control for
oleate despite bearing a slightly smaller carbon chain. Along similar

© 2015 The Authors
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Figure 1. Induction of autophagy by palmitate and oleate.

Autophagic responses to lipids ~ Mireia Niso-Santano et al

A Screening for autophagy-inducing fatty acids. U20S cells expressing GFP-LC3 were cultured in control conditions (Co) or treated with the indicated saturated (in
black) or unsaturated (in blue) fatty acids for 4 h, followed by the quantification of the number of cytoplasmic GFP-LC3* dots per cell by automated fluorescence
microscopy. Data are means + SEM of at least three independent experiments (*P < 0.05, **P < 0.01 versus untreated cells).

B-D Autophagic flux induced by palmitate, stearate and oleate. Wild-type (WT, C) and GFP-LC3-expressing (B) U20S cells as well as HeLa cells (D) were maintained in
control conditions, exposed to nutrient-free (NF) conditions or treated with 500 puM oleate (OL), 500 pM stearate (ST) or 500 uM palmitate (PA), alone or in
combination with 10 pg/ml E-64d and 10 pg/ml pepstatin (Pep) for 4 (D) or 6 (B, C) h. Thereafter, the number of cytoplasmic GFP-LC3* dots per cell (B), LC3
lipidation and p62 degradation (C) or the degradation of labeled long-lived proteins (D) was quantified. In (B) and (D), data are means + SEM (B) or normalized
means + SD (D) of at least three independent experiments (B), or four replicate assessments from one representative (D) experiment(s) out of three performed
(*P < 0.05, **P < 0.01 versus untreated cells; *#P < 0.01 versus cells treated with PA or OL only; n.s,, not significant versus cells treated with E-64d plus Pep). In
(C), B-actin levels were monitored to ensure equal loading of lanes, and densitometry was employed to quantify the abundance of lipidated LC3 (LC3-1l) and p62

(both normalized to B-actin levels).
E F

Involvement of ATG5 and ATG7 in fatty acid-induced autophagy. WT (F) or GFP-LC3-expressing (E) U20S cells were transfected with a control siRNA (siUNR) or with

SiRNAs targeting ATG5 (SIATG5) or ATG7 (siATG7) for 48 h and either maintained in control conditions or treated with 500 pM PA or 500 uM OL. Six hours later,
cells were processed for the quantification of the number of cytoplasmic GFP-LC3* dots per cell by automated fluorescence microscopy (E) or for the assessment of
LC3 lipidation and p62 degradation by immunoblotting (F). In (E), data are means + SEM of at least three independent experiments (*P < 0.05, **P < 0.01 versus
untreated siUNR-transfected cells; *P < 0.05 versus siUNR-transfected cells treated with PA or OL only). In (F), B-actin levels were monitored to ensure equal

loading of lanes.

G Induction of autophagy by fatty acids in mice. C57BL/6 mice were injected i.p. with vehicle only, 100 mg/kg PA or 100 mg/kg OL. One or two hours later, animals
were euthanatized and LC3 lipidation, p62 degradation and AMPK phosphorylation were assessed by immunoblotting in the indicated tissues. GAPDH levels were
monitored to ensure equal loading of lanes. Densitometry was employed to quantify the abundance of lipidated LC3 (LC3-1l) and p62 (both normalized to GAPDH
levels) and AMPK phosphorylation (normalized to total AMPK levels). Results are means + SD of three mice (*P < 0.05, **P < 0.01, ***P < 0.001, versus vehicle-

treated mice).

lines, both palmitate and oleate accelerated the degradation of
long-lived proteins, which is one of the hallmarks of functional
autophagy (Klionsky et al, 2012), in thus far resembling nutrient
deprivation (Fig 1D). The autophagy-stimulatory activity of palmitate
and oleate was equally suppressed by the small interfering RNA
(siRNA)-mediated knockdown of two proteins critically involved in
the late steps of autophagosomal elongation, that is, ATGS and
ATG7 (Fig 1E). Moreover, the depletion of ATGS and ATG7 virtually
abolished the ability of palmitate and oleate to promote the lipidation
of endogenous LC3 and the degradation of p62 in wild-type U20S
cells (Fig 1F). Palmitate and oleate administered i.p. caused a rapid
autophagic response in the heart, liver and skeletal muscle of
wild-type (WT) C57BL/6 mice, which was characterized by LC3
lipidation, p62 degradation and phosphorylation of AMPK (Fig 1G).

Altogether, these findings indicate that saturated as well as
unsaturated FAs stimulate a rapid autophagic response, both in vitro
and in vivo.

Requirement for the Golgi apparatus in the autophagic response
to oleate

To monitor the implication of different subcellular compartments in
the pro-autophagic activity of palmitate and oleate, we assessed the
colocalization of LC3 aggregates with organelle-specific markers.
Oleate, but not palmitate, promoted the accumulation of GFP- or red
fluorescence protein (RFP)-tagged variants of LC3 in dots that colo-
calized with several proteins of the trans-Golgi network, including
trans-Golgi network protein 2 (TGOLN2) and galactose-1-phosphate
uridylyltransferase (GALT) (Fig 2A and B). As a control, no such
colocalization was induced by brefeldin A (BFA), which disrupts the
Golgi apparatus (Fig 2A and B). Along similar lines, oleate-induced
GFP-LC3" puncta, but not their palmitate-induced counterparts,
colocalized with lectin, mannose-binding, 1 (LMAN1) (Fig 2C),
a marker of the endoplasmic reticulum-Golgi intermediate
compartment. In addition, oleate was more efficient than palmitate
at inducing the colocalization of GFP-LC3™ dots with RAB7A, a
protein residing in late endosomes, while BFA completely failed to

The EMBO Journal Vol 34 | No 8| 2015

do so (Fig 2D). In order to test whether this observation also applied
to other FAs, we exposed U20S cells stably co-expressing RFP-LC3
and a GFP-tagged variant of GALT to the 26 FAs initially screened
for their ability to promote autophagy (Fig 1A). We found that
several UFAs other than oleate, but none of the SFAs tested here,
promote the accumulation of RFP-LC3 * dots that colocalize with the
trans-Golgi apparatus (Supplementary Fig S1A).

To obtain further insights into the involvement of the Golgi appa-
ratus in oleate-triggered autophagy, we performed transmission
electron microscopy assessments. Dual immunogold staining
revealed that palmitate and oleate reduce the mean distance
between GFP-LC3 and p62 (Fig 3A), corroborating the notion that
both these FAs activate an autophagic response. In addition, while
palmitate-treated U20S cells frequently exhibited fracture-like struc-
tures, perhaps reflecting its ability to promote an expansion of the
endoplasmic reticulum (Peng et al, 2011), oleate induced vacuolar
structures that colocalized with the Golgi apparatus to the nuclear
periphery (Fig 3B). Interestingly, immunogold labeling allowed us
to localize GFP-LC3 to the boundaries of palmitate-induced fractures
as well as to the perinuclear vesicles promoted by oleate (Fig 3C).

The LC3 ™ structures accumulating in response to oleate colocal-
ized not only with GALT* Golgi vesicles (Fig 4A), but also with the
autophagic substrate p62 (Fig 4B and C). Importantly, BFA turned
out to abolish the capacity of oleate to promote the accumulation of
subcellular structures co-staining positively for autophagosomal
markers, proteins of the Golgi apparatus and autophagic substrates
(Fig 4A-C). Along similar lines, BFA limited the ability of oleate
(but not palmitate) to accelerate the degradation of p62 and the lipi-
dation of LC3 in U20S cells, as well as the catabolism of long-lived
proteins in human cervical carcinoma HeLa cells (Fig 4D and E).
This is remarkable given the documented ability of BFA to promote
autophagy (Ding et al, 2007), which is also evident in the immuno-
blotting experiments that we performed (Fig 4D). These results
prompted us to investigate whether the structural or functional
integrity of the Golgi apparatus is affected by the administration of
FAs. The abundance of several markers of the Golgi apparatus
including LMANI1, golgin A2 (GOLGA2) and golgi brefeldin

© 2015 The Authors
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A-D Colocalization of GFP-LC3* dots with the Golgi apparatus in cells exposed to oleate. GFP-LC3- or GFP-GALT/RFP-LC3-expressing U20S cells were maintained in
control conditions (Co) or treated with 500 puM palmitate (PA), 500 pM oleate (OL) or 10 pg/ml brefeldin A (BFA) for 6 h. Thereafter, cells were processed to

determine the colocalization between GFP-LC3* or RFP-LC3* dots and TGOLN2 (A), GALT-GFP (B), LMAN1 (C) and RAB7A (D). Data are normalized means 4 SEM of

at least three independent experiments (*P < 0.05, ***P < 0.001 versus untreated cells). Scale bars, 10 pum.
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A-resistant guanine nucleotide exchange factor 1 (GBF1) did not
change in U20S cells maintained in conditions in which oleate and
palmitate efficiently promoted p62 degradation (Supplementary Fig
S1B). Moreover, while BFA compromised protein glycosylation and
inhibited the exocytic/endocytic functions of U20S cells, palmitate
and oleate failed to do so (Supplementary Fig SIC-E).

Taken together, these observations suggest that oleate has the
unique capacity to stimulate an autophagic response that relies on,
but does not compromise, the structural and functional integrity of
the Golgi apparatus.

Induction of non-canonical autophagy by oleate

The siRNA-mediated depletion of AMPK, PKR and JNK1 (Supple-
mentary Fig S2A) inhibited the ability of palmitate, but not oleate,
to induce the accumulation of GFP-LC3 " dots in cultured U20S cells
(Fig 5A). This may relate to the fact that SFAs (such as palmitate),
but not UFAs (such as oleate), promote the activation of JNK1 in
vitro (Holzer et al, 2011). Thus, it seems that palmitate and oleate
trigger autophagy via distinct biochemical mechanisms. In line with
this notion, the knockdown of carnitine palmitoyltransferase 1A

Autophagic responses to lipids ~ Mireia Niso-Santano et al

(CPT1A) (Supplementary Fig S2A), which is required for the import
of long-chain FAs destined to B oxidation into the mitochondrial
matrix (Galluzzi et al, 2013), inhibited the formation of GFP-LC3*
triggered by palmitate, but not by oleate (Fig 5B).

The knockdown of ULKI1, BECN1 and PIK3C3 with specific
siRNAs affected several manifestations of the autophagic response
of U20S cells to palmitate, including the accumulation of GFP-LC3 "
dots (Fig 5C), the lipidation of endogenous LC3 and the degradation
of p62 (Fig 5D), but failed to interfere with oleate-induced auto-
phagy. Accordingly, two distinct pharmacological inhibitors of
PIK3C3, namely, 3-methyladenine and wortmannin, limited the
ability of palmitate, but not that of oleate, to promote the formation
of GFP-LC3 " puncta (Fig S5E and F) and the lipidation of endoge-
nous LC3, LC3A and GABARAP-like 2 (GABARAPL2, best known as
GATE16) in U20S cells, as well as p62 degradation in HeLa cells
(Fig 5G). Moreover, 3-methyladenine suppressed the degradation of
long-lived proteins as promoted in HeLa cells by nutrient depriva-
tion and palmitate, but not oleate (Fig 5H). The siRNA-mediated
downregulation of BECN1 and PIK3C3 actually inhibited the
accumulation of GFP-LC3 " dots triggered by a panel of SFAs, but
not by UFAs (Supplementary Fig S2B). Accordingly, SFA-induced
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Figure 3. Ultrastructural characterization of fatty acid-induced autophagy.

A-C Colocalization of autophagic markers with the Golgi apparatus in cells exposed to oleate. GFP-LC3-expressing U20S cells were maintained in control conditions
(Co) or treated with 500 uM palmitate (PA), 500 uM oleate (OL) for 6 h, optionally processed for the differential detection of GFP-LC3 and p62 by immunogold
labeling and analyzed by transmission electron microscopy. Solid and empty arrowheads indicate gold particles conjugated to anti-p62 (@ = 10 nm) and anti-GFP
(@ = 15 nm) antibodies. Data are means + SD of at least three independent experiments (*P < 0.05, ***P < 0.001 versus untreated cells).
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Figure 4. Requirement of the Golgi apparatus for oleate-induced autophagy.

A-C Impact of brefeldin A on the colocation of autophagic markers with the Golgi apparatus induced by oleate. GFP-GALT/RFP-LC3-expressing (A), GFP-LC3-expressing
(B) or GFP-GALT-expressing (C) U20S cells were cultured in control conditions (Co) or treated with 500 uM oleate (OL), alone or combined with 10 pg/ml brefeldin
A (BFA), for 6 h. Thereafter, cells were processed to assess the colocalization of autophagic markers (GFP-LC3* dots and p62) and GFP-GALT" structures. Data are
normalized means + SEM of at least 3 independent experiments (**P < 0.01, ***P < 0.001 versus untreated cells; *P < 0.05, *#P < 0.01 versus OL-treated cells).
Scale bars, 10 pm.

D, E Inhibition of oleate-induced autophagy by Golgi apparatus-disrupting agents. Wild-type U20S (D) or Hela (E) cells were maintained in control or nutrient-free (NF)
conditions or treated with 500 uM palmitate (PA) or 500 uM OL, alone or combined with 10 pg/ml BFA, for 6 h. Thereafter, cells were processed to assess LC3
lipidation and p62 degradation by immunoblotting (D) or long-lived protein degradation (E). In (D), B-actin levels were monitored to ensure equal loading of lanes.
In (E), data are normalized means 4+ SEM of four replicate assessments from one representative experiment out of three performed (n.s., non-significant,

**p < 0.01 versus residual degradation upon BFA administration to cells maintained in control conditions).
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Figure 5. Induction of non-canonical autophagy by oleate.

A B Implication of AMPK, PKR, JNK1 and CPT1A in palmitate-induced, but not oleate-induced, autophagy. GFP-LC3-expressing U20S cells were transfected with a
control siRNA (siUNR) or with siRNAs targeting AMPK (siAMPK), PKR (siPKR), JNK1 (sijNK1) or CPT1A (siCPT1A) for 48 h and either maintained in control conditions
(Co) or treated with 500 M palmitate (PA) or 500 uM oleate (OL). Six hours later, GFP-LC3* dots were quantified by automated fluorescence microscopy. Data are
means + SEM of at least three independent experiments (*P < 0.05, **P < 0.01 versus untreated siUNR-transfected cells; *P < 0.05, *#P < 0.01, *##p < 0.001
versus siUNR-transfected cells treated with PA; n.s,, non-significant versus siUNR-transfected cells treated with OL). Scale bars, 10 pum.

C,D Upstream regulators of palmitate-induced, but not oleate-induced, autophagy. Wild-type (WT, D) and GFP-LC3-expressing (C) U20S cells were transfected with
SiUNR or with siRNAs specific to BECN1 (siBECN1), PIK3C3 (siPIK3C3) and ULK1 (siULK1) for 48 h and either kept in control conditions or treated with 500 M PA or
500 uM OL for additional 6 h. Thereafter, cells were processed for the quantification of GFP-LC3" dots by automated fluorescence microscopy, or for the assessment
of LC3 lipidation and p62 degradation by immunoblotting. In (C), data are means & SEM of at least three independent experiments (**P < 0.01 versus untreated
siUNR-transfected cells; P < 0.05 versus siUNR-transfected cells treated with PA; n.s., non-significant versus siUNR-transfected cells treated with OL). Scale
bars = 10 pum. In (D), B-actin levels were monitored to ensure equal loading of lanes, and densitometry was employed to quantify the abundance of lipidated LC3

(LC3-11) and p62 (both normalized to B-actin levels). Data are means + SD of at least 3 independent experiments (*P < 0.05, **P < 0.01 versus untreated
siUNR-transfected cells; *P < 0.05 versus siUNR-transfected cells treated with PA; n.s, non-significant versus siUNR-transfected cells treated with OL).

E-H Effects of PIK3C3 inhibitors on palmitate and oleate-induced autophagy. GFP-LC3-expressing U20S cells (E, F) and WT Hela cells (G, H) were cultured in control
conditions, maintained in nutrient-free (NF) medium or treated with the indicated concentrations of PA (500 uM where not specified) and OL (500 uM where not
specified), alone or in the presence of 5 mM 3-methyladenine (3MA) or 200 nM wortmannin (Wort). Six hours later, cells were processed for the quantification
of GFP-LC3* dots by automated fluorescence microscopy (E, F), for the evaluation of LC3A, LC3B and GABARAPL2 lipidation and p62 degradation by immunoblotting
(G), or for the assessment of long-lived protein degradation (H). In (E, F), data are means + SEM of at least two independent experiments (**P < 0.01 versus
untreated cells, P < 0.05, ##P < 0.01, ###Pp < 0.001 versus cells treated with PA; n.s., non-significant versus cells treated with OL). Scale bars, 10 pum. In (G),
B-actin levels were assessed to monitor lane loading and densitometry was employed to quantify the abundance of lipidated LC3-like proteins (LC3A-II, LC3B-1I and
GATE16-I1) and p62 (both normalized to B-actin levels). In (H), data are normalized means 4 SEM of four replicate assessments from one
representative experiment out of three performed (n.s., non-significant, **P < 0.01 versus residual degradation upon 3MA administration to cells maintained in

control conditions).

autophagy, but not its UFA-induced counterpart, proceeded along
with the generation of phosphatidylinositol 3-phosphate [PtdIns(3)
P] (Supplementary Fig S2C), as determined by a RFP-tagged short
peptide (FYVE) that specifically binds to PtdIns(3)P-containing
membranes (Zhang et al, 2007). As an internal control, the accumu-
lation of RFP-FYVE™ dots triggered by SFAs was abolished by the
depletion of BECN1 and PIK3C3 (Supplementary Fig S2C).

In an attempt to obtain further insights into the molecular mecha-
nisms that are responsible for the autophagic response to oleate, we
individually downregulated several proteins that have also been
implicated in non-canonical variants of autophagy, including auto-
phagy/beclin-1 regulator 1 (AMBRA1), ATG14, high-mobility group
box 1 (HMGB1), KIAA0226 (best known as RUBICON), PTEN-induced
putative kinase 1 (PINK1), SH3-domain GRB2-like endophilin Bl
(SH3GLBI, best known as BIF1), UV radiation resistance associated
(UVRAG) and vacuole membrane protein 1 (VMP1) (Codogno et al,
2012). None of these interventions, however, abolished the ability of
oleate to promote the accumulation of GFP-LC3 " dots in U20S cells
(Supplementary Fig S3A). We therefore investigated whether oleate-
induced autophagy is influenced by MTORCI signaling. To this aim,
we took advantage of mouse embryonic fibroblasts (MEFs) lacking
tuberous sclerosis 2 (TSC2), a key component of the upstream
MTORCI-inhibiting TSC complex (Inoki et al, 2002). Similar to
nutrient and growth factor deprivation, both palmitate and oleate
inhibited the catalytic activity of MTORCI in WT MEFs, as assessed
by the phosphorylation state of the MTORCI substrate ribosomal
protein S6 kinase, 70 kDa, polypeptide 1 (RPS6KB1, best known as
p705°%) (Fig 6). Tsc2™/~ MEFs manifested a reduced autophagic
response to palmitate and oleate, as monitored by p62 degradation
and LC3 lipidation, correlating with an increased phosphorylation of
p70S6K (Fig 6). These results were corroborated in U20S cells
subjected to the siRNA-mediated downregulation of TSC2 or phos-
phatase and tensin homolog (PTEN), another upstream inhibitor of
MTORCI (Supplementary Fig S3B). Oleate is known to modulate the
enzymatic activity of both phospholipase D1, phosphatidylcholine
specific (PLD1), and phospholipase D2 (PLD2) (Kim et al, 1999),

© 2015 The Authors

and these enzymes have previously been shown to influence
autophagic responses (Dall’Armi et al, 2010; Liu et al, 2013). We
therefore tested whether PLDs would contribute to oleate-induced
autophagy. We found that VUO0155069 (a selective inhibitor of
PLD1), BML-279 (a mixed PLD1/PLD2 inhibitor) and BML-280
(a selective inhibitor of PLD2) all fail to inhibit LC3 lipidation as
induced by oleate in U20S cells (Supplementary Fig S4A). Rather,
these pharmacological inhibitors of PLDs per se promoted LC3
lipidation, at least to some extent. Along similar lines, the partial
depletion of PLD1 by RNA interference failed to interfere with oleate-
induced LC3 lipidation in U20S cells (Supplementary Fig S4B).
Altogether, these data indicate that SFAs promote canonical auto-
phagy while UFAs can induce a non-canonical autophagic response
that does not rely on the class III phosphatidylinositol-3 kinase
activity of the BECN1/PIK3C3 complex, but proceeds along with the
inhibition of MTORCI and is responsive to MTORCI hyperactivation.

BECN1-independent autophagic responses to oleate in vivo

To test the pathophysiological relevance of our results, we admin-
istered palmitate and oleate to WT or Becnl "~ C57BL/6 mice,
followed by the assessment of autophagic markers in multiple
organs. Oleate promoted the lipidation of LC3 and the degradation
of p62, as determined by immunoblotting, in both WT and
Becn1*~ livers, while palmitate did so only in the former
(Fig 7A). Similar results were obtained in the kidneys (Supplemen-
tary Fig S5). The lipidation of LC3 induced by oleate in Becnl '/~
livers was exacerbated by the co-administration of leupeptin, an
inhibitor of lysosomal proteases (Ezaki et al, 2011) (Fig 7B), indi-
cating that oleate is capable of upregulating the autophagic flux in
vivo, even in the context of Becnl haploinsufficiency.

Moreover, a Saccharomyces cerevisiae strain lacking atg6 (coding
for the yeast ortholog of mammalian BECN1) was impaired in its
ability to target palmitate-derived, but not oleate-derived, lipid drop-
lets to VPH1" lysosomes via autophagy (Fig 8A). Along similar
lines, the knockdown of BEC-1, the Caenorhabditis elegans ortholog
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Figure 6. Mechanistic insights into oleate-induced autophagy.
Sensitivity of oleate-induced autophagy to MTORCI signaling. Wild-type (WT) or
Tsc2~/~ MEFs were cultured in control conditions, maintained in nutrient-free
(NF) medium or exposed to 500 uM palmitate (PA) or 500 uM oleate (OL) for 6 h,
followed by the assessment of LC3 lipidation, p62 degradation and p70°®* kinase
phosphorylation. TSC2 and B-actin levels were monitored as a genotype control
and to ensure equal loading of lanes, respectively, and densitometry was
employed to quantify the abundance of lipidated LC3 (LC3-11) and p62 (both
normalized to B-actin levels).

of mammalian BECN1, inhibited the accumulation of LGG-1" puncta
in worms exposed to palmitate, but not in nematodes treated with
oleate (Fig 8B).

These experiments confirm that UFAs induce a non-canonical,
BECN1-independent autophagic program in mice, yeast cells and
nematodes.

Discussion

A number of stimuli including several chemotherapeutics and toxins
have been shown to promote non-canonical, BECN1-independent
autophagic responses, generally in cultured cells (Dupont & Codogno,
2013). In most of these settings, non-canonical autophagy
accompanies cell death, representing an unsuccessful attempt of
adaptation to stress (Galluzzi et al, 2015). It has been proposed that
BECN1-independent autophagy may have evolved along with the
ability of several viruses to suppress cell-intrinsic adaptive
responses to infection by inhibiting BECN1 (Munz, 2011). In this
scenario, an autophagic response promoting the demise of cells that
cannot clear infection by autophagy would indeed be beneficial for
the whole organism. The pathophysiological significance of non-
canonical autophagic responses to oleate remains to be elucidated.
To this aim, it will be interesting to determine whether and how the
absence of BECN1 affects oleate-induced cell death, as well as the
implication of the Golgi apparatus in this process. Intriguingly,
oleate triggers non-canonical autophagy in organisms as evolution-
ary distant as yeast, nematodes and mammals. It is therefore tempt-
ing to speculate that BECNI-independent autophagic responses
arose relatively early during evolution, perhaps as an adaptation to
metabolic, rather than viral, cues.
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Several genetic and pharmacological interventions that disrupt
the Golgi apparatus have been shown to induce autophagy in
human cell lines. This applies to the knockdown of GBF1 and
N-ethylmaleimide-sensitive factor attachment protein o (NAPA), as
well as to the administration of BFA, which inhibits GBF1, ADP-
ribosylation factor guanine nucleotide exchange factor 1 (ARFGEF1)
and ARFGEF2, or golgicide A, which selectively targets GBF1.
Among these Golgi apparatus-disrupting interventions, the depletion
of NAPA is the only one that reportedly triggers BECN1-independent
autophagy (Naydenov et al, 2012). This said, oleate failed to
dismantle the Golgi apparatus in our experiments (Supplementary
Fig S3), implying that this is not the mechanism whereby oleate
promotes non-canonical autophagy. Rather, disrupting the Golgi
apparatus with BFA interfered with the ability of oleate to promote
(i) the colocalization of LC3™* autophagosomes with the autophagic
substrate p62, (ii) LC3 lipidation, (iii) p62 degradation and (iv) the
catabolism of long-lived proteins (Fig 4), suggesting that oleate-
induced autophagy obligatorily relies on an intact Golgi apparatus.
Intriguingly, oleate-induced autophagy is not influenced by the
downregulation of AMPK (Fig 5), but proceeds along with the
inhibition of MTORCI (Fig 6) and can be partially suppressed by
MTORCI hyperactivation. Further experiments are required to
clarify in detail the molecular pathways through which oleate
triggers non-canonical autophagy.

In summary, our findings demonstrated that unsaturated FAs can
induce non-canonical, BECN1-independent autophagy in vitro and
in vivo through a phylogenetically conserved mechanism that
requires an intact Golgi apparatus.

Materials and Methods

Chemicals, cell lines and culture conditions

Unless otherwise specified, chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA), culture media and supplements for
cell culture from Gibco-Life Technologies™ (Carlsbad, CA, USA) and
plasticware from Corning Inc. (Corning, NY, USA). Golgicide A and
VU0155069 were from Tocris Bioscience (Bristol, UK). BML-279 and
BML-280 were from Enzo Life Sciences Inc. (Farmingdale, NY, US).
Human cervical carcinoma HeLa cells as well as WT human osteo-
sarcoma U20S cells and their RFP-FYVE-, GFP-GALT-, GFP-GALT/
RFP-LC3- and GFP-LC3-expressing derivatives were maintained at
37°C under 5% CO,, in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 100 mg/1
sodium pyruvate, 10 mM HEPES buffer, 100 units/ml penicillin G
sodium and 100 pg/ml streptomycin sulfate. WT and Tsc2 ™/~ MEFs
were maintained in the same medium further supplemented with
non-essential amino acids. Cells were seeded in 6- or 12-well culture
plates or in 10 or 15 @ cm culture dishes and allowed to adapt for
24 h before experimental interventions. Serum and nutrient depriva-
tion was achieved by culturing cells in serum-free Earle’s balanced
salt solution (EBSS).

RNA interference

Cells at 50% confluence were transfected with a custom-made, non-
targeting siRNA (siUNR, 5-GCCGGUAUGCCGGUUAAGUATAT-3')

© 2015 The Authors
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Figure 7. BECN1-independent autophagic responses to oleate in vivo.

A, B Becnl-independent induction of the autophagic flux by oleate in mice. Wild-type (WT) or Becn1*'~ mice were injected intraperitoneally with vehicle, 100 mg/kg
palmitate (PA) or 100 mg/kg oleate (OL). Four hours later, mice received vehicle or 15 mg/kg leupeptin (Leu) later. After 2 h, animals were euthanatized, followed by
the immunoblotting-assisted assessment of LC3 lipidation and p62 degradation in the liver. B-actin levels were monitored to ensure equal loading of lanes, and
densitometry was employed to quantify the relative abundance of lipidated LC3 (LC3-1I) and p62, both normalized to B-actin levels. Results are means + SD of 2 or
3 mice (n.s., non-significant, *P < 0.05, **P < 0.01 versus untreated mice of the same genotype; *#P < 0.01 versus mice of the same genotype treated with the

same fatty acid).

(Galluzzi et al, 2010) or with siRNAs specific to AMBRA1 (#217068
and #25229, from Ambion-Life Technologies™), AMPK (#HA0272
7114, from Sigma-Aldrich), ATG5 (5-UUUCUUCUUAGGCCAAAGG
dTdT-3'), ATG7 (5-UUGAGAUUUAGAUCCACUGAATAT-3'), ATG14
(5-GACGAUCCCAUAUAUUAGAATAT-3" and 5'-GCAUACCCUCAGG
AAUCUAATAT-3’), BECN1 (5-UUCCGUAAGGAACAAGUCGGATAT-3'),
CPT1A (#SASI_Hs01 00231321, from Sigma-Aldrich), EIF2AK2 (5'-U
AAUAACGUAAGUCUUUCCGATAT-3"), HMGBI1 (#106695 and #1066

© 2015 The Authors

96, from Ambion-Life Technologies™), KIAA0226 (#272287 and
#272288, from Ambion-Life Technologies™), MAPK8 (from Cell
Signaling Technology, Danvers, MA, USA), PIK3C3 (5-ACGGTGAT
GAATCATCTCCATdT-3’), PINK1 (#S100287931 and #SI00287924,
from Qiagen, Hilden, Germany), PLD1 (5-CUGGAAGAUUACUUG
ACAAdTdT-3’), PTEN (5-GUAUAGAGCGUGCAGAUAAdTAT-3'),
SH3GLBI (#134763 and #134764, from Ambion-Life Technologies™),
ULK1 (#S102223270, from Qiagen), TSC2 (#5269468, Invitrogen-Life
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Figure 8. Non-canonical autophagic responses to oleate in S. cerevisiae and C. eleg

A Atg6-independent induction of autophagy by oleate in yeast. Exponentially growing WT or Aatgé S. cerevisiae cells were exposed to vehicle, 1.8 mM palmitate (PA) or
1.8 mM oleate (OL) for 72 h, followed by the immunofluorescence microscopy-assisted quantification of cells exhibiting BODIPY®* lipid droplets within VPH1*
vacuoles (lipid-digesting cells). Scale bars, 5 um. Data are means & SEM of 4 independent experiments (**P < 0.01 versus WT cells treated with vehicle; n.s., not
significant, *P < 0.05 versus WT cells treated with the same fatty acid). DIC, differential interference contrast.

B BEC-1-independent induction of autophagy by oleate in nematodes. A C. elegans strain expressing GFP:LGG-1 was reared from the L4 stage on plates containing
vehicle only, 500 pM PA or 500 uM OL and fed with E. coli transformed with either an empty vector (EV) or with a construct for the downregulation of BEC-1. Gravid
animals were treated with sodium hypochlorite, and the number of GFP:LGG-1* dots was quantified in released embryos by fluorescence microscopy. Scale bars,

30 um. Data are means + SEM of 2 independent experiments (***P < 0.001 versus worms fed with the EV and treated with vehicle; n.s., not significant,
###p < 0,001 versus worms fed with the EV and treated with the same fatty acid).
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Technologies™), UVRAG (5-CGUGGCGAAGUCUCGAUUUATAT-3’
and 5-GCUGUUGAUUGAAUGGAAAATAT-3'), or VMP1 (5'-UAUAC
GUUGCACAUACUGUUGAUGCATAT-3’ and 5-GCAUCAACAGUAUG
UGCAACGUAUAATAT-3’) by means of the HiPerfect Transfection
Reagent (Qiagen), as previously described (Galluzzi et al, 2012).
Transfection efficiency was monitored 48 h later by immunoblotting
(see below).

Immunofluorescence microscopy

Immunofluorescence microscopy was performed according to stan-
dardized procedures (Hoffmann et al, 2008; Vitale et al, 2010). In
brief, cells grown on coverslips were fixed with 4% paraformalde-
hyde (PFA, w:v in H,O) for 15 min at room temperature and
permeabilized with 0.1% Triton X-100 for 10 min, followed by the
blocking of non-specific binding sites by incubation in 5% bovine
serum albumin (BSA, w:v in PBS) for 15 min. Thereafter, cells were
incubated overnight at 4°C with antibodies specific to the detection
of LMAN1 (#ALX-804-602-C100, clone G1/93, Enzo Life Sciences
Inc.), RAB7A (#9367, clone D95F2, Cell Signaling Technology),
SQSTM1 (#H00008878-M01, clone 2C11, Abnova, Taipei, Taiwan)
and TGOLN2 (#AHPS00G, AbD Serotec, Raleigh, NC, USA). Primary
antibodies were detected with appropriate AlexaFluor™ conjugates
(Molecular Probes-Life Technologies™). Nuclear counterstaining
was invariably achieved by staining cells with 10 pg/ml Hoechst
33342 conjugates (Molecular Probes-Life Technologies™). Epifluo-
rescence and confocal fluorescence microscopy assessments
(40-63x) were performed on a DM IRE2 HC FLUO microscope (Le-
ica Microsystems, Wetzlar, Germany) equipped with a CoolSNAP
EZ CCD camera (Photometrics, Tucson, AZ, USA), on an LSM 510
microscope equipped with an ApoTome.2 system (both from Carl
Zeiss, Jena, Germany) or a TCS SPE confocal microscope (Leica
Microsystems).

Automated fluorescence microscopy

U20S cells stably expressing GFP-GALT, GFP-LC3, RFP-FYVE or
GFP-GALT/RFP-LC3 were seeded in 96-well BD High-Content
Imaging Plates (BD Falcon, Franklyn Lanes, NJ, USA) and allowed
to adapt for 24 h. Upon treatment, cells were fixed with 4% PFA
for 15 min at room temperature and counterstained with 10 pg/ml
Hoechst 33342. Images were acquired using a Pathway™ 855
High-Content Imager (BD Imaging Systems, San José, CA, USA)
equipped with a 40x objective (Olympus, Center Valley, CA, USA)
coupled to a robotized Twister II plate handler (Caliper Life
Sciences, Hopkinton, MA, USA). Images were analyzed for the
presence of GFP-LC3", RFP-LC3" and RFP-FYVE™ cytoplasmic
dots and/or for GFP-GALT ™" subcellular compartments by means
of the Attovision v.1.7.1 software package (BD Imaging Systems).
To this aim, region of interests (ROIs) corresponding to cells were
segmented and subdivided into a cytoplasmic and nuclear area
based on Hoechst 33342 staining, according to the proprietary
procedures. 2 x 2 Rolling Ball (RB) and Marr-Hildreth or 5 x 5 RB
algorithms were used to recognize cytoplasmic GFP-LC3", RFP-
FYVE™, RFP-LC3" or GFP-GALT" regions. Co-localization studies
were performed based on M1 and M2 co-localization coefficients,
estimating the contribution of one channel to the area co-localized
with the other channel, independently of signal intensity.

© 2015 The Authors
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Statistical analyses were implemented on the R software package
(http://www.r-project.org/).

Degradation of long-lived proteins

The autophagic degradation of long-lived proteins was performed
as previously described (Dupont et al, 2014b). Briefly, cells were
incubated with 0.2 pCi/ml [**C]-valine for 18 h at 37°C. Unincor-
porated radioisotope was removed by three washes in PBS (pH
7.4). Cells were then maintained in the presence of 0.1% BSA and
10 mM unlabeled valine for 1 h. Thereafter, the culture medium
was discarded, and cells were placed in control conditions or pre-
incubated for 1 h with 10 pg/ml brefeldin A, 5 mM 3-methylade-
nine or 10 pg/ml E-64d plus 10 pg/ml pepstatin. Cells were then
placed in control conditions, subjected to serum and nutrient
deprivation or treated with 500 uM oleate or palmitate for addi-
tional 4 h. Finally, radiolabeled proteins from the 4-h chase
medium were precipitated in 10% trichloroacetic acid (v/v in H,0)
at 4°C. Precipitated proteins were separated from soluble radioac-
tivity by centrifugation at 600 g for 10 min and dissolved in 250 pl
Soluene 350 (Perkin Elmer, Waltham, MA, USA). The rate of
protein degradation was calculated starting from the acid-soluble
radioactivity recovered from both cells and the culture medium.

Immunoblotting

Cells were washed with cold PBS and lysed in a buffer containing
1% NP-40, 20 mM HEPES (pH 7.9), 10 mM KCI, 1 mM EDTA,
10% glycerol, 1 mM orthovanadate, 1 mM phenylmethanesulfonyl
fluoride (PMSF), 1 mM dithiothreitol, 10 pg/ml aprotinin, 10 pg/
ml leupeptin and 10 pg/ml pepstatin, as previously described
(Galluzzi et al, 2012). Lysates were separated (25 pg proteins per
lane) on pre-cast 4-12% polyacrylamide NuPAGE Novex Bis-Tris
gels (Invitrogen-Life Technologies™) or 12% Tris-Glycine Mini-
PROTEAN TGX™ gels (Bio-Rad, Hercules, CA, USA) and electro-
transferred to Immobilon™ membranes (Millipore Corporation,
Billerica, MA, USA). Membranes were incubated in 0.05% Tween-
20 (v:v in TBS) supplemented with 5% non-fat powdered milk (w:
v in TBS) for 1 h to saturate unspecific binding sites and sliced in
parts to allow for the simultaneous detection of proteins with
different MW in the same experiment. Thereafter, membranes
were incubated overnight at 4°C with primary antibodies specific
to P-AMPK (#2525, clone 40H9, Cell Signaling Technologies),
AMPK (#2603, clone 23A3, Cell Signaling Technologies), ATGS
(#A2859, clone ATGS-18, Sigma-Aldrich), ATG7 (#A2856, Sigma-
Aldrich), BECN1 (#sc-11427, clone H-300, Santa Cruz Biotechnol-
ogy Inc., Santa Crus, CA, USA), CPT1A (#12252, clone D3B3, Cell
Signaling Technologies), GABARAPL2 (#PM038, MBL International
Corp., Woburn, MA, USA), GBF1 (#612116, BD Biosciences, San
José, CA, USA), GOLGA2 (#ab52649, clone EP892Y, Abcam,
Cambridge, UK), EIF2AK2 (#3072, Cell Signaling Technologies),
LMAN1 (#ALX-804-602-C100, clone G1/93, Enzo Life Sciences
Inc.), MAP1LC3A (#12135-1-AP, ProteinTech, Chicago, IL, US),
MAPILC3B (#2775, Cell Signaling Technologies), MAPK8 (#9258,
clone 56G8, Cell Signaling Technologies), PIK3C3 (#5149, clone
D9AS, Cell Signaling Technologies), PLD1 (#3832, Cell Signaling
Technologies), PTEN (#9552, Cell Signaling Technologies), P-
RPS6KB1 (#9205, Cell Signaling Technologies), RPS6KB1 (#2708,
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clone 49D7, Cell Signaling Technologies), SQSTM1 (#H00008878-
MO1, clone 2C11, Abnova), TSC2 (#3612, Cell Signaling Technolo-
gies) and ULK1 (#8054, clone D8HS, Cell Signaling Technologies).
Antibodies specific to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, #ab9484, Abcam) or p-actin (#ab6276, clone AC-15,
Abcam) were employed to monitor the equal loading of lanes.
Primary antibodies were detected with appropriate horseradish
peroxidase (HRP)-labeled secondary antibodies (Southern Biotech,
Birmingham, AL USA) and the SuperSignal West Pico chemilumi-
nescent substrate (Thermo Fischer Scientific, Waltham, MA, USA).
Chemiluminiscence images were acquired on a ImageQuant LAS
4000 digital imaging system (GE Healthcare Life Sciences, Pitts-
burgh, PA, USA).

Transmission electron microscopy

For ultrastructural studies, cultured cells were fixed in 1.6% glutar-
aldehyde (v:v in 0.1 M phosphate buffer) for 1 h, scraped off the
plastic dish, centrifuged and post-fixed as a cell pellet in 1%
osmium tetroxide (w:v in 0.1 M phosphate buffer) for 2 h. Follow-
ing dehydration through a graded ethanol series, cells were embed-
ded in Epon™ 812. Ultrathin sections were stained with standard
uranyl acetate and lead citrate. For immunogold studies, cells were
fixed with either 4% formaldehyde or 1.6% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.3) for 1 h at 4°C. Cell pellets were
dehydrated in methanol and embedded in Lowicryl K4M at —20°C
in a AFS2 Freeze Substitution Processor apparatus (Leica Microsys-
tems). Polymerization under UV light was carried out for 2 days at
—20°C, followed by 2 days at 20°C. Ultrathin sections were incu-
bated with primary antibodies specific to GFP (#ab290, Abcam) and
SQSTM1 (#610832, BD Biosciences), for 1 h at room temperature,
and then with secondary antibodies conjugated to 10- or 15-nm gold
particles (BBI International, Cardiff, UK), as appropriate. Images
were acquired with a Tecnai 12 electron microscope (FEI, Eindho-
ven, the Netherlands). The distance between gold particles was
measured by means of the ImageJ software (http://rsb.info.nih.gov/

ij/).
Assessment of Golgi apparatus functions

Protein glycosylation was measured by means of the Pierce™
Glycoprotein Staining Kit (#24562, Thermo Fischer Scientific), as
per manufacturer’s instructions. Densitometry was employed to
obtain quantitative assessments, and data were normalized with
respect to control conditions (U20S cells maintained in normal
medium for the duration of the assay). The transport of
proteins to the Golgi apparatus was monitored in HeLa cells
transiently expressing a thermosensitive, EGFP-tagged variant of the
vesicular stomatitis virus G protein (plasmid #11912, from Addgene,
Cambridge, MA, US), as previously described (Hirschberg et al,
1998). Endocytosis was evaluated in HeLa cells with pHrodo™ Red
Dextran (#P10361, from Molecular Probes-Life Technologies™),
according to the manufacturer’s recommendations.

Mouse experiments

WT C57BL/6 mice (Janvier Labs, Le Genest Saint Isle, France)
and Becnl~ C57BL/6 mice (a kind gift of Dr. Beth Levine, UT
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Southwestern Medical Center, Dallas, TX, USA) (Qu et al, 2003)
were bred and maintained in compliance with the FELASA
guidelines, the European Community regulations for animal
experiments (2010/63UE), the Local Ethics Committee for Animal
Welfare (CE n. 26: 2012-65, 2012-67; Val de Marne, France) and/
or the regulations of the Italian Ministry of Health (D.Lgs 116/92;
Rome, Italy). Mice were housed in a temperature-controlled
environment with 12 h light/dark cycles and received food and
water ad lbitum. All mice used in this study were 6-week-old
female animals. Animals received a single intraperitoneal injection
of 100 mg/kg palmitate or 100 mg/kg oleate in 10% bovine
serum albumin (BSA, w:v in PBS) or an equivalent volume of
vehicle, in combination with an intraperitoneal injection of
15 mg/kg leupeptin (in 150 mM NaCl) or an equivalent volume
of vehicle, and were sacrificed 1 or 2 h later. Then, organs were
collected and processed for the immunoblotting-assisted detection
of LC3 lipidation and p62 degradation, as previously described
(Marino et al, 2014).

Yeast studies

WT BY4741 (MATa; his3A1; leu2AO; metl1SAO; ura3A0) S. cerevisiae
cells expressing VPH1-mCherry, which marks vacuolar membranes
(Ruckenstuhl et al, 2014), were employed to generate Aatgé
mutants by means of the URA3 gene disruption cassette (Guldener
et al, 1996). WT and Aatg6 BY4741 cells were grown to stationary
growth phase and then diluted in synthetic complete medium as
previously described (Ruckenstuhl et al, 2014). According to experi-
mental needs, the medium was further supplemented with 1.8 mM
palmitate (in Tergitol™, final concentration = 0.5%), 1.8 mM oleate
or an equivalent volume of solvent. Seventy-two hours later, cells
were collected, stained with BODIPY 493/503 (Molecular Probes-
Life Technologies™) as per manufacturer recommendations and
imaged on a SP5 (Leica Microsystems) or LSM510 (Carl Zeiss)
confocal microscope equipped with high numerical aperture (NA
1.4) oil immersion objectives. Image deconvolution was performed
with Huygens Pro 4.0 (Scientific Volume Imaging, Hilversum, the
Netherlands). Images were adjusted for brightness/contrast and
assembled with the ImageJ software. Finally, z-stacks were interac-
tively inspected to calculate the percentage of cells that unambigu-
ously harbored lipid droplets within vacuolar structures (but not
cells in which lipid droplets were localized in the close proximity of
the vacuolar membrane).

C. elegans studies

DA2123 worms (adls2122[pge.;GFP::LGG-1; rol-6(df)], expressing a
GFP::LGG-1 chimera) (Kang et al, 2007) were maintained according
to standard procedures (Brenner, 1974). Gravid adults were treated
with sodium hypochlorite to obtain tightly synchronized embryos
that were allowed to develop into the L4 developmental stage.
Thereafter, L4 larvae were transferred to fresh RNAI plates contain-
ing 0.5 mM oleate (Larodan, Fine Chemicals AB, Limhamn,
Sweden), 0.5 mM palmitate or an equal volume of ethanol and fed
with HT115 (DE3) Escherichia coli transformed with either the
pL4440 empty vector (control conditions) or with a pL4440-based
construct for the downregulation of BEC-1 (Tavernarakis et al,
2008). To improve the efficiency of RNAi, worms were reared for at
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least 2 generations on bec-I dsRNA-producing bacteria. Gravid
adults were treated with sodium hypochlorite, and released embryos
were imaged with a Axio Imager Z2 Plus epifluorescence micro-
scope equipped with a 40x objective (both from Carl Zeiss), using
a 480 4+ 10 nm band-pass excitation filter and a 515 + 15 nm
band-pass emission filter. Images were acquired under the same
exposure. The number of GFP* dots was analyzed using the ImageJ
software. For each condition, we processed at least 15 images
obtained across 2 independent experiments.

Statistical analyses

Unless otherwise mentioned, data are reported as mean + SD of
triplicate determinations and experiments were repeated at least
twice yielding similar results. Data were analyzed using Prism 5
(GraphPad Software, Inc., La Jolla, CA, USA) or Excel (Microsoft
Co., Redmond, WA, USA), and statistical significance was
assessed by means of two-tailed Student’s t-test or ANOVA tests, as
appropriate.

Supplementary information for this article is available online:
http://emboj.embopress.org
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