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ABSTRACT ARTICLE HISTORY
Macrophage autophagy is a highly anti-atherogenic process that promotes the catabolism of cytosolic Received 18 February 2020
lipid droplets (LDs) to maintain cellular lipid homeostasis. Selective autophagy relies on tags such as Revised 28 January 2021
ubiquitin and a set of selectivity factors including selective autophagy receptors (SARs) to label specific Accepted 3 February 2021
cargo for degradation. Originally described in yeast cells, “lipophagy” refers to the degradation of LDs by KEYWORDS

autophagy. Yet, how LDs are targeted for autophagy is poorly defined. Here, we employed mass spectro- Autophagy; cholesterol
metry to identify lipophagy factors within the macrophage foam cell LD proteome. In addition to structural efflux; lipid droplet; lipolysis;
proteins (e.g., PLIN2), metabolic enzymes (e.g., ACSL) and neutral lipases (e.g., PNPLA2), we found the lipophagy; macrophage
association of proteins related to the ubiquitination machinery (e.g., AUP1) and autophagy (e.g., HMGB, foam cell

YWHA/14-3-3 proteins). The functional role of candidate lipophagy factors (a total of 91) was tested using

a custom siRNA array combined with high-content cholesterol efflux assays. We observed that knocking

down several of these genes, including Hmgb1, Hmgb2, Hspa5, and Scarb2, significantly reduced choles-

terol efflux, and SARs SQSTM1/p62, NBR1 and OPTN localized to LDs, suggesting a role for these in

lipophagy. Using yeast lipophagy assays, we established a genetic requirement for several candidate

lipophagy factors in lipophagy, including HSPA5, UBE2G2 and AUP1. Our study is the first to systematically

identify several LD-associated proteins of the lipophagy machinery, a finding with important biological

and therapeutic implications. Targeting these to selectively enhance lipophagy to promote cholesterol

efflux in foam cells may represent a novel strategy to treat atherosclerosis.

Abbreviations: ADGRL3: adhesion G protein-coupled receptor L3; agLDL: aggregated low density
lipoprotein; AMPK: AMP-activated protein kinase; APOA1: apolipoprotein A1; ATG: autophagy related;
AUP1: AUP1 lipid droplet regulating VLDL assembly factor; BMDM: bone-marrow derived macrophages;
BNIP3L: BCL2/adenovirus E1B interacting protein 3-like; BSA: bovine serum albumin; CALCOCO2: calcium
binding and coiled-coil domain 2; CIRBP: cold inducible RNA binding protein; COLGALT1: collagen beta
(1-O)galactosyltransferase 1; CORO1A: coronin 1A; DMA: deletion mutant array; Faa4: long chain fatty
acyl-CoA synthetase; FBS: fetal bovine serum; FUS: fused in sarcoma; HMGB1: high mobility group box 1;
HMGB2: high mobility group box 2: HSP90AA1: heat shock protein 90: alpha (cytosolic): class A member
1; HSPAS5: heat shock protein family A (Hsp70) member 5; HSPA8: heat shock protein 8; HSPB1: heat
shock protein 1; HSPH1: heat shock 105kDa/110kDa protein 1; LDAH: lipid droplet associated hydrolase;
LIPA: lysosomal acid lipase A; LIR: LC3-interacting region; MACROH2A1: macroH2A.1 histone; MAP1LC3:
microtubule-associated protein 1 light chain 3; MCOLN1: mucolipin 1; NBR1: NBR1, autophagy cargo
receptor; NPC2: NPC intracellular cholesterol transporter 2; OPTN: optineurin; P/S: penicillin-
streptomycin; PLIN2: perilipin 2; PLIN3: perilipin 3; PNPLA2: patatin like phospholipase domain contain-
ing 2; RAB: RAB, member RAS oncogene family; RBBP7, retinoblastoma binding protein 7, chromatin
remodeling factor; SAR: selective autophagy receptor; SCARB2: scavenger receptor class B, member 2;
SGA: synthetic genetic array; SQSTM1: sequestosome 1; TAX1BP1: Tax1 (human T cell leukemia virus type
I) binding protein 1; TFEB: transcription factor EB; TOLLIP: toll interacting protein; UBE2G2: ubiquitin
conjugating enzyme E2 G2; UVRAG: UV radiation resistance associated gene; VDAC2: voltage dependent
anion channel 2; VIM: vimentin

Introduction endoplasmic reticulum, LDs are comprised of a core of neutral
lipids (cholesterol esters, triglycerides) surrounded by
a phospholipid monolayer and several LD-associated proteins.
The perilipin (PLIN) family are the most abundant structural

Lipid droplets (LDs) are ubiquitous organelles specialized in
neutral lipid storage and hydrolysis. Originating in the
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proteins present on the surface of LDs. While PLIN1 (perilipin 1)
is primarily expressed in adipocytes, PLIN2 (perilipin 2) and
PLIN3 (perilipin 3) are ubiquitously expressed [1]. LDs also
acquire a host of enzymes that regulate LD metabolism.
Among these are neutral lipases such as LIPE (lipase E, hormone
sensitive type) and CES1 (carboxylesterase 1) that mediate the
hydrolysis of LD-associated neutral lipid, acting on the LD sur-
face in situ. More recently, degradation of LDs by autophagy
(lipophagy) was shown to play a vital role in the mobilization of
fatty acids and cholesterol for energy production and cholesterol
efflux, respectively [2,3].

Autophagy is the cellular process by which cytoplasmic
organelles are degraded by lysosomes [4]. Conserved among
eukaryotes, the fundamental mechanism of autophagy involves
several proteins encoded by AuTophaGy-related (ATG) genes
discovered in the early 1990s in yeast [5]. Autophagy in mam-
malian cells can be subdivided into three distinct pathways:
macroautophagy, microautophagy, and chaperone-mediated au-
tophagy [6]. During macroautophagy/autophagy, portions of
the cytoplasm are sequestered within double-membrane vesicles
called autophagosomes, which fuse with the lysosome for cargo
degradation and recycling. In microautophagy, cytoplasmic
components are directly engulfed by the lysosome (in mam-
mals) or the vacuole (in plant and fungi). Although traditionally
thought of as a nonselective process, various forms of selective
autophagy are now documented. The heart of this selectivity lies
in the MAPILC3/LC3 (microtubule associated protein 1 light
chain 3)-interacting region (LIR) motif of specific autophagy
receptors that target cargo for autophagic degradation [7]. Our
work has documented a role for autophagy in LD catabolism in
lipid-laden macrophages (foam cells) [2], yet the autophagy
receptors that selectively target LDs for lipophagy are unknown.

Here, we employed mass spectrometry to characterize the
human macrophage foam cell LD proteome to identify lipo-
phagy selectivity factors. In addition to identifying PLIN2 as
the major foam cell LD coat protein and other known LD
proteins, we found several proteins related to the ubitiquina-
tion machinery and autophagy on LDs. The functional role of
these candidate lipophagy selectivity factors (total of 91) in
macrophage foam cells was tested using a custom siRNA array
combined with high-content cholesterol efflux assays. We
observed that knocking down several of these genes, including
Mapllc3a (encoding a central protein in the autophagy path-
way), Tfeb (transcription factor EB; a regulator of autophagy
and lysosome biogenesis) and its downstream lysosomal and
autophagy genes Mcolnl (mucolipin 1; which is involved in
lysosome exocytosis) and Uvrag (UV radiation resistance
associated gene; involved in initiating autophagy) along with
Hmgbl1 (high-mobility group box 1) and Hmgb2; autophagy
activators), and Scarb2 (scavenger receptor class B, member 2),
significantly reduced cholesterol efflux, suggesting a role for
these proteins in lipophagy-mediated LD catabolism. Finally,
determination of the genetic requirements for vacuolar entry
of LDs and LD degradation in yeast reveals an aggrephagy-
like mechanism for lipophagy involving Lhs1 (molecular cha-
perone of the ER lumen) a homolog of mammalian HSPA5
(heat shock protein family A member 5), Ubc7 (ubiquitin-
conjugating enzyme), a homolog of mammalian UBE2G2
(ubiquitin conjugating enzyme E2 G2) and Cuel (ubiquitin

binding protein), a homolog of mammalian AUP1 (AUP1
lipid droplet regulating VLDL assembly factor). However, we
observed that Cue5 (ubiquitin binding protein), the homolog
of TOLLIP (toll interacting protein) in mammals that is
typically required for the selective aggrephagy of protein
aggregates [8], was not required.

Results
Lipid droplet ubiquitination occurs during lipophagy

Autophagy is required for LD breakdown in lipid-loaded cells,
such as those generated from culture with oleic acid [3].
Similarly, we have previously observed that in contrast to
native low density lipoprotein, pathophysiological forms of
LDL such as oxidized LDL or aggregated low density lipopro-
tein (agLDL) trigger macrophage autophagy [2]. As expected,
incubation of human THP-1 macrophages with agLDL led to
the accumulation of BODIPY-positive LDs (Figure 1A-C).
Under these conditions, lipophagy was active and was
observed by association of the autophagosome marker LC3
at the LD surface (Figure 1A), along with association of the
classical autophagy receptor SQSTMI1 (sequestosome 1) that
functions in selective autophagy of several organelles (mito-
chondria in mitophagy, protein aggregates in aggrephagy, per-
oxisomes in pexophagy), on the surface of these LDs (Figure
1B). Furthermore, LDs were frequently ubiquitinated (Figure
1C), and we observed colocalization of ubiquitin and LC3 or
colocalization of SQSTM1 and LC3 on the surface of ~2-3%
cytoplasmic BODIPY" LDs, which increased by 2- to 3-fold
following inhibition of autophagy flux using chloroquine
(Figure 1D). We also observed a similar recruitment of LC3,
SQSTM1 and ubiquitin on LDs that was further increased by
inhibiting autophagy flux using chloroquine in oleic acid-
loaded THP-1 macrophages (Figure S1). Collectively, these
results show active lipophagy in agLDL-loaded and oleic acid-
loaded THP-1 macrophage foam cells, whereby ubiquitin,
SQSTM1 and LC3 are recruited to the surface of LDs.

Identification of putative lipophagy factors on the
surface of lipid droplets

To identify putative lipophagy factors, we performed mass
spectrometry on isolated LDs from macrophage foam cells.
Differentiated human THP-1 macrophages were incubated
with agLDL to stimulate LD biogenesis and foam cell forma-
tion, and these cells were subsequently treated (or not) with
chloroquine to inhibit autophagy (Figure 2A). LDs were iso-
lated by sucrose gradient ultracentrifugation and de-lipidated
using cold acetone precipitation and sonication [9] for subse-
quent mass spectrometry or western blotting, or directly plated
onto coated coverslips for microscopy analysis (Figure 2B-D).
The purity of LDs was confirmed by enrichment of PLIN2 on
LDs relative to the cytoplasm (Figure 2B). Conversely, the
cytoplasm was enriched in GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase), CANX (calnexin) and LAMP1 (lysoso-
mal associated membrane protein 1) as compared to LDs
(Figure 2B). The presence of LC3-I on LDs suggests that LC3
was recruited via interactions with a protein containing an LIR
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Figure 1. LC3, SQSTM1 and ubiquitin localize to lipid droplets in macrophage foam cells. Human THP-1 macrophages were loaded with agLDL (50 pug/mL) for 30 h
and equilibrated in BSA (2 mg/mL) overnight. Cells were then fixed and stained for LC3 (A), SQSTM1 (B), ubiquitin (Ub) (C) and BODIPY 493/503 to label neutral lipids.
Lipid droplets (LDs) that were colocalized with LC3, SQSTM1 or Ub are circled. At right, quantification of the percent of cellular LDs tagged with Ub and LC3 or Ub
and SQSTM1 colocalized at their surface in chloroquine (CQ)-treated cells as compared to control (Ctrl) is shown. Data are expressed as fold-change for the
chloroquine treatment relative to untreated from one experiment representative of 3 independent experiments with similar results (mean + s.e.m). *P < 0.1,

**P< 0.005. Representative images are from untreated cells. Scale bar: 5 um.

motif and that its lipidation to LC3-II occurs in situ on LDs
(Figure 2B), as previously suggested [2,3]. Localization of ubi-
quitin, SQSTM1 and LC3 to the surface of purified LDs was
confirmed by immunofluorescence (Figure 2C,D).

Consistent with other studies aimed at defining the LD
proteome [10-18], we observed several structural LD proteins
(PLIN2, PLIN3, VIM [vimentin]) along with LD proteins spe-
cialized in processes such as lipid transport (FABP4, FABP5
[fatty acid binding proteins 4 and 5]), lipid metabolism
(ACSL3, ACSL4 [acyl-CoA synthetase long chain family mem-
ber 3 and 4]), lipid hydrolysis (LDAH [lipid droplet associated
hydrolase], PNPLA2 (patatin like phospholipase domain con-
taining 2), FAF2 (Fas associated factor family member 2),
protein quality control (molecular chaperones), vesicular trans-
port (proteins), lysosomal function (CTSB [cathepsin B], NPC2
[NPC intracellular cholesterol transporter 2; an intracellular
cholesterol transporter]), ubiquitination (AUP1) and autophagy
regulation (CORO1A [coronin 1A], HMGBI1) on LDs of both
treatment groups (Table 1). Novel LD proteins of agLDL-
loaded macrophage foam cells included the autophagy regula-
tors: ragulator complex protein LAMTORS (late endosomal/
lysosomal adaptor, MAPK and MTOR activator 5) and DAP
(death associated protein), the cholesterol efflux regulator
DSC1 (desmocollin 1), and SCARB2. These were previously
implicated in autophagy, cholesterol efflux and lysosomal cho-
lesterol export [19-22] but not localized to LDs.

We computationally investigated the proteome of chloro-
quine-treated versus untreated cells to discover protein
sequence motifs enriched among proteins detected in cells in
which lipophagy was inhibited by blockage of lysosome func-
tion. Unbiased sequence motif enrichment analysis revealed the
following motifs as being enriched in proteins present on the
surface of foam cell LDs following autophagy inhibition: RAB
protein motif, ubiquitin motif and YWHA/14-3-3 family of
proteins motif (Figure S2). Of note, the ubiquitin motif, being
highly conserved among multiple ubiquitin proteins, could have
originated from peptides of a single ubiquitin protein. We also
investigated the active biological pathways in cells with inhibited
lipophagy. Gene ontology [23] enrichment analysis of the LD
proteins enriched following chloroquine treatment showed
enrichment of pathways that control cellular response to lipid,
vesicular trafficking and regulation of autophagy (Table S2).

Proteins selectively enriched on LDs of chloroquine-treated
cells included HMGB2 (autophagy activator [24]), RABS
([RAB8A, member RAS oncogene family] autophagy-
dependent exocytosis [25]), APOD (apolipoprotein D; lysosome
function-enhancing antioxidant [24,26]) and cold-shock protein
CIRBP (cold inducible RNA binding protein; an autophagy
activator [27]) with known roles in autophagy, along with
MACROH2A1 (macroH2A.1 histone;, core histone), RBP7
(retinol binding protein 7; retinol metabolism), ADGRL3 (adhe-
sion G protein-coupled receptor L3; neuron guidance) and
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Figure 2. Proteins enriched on lipid droplets following lipophagy inhibition. (A) Schematic for human THP-1 macrophage lipid droplet (LD) isolation. (B) Western Blot
analysis of LD and cytoplasmic fractions obtained by sucrose gradient ultracentrifugation. (C, D) Immunostaining of isolated LDs for PLIN2 and Ubiquitin (C), SQSTM1
and LC3 (D), and BODIPY 493/503 to label neutral lipids. (E) Enrichment of proteins at the surface of LDs in foam cells treated with chloroquine (CQ) relative to
untreated (Ctrl), with the size of bubbles reflecting relative protein abundance. The number of putative ubiquitin-associated (UBA) and LC3-interacting (LIR) motifs

identified in each protein is shown to the right. Scale bar: 1 um.

COLGALT1 (collagen beta(1-O)galactosyltransferase 1) with
unknown roles in autophagy (Figure 2E). We queried which
of these contained putative LIR motifs, or other domains com-
monly found in selective autophagy cargo receptors known to
date [28], such as ubiquitin-associated (UBA) domains or ubi-
quitin-interacting motifs (UIM) [29]. Of the 37 proteins
enriched on LDs of chloroquine-treated foam cells, none con-
tained a UIM, while several contained predicted LIR motifs and
only two proteins, ADGRL3 and COLGALTI, contained

predicted UBAs (Figure 2E). With this list in hand, we next
asked which of these candidate lipophagy factors may be rele-
vant to LD catabolism in macrophage foam cells.

Knockdown of candidate selective lipophagy factors
reduces cholesterol efflux

Lipid-laden macrophages, or foam cells, are a hallmark of
atherosclerosis, a chronic sterile inflammatory disease driven



Table 1. Proteins on human macrophage foam cell lipid droplets (LDs).

Table 1. (Continued).
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Protein Function Protein Function
Cholesterol Efflux
COROTA  Phagolysosome DSC1 Regulates apoAl-medidated
assembly and cholesterol efflux
maturation
LAMTOR5  Lysosomal Ragulator PSAP Regulates cathepsin B/D
complex/metabolic activity, lipid trafficking and
signaling autophagy
PARK? Positively regulates Lipid transport
autophagy
VDAC2 Macroautophagy FABP4 Fatty acid transport protein
suppressor
YWHAZ 14-3-3 protein zeta/ FABP5 Fatty acid transport protein
delta
YWHAG 14-3-3 protein gamma  PPIA Regulates lipid droplet size
YWHAE 14-3-3 protein epsilon ~ GOT2 Facilitates cellular uptake of
long-chain free fatty acids
YWHAQ 14-3-3 protein theta Lysosomal function
DAP Negatively regulates CTSB,D,L, Lysosomal cysteine
autophagy S proteases with roles in
autophagy vescicle
trafficking
HMGB1 Novel BECN1 SLC25A5  Lysosomal solute carrier
interacting partner, transporters implicated in
promotes autophagy autophagy/phagocytosis
SLC25A6 Lysosomal solute carrier
transporters implicated in
autophagy/phagocytosis
TBCs Autophagy and protein  MYL6 Myosin proteins linking
aggregation autophagy receptors to
autophagosomes
EEF1A1 Regulation of MYH6,7,9 Myosins
chaperone-mediated
autophagy
GRPEL1 Co-chaperone MYL12A, Light chain myosin
B
HSP90AA1 Chaperone-mediated NPC2 Autophagy-lysosomal
autophagy activity, mitophagy and
lipid efflux from lysosomes
HSP90AB1 Molecular chaperone SCARB2  Lysosomal membrane
protein, autophagy-
lysosome pathway
HSP90B1  HSP90 paralogue, Neutral lipases
regulates innate and
adaptive immunity
HSPA8 Chaperone-mediated CES1 Cholesterol ester hydrolase
autophagy, autophagy
and exocytosis
HSPA9 Mitochondrial PNPLA2  Patatin-like phospholipase
chaperone domain-containing protein
2
HSPB1 Regulation of LDAH Lipid droplet-associated
autophagy hydrolase
HSPD1 Chaperonin FAF2 Inhibits PLPL2
HSPE1 Chaperonin Rab
proteins
HSPH1 Co-regulator of RAB1A Regulation of
chaperone function autophagosome assembly
HYOU1 Hypoxia-regulated RAB2A Promotes autopahgy
chaperone
P4HB ER chaperone RAB5C Member of the Ras-related
protein family
PDIA3 ER chaperone RAB6A Regulates autophagy, binds
to Atg8 family members
PDIA4 ER chaperone RAB6B Regulates autophagy, binds
to Atg8 family members
TCP1 Chaperonin RAB7A Regulates lipophagy by
mediating recruitement of
lysosome to the LD
HSPA5 N-end rule proteolytic ~ RAB10 Required for LC3
pathway, autophagy recruitment ot
degradation autophagosomes
RAB11A  Regulates endosomal

cholesterol movement to
lipid droplets

(Continued)

Protein Function Protein Function
H2A Core histone RAB11B  Regulates endosomal
cholesterol movement to
lipid droplets
H2B Core histone RAB14 Phagolysosome assembly
H3 Core histone RAB18 Promotes LD growth and
autophasosome formation
H4 Core histone RAB21 Promotes lipid droplet
growth and autophasosome
formation
Stress granule regulation
PLIN2 Lipid droplet coat FUS Stress granule assembly
protein, intermediate- factor
sized lipid droplets
PLIN3 Lipid droplet coat PABPN1, mRNA translation regulators
protein, small lipid c4
droplets
VIM Cytoskeletal protein Cellular Traficking
COoPB2 Golgi coatamer complex,
delivery of PLIN2 to lipid
droplets
ACADM Fatty acid oxidation CLTC Vesicle coat protein,
intracellular trafficking and
endocytosis
ACADVL  Fatty acid oxidation ANXA2  Calcium dependent
membrane protein involved
in exocytosis
ACSL3 Fatty acid oxidation CHMP4B  Part of the ESCRT machinery
ACSL4 Fatty acid oxidation Ubiquitination machinery
ALDH9A1  Aldehyde AUP1 Ubiquitin binding, UBE2G2
dehydrogenase
ASAH1 Lysosomal ceramidase ~ RPS27A  Monoubiquitin
cs Citrate synthase UBB, UBC Polyubiquitin
CYB5R3 Desaturation and UBA52 Monoubiquitin
elongation of fatty
acids, cholesterol
synthesis
DLD Lipoamide VCP Aggresome assembly,
dehydrogenase autophagosome maturation
DLST Mitochondrial Others
succinyltransferase
GANAB Catalytic subunit of ALDOA  Fructose-biphosphate
glucosidase Il aldolase
HSD17B11  Short-chain alcohol ARHGDIA Rho GDP-dissociation
dehydrogenase inhibitor
LSS Lanosterol synthase ARHGDIB Rho GDP-dissociation
inhibitor
MAN2B1  Alpha-mannosidase, CDC42 GTPase
lysososmal
oligosaccharide
degradation
MDH2 Malate dehydrogenase GAPDH  Converts D-glyceraldehyde
3-phosphate to 3-phospho-
D-glyceroyl phosphate
METTL7A  Methyltransferase GNB1 GTPase
PLA2G4C  Phospholipase involved LDHA Converts pyruvate into
in lipid droplet lactate
biogenesis
RHOA,C Regulation of lipases RAC2 GTPase
SDHA Mitochondrial electron  RAP1A GTPase
transport chain,
Complex Il
SUCLG1 Hydrolyses succinyl-CoA TPD52L2 Promotes neutral lipid
storage, contains a 14-3-3
binding motif
UQCRC1T  Component of the VAPA Localized to membrane

ubiquinol-cytochrome
¢ reductase complex

contact sites

LDs were purified from agLDL-loaded THP-1 macrophages by density gradient
centrifugation and subjected to mass spectrometry. Names and cell function of
identified proteins are shown.

by the buildup of cholesterol-rich plaques in the artery wall.
Within macrophage foam cells, LD catabolism via lipophagy
releases free cholesterol for efflux, a process dependent on
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ABCA1 (ATP-binding cassette, sub-family A (ABC1), mem-
ber 1) that pumps cellular cholesterol out to lipid-poor
APOAL1 (apolipoprotein Al), an extracellular cholesterol
acceptor [2]. Bulk RNA-seq data comparing aortic intimal
cells from apoe™™ mice fed a high-fat diet for 28 weeks and
sorted into foamy or non-foamy macrophages [30] was quer-
ied for log2FoldChange of our candidate selective lipophagy
genes. In addition to the distinctive expression of genes
related to cholesterol and fatty acid transport (Abcal, Lipa
[lysosomal acid lipase A], Npcl [NPC intracellular cholesterol
transporter 1], Fabp4 [fatty acid binding protein 4, adipocyte]
and Fabp5 [fatty acid binding protein 5, epidermal]) pre-
viously reported in these cell populations [30], transcriptome

profiling revealed altered expression of candidate lipophagy
regulators (Figure 3A). Notably, MmpI4 (matrix metallopep-
tidase 14 (membrane-inserted)), Npc2, Rab31, Bnip3l (BCL2/
adenovirus E1B interacting protein 3-like), Plin2 and Psap
(prosaposin) were significantly elevated in foamy macro-
phages as compared to non-foamy macrophages, while
Mmp9 (matrix metallopeptidase 9), Hmgb2, Fus (fused in
sarcoma) and Hsp90aal (heat shock protein 90, alpha (cyto-
solic), class A member 1) were reduced (Figure 3A). We also
noted reduced expression of Rab8, Ube2g2, Mmp9 (matrix
metallopeptidase 9), Tpd52I2 (tumor protein D52-like 2),
Phb (prohibitin), Hspa8 (heat shock protein 8), Hspa5,
Rabl18, Rbbp7 (retinoblastoma binding protein 7, chromatin
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Figure 3. Lipophagy candidate genes are dysregulated in atherosclerosis and regulate foam cell cholesterol efflux. (A) Bulk RNA-seq of atherosclerotic foam cells from
apoe™” mice fed a Western diet for 28 weeks. Genes denoted by an asterisk are significantly different between macrophage populations (P < 0.05) and heatmap
color values correspond to the relative expression (Z-score-transformed RPKM values) of each gene across the six samples. Data was acquired from Kim et al. [30] (B)
Schematic for reverse transfection of mouse peritoneal macrophages. (C) Efflux of *H-cholesterol (x-axis) from agLDL-loaded mouse peritoneal macrophages
transfected with siRNAs against indicated target mouse genes (y-axis) grouped under shared functional annotations: ubiquitination machinery (Ubiquitin), molecular
chaperones (Chaperone), lysosome function (Lysosome), Rab proteins (Rab), Autophagy regulators (Autophagy), regulators of neutral lipolysis (Lipolysis), selective
autophagy receptors (SARs), response to cell stress (Stress) and other. Data are the mean + s.e.m. of four independent experiments. *P < 0.1, *P< 0.05, **P< 0.005,

***P< 0.0005.



remodeling factor), Corola, Hspbl (heat shock protein 1),
Hmgbl, Ppplcc (protein phosphatase 1 catalytic subunit
gamma), Uvrag, Sqstml, Macroh2al and several YWHA/14-
3-3 family of genes in foamy macrophages concomitant with
elevated expression of Slc25a5 (solute carrier family 25 (mito-
chondrial carrier, adenine nucleotide translocator), mem-
ber 5), Scarb2, Park7 (Parkinson disease (autosomal
recessive, early onset) 7), Atg5 (autophagy related 5), Hsphl
(heat shock 105kDa/110kDa protein 1), Hsd17b4 (hydroxys-
teroid (17-beta) dehydrogenase 4), Nmel (NME/NM23
nucleoside diphosphate kinase 1) and TmedI0 (transmem-
brane p24 trafficking protein 10) (Figure 3A). Collectively,
bulk RNA-seq of foam cells from mice with advanced athero-
sclerosis revealed two clusters of candidate lipophagy genes:
one with elevated expression in foam cells and another with
elevated expression in non-foam cells. This suggests
a physiological role for LD-associated candidate lipophagy
factors in atherosclerotic foam cells.

To directly test the functional role of candidate lipophagy
regulators and autophagy receptors (a total of 91) in macro-
phage foam cells, we employed a custom siRNA array to
perform high-throughput cholesterol efflux assays (Figure
3B). Murine thioglycolate-elicited peritoneal macrophages
were plated onto siRNA complexes within a 96-well plate
(reverse transfection) and incubated with agLDL and
’H-cholesterol to label LD-cholesterol. Seventy-two h post-
transfection, cholesterol efflux to APOA1 was quantified for
24 h. Upon knockdown, the gene that most significantly
downregulated cholesterol efflux was Maplic3a, a central pro-
tein in the autophagy pathway included as a positive control
(Figure 3C). Other known autophagy regulators in the array
included the autophagy transcription factor Tfeb and its
downstream genes Uvrag and Mcolnl, and Atg5, all of which
also reduced cholesterol efflux following gene knockdown
(Figure 3C). Additionally, knockdown of the identified LD-
associated proteins HMGB1 and HMGB2, molecular chaper-
ones HSP90AA1l, HSPB1, HSPA5 and HSPHI, lysosomal
proteins NPC2 and SCARB2, neutral lipases LDAH and
PNPLA2, and RAB proteins RAB2, RAB5, RAB6, RABI0
and RABI13 all reduced cholesterol efflux (Figure 3C). We
also observed that knockdown of CIRBP and the stress gran-
ule-associated RNA binding protein FUS, general stress-
response proteins [31,32], resulted in impaired cholesterol
efflux (Figure 3C). Just below significance were the AUP1
and UBE2G2 genes that both reduced cholesterol efflux in 3
out of 4 experiments (Figure 3C).

Although autophagy was initially described as a bulk
degradation process, it is now recognized that diverse cargoes,
including LDs, can undergo selective degradation. While
selective autophagy employs a common mechanism, including
the “core autophagy machinery”, it also relies on a set of
selectivity factors including selective autophagy receptors
(SARs) that label specific cargo for selective autophagic degra-
dation and initiate autophagy [8]. In mammalian cells, tags
such as ubiquitination prevail in tagging organelles for degra-
dation, as shown above for LDs (Figure 1). Several ubiquitin-
dependent SARs have been identified, including SQSTM1,
OPTN (optineurin), NBR1 (NBR1, autophagy cargo receptor),
CALCOCO2 (calcium binding and coiled-coil domain 2),

AUTOPHAGY (&) 3677

BNIP3L, and TAX1BP1 (Taxl binding protein 1). Of these,
we found that silencing OPTN or NBRI, but not BNIP3L or
TAX1BP1, significantly reduced cholesterol efflux (Figure
3C). Silencing CALCOCO2 and SQSTM1 also reduced cho-
lesterol efflux, although this did not reach significance (Figure
3C). Given that knockdown of SARs OPTN, NBRI,
CALCOCO2 and SQSTMI1 reduced cholesterol efflux, we
determined which of these colocalize with LDs in foam cells.
Immunostaining in bone marrow-derived macrophages
(BMDMs) lipid loaded with agLDL revealed the presence of
OPTN, NBR1 and SQSTM1 on LDs, while CALCOCO2 was
present on small BODIPY-positive puncta devoid of ubiquitin
(Figure 4). Comparison of the number of LDs tagged with
SARs in chloroquine-treated cells relative to control revealed
a marked increase in OPTN, SQSTM1 and NBRI, but not
CALCOCQ?2, at the surface of LDs upon autophagy inhibition
(Figure 4). Colocalization of ubiquitin and OPTN (Ub-
OPTN), ubiquitin and LC3 (Ub-LC3), LC3 and SQSTM1
(LC3-SQSTM1), and ubiquitin and NBR1 (Ub-NBR1) at the
surface of LDs, but not ubiquitin and CALCOCO?2, specifi-
cally increased upon chloroquine treatment (Figure S3).
Collectively, these experiments identify several molecular cha-
perones (HSP90OAA1, HSPB1, HSPA5, HSPH1), HMGBI1 and
HMGB2, lysosomal proteins (NPC2, SCARB2), RAB proteins
(RAB2, RAB5, RAB6, RAB10, RABI3), stress proteins
(CIRBP, FUS), ubiquitination factors (UBE2G2, AUP1) and
SARs (OPTN, NBRI1, SQSTM1) as direct and/or indirect
regulators of lipophagy.

Genetic ablation of selective lipophagy factors in
Saccharomyces cerevisiae impairs lipophagy

Microlipophagy studies in yeast have revealed a requirement
for the core autophagy machinery (Atgl2-Atg5, Atgs8, etc.),
yet few lipophagy-specific genes have been identified to date
[33]. Given that ~90% of core autophagy genes are conserved
across eukaryotes, we employed synthetic genetic array (SGA)
methodology to incorporate the well-established yeast LD
marker Faa4 (long chain fatty acyl-CoA synthetase)-GFP
(green fluorescent protein) and Vphl (V-type proton
ATPase subunit a)-mRuby2 into the yeast non-essential dele-
tion mutant array (DMA) library, as previously described
[34,35]. The resulting haploid deletion strains were grown in
synthetic complete (SC) medium to stationary phase (Figure
5A), a condition that stimulates the incorporation of LDs into
the vacuole via microautophagy [36]. Fluorescence micro-
scopy of LDs in wild-type (WT) and atg8A cells lacking
a core atg gene required for autophagy showed that while
LD number and distribution were comparable after 24 h of
growth in SC medium after reaching early stationary phase (1
d), the number of vacuolar LDs was significantly reduced in
atg8A cells after 5 days (5 d) in comparison to WT cells
(Figure 5B). These results are consistent with previous find-
ings of the functional impact of ATG8 deletion on lipophagy
[33,36-38].

To determine the role of our identified putative selective
lipophagy factors in LD autophagy, we first compared the
proteolytic processing of Faa4-GFP in the vacuole, as pre-
viously described [33], where the appearance of one or two
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Figure 4. Selective autophagy receptors (SARs) OPTN, NBR1 and SQSTM1 selectively localize to foam cell lipid droplets (LDs). (A-D) Immunostaining for OPTN (A),
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with similar results (mean * s.e.m). **P< 0.005, ***P< 0.0005. Representative images are from CQ-treated cells. Scale bar: 5 pm.

bands at ~27 kDa tracks vacuolar cleavage of Faa4.
Cleavage of Faa4-GFP was readily observed in wild-type
cells cultured to stationary phase, while this was largely
impaired in atg8A, atg32A and atg9A strains, as previously
described [39] (Figure 5C). No inhibition of Faa4-GFP
degradation was observed in the atg2IA strain lacking
Atg21, a protein required for the cytoplasm-to-vacuole tar-
geting pathway [40] (Figure 5C). Comparison of Faa4-GFP
cleavage in numerous yeast strains lacking the S. cerevisiae
homologs or close functional equivalents of putative selec-
tive lipophagy factors identified in macrophages in this
study or hypothesized to regulate lipophagy, identified sev-
eral strains with reduced Faa4-GFP cleavage in 23 out of 4
independent experiments (Figure 5D and Figure S$4).
Among these were Ssa3, Ssb2, Ssel and Sse2 (heat shock
protein 70 family members), Bmhl (brain modulosignalin
homolog; a YWHA/14-3-3 protein), Ypt31/Ypt8, Ypt6, and
Yptll (Rab family GTPases), Tgl4 (triacylglycerol lipase 4),
Msil (subunit of chromatin assembly factor I) and Hat2
(histone acetyltransferase) identified as homologs of RBBP7,
Htal (histone H2A) identified as a homolog of mammalian
MACROH2A1, Ubcl2 (Rubl-conjugating enzyme), CUE

domain-containing protein Cue4 (ubiquitin binding pro-
tein), Rtgl (ReTroGrade regulation protein 1), Vps38
(member of Vps34 PtdIns3K complex), Yvcl (vacuolar cal-
cium channel), along with proteins previously reported to
regulate autophagy (Atg8, Vps34 [PtdIns3K] and Ego2 (exit
from rapamycin-induced growth arrest), which is part of
the yeast equivalent of the mammalian Ragulator complex,
to which LAMTORS5 [late endosomal/lysosomal adaptor,
MAPK and MTOR activator 5] belongs) (Figure 5D).
Consistent with a reported role for the energy sensor AMP-
activated protein kinase (AMPK) in lipophagy [41], we
observed that several strains with deletions in identified
genes sharing functional overlap to mammalian AMPK
(hal5A [Hal5 is a Snfl-related nutrient-responsive protein
kinase], kkq8A [Kkq8 is a serine/threonine protein kinase],
nprlA [Nprl is a protein kinase], gal83A [Gal83 is a beta-
subunit of the Snfl kinase complex]) had reduced Faa4-
GFP cleavage (Figure 5D). Of the known negative autopha-
gy regulators found to localize on macrophage foam cell
LDs (CORO1A, VDAC2 [voltage dependent anion chan-
nel 2] and DAP [death associated protein]), we found
enhanced Faa4-GFP cleavage in c¢rnlA (yeast homolog of
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Figure 5. Genetic ablation of selective lipophagy factors impairs lipophagy in yeast. (A) Representative growth curves of WT and atg8A strains in SC medium. (B)
Activation of lipophagy during stationary phase shown by confocal fluorescence microscopy of Faa4-GFP lipid droplets (LDs) within Vph1-mRuby2 vacuoles. (C)
Appearance of the GFP fragment of the Faa4-GFP fusion protein, indicating uptake and degradation of Faa4-GFP in the vacuole. (D) Faa4-GFP cleavage in various
yeast stains. (E) LDs internalization into the vacuole at day 5 of stationary phase. (F) Lipophagy quantification. Scale bar: 5 pm.

CORO1A) and por2A (yeast homolog of VDAC2) yeast Next, we quantified LD entry into vacuoles in a subset of
strains, consistent with a role for CORO1A and VDAC2 these strains: atg8A, lhs1A (Lhsl is a homolog of HSPA5),
in blocking phagosome-lysosome fusion [42] and suppres- rnplA (Rnpl is a ribonucleoprotein that shares function with
sing autophagy [43], respectively. mammalian CIRBP [44]), ubc7A, ubcl2A, atg84, ypt6A,
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ypt314,  atgl5A  (autophagy  related  protein 15,
a phospholipase), hsp82A (heat shock protein 82 is an ATP-
dependent molecular chaperone), ssa3A (Ssa3 is a homolog of
HSPAS8) and npc2A (Niemann-Pick Type C protein involved
in sterol transport; is a homolog of NPC2) during stationary
phase lipophagy. We also tested cuelA and cue5A strains;
Cuel and Cue5 are functional homologs of AUP1 and the
aggrephagy receptor TOLLIP, respectively. Lipophagy was
classified as the average number of cells containing 0 LDs in
the vacuole (white bars), 1-2 LDs in the vacuole (gray bars) or
more than 3 LDs in the vacuole (>3, black bars) (FigurE 5E).
By following Faa4-GFP LD entry into Vphl-mRuby2
vacuoles, we observed that LD entry was significantly
impaired in the atg8A, lhslA, rnplA, ubc7A, cueld, ypt31A
and npc2A strains (Figure 5E). In contrast, LD entry was
intact in atgl5A cells, whereas loss of the vacuolar putative
lipase Atgl5, a functional ortholog of LIPA that is required
for the degradation of autophagic bodies, resulted in accumu-
lation of vacuolar LDs (Figure 5E), as previously reported
[33]. Similarly, ypt6A and ssa3A exhibited impaired LD cata-
bolism, while hsp82A and cue5A had no impact on lipophagy
(Figure 5E). Quantification of vacuolar entry of LDs in these
strains confirmed our visual observations (Figure 5F). The
possibility that lipophagy or LD catabolism might be altered
because of differences in the rates of LD biogenesis were ruled
out, given that we noted equivalent amounts of cellular LDs in
all strains at 1 d of growth (Figure S5).

Single LDs and clusters of LDs are tagged for autophagic
degradation

Because several mediators of aggrephagy, including OPTN,
HSPAS, VCP (valosin containing protein) and 14-3-3 proteins
were identified on LDs in our study and the LD protein AUP1
was previously shown to induce LD cluster formation [45], we
wondered whether LDs targeted for lipophagy in macrophage
foam cells were single or LD clusters. Interestingly, we
observed several single or cluster-less LDs tagged with LC3
in THP-1 foam cells, as expected based on previous observa-
tions made by us and others [2,3], but we also noted several
clusters or aggregates of LDs that were tagged with LC3
(Figure 6A). Quantification of LC3" LDs in aglLDL-loaded
THP-1 cells treated (or not) with chloroquine to inhibit auto-
phagy showed that the number of LC3" single LDs and LC3"
LD clusters similarly increased upon autophagy inhibition
(Figure 6B), while the proportion of single LDs and LD
clusters relative to total LDs tagged with LC3 remained con-
stant in all conditions (Figure 6C). We were surprised to find
that LC3" LDs in clusters represented a significant proportion
(~45%) of the total LC3™ LD pool, while most LDs consisted
of single or cluster-less LDs (Figure 6C). These observations
raised the possibility that single LDs and LD clusters may
undergo  selective lipophagy, potentially by distinct
mechanisms.

The diameter of autophagosomes is typically 0.5-1.5 um in
size in mammals [46], raising the question of how LD clusters
of > 2 um in size might undergo conventional macroauto-
phagy. We employed electron microscopy to further define
the mechanisms of LD sequestration by autophagic vesicles in

these foam cells. LDs were clearly identified as circular elec-
tron-transparent organelles not surrounded by double mem-
branes that are characteristic of other organelles (Figure 6D).
In addition to single LDs surrounded by single membranes
and LDs encircled by a double membrane likely depicting
engulfment in autophagosomes, we observed several LD clus-
ters in foam cells (Figure 6D). Single LDs as well as LD
clusters could be found in association with electron-dense
matter surrounding or appearing to engulf the LDs (Figure
6D). These structures surrounding LDs and LD clusters were
reminiscent of lysosome “arm-like” extensions previously
found to directly engulf autophagy cargo during mammalian
microautophagy of mitochondria [47]. To further investigate
the potential mechanisms for engulfment LD clusters by lyso-
somes, we performed live-cell imaging in primary BMDMs
isolated from GFP-LC3 transgenic mice, allowing for the
visualization of the association of single LDs or LD clusters
with GFP-LC3 autophagosomes (macroautophagy) or directly
with LysoTracker-positive lysosomes (microautophagy) in
real-time. We found that LD clusters surrounded by faint
and diffuse GFP-LC3 interacted with LysoTracker Red-
positive lysosomes (Figure 6E ii. and Video S1). The diffuse
GFP-LC3 staining at the surface of LDs was distinct from the
punctate GFP-LC3 staining of autophagosomes, which were
frequently observed juxtaposed to or fusing with lysosomes in
this cell (Figure 6E i. and Video S1), suggesting that LC3-
tagged LD clusters may directly be engulfed by lysosomes
independent of autophagosome sequestration. Collectively,
these data show that single LDs as well as LD clusters are
tagged for autophagic degradation and suggest that microli-
pophagy, in addition to macrolipophagy, may represent an
autophagic mechanism to degrade larger single LDs or LD
clusters in macrophage foam cells. The proposed model in
Figure 6F is largely speculative, based on our observations and
those previously made by others (see discussion below).

Discussion

Conventionally thought of as inert fat depots, LDs are now
recognized as metabolically active organelles vital to lipid
homeostasis and signaling. Comprised of a core of neutral
lipids, such as triacylglycerols and sterol esters, LDs are delim-
ited by a phospholipid monolayer surrounded by structural
and functional proteins coordinating dynamic interactions of
LDs with a variety of cellular organelles [48]. Degradation of
LDs can result from the action of cytoplasmic lipases localized
to LDs through a process known as neutral lipolysis. In addi-
tion, LDs can be degraded by the autophagy pathway.
Originally observed in yeast cells in 1979 [49], “lipophagy”
refers to the degradation of LDs by autophagy [3]; yet, how
LDs are targeted for autophagy remains poorly defined.
Pioneering genetic studies in yeast have identified upwards
of 35 ATG genes, among which 17 are part of the core
machinery used by all autophagy pathways [7,50].
Additionally, targeted forms of autophagy coordinate the
selective recycling of organelles. Selective autophagy relies
on tags such as ubiquitin and a set of selectivity factors
including SARs to label specific cargo for degradation [8].
Ubiquitin tagging of selective autophagy substrates prevails
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in mammals, a process that is mediated by E1 ubiquitin-
activating and E2 ubiquitin-conjugating enzymes coupled to
E3 ubiquitin ligases. SARs that bind to ubiquitin and an Atg8-
family protein member (LC3A, LC3B, LC3B2, LC3C,
GABARAP [GABA type A receptor-associated protein],
GABARAPL1 [GABA type A receptor associated protein

like 1] or GABARAPL2) bridge target cargo to nascent autop-
hagosomes. Here, we observed that treatment of macrophages
with agLDL or oleic acid, which stimulates LD biogenesis and
activates autophagy [2,3], was associated with recruitment of
ubiquitin, SQSTM1 and LC3 to LDs (Figure 1 and Figure SI).
This observation is in accordance with a study that found that
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SQSTM1 was required to bridge LC3 to ubiquitinated LDs in
hepatocytes [51], and others localizing SQSTM1 to LDs
[52,53], suggesting the selectivity of LD autophagy.

To identify selective lipophagy factors, we employed mass
spectrometry and compared the LD proteome of macrophage
foam cells cultured under basal conditions or upon autophagy
inhibition. Because agLDL is the main physiological pro-
atherogenic form of modified LDL in vivo [54], characteriza-
tion of agLDL-loaded macrophage foam cells was warranted
to identify potential lipophagy factors that contribute to auto-
phagy-mediated cholesterol efflux from these cells [2]. As
anticipated, the proteome of agLDL-loaded human THP-1
macrophages contained several LD structural proteins and
metabolic enzymes, including PLIN2, PLIN3, ACSL3 (acyl-
CoA synthetase long chain family member 3) and ACSL4
(Table 1). PLIN2 is the major structural protein of macro-
phage foam cell LDs [2] and its role in lipolysis is two-fold.
First, PLIN2 protects LDs against autophagy-mediated cata-
bolism, and conversely loss of PLIN enhances lipophagy [55].
Second, AMPK-dependent phosphorylation of PLIN2 allows
its dissociation from LDs, preceding LD catabolism by cyto-
solic lipases or macroautophagy effectors [56]. The human
agLDL-loaded macrophage foam cell LD proteome described
herein (Table 1 and Supplementary data) closely resembles
that recently described for THP-1 macrophages loaded with
acetylated LDL, another model modified LDL used to induce
LD biogenesis [57].

Intriguingly, we identified several aggresome components
on LDs. Aggresomes are inclusion bodies enriched with mole-
cular chaperones, components of the ubiquitin-proteasome
system, along with intermediate filaments such as VIM, all
of which were identified on foam cell LDs in this study [58].
Specifically, we noted the presence of VIM, numerous mole-
cular chaperones including tubulin-specific chaperones
TBCB, TBCD, TBCE, TBCH, TBCQ, TBCZ (TBCs) pre-
viously shown to regulate autophagy and protein aggregation,
HSPAS5 that promotes aggrephagy [59], VCP that promotes
substrate degradation via the aggresome-autophagy pathway
[60], and finally YWHA/14-3-3 proteins YWHAE (tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
protein epsilon), YWHAG, YWHAQ and YWHAZ that reg-
ulate autophagy [61] and were found to be indispensable for
aggresome formation [62]. Recently, Yan et al. reported that
HDACS6 (histone deacetylase 6) could regulate LD turnover
through SQSTM1-mediated aggresome formation, supporting
the notion that selective autophagy may degrade LDs [52] and
raising the possibility that HDAC6 (histone deacetylase 6)
may regulate the formation of functional aggresomes for LD
catabolism in foam cells.

To elucidate the functional role of identified lipophagy
selective factors in LD catabolism and cholesterol efflux, we
used siRNA to silence the expression of lipophagy candidate
genes in foam cells. Knockdown of several autophagy genes
(Map1llc3a, Tfeb, Uvrag, Mcolnl and Atg5) resulted in reduced
cholesterol efflux from murine macrophage foam cells (Figure
3C). Additionally, knockdown of Hmgbl and Hmgb2 encod-
ing the autophagy activators HMGB1 and HGMB2, molecular
chaperones HSP90AA1, HSPB1, HSPA5 and HSPH]I, lysoso-
mal proteins NPC2 and SCARB2, neutral lipases LDAH and

PNPLA2, Rab proteins RAB2, RAB5, RAB6, RABI0 and
RABI13, stress response proteins FUS and CIRBP, all found
on foam cell LDs in this study, resulted in impaired choles-
terol efflux (Figure 3C). HMGB2, CIRBP, RBBP7, SERPINH1
(serine (or cysteine) peptidase inhibitor, clade H, member 1)
and MACROH2A1 that were specifically enriched on LDs
following autophagy inhibition (Figure 2E) all reduced cho-
lesterol efflux following gene silencing (Figure 3C), although
ADGRL3 and COLGALTI1 that were predicted to contain
both ubiquitin-binding and LIR motifs were not found to
regulate cholesterol efflux.

Of the lipophagy candidates observed to regulate choles-
terol efflux (Figure 3C), some may be regulating efflux by
directly regulating lipophagy (i.e., targeting of LDs to lyso-
somes) or alternatively these may control other aspects of
cholesterol mobilization from autolysosomes (for macroauto-
phagy) and/or lysosomes (for macro- and micro-lipophagy).
Each of these scenarios, not mutually exclusive, would affect
the availability of LD-derived cholesterol for efflux. One
example is NPC2 and SCARB2. First, SCARB2 was shown
to operate in parallel with NPC proteins to promote lysosome
cholesterol export [20]. Second, in addition to its known
function in lysosomal cholesterol removal, NPC2’s sterol traf-
ficking functions were shown to be vital for the insertion of
ergosterol into the yeast vacuolar membrane, a process
required for the formation of vacuolar microdomains that
enable microlipophagy in yeast [38]. Presently, it is unclear
if mammalian lipophagy can also operate through
a microautophagic mechanism. However, other putative lipo-
phagy proteins with known roles in lipid metabolism/traffick-
ing may help facilitate lipophagy through similar means as
NPC2.

In our study, numerous small GTPases of the RAB family
were found in association with foam cell LDs, including
RABI18. Excitement surrounding the discovery of Rabl8 as
a LD-associated protein that may regulate LD catabolism was
dampened by more recent findings that Rab18 is not neces-
sary for LD biogenesis or turnover [63,64]. In our study,
silencing Rab18 reduced cholesterol efflux, although this did
not reach significance (Table S3). Consistent with others [10],
another protein that we identified in association with LDs was
AUP1 that regulates polyubiquitylation via its CUE domain
and binding to UBE2G2 [65]. Gene silencing of both Aupl
and Ube2g2 reduced cholesterol efflux in 3 out of 4 experi-
ments, despite not reaching statistical significance (Figure
3C). Moreover, we observed that the yeast homologs of
AUP1 and UBE2G2, Cuel and Ubc7 respectively, were
required for vacuolar entry of Faa4-GFP (Figure 5).
Interestingly, monoubiquitination of AUP1 was reported to
promote LD clustering [45], a phenomenon readily observed
in macrophage foam cells by fluorescence microscopy
(Figures 1 and Figures 4) and electron microscopy (Figure
6D). LD clusters were also readily observed during time-lapse
imaging (Figure 6E and Video S1), indicating that clusters
observed during fluorescence and electron microscopy of
fixed cells are unlikely to be an artifact of static images.
Moreover, LD clusters were readily observed in real-time
employing noninvasive label-free optical nanoscopy in
mouse pre-adipocytes and in oleic acid-loaded human HeLa



cells [66], further negating the possibility that LD clusters are
an artifact of fixed cell microscopy and denoting their pre-
sence in other cell types in addition to macrophage foam cells.
Based on our findings, it is tempting to speculate that AUP1-
mediated clustering of LDs into aggresomes could activate an
aggrephagy-like mechanism to promote lipophagy and cho-
lesterol efflux (Figure 6F).

Aggrephagy, mitophagy, xenophagy, along with other
types of selective autophagy described to date [8] employ
SQSTM1 to target ubiquitin-tagged substrate, as observed
here for lipophagy (Figure 1 and Figure S1). For aggrephagy,
additional SARs include OPTN, NBR1 and Cue5/TOLLIP,
while mitophagy additionally requires Atg32, BNIP3L,
OPTN, CALCOCO2, TAX1BP1, BNIP3 (FUNDCI1 [FUNI14
domain containing 1]), BCL2L13 (BCL2-like 13) and xeno-
phagy additionally requires LGALS8 (galectin 8), OPTN,
CALCOCO2, TAX1BP1 and TECPR1 (tectonin beta-
propeller repeat containing 1) [8]. Amongst SARs included
in our siRNA array (Optn, Nbrl, Calcoco2, Sqstml, Bnip3l,
Taxlbpl), silencing OPTN, NBR1, CALCOCO2 and
SQSTM1, but not BNIP3L or TAX1BP1, reduced cholesterol
efflux (Figure 3C). Amongst SARs that regulated cholesterol
efflux, OPTN, NBR1 and SQSTM1 but not CALCOCO2
appear specific to lipophagy (Figure 4 and Figure S3), while
Cue5 was not required for yeast lipophagy (Figure 5F).
However, whether TOLLIP loss of function in macrophage
foam cells impairs lipophagy and cholesterol efflux remains to
be tested. Collectively, our study identified LD-associated
proteins, including molecular chaperones HSP90AAL,
HSPB1, HSPA5, HSPH1, HMGB proteins, lysosomal proteins
NPC2 and SCARB2, RAB proteins RAB2, RAB5, RAB6,
RAB10, RAB13, ubiquitination factors UBE2G2 and AUPI,
SARs OPTN, NBRI and SQSTMI, that regulate cholesterol
efflux in macrophage foam cells.

Our current understanding of microautophagy comes
almost exclusively from studies in yeast, but limited evidence
for microautophagy in mammalian cells suggests a particular
lysosomal wrapping mechanism with similar features to that
of yeast autophagy, where “wrapping lysosomes” with an
elongated morphology (arm-like extensions or invaginations)
engulf cytoplasmic cargo [47]. While we observed ubiquitin
tagging of LDs along with binding of SQSTM1, OPTN, NBRI
and LC3, pointing to active selective macro-lipophagy in
macrophage foam cells (Figure 4 and Figure S3), we cannot
exclude a possible contribution of microlipophagy to LD
catabolism and cholesterol efflux. Indeed, electron microscopy
revealed microscopic evidence for microlipophagy in lipid-
loaded macrophages, where LDs were observed in close appo-
sition to lysosomes that appear to be engulfing the LDs
(Figure 6D). Multispectral live-cell imaging previously showed
that, under basal conditions, 10% of cellular LDs in COS-7
cells made contact sites with lysosomes [67]. These LD-
lysosome contacts increased nearly twofold following nutrient
starvation or oleic acid loading, likely reflecting increased
lysosomal digestion of LDs under these autophagy-activating
conditions [67]. Diffuse GFP-LC3 on LD clusters distinct
from punctate GFP-LC3 on autophagosomes frequently
observed fusing with lysosomes suggests that LC3-tagged LD
clusters may be directly engulfed by lysosomes free of
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autophagosomes (Figure 6E). The respective contributions of
micro- versus macro-lipophagy to LD catabolism in mamma-
lian cells remain to be determined (Figure 6F).

The role of lipophagy in LD catabolism remains contro-
versial. Both lipophagy and canonical autophagy have been
suggested to contribute to lipid mobilization during starva-
tion. In the first report of mammalian lipophagy, Singh et al.
convincingly showed the tagging of hepatic LDs by LC3 and
enrichment of LDs within autophagosomes, highlighting the
selectivity of autophagy-mediated LD catabolism under two
metabolic extremes: starvation and high-fat diet feeding [3].
Subsequently, we showed that all forms of atherogenic lipo-
proteins trigger autophagy in macrophages, leading to auto-
phagy-mediated LD catabolism that was dependent on LIPA
[2]. However, autophagy was also shown to sustain classical
neutral lipolysis pathways during starvation, independent of
lipophagy [68]. A reciprocal relationship between autophagy
and LDs also exists, where rather than serving as substrates
for lipophagy, LDs themselves control autophagosome bio-
genesis [69,70]. Other examples of indirect regulation of lipid
mobilization by autophagy independent of lipophagy include
a role for autophagy in the selective clearance of NCORI1
(nuclear receptor co-repressor 1), which suppresses PPARA/
PPARa (peroxisome proliferator activated receptor alpha)
activation and thus impairs lipid oxidation [71].

The genetic ease of single-cell microorganisms, develop-
ment of powerful systems biology methods and the remark-
able conservation of protein function across eukaryotes have
made budding yeast Saccharomyces cerevisiae an ideal model
to perform screens to identify regulatory and structural com-
ponents of autophagy [40]. When yeast cells enter stationary
phase lipophagy becomes active and promotes the mobiliza-
tion of fatty acids from LDs. Directed studies investigating the
genetic requirement for yeast lipophagy have identified sev-
eral genes involved in this process [33,37,39], including ATGS,
ATG32, ATGY and ATGI5. Here, we identify several addi-
tional genes that control LD turnover in yeast. First, we
observed impaired cleavage of Faa4-GFP, an LD marker that
undergoes proteolytic processing in the vacuole upon lipo-
phagy, in atg8A, atg32A, atg9A, ypt6A, ypt31A and ssa3A
strains while cells lacking the autophagy suppressors Por2
and Crnl conversely exhibited increased Faa4-GFP cleavage
(Figure 5D). Quantification of LD entry into the vacuole
revealed reduced entry for atg8A (LC3), rnplA (CIRBP),
ubc7A (UBE2G2), cuelA (AUP1) and ypt31A (RAB2A),
while entry was intact but vacuolar LD catabolism was
impaired for ypt6A (RAB6) and ssa3A (HSPAS8) (Figure 5E).
However, yeast lipophagy did not show a requirement for
Cue5 (TOLLIP), a receptor typically required for aggrephagy
[8]. Although future studies are needed to further understand
the role of candidate lipophagy proteins, particularly in
macrophage foam cells, our study shows a unique require-
ment for several yeast genes including CUEI, UBC7, CRNI,
LHSI, RNPI and NPC2 in lipophagy. These genes were pre-
viously shown to not be required for mitophagy [72], high-
lighting a non-overlapping role for them in regulating
lipophagy but not mitophagy.

Macroautophagy is a complex cellular recycling mechan-
ism involving 6 sequential steps: initiation (activation of the



3684 (&) S.ROBICHAUD ET AL.

ULKI1 [unc-51 like autophagy activating kinase 1]-ULK2 com-
plex), nucleation (requiring BECN1-PIK3C3/Vps34-PIK3R4
/Vps35 and others), elongation (requiring two ubiquitination-
like systems to conjugate PE to LC3), closure of the phago-
phores (requires RAB5), maturation of autophagosomes (dri-
ven by BECNI, lysosomal membrane proteins (e.g. LAMPI,
LAMP2), GTP-binding proteins (e.g. RAB7), the cytoskeleton
and lysosomal pH), and finally degradation within the lyso-
some lumen. The entire process also depends on an autopha-
gic lysosome reformation cycle, whereby functional lysosomes
are regenerated from autolysosomes to maintain lysosome
homeostasis [73]. Lipid hydrolysis within vacuoles or lyso-
somes critical for the degradation and recycling of autophagic
bodies, with defects in lysosomal hydrolysis and efflux having
devastating consequences in humans [74]. Here, we identified
factors regulating LD catabolism at various steps of this pro-
cess: HMGB1 and HMGB2 proteins likely working with
BECNTI initiate lipophagy, RAB2A likely regulating lipophagy
at the maturation stages along with other RAB proteins such
as RAB5 and RAB6A, and HSPAS8 likely required at the
degradation stage, similarly to LIPA. Further mechanistic
studies are needed to understand how our identified lipo-
phagy factors function in relation to each other and with
other known players of the macro-/microautophagy pathways.
Whether lipolysis and lipophagy are independent or
tandem pathways in macrophage foam cells is unknown.
Given that LD composition can differ in various cell types,
the importance of each pathway may also vary in different
tissues. In macrophages loaded with atherogenic lipid, we
showed that neutral and acid lipolysis equally contribute to
LD catabolism and cholesterol efflux, while this was not the
case in non-foamy macrophages that relied entirely on
neutral lipolysis [2]. New insight into lipophagy mechan-
isms reveals that larger hepatic LDs preferentially depend
on neutral lipolysis while small LDs undergo lipophagy,
whereby PNPLA2 and lipophagy act sequentially [75].
Notably, macrophage foam cell LDs are significantly smal-
ler in size as compared to those found in other cell types
such as hepatocytes and adipocytes, likely due to a reduced
capacity to expand because of limited fluidity caused by
significant sterol enrichment. How distinct forms of mod-
ified LDL or lipid loading activate or regulate lipophagy is
not well understood. Several studies have shown that lipo-
protein-derived cholesterol can undergo intracellular oxida-
tion within lysosomes, leading to increased reactive oxygen
species production [76,77]. The later could in turn lead to
autophagy activation through increased proapoptotic oxida-
tive or endoplasmic reticulum stress to trigger autophagy in
macrophages [78]. Alternatively, lysosomal stress itself
could trigger autophagy. Lysosomal stress by treatment of
macrophages with oxidized low density lipoprotein or cho-
lesterol crystals was shown to rapidly induce nuclear trans-
location of TFEB and transcriptional activation of
lysosomal-autophagy genes [79]; a similar mechanism
could account for agLDL-mediated autophagy activation.
Finally, PLIN2 turnover appears to have distinct roles
in the biogenesis and catabolism of LDs. For example,
chaperone-mediated autophagy degradation of PLIN2 was
suggested to be a pre-requisite before the onset of

lipolysis, allowing for access of cytoplasmic neutral lipases
such as PNPLA2 to the LD neutral lipid core [56]. On the
other hand, a ubiquitin-proteasome pathway that pro-
motes the degradation of soluble/non-LD-bound PLIN2
could limit LD biogenesis [80]. We propose that AUP1-
and UBE2G2-mediated ubiquitination of PLIN2 or other
protein substrates on the LD initiates the recruitment of
a lipophagy complex comprised of SQSTM1, OPTN and
NBRI enabled by lipophagy factors HSPA5, RAB2A,
RAB6A, CIRBP and NPC2 (Figure 6F). An aggrephagy-
like mechanism allowing for LD clustering may facilitate
lipophagy, possibly through microautophagy, although this
remains to be confirmed. That the expression of several
lipophagy factors identified herein is dysregulated in
macrophages during atherosclerosis development (Figure
3A) suggests that alterations in lipophagy flux may be
a mechanism contributing to atherogenesis. Whether the
activity of lipophagy factors in macrophages can be modu-
lated to enhance lipophagy in metabolic diseases remains
to be tested. Stimulating lipophagy to promote reverse
cholesterol transport and LD catabolism represents an
attractive therapeutic strategy to treat heart disease and
other metabolic diseases.

Materials and methods
Cell culture

Human THP-1 monocytes (ATCC, TIB-202™) were cultured
in RPMI 1640 medium (Gibco, 11875093) supplemented
with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin (P/S) (Gibco, 15140122), 2 mM L-glutamine
(Gibco, 25030081) and 1 mM pyruvate (Gibco, 11360070).
Monocytes were differentiated using 100 nM phorbol 12-
myristate 13-acetate (Sigma, P1585-1 MG) treatment for
72 h. Foam cells were generated by incubation with
agLDL (50 pg/mL) for 30 h followed by an equilibration
period of 24 h with or without 10 uM chloroquine (Sigma,
C6628) in RPMI 1640 medium supplemented with 2 mg/
mL fatty acid-free bovine serum albumin (BSA; Sigma,
A6003). BMDMs were flushed from the femurs of C57BL/
6 N (Charles River Laboratories, 027) or GFP-LC3 trans-
genic mice (Riken, RBRCO00806) and differentiated to
macrophages by incubation in DMEM medium (Corning,
10013 CV) supplemented with 10% FBS, 1% P/S, and 20%
L929-conditioned medium for 7 days. Peritoneal macro-
phages were harvested 4 days after intra-peritoneal injec-
tion of 3% thioglycolate (BD Difco, B243010), as previously
described [81] and cultured in DMEM media supplemented
with 10% FBS and 1% P/S.

Lipoprotein and APOAI preparation

LDL was isolated by sequential density ultracentrifugation
[82] and LDL was aggregated by vortexing, as previously
described [83]. Human recombinant APOA1 was synthesized
and purified as previously described [84], and confirmed
endotoxin free using the Chromogenic Endotoxin Quant Kit
(Pierce, A39552).



LD isolation

LDs were isolated from agLDL-loaded THP-1 macrophages
by density ultracentrifugation similar to previously described
[9]. Briefly, cells from 7-8 15-cm dishes (20x10” cells/dish)
were washed with ice cold 1X PBS (0.137 mM NaCl, 2.68 mM
KCl, 10.14 mM Na,HPO,, 1.76 mM KH,PO, in water),
resuspended in 2 mL of hypotonic lysis buffer and incubated
on ice for 10 min. Cells were lysed by repetitive passaging
trough a 25-G needle, and the lysates were mixed with one
third volume of 60% sucrose (Invitrogen, 15503-022) solution
for a final sucrose concentration of 20% and transferred to
a Beckmann polyallomer tube, overlaid with 5 mL of 5%
sucrose solution and 5 mL of hypotonic lysis buffer, then
spun at 28,000 x g with a SW40 rotor for 30 min. LDs were
recovered by aspirating the top buoyant fraction using an 18-
G needle attached to a 3-mL syringe.

Tryptic digestion, mass spectrometry and data analysis

LD fractions were de-lipidated as previously [9], and proteins
were dried using SpeedVac and resuspended in 8 M urea
(MilliporeSigma, U5378-500 G). Sample protein concentra-
tions were determined using the colorimetric Bio-Rad DC
Protein Assay (5000111). Equal amounts of protein were
reduced with 10 mM dithiothreitol for 30 min at 56°C with
agitation. Proteins were alkylated by incubation at room tem-
perature for 30 min with iodoacetamine (MilliporeSigma,
[1149-5 G) with agitation. Urea within the samples was
diluted to 2 M using 50 mM ammonium bicarbonate
(pH 8). Protein samples were then digested using 0.125 g of
trypsin (Worthington Biochemical, LS003740) for 5 pg of
protein overnight at 37°C with agitation. Prior to desaltation,
peptides were diluted in 0.1% (v:v) formic acid and the pH
was adjusted to 3.0 by addition of trifluoroacetic acid. Peptide
desalting was completed using in-house made C18 desalting
cartridges (Dr. Maisch GmbH, rl10.aq.) and samples were
dried using a SpeedVac (SAVANT SpeedVac Concentrator).

Peptide mixtures were run using high-performance liquid
chromatography-electrospray ionization tandem mass spec-
trometry (HPLC-ESI-MS/MS). An automated Ekspert
NanoLC 400 system (Eksigent) coupled to a LTQ Velos Pro
Orbitrap Elite mass spectrometer (ThermoFisher Scientific)
equipped with a nanoelectrospray interface operated in posi-
tive ion mode. Peptide samples were reconstituted in 0.5% (v:
v) formic acid and loaded on a silica column packed with
reverse phase Magic C18AQ resins (5 um; 200 A pore size;
Dr. Maisch GmbH, r25.aq.). Peptide separation was done
using an analytical column (75 pm x 10 cm) packed with
reverse phase beads (3 um; 120 A pore size; Dr. Maisch
GmbH, rl3.aq.). Peptides were eluded with a solution of
5-25% acetonitrile (v:v) containing 0.1% formic acid (v:v)
(JT Baker, 983403) for 120 min at a flow rate of 300 nL/min.

Bioinformatics analyses

MSConvert [85] from the ProteoWizard package was used to
convert Thermo RAW files to mzML files [86,87]. The result-
ing mass spectrometry data files were processed using the
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Trans-Proteomics  Pipeline (TPP  version 5.0) [88].
A database search was performed on mzML files to match
MS/MS spectra to peptide sequences using the Comet algo-
rithm against the UniProt Swiss-Prot database (downloaded
in January 2017; number of protein entries = 20,130) [89,90].
The database search space considered tryptic peptides with
a maximum of 2 miscleavages. Carbamidomethylation on
cysteine was set as a static modification and methionine
oxidation as a variable modification. Mass spectra were
searched using a mass tolerance of 20 ppm for precursor
ions and a fragment ion bin tolerance of 0.05. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium [91] via the PRIDE [92] part-
ner repository with the dataset identifier PXD017511. The
confidence of peptide-spectrum matches was then assessed
using PeptideProphet [93] and ProteinProphet [94]. Each
experiment was filtered to a protein identification false dis-
covery rate < 1% and only proteins identified with two or
more peptides were considered for downstream analyses. For
sequence motif discovery analysis, protein sequences were
analyzed using the MEME suite (MEME version 4.12.0),
a motif-based sequence analysis tool [95]. MEME was used
to identify sequence motifs that were overrepresented
amongst proteins that were abundant in the chloroquine
treated samples versus all proteins identified by mass spectro-
metry. MEME was set to assume motifs could occur at most
one time in a protein sequence and to consider motif length
ranging from 6 to 50. All reported motifs obtained an E-value
< 107® as estimated by MEME. Gene Ontology enrichment
analysis of the LD proteins enriched following chloroquine
treatment was performed using Ontologizer [96], using the
entire set of proteins identified in the treated samples as
background. For the bubble chart presented in Figure 2,
protein quantification was performed using normalized spec-
tral counts over the entire experiment. Proteins were defined
as abundant on LDs of chloroquine-treated cells if present in
2 or 3 replicates of the LD fraction of chloroquine-treated
cells, but in 0 or 1 replicate in the LD fraction of untreated
cells.

Western blot

For western blotting of LD and cytoplasmic fractions, LD
proteins were precipitated with acetone prior to SDS-PAGE.
The cytosolic fraction was re-suspended in 2x Laemmli sam-
ple buffer (Bio-Rad, 1610737) and denatured by heating at 95°
C for 5 min. The LD fraction was re-suspended in Laemmli
sample buffer and sonicated at 60°C for 5 h with vortexing
every 10 min. For yeast cell extracts, cells were washed twice
with ice-cold PBS, and lysed directly in 2x Laemmli sample
buffer (Bio-Rad, 1610737) and boiled at 95°C for 15 min.
Samples were electrophoresed on 12% TGX Stain-Free™
FastCast™ Acrylamide gels (Bio-Rad, 1610185) with All Blue
Precision marker (Bio-Rad, 1610393). Gels were activated and
transferred to 0.22 pm or 0.45 um PVDF membranes for
10 min using the Trans-Blot Turbo Transfer System (Bio-
Rad). Stain-free blots were visualized and imaged to be used
for protein normalization. Membranes were then blocked in
5% milk in TBST (19.8 mM Tris base, 150 mM NaCl, 0.1%
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Tween-20 [Fisher Scientific, BP337-100] in water) or PBST
(0.137 mM NaCl, 2.68 mM KCl, 10.14 mM Na,HPO,,
1.76 mM KH,PO, 0.1% Tween-20 in water) for 1 h, washed
thrice with TBST or PBST. Membranes were anti-LC3
(1:1000; MBL, PDO014), anti-PLIN2 (1:2000; Fitzgerald,
20 R-2604), anti-LAMP1/lysosomal associated membrane
protein 1 (1:1000; Novus Biologicals, NBP2-25155), anti-
CANX/calnexin  (1:1000; Abcam, abl0286), anti-GFP
(1:1000; Novus Biologicals, NB600-308) or anti-GAPDH/gly-
ceraldehyde-3-phosphate  dehydrogenase  (1:5000;  Life
Technologies, AM4300). Proteins were detected using an
enhanced HRP-based chemiluminescence detection system
(HRP-conjugated secondary antibodies from Amersham

Biosciences [NA934V, NA931V] and Fitzgerald
[43 R-ID03%hrp]) and Clarity or Clarity Max
Chemiluminescence Reagent from Bio-Rad (1705060,

1705062) using a ChemiDoc XRS+ System (Bio-Rad).

Reverse transfection and cholesterol efflux

Peritoneal macrophages were reverse-transfected in a 96-well
plate containing a custom siRNA library (High Throughput
Biology Laboratory Services, NYU School of Medicine).
1 x 10° cells/well of thioglycolate-elicited peritoneal macro-
phages were seeded onto wells of a 96-well plate containing
Silencer Pre-designed siRNA (Invitrogen) at a final concen-
tration of 30 nM siRNA. Briefly, siRNA plate containing
450 nmol per well of siRNA were thawed from —-80°C and
centrifuged at 100 x g for 1 min. RNAiMax (0.5 pL;
Invitrogen, 13778150) was diluted in 19.5 pL of OPTI-MEM
(Gibco, 31985062), and 20 pL/well was added and allowed to
complex with siRNA for 20 min at room temperature. Cells
(120 pL, 1 x 10> cells/well) were added in OPTI-MEM, plates
were centrifuged at 100 x g for 1 min and incubated at 37°C.
Twenty-four h post-transfection, 140 puL of 20% FBS media
containing “H-cholesterol (Perkin Elmer, NET139001MC)
and agLDL was added into each well (2.5 pCi/mL
H-cholesterol; 50 pg/mL agLDL). 30 h post-loading and
labeling, media was replaced with 2 mg/mL fatty acid-free
BSA in DMEM and cells were equilibrated overnight.
Cholesterol efflux to APOA1 (50 pg/mL) was carried out for
24 h, following which supernatants were removed and cells
were dissolved in 0.5 N NaOH. Aliquots of supernatants and
cell lysates were transferred onto 96-well Lumaplates (Perkin
Elmer, 6006633), dried overnight and radioactivity within
samples was quantified using the Hydex Sense plate reader
(Gamble). Cholesterol efflux was calculated as a percentage of
H-cholesterol in the supernatant/(*H-cholesterol in the
supernatant + “H-cholesterol in cells)x100%. For each experi-
ment (n = 4), fold-change efflux for each siRNA treatment
was calculated relative to the average of control wells
(scrambled siRNA).

Fluorescence microscopy

Isolated LDs were seeded on 8-well removable chamber slides
(Ibidi, 80841) coated with poly-L-lysine (Sigma, P8920) over-
night at 4°C and fixed with 4% paraformaldehyde (Alfa Aesar,
433689 M) for 10 min at room temperature. For

immunofluorescence (IF) of macrophage foam cells, cells
were washed 3X in 1X PBS and fixed in 4% paraformaldehyde
for 10 min at 37°C. Cells were blocked/permeabilized for
30 min at room temperature in 5% BSA (Roche,
03116964001), 0.01% Triton X-100 (Fisher BioReagents,
BP151100). Cells were incubated with anti-PLIN2 (1:200;
Fitzgerald, 20 R-AP002), anti-LC3 (1:750; MBL, PM036), anti-
SQSTM1 (1:500; Abnova, H00008878-MO01), anti-ubiquitin
(1:250; Novus Biologicals, NB300-130), anti-NBR1 (1:250;
Cell Signaling Technology, 9891), anti-CALCOCO2
(GeneTex, GTX115378; 1:1250), anti-OPTN  (1:250;
ThermoFisher Scientific, 711879) for 2 h at 37°C or overnight
at 4°C in wash buffer containing 1% BSA, 0.025% saponin
(Sigma, S2149). Alexa Fluor or Alexa Fluor Plus antibody
conjugates (1:500-1:1000; Invitrogen, A31570, A31571,
A32728, A11073, A21435, A21428, A32732, A32795) were
incubated for 1 h at 37°C in wash buffer. Cells were incubated
with BODIPY 493/503 (10 pg/mL; Invitrogen, D3922) for
30 min at room temperature where indicated to stain neutral
lipids. Cells were counterstained with DAPI (Invitrogen,
D1306) for 5 minutes at room temperature. Slides were
mounted on #1,5 coverslips (Ibidi, 10811) with DAKO
mounting media (Agilent, S$302380-2). Images were captured
on a Zeiss LSM880 confocal microscope with a 63X objective
(NA 1.4) using the appropriate lasers and the Airyscan mod-
ule. Proteins at the surface of LDs were quantified using Fiji’s
Multi-point counter tool from raw images or from Tiff image
renderings generated in IMARIS (Bitplane) for quantification
of LC3 puncta at the surface of single LDs or LD clusters. For
yeast imaging, live strains were imaged on microscope slides
in the same SC media that they were grown to stationary
phase in. Images were captured on a Zeiss LSM880 confocal
microscope with a 63X objective (NA 1.4) using the appro-
priate lasers and the Airyscan module. For fixed cell imaging,
yeast strains were fixed according to the Koshland Lab pro-
tocol [97] and stained with 1.0 pg/mL BODIPY 493/503 at 30°
C for 30 min for subsequent imaging using the CellVoyager
CV1000 Disk Confocal Microscope (Olympus Life Science)
with a 100X objective using the appropriate lasers. LD entry
into vacuoles in wild-type or mutant strains was quantified
using Fiji’s Multi-point counter tool.

Bulk RNA-sequencing

The bulk RNA-seq dataset published by Kim et al. [30] was
queried for log2FoldChange of our candidate selective lipo-
phagy genes. Briefly, aortic intimal cells from apoe™~ mice fed
a high-fat diet (Test Diet, AIN-76A) for 28 weeks were sorted
into foamy and non-foamy macrophages and libraries were
prepared from cell lysates using the SMARTer Ultra Low
RNA Kit for Illumina Sequencing for subsequent amplifica-
tion and sequencing on an Illumina HiSeq-3000 using single
reads extending 50 bases [30].

Yeast experiments

SGA methodology was employed to incorporate the well-
established yeast LD marker Faa4-GFP and vacuole marker
Vphl-mRuby2 into the yeast non-essential DMA library



(Horizon Discovery, YSC1053). A PCR-mediated gene inser-
tion technique was used to add LD (Faa4-GFP) and vacuolar
fluorescent tags (Vphl-mRuby2) into the SGA query strain, as
previously described [98]. Query strain mutations were con-
firmed by PCR analysis. Manipulation of the DMA was per-
formed using a Singer RoToR HDA (Singer Instruments). For
high-throughput strain construction, the MATa query strain
was mated to the MATa deletion mutant array, and SGA
methodology was used with specific chemical selection steps
on nourseothricin (MJS Biolynx Inc., JBAB102XL) (Faa4-
GFP), hygromycin (Wisent Bioproducts, 450-141-XL) (Vphl-
mRuby2) and G418 (Wisent Bioproducts, 400-130-1G) (DMA
deletion) to select for final haploid strains with each mutation,
as previously described [34,35]. The resulting Faa4-GFP
/Vphl-mRuby2 deletion strains were grown in SC medium
containing 0.17% yeast nitrogen base with 0.5% ammonium
sulfate (Wisent Bioproducts, 800-152-LG), 2% dextrose
(Wisent Bioproducts, 600-350-DG) and 0.206% complete
amino acid mix (contains % by mass: 4.5% serine [Sigma,
$4375)], 4.5% arginine [Sigma, A5006], 4.5% glycine [Sigma,
G6761], 1% adenine [Sigma, A9126], 4.5% glutamic acid
[Sigma, G1626], 4.5% alanine [Sigma, A7627], 9% leucine
[Sigma, L8000], 4.5% histidine [Sigma, H8125], 4.5% gluta-
mine [Sigma, G3126], 4.5% threonine [Sigma, T8625], 4.5%
asparagine [Sigma, A8381], 4.5% phenylalanine [Sigma,
P2126], 4.5% methionine [Sigma, M9625], 4.5% uracil
[Sigma, G0750], 4.5% valine [Sigma, V0500], 4.5% isoleucine
[Sigma, 12752], 4.5% proline [Sigma, P0380], 4.5% tryptophan
[Sigma, T0254], 4.5% tyrosine [Sigma, T3754], 4.5% aspartic
acid [Sigma, A9256], 4.5% lysine [Sigma, L5501], 4.5%
cysteine [Sigma, C7880]) at 30°C on a tube rotator at 7 x g
to stationary phase to stimulate lipophagy, similarly to as
previously described [38]. Day 1 and Day 5 time points were
defined as the duration of growth following initial inoculation
at OD600 = 0.1. Yeast equivalents of mammalian genes were
identified using the Human gene to yeast homolog on the
YeastMine program found within the Saccharomyces
Genome Database and using the OrthoMCL 2.0b6 program.
In cases where no yeast equivalent genes were identified by
OrthoMCL 2.0b6 and YeastMine, the literature was used to
identify close gene equivalents based on structure, function,
and protein motifs.

Electron microscopy

Cholesterol-loaded murine BMDMs were fixed in 1.6% glu-
taraldehyde prior to postfixation in osmium tetroxide and
uranyl acetate en bloc staining as previously [2]. Samples
were processed and embedded in Spurr epoxy resin (Sigma,
EMO0300-1KT), sectioned and counterstained with lead citrate,
and digital images were obtained using a JEOL 1230 TEM at
60 kV adapted with a 2000 x 2000 pixel bottom mount CCD
digital camera and AMT software.

Live cell microscopy

GFP-LC3 BMDMs were incubated with agLDL (50 ug/mL) for
30 h and equilibrated in fatty acid-free BSA DMEM overnight.
Cells were stained with Monodansylpentane (Abcepta,
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SM1000a) and LysoTracker (Invitrogen, L7528) for 30 min
at 37°C. Cells were imaged in fatty acid-free BSA FluoroBright
DMEM media (Gibco, A1896701) at 37°C and 5% CO, on
a Zeiss LSM880 confocal microscope with a 63X objective
(NA 1.4) using the appropriate lasers and the Airyscan
module.

Statistical analyses

Experiments were run in triplicates (or n = 4 in some
instances), and all presented values are mean + SEM. The
statistical significance of the differences between groups was
determined using the two-tailed unpaired Student’s t-test of
the means with Prism V8.3.0 software (GraphPad
Software Inc).
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