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ABSTRACT Enterocytes, the intestinal absorptive cells, have to deal with massive alimentary
lipids upon food consumption. They orchestrate complex lipid-trafficking events that lead to
the secretion of triglyceride-rich lipoproteins and/or the intracellular transient storage of
lipids as lipid droplets (LDs). LDs originate from the endoplasmic reticulum (ER) membrane
and are mainly composed of a triglyceride (TG) and cholesterol-ester core surrounded by a
phospholipid and cholesterol monolayer and specific coat proteins. The pivotal role of LDs in
cellular lipid homeostasis is clearly established, but processes regulating LD dynamics in en-
terocytes are poorly understood. Here we show that delivery of alimentary lipid micelles to
polarized human enterocytes induces an immediate autophagic response, accompanied by
phosphatidylinositol-3-phosphate appearance at the ER membrane. We observe a specific
and rapid capture of newly synthesized LD at the ER membrane by nascent autophagosomal
structures. By combining pharmacological and genetic approaches, we demonstrate that
autophagy is a key player in TG targeting to lysosomes. Our results highlight the yet-unrav-
eled role of autophagy in the regulation of TG distribution, trafficking, and turnover in human
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enterocytes.

INTRODUCTION

In mammals, alimentary lipids are absorbed by enterocytes, which
are the major cell population of the intestinal epithelium. A com-
plex and specialized process requiring polarized trafficking, signal-
ing, and membrane-remodeling events leads to intestinal secretion
of lipoproteins at the basal pole of enterocytes in lymph and then
in the bloodstream (Mansbach and Siddiqi, 2010). Triglycerides
(TGs), the main constituents of dietary lipids, are hydrolyzed in the
intestinal lumen into fatty acid and 2-mono-acyl-glycerol, which are
associated with biliary products into lipid micelles and then taken
up in enterocytes by passive diffusion and/or transporters (Pan
and Hussain, 2012). TGs and phospholipids are synthesized from
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internalized lipids and accumulate in the endoplasmic reticulum
(ER) membrane bilayer. In enterocytes, the bulk of TGs can be han-
dled by specialized ER membrane machineries in two major path-
ways, which, from a topological point of view, are opposed but
connected (Sturley and Hussain, 2012): 1) as in most mammalian
cells, the ER can produce cytosolic lipid droplets (LDs) to pack up
TGs in a neutral lipid core surrounded by a monolayer of phospho-
lipids and specific coat proteins (Martin and Parton, 2006; Fujimoto
et al., 2008; Thiele and Spandl, 2008); 2) as in hepatocytes, the ER
of enterocytes has the ability to produce intraluminal TG-containing
structures, which fuse with a single molecule of apolipoprotein B
stabilized by lipidation (ApoB48 in enterocytes, ApoB100 in hepa-
tocytes in humans), leading to the biogenesis of pre-lipoproteins in
the ER lumen. Further addition of TGs, adjunction of surface apoli-
poproteins (ApoA4, ApoClll, ApoAl), and subsequent trafficking
through the Golgi apparatus participate in the maturation of triglyc-
eride-rich lipoprotein (called chylomicron in enterocytes) and its
secretion (Hussain et al., 2005).

In mouse enterocytes and human polarized Caco-2/TC7 entero-
cytes cultured on microporous filters, dietary lipids supplied as com-
plex lipid micelles rapidly induce many events related to the bidirec-
tional segregation of TGs: TG appearance in the ER, ApoB vesicular
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trafficking, and chylomicron secretion (Morel et al., 2004; Chateau
et al., 2005; Pauquai et al., 2006), as well as TGs packed in cytosolic
LDs, which can contribute later to lipoprotein secretion (Robertson
et al., 2003; Chateau et al., 2005). The study of enterocyte LDs is
therefore of primary importance in understanding the regulation of
polarized alimentary lipid transfer by enterocytes (Demignot et al.,
2013). We previously showed that the enterocyte LD equipment
was cell specific and adapted to lipid metabolism in enterocytes and
may in consequence participate actively in TG partitioning upon de-
livery of lipid micelles (Bouchoux et al., 2011). However, how entero-
cyte LD dynamics contributes precisely to the control of intestinal
lipid absorption is poorly understood, despite its implication in the
overall lipid metabolism and thus in the occurrence of cardiovascu-
lar diseases (Miller et al., 2011; Demignot et al., 2013).

In hepatocytes, LDs can be targeted to the autophagy pathway
(Singh et al., 2009), raising the notion of lipophagy, by which cytoso-
lic neutral lipids are addressed to the lysosome by the autophagy
pathway (Singh and Cuervo, 2012). Moreover, inhibition of au-
tophagy in hepatocytes leads to massive intracellular TG increase
(Singh et al., 2009). Acting beside endosomal transport, macroau-
tophagy (hereafter simply referred to as autophagy) is a stress-
inducible intracellular degradative pathway (Klionsky, 2007; Xie and
Klionsky, 2007; Mizushima et al., 2008) that selectively eliminates
defective organelles, microbes, and protein aggregates by engulf-
ing large portions of cytoplasm into a double-membrane organelle
called the autophagosome. Defaults in autophagy can hence con-
tribute to a broad spectrum of human diseases, from cancer to met-
abolic disorders (Mizushima et al., 2008). Autophagy induction and
completion are triggered by a series of complex membrane-traffick-
ing and remodeling events: briefly, a portion of membrane coming
from the ER will form an initial and specialized structure referred to
as a phagophore (or isolation membrane), which will require a wide
range of autophagy-related actors—including most of the ATG pro-
tein family members, local phosphatidylinositol-3-phosphate (PI3P;
synthesized by Vps34/PI3KCIII at the ER membrane), beclin1, and
LC3 (the mammalian homologue of yeast ATG8)—to mature as an
autophagosome (Klionsky, 2007). The autophagosome will then
fuse eventually with lysosomes so that its content is degraded
(Nakatogawa et al., 2009; Codogno et al., 2011). Although lipo-
phagy and the interconnection of the autophagy machinery and LDs
were recently documented in hepatocytes (Ding et al., 2010; Heaton
and Randall, 2010; Vescovo et al., 2012), macrophages (Ouimet
et al., 2011), and fibroblasts (Velikkakath et al., 2012), this had not
yet been investigated in enterocytes, despite the essential function
of these specialized cells in the regulation of alimentary lipid flux via
their ability to store massive amounts of lipids as LDs and/or secrete
them as lipoproteins (Demignot et al., 2013). One major difference
between lipid metabolism regulation in hepatocytes and entero-
cytes resides in the extracellular lipid uptake modus operandi:
whereas hepatocytes handle lipids from the bloodstream by regu-
lated receptor-mediated endocytosis, enterocytes have to face im-
mediate and massive lipid volumes coming from the intestinal lu-
men. Once lipids have entered the enterocytes, they instantly
mobilize biosynthetic membranes, notably the ER membrane, which
start partitioning newly synthesized lipids between the ER lumen (for
lipoprotein biogenesis and secretion) and cytosolic LDs. Given that
the ER is a central organelle for numerous cellular functions, includ-
ing membrane dynamics and trafficking, lipid synthesis, ER-stress—
mediated signaling, LD biogenesis (as well as of lipoproteins in spe-
cialized cells), and autophagosome formation, it is tempting to
hypothesize that, in the enterocyte context just described, these
essential cellular pathways can be interconnected. They may thus
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contribute in concert to the proper repartition of neutral lipids and
their stock regulation after acute alimentary lipid delivery.

The aim of this study is to characterize LD behavior and traffick-
ing upon delivery of alimentary lipids as complex lipid micelles and
investigate the putative role of autophagy in LD fate in enterocytes.
Using cell imaging techniques and biochemistry, we describe the
heterogeneity of LD populations in enterocytes in terms of size and
subcellular localizations. We demonstrate that nascent LDs remain
associated with ER membrane within the first hour after lipid deliv-
ery and that a stock of LDs is formed later, at the basal pole of cells.
Lipid micelles induce in parallel a very rapid autophagic response,
accompanied by the onset of PI3P-labeled ER membranes corre-
sponding to autophagosomal primary structures. We show that
whereas starvation-induced autophagy decreases the volume and
number of LDs, RNA interference (RNAi)-mediated inhibition of au-
tophagy, as well as chemical blockade of a lysosomal acid lipase,
triggers massive LD increase, demonstrating for the first time that
autophagy is required for LD breakdown by lysosomes in entero-
cytes after lipid supply. Finally, we characterize the process of LD
targeting to lysosomes, which starts upon their capture by autopha-
gosomal structures positive for PI3P and LC3 at the ER membrane,
arguing for immediate “tagging” of small and still ER-associated
LDs by the autophagosomal machinery within the first minutes of
lipid delivery.

RESULTS
Dynamic pools of lipid droplets in enterocytes
One of the main functions of enterocytes is the polarized transfer of
alimentary lipids to the internal milieu: the formation, trafficking,
and fate of LDs in enterocytes have to be considered as key events
in the regulation of neutral lipid storage/secretion. Accordingly, it is
of primary importance to gather “time-and-space” information on
LD biogenesis and repartition within the enterocyte cytoplasm. As a
first approach we characterized the spatial distribution of LDs in dif-
ferentiated Caco-2/TC7 cells supplied for 24 h with lipid micelles. As
illustrated by a three-dimensional (3D) view and XZ projection of
BODIPY-labeled structures, 24 h after lipid supply the LD population
is heterogeneous in size and distribution within the cell (Figure 1A,
3D view from apical side of the cells; Figure 1F, XZ projection). We
identified three main LD populations: perinuclear LDs (Figure 1, B,
C, and F), intranuclear LDs (Figure 1, D and F), and basal LDs (Figure
1, E and F). Of interest, the perinuclear pool of LDs is often associ-
ated with the ER marker calnexin (CLNX), as illustrated in Figure 1C
and Supplemental Figure STA. Both basal and perinuclear LDs were
found to be positive for the LD-associated protein perilipin2 (PLIN2/
ADRP; Supplemental Figure S1B). On the basis of analysis of con-
focal fluorescence microscopy images, we quantified the average
volume (in micrometers cubed; see Materials and Methods) of each
LD population as a function of lipid micelle delivery time. We noticed
that intranuclear LD volume was not modified upon micelle delivery,
whereas both perinuclear and basal LD volume evolution was highly
dependent on the treatment (Figure 1G): perinuclear LDs grew very
rapidly within the first 10 min of incubation with lipid micelles, and
basal LDs started growing within the first hour. Moreover, the mean
volume of basal LDs was much higher than the volume of perinu-
clear LDs after 24 h of lipid micelle treatment, and the formation of
this basal stock of LDs appeared to be microtubules dependent
since its formation was inhibited by nocodazole (Figure 1H).
Together these data indicate that LD populations are dynamic
and heterogeneous in polarized enterocytes and LDs seem to grow
from the ER/perinuclear region, fuse, traffic via microtubules, and
form stocks of neutral lipids at the basal pole of the cells.
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Dynamic pools of lipid droplets in polarized enterocytes after lipid micelle supply. (A-F) Polarized and
differentiated Caco-2/TC7 enterocytes were cultured on microporous filters for 14 d, and lipid micelles were delivered
to the apical compartment for the last 24 h before fixation. (A) A 3D view of BODIPY-labeled LD distribution in Caco-2/
TC7 cells. Scale bar, 10 pm. (B) Fixed cells stained with BODIPY and DAPI and analyzed by confocal microscopy. The
perinuclear zone is shown; arrowheads indicate LDs in the vicinity of the nucleus. (C) Fixed cells stained with BODIPY,
DAPI, and anti-CLNX antibody and analyzed by confocal microscopy. The 3D perinuclear zone is shown. The arrowhead
indicates LD associated closely with a CLNX-positive perinuclear endoplasmic reticulum structure. (D) Cells processed
as in B. An intranuclear LD. (E) Fixed cells stained with BODIPY and DAPI and analyzed by confocal microscopy. The
basal zone is shown. Scale bars, 4 pm (B-E). (F) Fixed cells stained with BODIPY, DAPI, anti-CLNX antibody, and
fluorescent-phalloidin (F-actin). The XZ-projection of XY-stack acquisitions in two different fields, illustrating the
presence of LDs at the basal pole of the cells, in the perinuclear vicinity, and inside nucleus. Scale bar, 12 pm.

(G) Polarized and differentiated Caco-2/TC7 enterocytes treated with lipid micelles for the indicated times and fixed
and stained with BODIPY, as in A-F. Confocal acquisitions were analyzed using the BODIPY signal. The mean volume of
LD (in pm3) was quantified in each condition for intranuclear (nuclear LD; gray), perinuclear (PN LD; light blue), and
basal LDs (dark blue) and represented graphically (n = 5 independent experiments). (H) Polarized and differentiated
Caco-2/TC7 enterocytes treated with lipid micelles for 24 h in presence (NOC) or absence (CTRL) of nocodazole, fixed,
and stained with DAPI and BODIPY. The XZ-projection of XY-stack acquisitions is shown in both conditions.
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Alimentary lipid supply triggers autophagic response

in enterocytes in vivo and in vitro

Autophagy is involved in cytosolic LD clearance in hepatocytes, a
phenomenon described as macrolipophagy (Singh et al., 2009;
Singh and Cuervo, 2012; Weidberg et al., 2009). Hepatocytes and
enterocytes share the ability to deal with large amounts of neutral
lipids, and they both have triglyceride-rich lipoprotein synthesis ma-
chinery located at the ER membrane (Mansbach and Siddigji, 2010).
However, lipid delivery to each cell type is different. We thus won-
dered whether acute delivery of dietary lipids to enterocytes could
induce an autophagic response. We first addressed this question in
vivo using mice fed a standard meal or a meal supplemented with
150 pl of olive oil, which induces massive cytosolic LD appearance
in mouse enterocytes (Bouchoux et al., 2011). Mouse intestinal epi-
thelium was recovered, and lipidated LC3 (LC3))) was analyzed by
SDS-PAGE/Western blot. LC3-Il is the posttranslationally modified
form of LC3, which is associated with autophagosome membranes
and can be distinguished from its precursor, LC3-I, by SDS-PAGE
because of its increased electrophoretic mobility (apparent mole-
cular weight of 16 kDa for LC3-I vs. 14 kDa for LC3-Il; Kabeya et al.,
2000). We found that the amount of LC3), was increased 60 min
(unpublished data) and 180 min (Figure 2, A and B) after food intake
in mice fed the oily meal as compared with mice fed standard meal,
suggesting that oil delivery was sufficient to induce an autophagic
response in enterocytes in vivo. For further analysis, we used the
differentiated human Caco-2/TC7 enterocytes supplied or not with
complex lipid micelles in the apical medium. We first observed by
light microscopy that a 24-h lipid micelle treatment induced a three-
fold increase in the number of LC3 autophagosome-related dotted
structures (Mizushima et al., 2010) when compared with the control
condition (Figure 2, C and D). A similar increase was observed after
60 min of micelle exposure and, to a lesser extent, at short times
(2 and 10 min; Figure 2, C and D). Accordingly, biochemical analysis
revealed that, as observed in mice, amount of LC3) increased in
cells treated with micelles for 24 h compared with control cells
(Figure 2, E and F, top). Moreover, other key autophagy players were
affected by 24-h micelle treatment: beclin1, Vps34, and ATG5 were
up-regulated, whereas control proteins, such as membrane-associ-
ated annexin A2 (anxA2) and epithelial adherens junctions-associ-
ated E-cadherin (E-cadh), were not affected (Figure 2, E and F).
These data argue for a specific autophagic response to micelle sup-
ply, without any cytotoxic effect, as measured by lactate dehydroge-
nase (LDH) release (unpublished data) and no deleterious effect on
enterocyte polarization and cell—cell junctions (unpublished data
and Figure 2E, E-cadh). Of interest, we found that autophagy was
induced almost instantly, as early as 2 min after micelle application
(Figure 2, G and H). Wortmannin (Wort), which specifically blocks
Vps34 enzymatic activity and inhibits the synthesis of PI3P (a mem-
branous lipid transiently required for autophagosome formation at
the ER; Axe et al., 2008; Simonsen and Tooze, 2009; Matsunaga
etal., 2010; Noda et al., 2010), abolished LC3 lipidation, even in the
presence of lipid micelles (Figure 2, G and H, 60 min + Wort condi-
tion). The latter finding shows that the increase of LC3) observed in
our experimental conditions is directly related to autophagy. This
was confirmed by a flux experiment using bafilomycin A1 (BAFAT;
Supplemental Figure S2A), which inhibits autophagosome/lyso-
some fusion, thus blocking the LC3) signal decrease induced by
lysosomal degradation. Finally, we show that the autophagic
response induced by lipid micelles was accompanied by a decrease
of the mammalian target of rapamycin (mTOR) targets (Mizushima
et al., 2010) phospho-ULK1 (Ser-757) and phospho-p70 Sékinase
(Thr-389; Supplemental Figure S2B), suggesting that, as for
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starvation-induced autophagy (Codogno et al., 2011), the mTOR
pathway is implicated in lipid micelle-triggered autophagy in
enterocytes.

The autophagic response induced by lipid micelles is
associated with perinuclear PI3P

Given that we observed that lipid-dependent autophagy in entero-
cytes can be inhibited by wortmannin, we monitored PI3P in the
same cellular setup. We used an indirect fluorescence-based imag-
ing assay combining the FYVE-FYVESST recombinant protein and a
fluorescein isothiocyanate (FITC)-anti-glutathione S-transferase
(GST) antibody as a dye for membranous pools of PI3P because the
FYVE domain binds specifically to PI3P (Gillooly et al., 2000;
Stenmark et al., 2002). However, PI3P is mainly associated with en-
dosomes in mammalian cells (Gruenberg and Stenmark, 2004,
Lindmo and Stenmark, 2006) primarily acts as a major regulator
along the endocytic pathway, where it recruits numerous endosomal
actors, ensuring proper membrane dynamic events on early and late
endosomes (Di Paolo and De Camilli, 2006). We essentially ob-
served two pools of PI3P in polarized Caco-2/TC7 enterocytes: a
major pool (Supplemental Figure S3A1) localized beneath the brush
border domain in the subapical compartment (known to be enriched
in biosynthetic and endocytic pathways associated organelles;
Hoekstra et al., 2004) and a minor pool at the perinuclear level in
areas positive for the ER marker CLNX (Supplemental Figure S3A2).
Confocal immunofluorescence microscopy analysis revealed that
the subapical pool of PI3P is strongly associated with the early en-
dosomal marker EEA1, as expected, and slightly with the late endo-
somal marker LAMP1 (Supplemental Figure S3B, insets). On the
contrary, the small pool of vesicular PI3P observed at the perinuclear
level in the vicinity of ER was not associated with EEA1 (Supplemen-
tal Figure S3C), indicating that these PI3P-positive organelles are
not endosomes. PI3P can also be detected, albeit more rarely, on
autophagosomal-related structures positive for both LC3 and
LAMP1 (Figure 3A), making FYVE-FYVESST a useful tool to label non-
endosomal PI3P as well. Given that the primary membranous
structure(s) of autophagosomes originate(s) from the ER (Axe et al.,
2008; Walker et al., 2008; Hayashi-Nishino et al., 2009; Yla-Anttila
et al., 2009), we analyzed the colocalization of LC3 with the perinu-
clear pool of PI3P. Indeed, vesicular PI3P was found to colocalize
with LC3 with or without the ER marker CLNX (Supplemental Figure
S3, D, solid arrowheads, and E, empty arrowhead, respectively). The
absence of early endosomal marker and the presence of LC3
strongly suggested that the minor pool of PI3P-associated mem-
branes observed in the vicinity or even tightly associated with ER
membrane (Figure 3B) is made up of autophagy-related organelles.
We then monitored the dynamic evolution of this perinuclear pool
of PI3P in a time course of lipid micelle delivery in polarized Caco-2/
TC7 enterocytes. To study precisely and rigorously the autophagy-
associated PI3P synthesis, we transfected cells with RNAI targeting
Beclin1 or ATG14 (Zeng et al., 2006; Cao and Klionsky, 2007; Simon-
sen and Tooze, 2009; Boya et al., 2013), two essential regulators of
autophagosome biogenesis, which act as partners for Vps34 kinase
function on nascent autophagosomal membrane (Figure 3, C and
D). Whereas in Caco-2/TC7 enterocytes treated with wortmannin
the subapical PI3P pool (identified as endosomal PI3P; Supplemen-
tal Figure S3) is almost completely absent, this is not the case in cells
transfected with RNAI for Beclin1 or ATG14 (Figure 3E), showing
that the down-regulation of Beclin1 or ATG14 has no significant ef-
fect on endosomal PI3P synthesis. To study dynamically the entero-
cyte response to lipid micelles, we submitted polarized Caco-2/TC7
enterocytes to a 5-min lipid micelle pulse followed or not by
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Alimentary lipid supply triggers an autophagic response in enterocytes in vivo and in vitro. (A, B) C57BI6
mice fed a standard diet were challenged or not with an olive oil bolus (150 pl) and killed after 3 h. The isolated
epithelial cells from the jejunum were analyzed by Western blotting with anti-LC3 and anti-actin as control loading
marker. Signals were quantified (bar diagram, B). LC3Il corresponds to the lipidated autophagosome-associated form of
the LC3 protein. The bar diagram shows the quantification of the LC3, signal reported to actin in the indicated
conditions (AU, arbitrary units). Values denote means + SEM (n = 3 independent experiments; four mice for control and
four mice for olive oil treatment in each experiment; p < 0.01). (C, D) Caco-2/TC7 enterocytes were supplied with lipid
micelles for 2 min, 10 min, 60 min, 24 h or not (ctrl). Cells were fixed and stained for LC3 and DAPI and processed for
confocal analysis. The inset in C shows a magnified view of the dotted signal of LC3 corresponding to autophagosomes.
A quantification of the mean number of LC3 dots/500 pm? is represented in the bar diagram (D, from nuclear plan).
Values denote means + SD; n = 40 cells in each condition; p < 0.001. Scale bar, 10 pm. (E, F) Western blot analysis of
autophagy-related components (LC3);, beclin1, Vps34, and atg5) in Caco-2/TC7 enterocytes supplied with lipid micelles
for 24 h (mic 24h) or not (ctrl). E-cadherin (E-cadh) was used as a marker of epithelial viability, and annexin A2 (anxA2) is
used as equal loading marker, as quantified in the bar diagram (F). Values denote means + SEM (n = 3 independent
experiments; **p < 0.01, ***p < 0.001). (G, H) Western blot analysis of endogenous LC3 and actin, as equal loading
marker, in Caco-2/TC7 enterocytes supplied with lipid micelles for the indicated times. Wortmannin (WORT, 100 nM
final) was used as Vps34/PI3KCIIl pharmacological inhibitor. The bar diagram (H) shows the quantification of the LC3,
signal reported to actin in the indicated conditions (AU, arbitrary units). Values denote means + SEM (n = 6 independent

experiments; *p < 0.05, **p < 0.01).

10-, 30-, and 60-min chase in fresh apical medium. The cells were
fixed at indicated conditions, labeled with FYVE-FYVESST (as shown
in Figure 3B), and analyzed by confocal fluorescence microscopy for
quantification of the perinuclear PI3P signal with 4’,6-diamidino-2-
phenylindole (DAPI) and CLNX as nucleus and ER countermarkers,
respectively. The results showed that the perinuclear pool of PI3P
briefly peaks after micelle application and rapidly goes back to
control values (Figure 3F, CTRL condition). Such a perinuclear PI3P
peak was observed in neither cells treated with wortmannin nor in
cells down-regulated for Beclin1 or ATG14 (Figure 3F). These results
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indicate that lipid micelles induced an immediate onset of PI3P-
positive membranes emerging from the ER, which correlates with
the almost immediate autophagic response characterized by LC3
lipidation in the vicinity of the ER (Figure 2G).

Newly synthesized lipid droplets are captured

by autophagosomal structures at the endoplasmic

reticulum membrane

Because alimentary lipid supply triggered autophagy (Figure 2), we
hypothesized that autophagosomes might be directly involved in
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surface of the ER (indicated by arrowheads in the inset [bottom], showing a magnified view of the ER). Scale bar, 10 pm.
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LD capture and potential trafficking to lysosomes. We thus analyzed
the colocalization of LDs and autophagosomes in Caco-2/TC7 cells
upon lipid micelle supply. BODIPY was used as LD marker and LC3
and LAMP1 as markers of autophagosomes and late endosomes/
lysosomes, respectively. We detected colocalization between
BODIPY and each of LC3 and LAMP1, as well as triple colocalization
of BODIPY, LC3, and LAMP1 (Supplemental Figure S4, A and B). In
most situations, LC3 and LAMP1 were detected at the periphery of
the LD (Figure 4A). Moreover, electron microscopy analyses revealed
that a subset of cytosolic LDs, observed after 1 h of lipid micelle
supply, were included in large and double-membrane organelles,
which contained cytosolic material (such as mitochondria), demon-
strating that these giant organelles were autophagosomes rather
than organelles from the endocytic pathway (Figure 4B). This was
confirmed by immunofluorescence analysis showing absence of
colocalization between EEA1- and LC3-positive LDs (which excludes
early endosome-mediated transport of LDs to lysosomes), whereas
LC3-positive LDs colocalized with lysobisphosphatidic acid (Matsuo
etal., 2004), a lipid that is only detected on late endosomes/lysosomes
(unpublished data). Finally, we observed that autophagosomal mem-
branes markers such as LC3; and ATG5 were associated with a
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purified LD fraction (as already shown for LC3; Shibata et al., 2009)
and enriched in such a fraction after lipid micelle delivery (Figure 4, C
and D). These results show that LDs can presumably be captured by
autophagosomes and subsequently fuse with late endosomes for
degradation.

We further investigated the kinetics of the LD-autophagosome/
autophagolysosome pathway by quantifying the organelle colocal-
izations upon different durations of lipid micelle treatment. We sys-
tematically quantified and classified the association of BODIPY-pos-
itive LD with either LC3 or LAMP1, both LC3 and LAMP1, or none of
them from confocal microscopy fluorescence acquisitions (illustrated
in Supplemental Figure S4A). Whereas <4% of the total LD popula-
tion was positive for any of the two markers or both after 2 min of
lipid micelle supply (with a majority of LD-LC3 colocalizations), >50%
of LDs were associated with autophagosomal or autophagolyso-
somal markers after 60 min of incubation with lipid micelles (Figure
5A), that is, when newly synthesized LDs began to grow and emerge
from the ER membrane (Figure 1). After 24 h of lipid micelle treat-
ment, which induces a massive accumulation of LDs, a similar ratio
(57%) of LDs associated with one or both markers was observed
(Figure 5A). Of interest, the percentage of LD associated only with
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LC3 dropped from 26.5 to 21%, whereas the percentage of LD as-
sociated with both LC3 and LAMP1 almost doubled, from 15.4 to
30%. These results suggest that LDs act as classic autophagosomes
cargoes, with an increase of LC3/LAMP1-LD colocalization after
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graph (D). Values denote

24 h of lipid micelle delivery, arguing for a
maturation of autophagosomes (labeled
with LC3) to autophagolysosomes (labeled
with LAMP1, with or without LC3).

We next analyzed the site of LD capture
by autophagosomes. LDs assemble and
bud off the ER membrane (Robenek et al.,
2006; Thiele and Spandl, 2008), and we de-
tected them often in the vicinity of rough ER
membrane by electron microscopy (Supple-
mental Figure S6A) and light microscopy
(Figure 1). Given that BODIPY did not allow
us to monitor properly and dynamically LD
biogenesis after a short-time delivery of
lipid micelles because of the presence of
preexisting LDs, we used micelles contain-
ing a fluorescent Cyo-fatty acid (referred to
as FA%®, for fatty acid 568 nm, associated
with red fluorescence) to track the biogene-
sis and maturation of newly synthesized LDs
within the cells after lipid micelle delivery.
FAS%® was recovered in BODIPY-positive
small LDs 10 min after lipid micelle applica-
tion, only in the perinuclear/CLNX-positive
region of the cell (Supplemental Figure S5).
Later, FA®-positive LDs (“red droplets”)
grew and trafficked normally, as observed at
60 min and 24 h (Supplemental Figure S5),
indicating that the use of FAS® is a powerful
tool for tracking newly synthesized LD in en-
terocytes. We confirmed subsequently the
colocalizations that we observed and quan-
tified by using BODIPY: after 24 h of FA%%S-
micelles, FAS8-LDs were often associated
with LC3 and/or LAMP1 (Figure 5B). By mul-
tiple and differential costaining, including
the ER-PI3P (Figure 3), we analyzed whether
such events also occurred after a short
(2 min) or a longer (60 min) period of FA5-
containing lipid micelle treatment. Of inter-
est, we found that FA%%-labeled LDs were
associated with LC3 and PI3P and sur-
rounded by LAMP1 after 60 min of lipid
micelle treatment (Figure 5C, right), con-
firming the data in Figure 5A, which showed
hybrid LD organelles positive for both the
"early-autophagy” markers LC3 and PI3P
and the “late-autophagy” marker LAMP1.
The detection of PI3P on these structures
strongly suggests that the dynamic pool of
autophagy-related organelles observed af-
ter lipid micelle supply (Figure 3) might par-
ticipate in LD capture. Indeed, we found
that newly synthesized LDs that were still as-
sociated with the ER membrane (labeled
with CLNX) were positive for PI3P and LC3
but negative for LAMP1 after 2 min of mi-
celles supply (Figure 5C, left and middle).

This suggests that LD-autophagy organelles form sequentially: a
subset of newly formed LDs is immediately captured by PI3P
and LC3-positive ER membrane domains, presumably primary au-
tophagosomal structures, whereas LAMP1 recruitment occurs later

Molecular Biology of the Cell
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Kinetics of lipid droplet capture by autophagosome-related organelles. (A) Pie chart of confocal acquisition
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or dyes: FYVE-FYVESST (Pi3P), anti-CLNX, anti-LC3, and anti-LAMP1. Scale bar, 4 pm. (C) Confocal analysis of Caco-2/
TC7 enterocytes treated with FA>®-containing lipid micelles for 2 or 60 min before fixation and labeling with the
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and processed for electron microscopy analysis (stars, LDs; arrowheads, rough ER). Note the vicinity of LD-containing
autophagosomes with ER structures. Scale bar, 400 nm.
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Starvation promotes a decrease in the lipid droplet total content. (A, B) Analysis of
Caco-2/TC7 enterocytes starved in HBSS for the indicated times or not (ctrl), treated or not with
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antibodies. (C) Bar diagram showing total lipid droplet content quantified using the BODIPY signal
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(D, E) Caco-2/TC7 enterocytes were treated as described in A, fixed, and stained with DAPI,
BODIPY, and anti-LC3 antibody. BODIPY-LC3 colocalizations are indicated by arrowheads (D) and
quantified and represented as a bar graph (E). Values denote means + SEM (n = 30 cells per
condition; p < 0.01). (F) Caco-2/TC7 enterocytes were starved for 3 h (HBSS 3 h) and supplied with
[1-"Cloleic acid—containing lipid micelles for 60 min in the presence of bafilomycin A1 (to block
lysosomal activity, 100 nM final) to analyze the ["*Clfatty acid uptake by cells. Radioactivity was
counted in cell lysates in the indicated conditions. Results are expressed as percentage of control
condition. Values denote means + SEM (n = 3 independent experiments). (G) Caco-2/TC7 cells
were cultured for 6 d in serum-free medium supplemented with insulin, transferrin, and selenium.
Fluorescent fatty acid (FAS®)-containing lipid micelles were supplied for 10 or 60 min upon 3-h
starvation (HBSS) or not (ctrl) before fixation. DAPI- and FA%%-labeled newly synthesized LD are
shown. FA%%-|abeled LD content (nv/1000 pm?) was quantified as in C (see graphs; AU, arbitrary
units). Values denote means + SEM (n = 3 independent experiments, p < 0.001).
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(Figure 5, A and C). Involvement of the ER
membrane in this process is thus high-
lighted, implying complex membrane dy-
namics events. Electron microscopy analy-
ses, moreover, revealed that LD-containing
autophagosomes were closely associated
with the ER membrane (Figure 5D and Sup-
plemental Figure S6, B-D). Together with
the confocal microscopy data showing LDs-
LC3/PI3P structure association with ER
membrane, these observations indicate that
the PI3P-dependent autophagy machinery
can be immediately recruited to ER sites
where LD biogenesis takes place and cap-
tures a subset of newly synthesized LDs as
soon as they bud off the ER membrane.

Starvation-induced autophagy leads

to a decrease in lipid droplet content
Data presented in Figures 4 and 5 show that
LDs can be captured by autophagosomes.
We thus investigated whether enforced au-
tophagy has any effect on LD fate in entero-
cytes. We induced autophagy in Caco-2/
TC7 cells by starving them, replacing apical
and basolateral media by Hank’s balanced
salt solution (HBSS; see Materials and
Methods) for the indicated times (Figure 6B;
see lipidation of LC3). Cells were fixed, and
LDs were labeled with BODIPY (Figure 6A).
Using microscopy analysis software, we
quantified the mean volume (V, in pm3) and
the average number (n) of LDs in a 1000-um?
surface area. By multiplying V x n, we ob-
tained an immunofluorescence-based and
standardized way of monitoring the LD pop-
ulation in a given condition that we defined
as "LD total content value.” We observed a
twofold decrease in the LD total content of
starved cells compared with control cells
(Figure 6, A and C). We then analyzed by
confocal microscopy the recruitment of LC3
on BODIPY structures in the conditions de-
scribed in Figure 6A. Of interest, we ob-
served that LC3-BODIPY colocalization ratio
strongly increased after starvation (Figure 6,
D and E). This suggests that the decrease of
LD total content observed in Figure 6, A and
C, is due to autophagosome mobilization,
since a starvation treatment for 3 h had no
effect on lipid uptake by the cells, as ob-
served by ['“Clfatty acid monitoring in cells
treated also with bafilomycin A1 to block
lysosomal degradation (Figure 6F). These
results suggest that starvation-induced au-
tophagy decreases the existing LD popula-
tion in enterocytes.

The following step was to investigate
whether starvation-induced autophagy de-
creases newly synthesized LDs as well, that
is, LDs directly formed upon lipid micelle
treatment (Figure 1). To monitor specifically
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Lysosomal maturation is required for lipid droplet clearance after lipid micelle supply. (A, B) Caco-2/TC7
enterocytes were treated (BAF) or not (ctrl) for 3 h with 100 nM bafilomycin A1 to block proper autophagosome-
lysosome fusion and incubated with fluorescent fatty acid (FA%®)-containing lipid micelles for the indicated times
(10, 60, or 180 min) before fixation, DAPI staining, and confocal microscopy analysis (A). FAS-lipid content
(nv/1000 pm?) was quantified in the indicated conditions (B; AU, arbitrary units). Values denote means + SEM
(n =40 cells by condition; p < 0.001). (C, D) Caco-2/TC7 enterocytes were treated as described in A, fixed, and stained
for DAPI, LC3, and LAMP1 (scale bar, 10 pm). FA%¢® lipid droplet-LC3 and FA%¢® lipid droplet-LAMP1 colocalizations are
indicated by arrowheads (yellow arrowheads for LC3, blue arrowheads for LAMP1), quantified, and represented as bar
graph (D, left, for LC3; right, for LAMP1; AU, arbitrary units). Values denote means + SEM (n = 3 independent

experiments; **p < 0.01, ***p < 0.001).

newly formed LDs, we used FA>®-micelles to study LD birth and
growth after lipid micelle application (Supplemental Figure S5). To
get rid of preexisting LDs, we cultured Caco-2/TC7 cells for 6 d in
a serum-free medium containing insulin, transferrin, and selenium
(as described in Morel et al., 2004) and then exchanged the me-
dium with HBSS for the last 3 h of culture. Cells were treated with
FA5¢-containing lipid micelles for 10 or 60 min (Figure 6G) before
fixation and immunofluorescence analysis. FA>-labeled LDs were
then quantified from confocal acquisitions. We did not observe a
significant difference in FA>-LD content value after 10 min of lipid
micelle application (Figure 6G, left, and graph) with or without
previous starvation. However, after 60 min of FA>8 micelle appli-
cation, when newly synthesized LDs emerged from the ER mem-
brane (Figure 1), the FAS8-LD content was lower in the starved
condition than in the control condition (Figure 6G, right, and
graph), indicating that in this condition the newly synthesized LD
content was affected either by their degradation or by inhibition of
their growth.

Lysosomes participate in lipid droplet regulation after lipid
micelle delivery

Autophagy targets its cargoes to lysosomes for degradation/break-
down. We thus investigated the role of lysosomes in LD fate upon
lipid micelle treatment of enterocytes. Caco-2/TC7 cells were
treated with bafilomycin A1 (BAF) for 3 h in the presence of FA5¢8-
containing lipid micelles for the indicated times (Figure 7A). BAF
inhibits lysosomal acidification and fusion of autophagosomes with
lysosomes, blocking the autophagic flux at the terminal step
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(Yamamoto et al., 1998; Mizushima et al., 2010). This led to accumu-
lation of LC3;, as seen in Supplemental Figure S2A, since autopha-
gosomes are not degraded. FA>-LD content was analyzed by fluo-
rescence microscopy and quantified. Treatment with BAF induced a
massive increase of FAS-LD content value as compared with con-
trol (Figure 7, A and B) after 180 min of lipid micelle treatment but
not after 60 min, suggesting that LDs require lysosome for TG deg-
radation, starting from >60 min after the lipid micelle treatment.
Moreover, we show that FA*8LD-LC3 and FA%8LD-LAMP1 colocal-
ization ratios were strongly increased by BAF treatment (Figure 7, C
and D), notably after 180 min of lipid micelle treatment.

Because the hydrolysis of TGs requires specific lipases, we
focused on the lysosomal acid lipase, which hydrolyses lipids in
lysosomes and requires an acid pH to be active (Ouimet et al., 2011;
Skop et al., 2012). To investigate the effect of this lipase on LDs
without affecting the lysosome itself, we used a specific pharma-
cological inhibitor of lysosomal acid lipase, referred to as LALi
(Rosenbaum et al., 2010), for lysosomal acid lipase inhibitor 2
compound 12 (see Materials and Methods). As with bafilomycin
(Figure 7), we observed a massive increase in FA>8-LD content in
cells treated with LALi (Supplemental Figure S7, A and B) at
180 min of lipid micelle exposure. This was specific to the lipase
inhibition, since LALi had no effect on the endolysosome cargo
epidermal growth factor receptor (EGFR) or late endosome/lyso-
some protein LAMP1 levels (Supplemental Figure S7C). Together
these data show that lysosomes and the lysosomal acid lipase are
involved in the degradation of a subset of newly synthesized LDs
in enterocytes.

Lipids and autophagosomes in enterocytes | 127



A siCTRL siBeclin1 C

D membranes LD

siVps34
pellet fraction
mic. 24h - + - + - + Il siCTRL mic. 24h - + - +
Beclint | — —0 - | [ siBeclint
1]
Vps34 | S — | 3
LC3| B | e S commm.  co— —— -
LC3..>~~_-—_‘—‘ Sk -
CLNX | S m— @
e @
ANXAZF I 50 _I_ =1
E —|
B g
DAPIFAss S 40 ] E
z M siCTRL
3 ~ 3007 [ giBedli
£ o siBeclin1 *okk
8 30 1 £
o) 8 250 1 —I—
. °
g L -
< h e ]
- P = 200
= rel
g °
% g 150 1
10 a
-
< -—
0 LIl 5
> S 501
7 mic. mic. 8
N y 10min 24h [ J
mic. 10min mic. 24h ) —
mic. 24h - +

Inhibition of the primary steps of autophagy induces an increase in total lipid droplet content. (A) Caco-2/
TC7 enterocytes were transfected with mock RNAi (siCTRL), RNAi for hVps34 (siVps34), or hBeclin1 (siBeclin1), plated
on culture filters, and supplied with lipid micelles for 24 h (mic. 24 h) or not. Cells were lysed and analyzed by Western
blotting with the indicated antibodies. Annexin A2 (ANXA2) was used as equal loading marker. Note the decrease of
LC3 lipidation upon Vps34 or Beclin1 down-regulation in lipid micelle-treated cells. (B) Confocal analysis of Caco-2/TC7
enterocytes transfected with mock RNAI (siCTRL), RNAi for hVps34 (siVps34), or hBeclin1 (siBeclin1) as in A and treated
with fluorescent fatty acid (FA>®)-containing lipid micelles for 10 min or 24 h before fixation and labeling with DAPI.
(C) Bar diagrams showing the quantification of FAS content in LDs (nv/1000 pm?) in the indicated conditions in cells
treated as in A and B. Values denote means = SEM (n = 3 independent experiments; p < 0.001). (D) Total membranes
and LD fractions were recovered after postnuclear supernatant ultracentrifugation (see Materials and Methods) from
Caco-2/TC7 enterocytes transfected with hBeclin1 (siBeclin1) or control siRNA (siCTRL) and supplied or not with lipid
micelles for 24 h (mic. 24 h). Equal volumes of the fractions were analyzed by Western blotting with anti-CLNX antibody
as an ER marker and PLIN2/ADRP as a LD marker. (E) TG quantification from Caco-2/TC7 enterocytes transfected with
control RNAI (siCTRL) or hBeclin1 siRNA (siBec) and supplied or not with lipid micelles for 24 h. TGs were quantified
from the LD fraction collected upon flotation of the postnuclear supernatant as in D. TGs are expressed as nanomoles/
milliliter, and values denote means + SEM (n = 3 independent experiments; p < 0.001).

Inhibition of autophagy primary steps increases lipid droplet
content and favors high-density lipoprotein secretion

To further document the implication of autophagy in the fate of
newly formed LDs in enterocytes, we blocked autophagosome for-
mation by knocking down beclin1 and Vps34, both key players in
autophagy pathway initiation (Zeng et al., 2006; Cao and Klionsky,
2007; Simonsen and Tooze, 2009). Lipid micelle-induced lipidation
of LC3 was no longer detectable in Caco-2/TC7 cells transfected with
small interfering RNA (siRNA) targeting beclin1 or Vps34 (Figure 8A),
indicating that lipid micelle-associated autophagy was blocked. To
assess the effect of the inhibition of autophagy on the LD formation
and evolution, we supplied siVps34 or siBeclin Caco-2/TC7 cells with
FAS%8-micelles for a short 10-min period to promote LD biogenesis or
a longer 24-h period to promote LD biogenesis and accumulation.
We did not observe any difference in FAS-LD content in siVps34- or
siBeclin1-transfected cells as compared with control cells after 10 min
of lipid micelle supply. However, the FA%8-LD content significantly
increased in siVps34- and siBeclin1-treated cells after 24 h of lipid
micelle treatment (Figure 8, B and C). Similar results were obtained in
cells down-regulated for ATG5, which is essential to autophagosome
maturation (Boya et al., 2013) without being dependent on PI3P
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synthesis as are Beclin1 and Vps34 (Supplemental Figure S8A). These
data argue for an accumulation of LDs as a consequence of a block-
ade of autophagy primary steps. Accordingly, PLIN2, one of the main
coat proteins of LDs, was strongly increased in LD fractions isolated
from siBeclin1-transfected cells as compared with control cells (Figure
8D). Finally, we biochemically showed accumulation of TGs in LD
fractions from siBeclin1-treated compared with control cells (Figure
8E), notably after 24 h of lipid micelle supply, which correlated with
PLIN2 increase in the same fraction (Figure 8D).

The TG pools that we measured directly (FA>®) and indirectly
(BODIPY) by light microscopy or cellular fractionation (LD flotation)
reflect solely the neutral lipids stored in the cytosol, whereas TGs are
also distributed along the biosynthetic pathway, most probably as-
sociated with the ER, in the lumen (for future secretion via the biosyn-
thetic pathway) and/or within the membrane(s) bilayer (Khandelia et al.,
2010; Sturley and Hussain, 2012). To get a more complete character-
ization of the effect of autophagy inhibition on the whole neutral lip-
ids in enterocytes, we analyzed both the secreted and intracellular
lipids (TG and phospholipids [PLs]) from control cells and cells
knocked down for Beclin1. Surprisingly, we first noticed that total cel-
lular TG content was not modified in siBeclin1 cells compared with
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control cells, with or without lipid micelle treatment (Supplemental
Figure S9A), whereas we did observed clear TG accumulation in iso-
lated LD fractions of siBeclin1 cells compared with control cells (Figure
8E). Similarly, using [1-'*Cl-labeled oleic acid (OA) as a radioactive
tracer in lipid micelles to monitor newly synthesized lipids (including
TG, cholesterol esters, and PLs), we did not observe any difference in
labeled TG measured from cell lysates and basolateral medium of
control and siBeclin1 cells (Supplemental Figure S?, B and E). Whereas
no significant difference was observed for [1-'*C]-OA-labeled PLs in
cell lysates, their secretion was significantly increased in siBeclin1
cells (Supplemental Figure S9C). This was accompanied by an in-
crease of apolipoprotein A1 (ApoA1) secretion in the basolateral me-
dium and in the purified high-density lipoprotein (HDL) fraction upon
lipid micelle treatment in siBeclin1 cells (Supplemental Figure S9D).
We also observed an increase of intracellular [1-14C]-OA-labeled cho-
lesterol esters in siBeclin cells (Supplemental Figure S?E, CE), which
may result from an increased content of cholesterol that is therefore
stored as cholesterol esters. Both results suggest that autophagy in-
hibition leads to increased secretion of HDL (Rader, 2006) in the me-
dium. ApoA4, an apolipoprotein associated with ApoB-containing,
TG-rich lipoproteins (Stan et al., 2003), was not altered in cell lysates
or cell media from siBeclin1 cells (Supplemental Figure S9D and un-
published data, respectively). In the absence of autophagy (siBec),
cellular ApoB48 was up-regulated in control condition and down-
regulated when lipid micelles were applied (Supplemental Figure
S9D), arguing for a tight and complex relationship between ApoB
turnover, LD homeostasis, and autophagy, as previously suggested
(Fujimoto and Ohsaki, 2006; Ohsaki et al., 2006, 2008). However and
more important, secreted ApoB48 was strongly reduced in siBeclin1
cells (Supplemental Figure S9D). Given that in the intestine each
TG-rich lipoprotein is structured by one molecule of ApoB48 (Hussain
etal., 2005), our data could reflect a default in TG-rich/ApoB-contain-
ing lipoprotein secretion in the absence of autophagy. Together these
results indicate that autophagy inhibition leads to TG accumulation
as intracellular LD and accumulation of cholesterol esters and may
have a mild effect on secreted triglyceride-rich lipoproteins accompa-
nied by increased production of HDL by enterocytes.

DISCUSSION
We report here for the first time that delivery of alimentary lipids to
human enterocytes induces a specific autophagic response, with the
targeting of cytosolic LDs to lysosomes as a consequence (see sum-
mary scheme, Supplemental Figure S10). Enterocyte LDs are hetero-
geneous in size and subcellular localization, and this “multiple-pool”
situation is due to growing and trafficking events starting after LD
biogenesis at the ER membrane and requiring fusion and microtu-
bules to stock large amounts of neutral lipids as large basal LDs. In
parallel to this cytosolic lipid stock formation, almost half the popula-
tion of LDs is taken in charge by autophagy machinery, leading to TG
targeting to lysosomes. One novel aspect of the present studly is the
description of an ER-membrane located process through which newly
synthesized, still basically ER-associated LD are captured by nonma-
ture autophagosomal structures positive for PI3P, which will grow up
as mature autophagosomes. Thus the structures that we observed at
equilibrium comprising neutral lipids and markers for autophago-
somes and late endosomes/lysosomes do not result from fusion of
mature LD and mature autophagosome but rather from a local meet-
ing at ER membrane, where both LDs and autophagosomes origi-
nate. Of importance, persistence of these structures may reflect a
permanent autophagic state due to constant lipid micelle delivery.
More than a decade of research on LDs has revealed their multi-
ple roles in numerous physiological situations, in different cell types
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and organs, and even in different organisms, making them a bona
fide intracellular dynamic organelle interacting with its environment
rather than fat inert sacs, as they were described for years (Farese and
Walther, 2009). An extensive literature is available on roles and char-
acteristics of LDs in hepatocytes, adipocytes, and macrophages, but
enterocyte LDs remained poorly studied despite their major contri-
bution to the polarized transfer and metabolism of dietary lipids in
intestinal epithelium (Demignot et al., 2013). We described the study
of enterocyte LDs via a proteomic approach, which revealed that, as
suggested for adipocyte and hepatocyte LDs (Brasaemle et al., 2004;
Fujimoto et al., 2004), enterocyte LDs are adapted to enterocyte
functions, mainly lipid metabolism (Bouchoux et al., 2011; Beilstein
et al., 2013). Here we describe the “early life” of LDs in enterocytes
after alimentary lipid supply. Small LDs appear almost instantly at the
ER surface and stay connected to the ER network while growing in
size. Later, these perinuclear LDs will be transported to the basal pole
of the cell via microtubules and fuel a stock of neutral lipids constitut-
ing basal LDs, presumably by fusion of dynamic perinuclear LDs.

Concomitant to the LD biogenesis, lipid micelle supply induces
a prompt autophagic response as monitored by LC3 staining and
LC3Il biochemical analyses. This is accompanied by up-regulation of
pivotal autophagy regulators and perturbation of the mTOR signal-
ing that confirmed the specific autophagic process, as well as by an
immediate enrichment in PI3P-positive structures, presumably au-
tophagosomes, at the ER membrane surface and vicinity. How this
specific autophagy induction is triggered by lipid micelles in entero-
cytes remains an open question.

We analyzed the effect of enforced autophagy on LD popula-
tions and behavior. We showed that starvation-induced autophagy
decreases preexisting as well as newly synthesized LD contents after
lipid micelle supply. Because autophagy’s main function is to deliver
cargo(es) to lysosome for degradation, we showed that the lyso-
somal acid lipase is required for the control of TG amount in our
system. Pharmacological inhibition of this enzyme mimicked the
abolition of lysosomal maturation obtained upon bafilomycin A1
treatment, considered as a late-autophagy inhibitor, and led to LD
accumulation in the cytosol, suggesting that the fate of a subset of
LDs is to be handled by lysosomes, as already suggested in other
models (Christian et al., 2013).

RNAi-mediated down-regulation of Vps34, Beclin1, or ATGS5,
three major actors in the primary steps of the autophagy cascade
(Cao and Klionsky, 2007; Axe et al., 2008), had robust consequences
on neutral lipid distribution within the cell: the inhibition of autopha-
gosome formation leads to massive accumulation of TGs as LDs.
Results obtained from lipid and lipoprotein secretion analyses in
cells with impaired autophagosomes indicate that ApoB48-contain-
ing lipoprotein secretion is diminished, although TG secretion is not
modified and HDL production is increased. These results raise more
general questions concerning the effect of long-term modulation of
autophagy (beyond the scope of the primary steps of autophagy as
explored in the present study) on intestinal lipoprotein assembly
and secretion, which will be of interest in the future.

LDs have previously linked to autophagosomes and were shown
to harbor LC3 (Shibata et al., 2009) and associate with autophago-
somes and autophagolysosome markers in hepatocytes (Singh
etal., 2009; Vescovo et al., 2012); consistently, we observe clear and
dynamic LD association with autophagy-related organelles in en-
terocytes. We show, moreover, that LD capture by autophagosomes,
which formation is instantly activated by lipid micelles, is an early
event occurring in ER domains positive for PI3P at LD birth sites. Of
importance, our data suggest that the ER, which is a central traffick-
ing, signaling, and membrane-remodeling station, not only has the
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capability to initiate formation of LDs, presumably to avoid TG ac-
cumulation in the bilayer, but also allows autophagosome biogen-
esis in the same membrane area and in the same time frame.

The lipid-induced autophagy that we describe in enterocytes
seems to be maintained with time, since we observed LD-autopha-
gosome or LD-autophagolysosome structures long after lipid micelle
supply, as well as sustained LC3 lipidation. This differs from starva-
tion-induced autophagy, and deciphering whether this “permanent
autophagy induction” could be directly linked to the presence of TG
in the ER membrane will thus be of primary importance.

The delivery of lipid micelles to enterocytes is known to induce
lipoprotein formation-related events (Morel et al., 2004; Chateau
et al., 2005), and we previously identified the scavenger receptor
SR-BI/CLAT1, located at the enterocyte plasma membrane, as a piv-
otal signaling relay for some of these ER-associated processes, to-
gether with ERK and p38/MAPK (Beaslas et al., 2009). Thus the
study of potential interconnection(s) of SR-BI and autophagy signal-
ing pathways is an attractive direction of future study.

One may hypothesize that despite their primary lysosomal-deliv-
ery function, autophagosomes could also be used as a “hiding”
compartment in the cell, to avoid major TG accumulation in the bio-
synthetic pathway’s membranes, a phenomenon favored by massive
alimentary lipid uptake in enterocytes. Accordingly, autophagy has
also been suggested to be connected to ER stress, potentially to
protect cells (Fritz et al., 2011; Benbrook and Long, 2012; Deegan
et al., 2013). Because the ER deals with acute and massive amounts
of triglycerides in enterocytes and these lipid supplies may trigger
ER stress (Chen et al., 2011), it is tempting to hypothesize that en-
terocyte ER could initiate a muiltiple signaling and membrane-re-
modeling program, including and potentially linking LD biogenesis,
autophagosome formation, and lipoprotein assembly. Such a local
program could act as a global protection/adaptation response to
the acute arrival of neutral lipids, a situation that enterocytes face
during the postprandial phase. It can thus be linked directly with
serum lipid levels and more globally with hypertriglyceridemia and
subsequent risky cardiovascular situations (Miller et al., 2011).

MATERIALS AND METHODS

Animals, treatments, and isolation of intestinal

epithelial cells

Male C57BL/6 mice (6-8 wk) were purchased from Charles River
(Chatillon-sur-Chalaronne, France). Mice were maintained in a 12-h
light/12-h dark cycle and fed a chow diet (AO3, SAFE). All experi-
mental procedures conformed to the guidelines for animal studies of
the Animal Care and Use Committee (CREEA lle de France No. 3,
agreement p3-2008-30). Experiments were performed on fed ani-
mals with ad libitum access to water. Mice were force fed with 150 pl
of water or olive oil, and intestinal epithelial cells were harvested
180 min after the lipid bolus. The jejunum (10 cm of intestine starting
at 2 cm after the pylorus) were excised, and epithelial cells were
isolated using cell recovery solution (BD Biosciences, Le Pont de
Claix, France) as previously described (Frochot et al., 2012). Intestinal
epithelial cells were treated with lysis buffer containing 5% protease
inhibitor cocktail (Sigma-Aldrich, Lyon, France), 20 mM Tris-HCl,
pH 7.4, 1% Triton X-100, 5 mM EDTA, and 0.15 M NaCl and centri-
fuged (10 min, 13,000 rpm at 4°C) before Western blot analysis.

Cell culture, siRNA transfection, and lipid supply

Caco-2/TC7 enterocytes (Chantret et al., 1994) were plated at a den-
sity of 0.25 x 10¢ cells/filter (23.1-mm diameter; Becton Dickinson)
and grown as described (Morel et al., 2004) for differentiation. When
appropriate, Caco-2/TC7 cells were transfected in suspension
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with siRNAs for human Vps34 (SI00040950 and SI00040971;
Qiagen, Courtaboeuf, France), human Beclin1 (S100055573 and
$100055580; Qiagen), human ATG5 (5102633946 and S100069251;
Qiagen), or human ATG14 (5104266878 and S100455574; Qiagen)
using Lipofectamine 2000 (Invitrogen, Saint Aubin, France) and then
plated at high density (3 x 10° cells/filter). Lipid micelles (2 mM
sodium taurocholate, 0.6 mM oleic acid, 0.2 mM lysophosphatidyl-
choline, 0.05 mM cholesterol, and 0.2 mM 1-O-octadecyl-
rac-glycerol, a stable analogue of monoacylglycerol) were prepared
in serum-free medium as previously described (Pauquai et al., 2006)
and added to the upper compartment of differentiated cells for in-
dicated times after 18 and 6 d of culture for low- and high-density
seeded cells, respectively. When appropriate, lipid micelles were
supplemented with 1 pCi of [1-"*Cloleic acid/ml of final medium as
described (Chateau et al., 2005). Cytotoxicity was assessed by the
determination of LDH release in cell culture media using Cytotoxicity
Detection Kit"Vs (Roche, Meylan, France) according to the manufac-
turer’s instructions.

Antibodies and reagents

The following antibodies were used: sheep polyclonal antibody
to PLIN2/ADRP (for Western blots) was generously provided by
J. Mclauchlan’s laboratory (Glasgow Caledonian University, Glasgow,
United Kingdom). Mouse monoclonal anti-PLIN2 (for immunofluo-
rescence) and guinea pig anti-PLIN3/TIP47 antibodies were from
Progen. Mouse monoclonal antibodies to CLNX, early endosome
auto-antigen 1 (EEA1), annexin A2 (ANXA2), E-cadherin (E-CADH),
and lysosomal-associated membrane protein 1 (LAMP1) were from
BD Biosciences. Rabbit polyclonal antibody to human ApoA1 was
from Calbiochem (Molsheim, France). Mouse monoclonal anti-ApoB
antibody was obtained from the Heart Institute of the University of
Ottawa (Ottawa, Canada). Rabbit anti-ApoA-1V antibody was gener-
ously provided by M. Zakin (Pasteur Institute, Paris, France). Rabbit
polyclonal antibody to microtubule-associated 1 light chain 3 (LC3;
for Western blots) was from MBL (Nanterre, France). Mouse mono-
clonal antibody to LC3 (for immunofluorescence) was from Novus
Bio (Cambridge, UK). Mouse monoclonal antibody to actin was from
Millipore (Molsheim, France). Rabbit polyclonal antibodies to be-
clin1, LAMP1, and ATG14 and FITC-anti-GST goat antibodies were
from Abcam (Cambridge, UK). Rabbit polyclonal antibody to ULK1
was from Santa Cruz Biotechnology (Nanterre, France). Rabbit poly-
clonal antibodies to P70-Sékinase, phospho-P70-Sékinase (Thr-389),
phospho-ULK1 (Ser-757), Vps34/PIK3CIII (PI3 kinase class Ill), and
EGFR were from Cell Signaling. Rabbit polyclonal antibody to ATG5
was from Abgent (Paris, France).

The chemicals and drugs used were as follows: FYVE-FYVESST
recombinant protein was a kind gift from H. Stenmark’s laboratory
(Olso University Hospital, Oslo, Norway). Lysosomal acidic lipase
inhibitor compound 12 LAListat2 (referred to as LALi) was a kind
gift from P. Helquist's laboratory (Notre Dame University, Notre
Dame, South Bend, IN). Alexa—phalloidin and wortmannin (100 nM
final) were from Invitrogen. BODIPY 493/503 and Cq,-fatty acid
568 nm (6 pM final concentration in lipid micelles) were from Mole-
cular Probes. Digitonin, nocodazole (33 nM final), and bafilomycin
A1 (100 nM final) were from Sigma-Aldrich. HBSS (with Ca?* and
Mg?*) and insulin-transferrin-selenium medium (1000 mg/! insulin,
550 mg/| transferrin, and 0.67 mg/I selenium) were from Life Tech-
nologies (Saint Aubin, France).

Confocal fluorescence microscopy and image analysis

Caco-2/TC7 cells were fixed with 4% paraformaldehyde (PFA), per-
meabilized by 0.05% saponin or 0.01% digitonin (for LC3 staining) in
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phosphate-buffered saline (PBS)/10% serum, incubated with primary
antibodies in the same buffer, and then rinsed in PBS and incubated
with appropriate cyanin dyes or Alexa Fluor-conjugated fluorescent
secondary antibodies (Invitrogen). When indicated, cells were
stained for neutral lipids with BODIPY 493/503 (10 pg/ml). For the
labeling of PI3P with FYVE-FYVESST, cells were fixed and incubated
for 1 h with purified FYVE-FYVE®ST recombinant protein (20 pug/ml
final concentration), washed with PBS, and labeled with a FITC-con-
jugated anti-GST antibody. After nuclear staining by DAPI and post-
fixation with 4% PFA, samples were examined by laser scanning
confocal microscopy (LSM 710 microscope; Carl Zeiss). All confocal
acquisitions, at subapical, nuclear, or basal plans, were analyzed
(lipid droplet diameter, 3D reconstructions, XZ projections, etc.)
with ZEN software (Carl Zeiss). Lipid droplets and/or number of
autophagosome/endosome structures were manually counted in
confocal sections (1000 um?). The value of total lipid droplet content
used throughout this article corresponds to n (number of lipid
droplets/1000-um? cell field) x v (mean volume, in pm3, of lipid
droplets in the same area) and is expressed as arbitrary units.

Electron microscopy

Cells were processed for electron microscopy and stained for
lipids by the imidazole-buffered osmium tetroxide procedure
(Angermuller and Fahimi, 1982). Briefly, Caco-2/TC7 cells were fixed
for 60 min with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) and then incubated for 30 min in 0.2 M imidazole buffer
(pH 7.4) to which 4% aqueous osmium tetroxide was added imme-
diately before use. All material was dehydrated with ethanol and
embedded in Epon 812. Ultrathin sections were counterstained with
3% lead citrate for 60 min and examined with a Jeol 100CX-Il elec-
tron microscope.

Protein and lipid biochemistry, fractionation,

and immunoblotting

For Western blots analysis, cells were lysed for 10 min at 4°C in TNE
(20 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.4)-1% NP40 lysis
buffer with protease inhibitor cocktail. For lipid analysis, cells were
lysed with Triton lysis buffer (1% Triton X-100, 5 mM EDTA in PBS)
supplemented with 2% protease inhibitor cocktail and centrifuged
for 15 min at 12,000 rpm. Proteins in the supernatant were sepa-
rated by SDS-PAGE, followed by a transfer onto nitrocellulose
membranes. Total membranes and LD fractions were respectively
recovered from the top and pellet after centrifugation (70,000 rpm,
30 min, 15°C) of postnuclear supernatant prepared with 3 mM imi-
dazole and 8% sucrose. Protein concentration was determined by
the Bio-Rad DC protein assay with bovine serum albumin as stan-
dard. Quantification of triglyceride content was performed using
the PAP150TG kit (Biomerieux, Craponne, France) according to the
manufacturer’s instructions, with slight modifications. Briefly, after
solvent evaporation, dried lipids were sonicated in 0.5 ml of the buf-
fer provided before the addition of 0.5 ml of the twofold-concen-
trated kit reagent. Absorbance was measured after 1 h of incubation
at 37°C. For analysis of lipid classes present in homogenates, super-
natants, and fractions, lipids were extracted with chloroform/metha-
nol (2:1 [vol/vol]) and separated by TLC as previously described
(Chateau et al., 2005). Radioactive bands were excised, and radioac-
tivity was quantified by scintillation counting to evaluate the incor-
poration of [1-"*Cloleic acid into lipids.

HDL preparation

The collected basolateral media were immediately adjusted to
0.005% gentamicin, 1 mM EDTA, 0.04% sodium azide, and 0.02%
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sodium (ethylmercurithio)-2 benzoate. HDL isolation from other
lipoproteins was performed by sequential ultracentrifugation
according to their density (Havel et al., 1955; Chateau et al., 2005).
Briefly, media were adjusted to a density of 1.063 and centrifuged
at 100,000 x g at 10°C for 20 h. The upper fraction of the tubes,
containing chylomicrons, very low density lipoprotein, and low-
density lipoprotein, was discarded, and then the content was
adjusted to a density of 1.21 and centrifuged at 100,000 x g
and 10°C for 40 h. The top fraction, containing high-density lipo-
protein, was collected, dialyzed against PBS, and analyzed for
ApoA1 presence by Western blot.

Statistics

Data are presented as means + SD or SEM. Statistical analyses
were performed using Student’s t test (*p < 0.005, **p < 0.001,
and ***p < 0.0001).
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