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Abstract

Lipid droplets have recently been recognized as dynamic organelles found in most cells
from prokaryotes to mammals. They are major regulators of lipid metabolism, trafficking
and signaling, but their synthesis is also induced in cells exposed to various conditions of
stress. Lipid droplets accumulate in cancer cells and are emerging as important factors for
the plasticity of cancer metabolism and resilience to stress. However, mechanisms that
drive lipid droplet turnover in cancer cells are far from being understood. The major
objective of this dissertation was to define the principal ways in which lipid droplets are
associated with cell survival and the function of aggressive triple-negative breast cancer
(TNBC) cells during metabolic stress. By examining the roles of the major enzymes
involved in lipid droplet turnover, diacylglycerol acyltransferase (DGAT) and adipose
triglyceride lipase (ATGL), we have identified the contribution of lipid droplets to the
resistance of TNBC cells against (1) nutrient and (2) lipotoxic stress and their ability to
(3) drive the production of inflammatory lipid mediators. We show here that ATGL is
involved in lipid droplet breakdown during starvation, but surprisingly, it is not essential
for TNBC cell survival during starvation-induced nutrient stress. On the contrary, we
found that ATGL-mediated lipolysis is an essential source of polyunsaturated fatty acids
(PUFASs), which are used as precursors for the synthesis of eicosanoids and specialized pro-
resolving mediators in starved TNBC cells, suggesting a novel role for lipid droplets in
inflammatory signalling in cancer. Furthermore, our results reveal that the breakdown of
lipid droplets induced by high concentrations of PUFAs is associated with oxidative stress-
dependent cell death in TNBC cells, while low concentrations of PUFAs have the opposite
effect — they increase the resistance of TNBC cells to starvation-induced stress. In line with
a protective role of lipid droplets against the surge of exogenous PUFAs, we found that
DGAT-mediated lipid droplet biogenesis reduces PUFA lipotoxicity. Most importantly, we
have discovered two novel mechanisms through which lipid droplets protect cells from
PUFA lipotoxicity. The first is the stimulation of lipid droplet biogenesis by the activity
of secreted phospholipase A,, which hydrolyses membrane phospholipids and induces the
incorporation of monounsaturated acyl chains in TAGs to effectively sequester PUFAs
within lipid droplets. The second is the ability of ATGL to modulate PUFA-induced cell
damage by regulating the release of PUFAs from lipid droplets. Our results reveal that
lipid droplets integrate metabolic and signalling pathways that are associated with cancer
cell stress resistance and are thus potential targets in the fight against aggressive breast
cancer.
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Povzetek

Lipidne kapljice so nedavno odkriti dinamicéni organeli, ki jih najdemo v vecini celic, od
prokariontov do sesalcev. So pomembni regulatorji presnove, transporta in signalizacije
lipidov, njihova sinteza pa se poveca, ko so celice izpostavljene razli¢nim stresnim pogojem.
Lipidne kapljice se kopic¢ijo v rakavih celicah in prispevajo k plasti¢nosti metabolizma in
odpornosti rakavih celic na stres. Mehanizmi, ki so vpleteni v nastanek in razgradnjo
lipidnih kapljic v rakavih celicah, pa Se zdale¢ niso jasni. Glavni cilj tega doktorskega dela
je bil opredeliti glavne mehanizme, ki povezujejo lipidne kapljice z odpornostjo celic
agresivnega trojno negativnega raka dojke na metaboli¢ni stres. S proucevanjem vlog
glavnih encimov, ki sodelujejo pri presnovi lipidnih kapljic, diacilglicerol aciltransferaze
(DGAT) in adipozne trigliceridne lipaze (ATGL), smo ugotavljali, kako lipidne kapljice
prispevajo k prezivetju celic raka dojke pri (1) pomanjkanju hranil in (2) lipotoksi¢nem
stresu ter njihovo sposobnost, da (3) poganjajo proizvodnjo vnetnih lipidnih mediatorjev.
Pokazali smo, da je lipaza ATGL vpletena v razgradnjo lipidnih kapljic tekom stradanja,
vendar presenetljivo ni kriti¢nega pomena za prezivetje celic raka dojke ob pomanjkanju
hranil. Ravno nasprotno pa smo ugotovili, da je z ATGL uravnavana lipoliza kljucen vir
polinenasicenih mascobnih kislin (PNMK) za sintezo eikozanoidov in specializiranih
lipidnih mediatorjev v stradanih celicah raka dojke, kar razkriva novo vlogo lipidnih kapljic
v vnetni signalizaciji pri raku. Nasi rezultati prav tako kazejo, da je razgradnja lipidnih
kapljic, ki nastanejo ob izpostavitvi celic visokim koncentracijam PNMK, povezana z
oksidativnim stresom, ki vodi v celi¢no smrt. Po drugi strani pa imajo nizke koncentracije
PNMK ravno nasprotni uc¢inek — povecajo odpornost celic raka dojke na pomanjkanje hranil
in jih zascitijo tekom stradanja. V skladu z zas¢itno vlogo lipidnih kapljic smo ugotovili,
da z DGAT posredovana sinteza lipidnih kapljic zmanjsuje lipotoksi¢nost PNMK. Odkrili
smo dva nova mehanizma, preko katerih lipidne kapljice S¢itijo pred lipotoksi¢nostjo. Prvi
mehanizem vkljuCuje stimulacijo sinteze lipidnih kapljic s sekretorno fosfolipazo A, ki
hidrolizira membranske fosfolipide in poveca vgradnjo mononenasi¢enih acilnih verig v
trigliceride ter tako '"ujame" PNMK v lipidnih kapljicah. Drugi mehanizem izpostavlja
sposobnost ATGL, da z uravnavanjem spros¢anja PNMK iz trigliceridov prepreci poskodbe
celic, ki jih povzrocijo PNMK. Nasi rezultati tako razkrivajo, da lipidne kapljice povezujejo
presnovne in signalne poti, ki so vpletene v odpornost rakavih celic na stres in so zato
potencialne tarce v boju proti agresivnemu raku dojke.
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Chapter 1

Introduction

1.1 Work Motivation

The incidence of malignant diseases is increasing worldwide at an alarming rate, maybe
even reaching pandemic proportions. Almost 15 million of new cancer cases and over 8
million deaths occurred in 2012 worldwide based on the GLOBOCAN 2012 statistics. Lung
and breast cancers are the most frequently diagnosed cancers and a leading cause of cancer
death among men and women. In Central and Eastern Europe, breast cancer incidence is
estimated to be lower in comparison with Western and Northern Europe, and this variation
was suggested to reflect differences in risk factors and the availability of early diagnosis
(Torre et al., 2015). According to the World Health Organization (WHO), almost 50% of
cancer deaths could be prevented by efficient cancer management, including cancer
prevention, early diagnosis and treatment (World Health Organization, 2019). In Slovenia,
we have an effective program of early diagnosis and prevention of breast cancer known as
Dora, but the incidence of breast cancer is still increasing (Cancer Patient’s Association
Slovenia, 2019). It is estimated that every eighth woman will get breast cancer in the
future, intensifying the need to develop effective detection and treatment for this malignant
disease.

Triple-negative breast cancer (TNBC) is one of the most aggressive cancers with no
treatment currently available. Enormous efforts have been put in developing effective
cancer therapies in the last several decades, but it has become obvious that genetic and
phenotypical heterogeneity of cancer cells and their ability to adapt to therapeutic insult
restrict our success in fighting the disease. In the last two decades, advances in cancer
research have brought a revived interest in cancer metabolism. Alterations in tumor
metabolism are caused by genetic aberrations, but, importantly, stressful conditions in the
tumor microenvironment force cancer cells to adapt by reprogramming their metabolism
and signaling (Beloribi-Djefaflia, Vasseur, & Guillaumond, 2016; Pavlova & Thompson,
2016; Ward & Thompson, 2012). Therefore, even genetically distinct cancers that are
exposed to similar stress conditions may have common metabolic vulnerabilities, thereby
opening a therapeutic opportunity that is more advantageous than targeting oncogenic
signalling pathways (Hanahan & Weinberg, 2011; Martinez-Outschoorn, Peiris-Pagés,
Pestell, Sotgia, & Lisanti, 2017; Vander Heiden & DeBerardinis, 2017).

The importance of lipid metabolism in cancer is emerging (Currie et al., 2013; Rohrig
& Schulze, 2016). It is becoming evident that many cancer types are dependent on lipids
for their survival. Targeting processes regulating lipid metabolism may thus reduce lipid
availability and affect cancer cell survival, but we are still far from understanding the lipid
metabolic pathways that are critical for the survival, growth and metastasis of cancer cells.
Lipid droplets integrate lipid metabolism with cellular stress responses and may thus be
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the nexus between cancer metabolism and resilience to stress. Their accumulation in cancer
cells has been associated with higher tumour aggressiveness and chemotherapy resistance
(Beloribi-Djefaflia et al., 2016; Nieva et al., 2012; Rak et al., 2014). Mechanisms involved
in lipid droplet metabolism regulate lipid availability and define the adaptability strategies
of cancer cells. TNBC cells are extremely resistant to chemotherapy (Sirois et al., 2019)
and can survive in nutrient depleted conditions for prolonged times (Przybytkowski et al.,
2007; Pucer et al., 2013). This resistant phenotype is dependent on lipid droplet
metabolism, whose targeting may reduce TNBC cell proliferation and survival. Finding the
critical mechanisms used by cancer cells to exploit lipid droplets will boost basic and clinical
research in the field and lead to new therapeutic and preventive strategies.

This dissertation provides original results and new knowledge in lipid droplet and cancer
biology. Our results and proposed mechanisms have a potential to be further evaluated for
therapeutic interventions to treat aggressive breast and other cancers, whose therapeutic
targeting is still a major challenge. In the following sections, a theoretical background of
lipid droplets is briefly presented with particular focus on lipid droplet roles in cellular
stress response mechanisms. Since many of the lipid droplet-driven mechanisms have been
described in non-cancer cells, we categorised the roles of lipid droplets according to the
type of cellular stress and applied this knowledge to cancer metabolism. Chapter 2 presents
the aims and major objectives of the dissertation, followed by Chapters 3 and 4, whereby
three relevant scientific publications are included in addition to our latest work, which
represents an article in preparation. These papers reveal novel mechanisms that link lipid
droplets with breast cancer cell resistance and emphasize the metabolic and signalling roles
of lipid droplets in cancer. Chapter 5 presents our major conclusions based on our results
and aims of the dissertation. Finally, appendices A, B and C provide additional information
about lipid droplets, which has been discussed in our recent review papers (Jarc & Petan,
2019b, 2019a; Petan, Jarc, & Jusovié¢, 2018).

1.2 Lipid Droplets

Lipid droplets have recently been recognized as neutral lipid storage organelles found in
most cells from prokaryotes, plants, fungi to mammals (Murphy, 2012). They are most
apparent in adipocytes (Fig. 1A), where one big lipid droplet can fill the whole cytoplasm
and store large amounts of energy in the form of triacylglycerols (TAGs). These lipid
droplets can reach "giant" sizes and have diameters of up to 100 pm. In comparison, lipid
droplets in other cell types are much smaller with diameters between 100-200 nm (Walther
& Farese, 2012). We often see them in clusters, but they can dynamically disperse during
lipogenesis or nutrient starvation (Harris et al., 2011; Rambold, Cohen, & Lippincott-
Schwartz, 2015). The lipid droplet structure is unique among other organelles, consisting
of a central hydrophobic core of TAGs and cholesterol esters (CEs), surrounded by a
monolayer of phospholipids and proteins (Fig. 1B). Their lipid and protein composition is
not exclusive and can vary within single cell or different cell types with regard to metabolic
states and environmental conditions (Farese & Walther, 2009; Jarc & Petan, 2019b; Thiam
& Beller, 2017). Their major role is to balance lipid uptake, storage and release according
to cellular needs. Recent evidence suggests that they play a pivotal role in the management
of cellular stress and are thus involved in many pathophysiological processes, including
cancer (Farese & Walther, 2009; Fujimoto & Parton, 2011; Henne, Reese, & Goodman,
2018; Olzmann & Carvalho, 2019; Petan et al., 2018; Welte & Gould, 2017).
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Figure 1: Lipid droplet structure. (A) Lipid droplets in differentiated adipocytes in vitro,
originating from an adipose cell strain of a patient with the human Simpson-Golabi-
Behmel syndrome. Lipid droplets were visualized in fixed cells using BODIPY 493/503
and nuclei with DAPI. (B) Lipid droplets are composed of neutral core that mainly
consists of triacylglycerols (TAG) and cholesteryl esters (CE) and is surrounded by a
single layer of phospholipids in which numerous proteins are embedded.

1.2.1 Lipid droplet biogenesis

Despite advances and efforts being made in the recent years, the molecular mechanism of
lipid droplet formation is still not clear. Several models of lipid droplet biogenesis have
been proposed but none of them validated yet. Here, we present the most cited model that
includes oil lens formation and budding into the cytosol (Olzmann & Carvalho, 2019;
Walther, Chung, & Farese, 2017; Walther & Farese, 2012; Wilfling, Haas, Walther, &
Farese, 2014).

In eukaryotes, TAG and CE are synthesized predominantly in the endoplasmic
reticulum (ER) (Buhman, Chen, & Farese, 2001). The primary step of TAG synthesis
includes the Kennedy pathway, whereas glycerolipids are formed from glycerophosphate
and fatty acyl-coenzyme A (CoA) or the monoacylglycerol pathway, whereby products of
TAG degradation, including diacylglycerols (DAG) and monoacylglycerols (MAG) are re-
esterified back into TAGs by acyltransferases (Walther et al., 2017). Fatty acid (FA)
esterification with CoA is an ATP-dependent process regulated by acyl-CoA synthetases
(ACS) among which three isoforms are related to lipid droplets ACSL1, ACSL3 and ACSL4
(Pol, Gross, & Parton, 2014). TAG synthesis occurs in four sequential steps, including the
enzymatic activities of glycerol-3-phosphate acyltransferases (GPATSs), l-acylglycerol-3-
phosphate O-acyltransferases (AGPATSs), phosphatidic acid phosphatases (PAPs; also
called lipins) and diacylglycerol acyltransferases (DGATs) (Fig. 2). Interestingly, some
enzyme isoforms have been found on lipid droplets, including DGAT2, AGPATS3, lipins
and GPAT4, and may prefer different sources of lipids, while others are permanently or
transiently localized in the ER (Pol et al., 2014; Wilfling et al., 2013). This raises the
possibility that neutral lipids are also formed locally on lipid droplets, thereby enabling
lipid droplet growth by ER-independent synthesis. Depletion of lipid droplet-associated
DGAT2, AGPAT3 and GPAT4 results in a major decrease of the large lipid droplet
population. In contrast, depletion of the ER resident DGAT1 enzyme has a strong impact
on cellular TAG level, but does not prevent the formation of large lipid droplets (Wilfling
et al., 2013), suggesting different roles of enzyme isomers in lipid droplet synthesis.
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The synthesis of CE is mediated by acyl-CoA:cholesterol O-acyltransferases (ACAT).
Most cells contain a mixture of TAG and CE in their lipid droplets, but some specialized
cells accumulate CE-rich lipid droplets, such as foam macrophages and Leydig cells in the
adrenal cortex. In addition, retinyl-rich lipid droplets may be found in hepatic stellate and
retinal cells, suggesting a wide diversity in the lipid composition of lipid droplets (Kraemer,
Khor, Shen, & Azhar, 2013; Molenaar, Vaandrager, & Helms, 2017; Orban, Palczewska, &
Palczewski, 2011; Ouimet et al., 2011).

In the second step of lipid droplet biogenesis, newly synthesized neutral lipids
accumulate within the bilayer of the ER. When the TAG concentration exceeds the
capacity of the bilayer an oil lens is formed to accommodate the high amount of TAG and
prevent membrane disruption. Important factors that determine lens formation are ER
structure and proteins that regulate ER shape and TAG partitioning. The ER consists of
membrane sheets and tubules (Shibata, Voeltz, & Rapoport, 2006; Voeltz, Prinz, Shibata,
Rist, & Rapoport, 2006). Lipid droplet formation occurs in ER tubules, where curvatures
in the ER membrane may contribute to lens formation by locally disturbing phospholipid
composition. Whether oil lenses form in the ER sheets, which lack curvatures in their
shape, remains unclear (Walther et al., 2017). Depletion of proteins involved in shaping of
the tubular ER network, such as atlastin-1 and receptor expression-enhancing protein 1,
affects lipid droplet size and number (Renvoisé et al., 2016; Walther et al., 2017). In
addition, depletion of lipid-binding fat storage-inducing transmembrane proteins (FITs)
that are involved in TAG partitioning results in the absence of lipid droplet formation
(Kadereit et al., 2008).

Lipid droplet biogenesis
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Figure 2: Lipid droplet formation occurs in the ER. The initial step starts by the addition
of fatty acids (in their activated acyl-CoA form) to a glycerol-3-phosphate backbone,
yielding lysophosphatidic acid (LPA), phosphatidic acid (PA) and diacylglycerol (DAG).
These reactions are catalyzed by glycerol-3-phosphate acyltransferase (GPAT),
acylglycerol-3-phosphate acyltransferase (AGPAT) and phosphatidic acid phosphatase
(lipin) enzymes. The final step in TAG synthesis is mediated by diacylglycerol
acyltransferases (DGATSs) (Jarc & Petan, 2019b).

In the final step, the growth of the oil lens results in budding of a nascent lipid droplet
from the membrane, which is released into the cytosol and becomes known as cytosolic
lipid droplet. The budding mechanism is still poorly understood, but seipin protein seems
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to be required for the process. Seipin is a conserved ER transmembrane protein involved
in lipid droplet budding. In addition, it is required for the formation of ER-lipid droplet
membrane contact sites by stabilizing membrane bridges. Seipin depletion results in
delayed lipid droplet formation and formation of lipid droplets with aberrant morphology
(Wang et al., 2016). Intriguingly, recent evidence suggests that for sufficient lipid droplet
budding and release in the cytosol cells require a constant refill of phospholipids at the
cytosolic site of ER membrane. In the case of phospholipid deficiency, lipid droplets emerge
on both membrane sides of the ER, which may affect the ER structure and function
(Chorlay et al., 2019).

Lipid droplet maturation includes cytosolic lipid droplet growing and expansion. Lipid
droplets expand through lipid droplet fusion, through transfer of lipids via ER-lipid droplet
contact sites or through TAG synthesis on the lipid droplet surface (Olzmann & Carvalho,
2019). They may also expand by Ostwald ripening-mediated diffusion, where giant lipid
droplets can form by depletion of oil in the adjacent second lipid droplet (Walther et al.,
2017). Besides the ER, lipid droplets form multiple contact sites with other organelles,
including mitochondria and peroxisomes, which may contribute to lipid droplet growth
(Barbosa & Siniossoglou, 2017; Jarc & Petan, 2019b; Olzmann & Carvalho, 2019;
Schuldiner & Bohnert, 2017).

During lipid droplet expansion, phospholipid content must also increase. In mammalian
cells, the lipid droplet surface mainly consists of phosphatidylcholine (PC), followed by
phosphatidylethanolamine (PE) and phosphatidylinositol (PI) (Walther & Farese, 2012).
The synthesis of PC is under control of CTP:phosphocholine cytidylyltransferase a
(CCTa), whose activation may occur at the lipid droplet surface (Krahmer et al., 2011).
Finally, different proteins have been employed in regulation of lipid droplet growth and
expansion. Many of them localize on the lipid droplet surface, thereby forming the diverse
lipid droplet proteome that contains numerous lipid metabolic enzymes, regulatory scaffold
proteins, proteins involved in lipid droplet metabolism and proteins with a currently
unknown function. Despite establishing the lipid droplet proteome is still challenging, the
fact that its composition varies with metabolic changes and depending on cellular needs is
undeniable (Bersuker & Olzmann, 2017; Kory, Farese, & Walther, 2016; Thiam & Beller,
2017; Walther et al., 2017).

To summarize, lipid droplet biogenesis is a complex and energy-consuming process that
occurs at the ER and requires the cooperation of numerous proteins and enzymes. The
rate-limiting step in lipid droplet biogenesis is regulated by DGAT enzymes, which are
essential for TAG synthesis.

1.2.1.1 DGAT enzymes are essential for de novo lipid synthesis

The two DGAT enzymes catalyze the same biochemical reaction, but belong to distinct
protein families and display significant structural differences. The gene encoding human
DGAT1 comprises 17 exons on chromosome 8 and is a member of the membrane-bound
O-acyltransferase (MBOAT) gene family. It shares a similarity with the ACAT family of
enzymes. In contrast, the gene encoding human DGAT?2 comprises 8 exons on chromosome
11 and is a member of the DGAT2 gene family, displaying a similarity with acyl-
CoA:monoacylglycerol acyltransferases (MGAT). Human DGAT1 and DGAT2 share less
than 25% of protein sequence similarity (according to the BLAST alignment tool). DGAT1
localizes exclusively to the ER, where it exists as dimers or tetramers that form functional
units (Walther et al., 2017; Yang et al., 2012; Yen, Stone, Koliwad, Harris, & Farese, 2008).
Its topology reveals many hydrophobic regions and multiple transmembrane domains, while
DGAT2 possesses only a hydrophobic region, possibly a hairpin, that is embedded in the
ER membrane bilayer (Walther et al., 2017; Yen et al., 2008). This key difference in the
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structure of DGAT2 may also explain why only DGAT?2 localizes to lipid droplets (Stone
et al., 2009; Wilfling et al., 2013). Interestingly, stimulating lipid droplet synthesis by the
addition of oleate promotes DGAT2 localization on lipid droplets and co-localization with
mitochondria (Stone et al., 2009). This indicates that DGAT2 is either a mitochondrial
enzyme or it associates transiently with mitochondria. It is also possible that DGAT2 is
present on lipid droplets and linked with mitochondria through lipid droplet—mitochondria
contact sites. Besides the differences in their structure, DGAT enzymes have different
substrate preferences, subcellular localizations and physiological roles. TAGs are
predominant DGAT1 products, but DGAT1 exhibits activity also towards retinyl esters
and long-chain alcohols. In contrast, DGAT2 does not possess multiple acyltransferase
activities, but displays a higher activity towards its substrates for TAG synthesis than
DGAT1 (Yen et al., 2008).

Animal studies have revealed important differences in the physiological roles of DGAT
enzymes. Mice lacking DGAT1 are viable and have body fat, but are lean and resistant to
high-fat diet (HFD)-induced obesity, diabetes and liver steatosis (H. C. Chen, Stone, Zhou,
Buhman, & Farese, 2002; Smith et al., 2000). In contrast, mice lacking DGAT2 die shortly
after birth due to a lipid defect in the skin impairing its barrier function (Stone et al.,
2004). Furthermore, DGAT2 KO mice completely lack TAG, suggesting DGAT2 to be the
major enzyme for TAG synthesis in mammals. A recent study reported that mice lacking
DGAT?2 in adipose tissue (ADGAT2 KO mice) remain viable, in comparison with mice
lacking DGAT?2 in the epidermis, which die postnatally (Chitraju, Walther, & Farese,
2019). This indicates that DGAT2 is essential for skin function, but the molecular
mechanism remains unclear. Under basal conditions when mice were on chow diet, no
differences in phenotype and lipid mass were observed between ADGAT2 KO and mice
lacking DGAT1 in adipose tissue (ADGAT1 KO), indicating a compensatory relationship
between DGATs in murine adipose tissue. However, only ADGAT1 KO mice were
protected from HFD-induced obesity and diabetes. Importantly, HFD feeding provoked a
lipotoxic response by upregulating gene expression of ER stress and inflammatory markers
in ADGAT1 KO but not in ADGAT2 KO mice, indicating that DGAT1 has a crucial role
in preventing lipotoxicity. These results suggest that DGAT2 functions when FA
concentrations are low and is preferentially associated with de novo lipogenesis, whereas
DGAT1 responds to high levels of FAs and prevents lipotoxicity. In line with these findings,
DGAT1 was found essential for protection from lipotoxicity in various conditions, including
increased adipose tissue lipolysis during fasting (Chitraju et al., 2017), the presence of
excess exogenous saturated lipids (Listenberger et al., 2003) and during high autophagic
flux in the cell, which leads to a sudden rise in endogenous lipids (Nguyen et al., 2017).

DGAT1 deficiency in humans causes severe clinical features with increased sensitivity
to lipid-induced lipotoxicity, leading to vomiting, diarrhea and fat intolerance (van Rijn et
al., 2018). Interestingly, a compensatory relationship between DGATs has also been
reported in human intestinal stem cell-derived organoids, but more importantly,
stimulating DGAT2 overexpression in organoids fully prevented FA-induced lipotoxicity
and compensated for the loss of DGAT1, indicating that induced DGAT2 expression has
a therapeutic potential in DGAT1-deficient humans and could prevent lipotoxic injury
(van Rijn et al., 2019).

To summarize, DGAT enzymes have distinct biochemical properties, but are both
indispensable for lipid droplet biogenesis. They also differ in their physiological function,
DGATT1 being essential for protection from lipotoxicity and DGAT2 being crucial for de
novo lipogenesis. Studying the role of lipid droplets in preventing lipotoxicity is an
important part of our studies and of this work, and is discussed in more detail in Section
1.3.1.
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1.2.2 Lipid droplet breakdown

1.2.2.1  Lipolysis

Lipolysis is a widely recognized process of lipid hydrolysis mediated by various lipases
(Lass, Zimmermann, Oberer, & Zechner, 2011; Schreiber, Xie, & Schweiger, 2018; Zechner,
Madeo, & Kratky, 2017; Zechner et al., 2012). Lipolysis may occur intra- and
extracellularly and is catalyzed by neutral or acidic lipid hydrolases, the latter being
necessary for lysosomal lipid hydrolysis. Extracellular lipolysis occurs in the lumen of the
gastrointestinal tract and blood vessels, enabling the breakdown of dietary lipids and
lipoproteins. Arguably the most appreciated form of intracellular lipolysis occurs in adipose
tissue, where the breakdown of lipid droplets enables the supply of other tissues with FAs.
However, lipolysis does not occur only in adipocytes, but most likely in every cell of our
body in response to cellular needs for FAs.

Lipid droplets are broken down by neutral lipases (Fig. 3). The hydrolytic degradation
primarily occurs in three consecutive steps, including the activity of adipose triglyceride
lipase (ATGL), hormone sensitive lipase (HSL) and monoacylglycerol lipase (MAGL). The
majority of TAG lipolysis in adipose tissue is regulated by ATGL and HSL, while their
expression in other tissues is significantly lower, raising the possibility that other lipases or
processes may contribute to TAG degradation (Zechner et al., 2012). For a long time, HSL
was considered the main TAG lipase. In 2004, three independent groups reported that the
lipase ATGL (also called PNPLA2; encoded by the PNPLA2 gene) is in fact the major
TAG lipase in adipose and non-adipose tissues (Smirnova et al., 2006; Zechner, 2015;
Zechner et al., 2017, 2012; Zimmermann et al., 2004). Lipid droplet lipolysis is initiated
with TAG degradation by ATGL, followed by DAG degradation by HSL and
monoacylglycerol (MAG) degradation by MAGL. In each step, FAs are released into the
cytosol. FAs are major energy substrates, precursors for membrane lipids, hormones and
bioactive lipids, such as eicosanoids (Zechner, 2015). Different studies suggest that lipolysis
is involved in the regulation of mitochondrial f-oxidation, membrane and ER homeostasis,
cell growth and the inflammatory response (Bosma et al., 2014; Dichlberger, Schlager,
Maaninka, Schneider, & Kovanen, 2014; Fuchs et al., 2012; Haemmerle et al., 2011; Kurat
et al., 2009; Ong, Mashek, Bu, Greenberg, & Mashek, 2011; Rambold et al., 2015).

1.2.2.2 Lipophagy

Lipophagy is a recently discovered form of autophagy, whereby via an as yet unknown
mechanisms, lipid droplets are recognized by the autophagic machinery and delivered to
the lysosomes for degradation (Jaishy & Abel, 2016; Petan et al., 2018; Schulze,
Sathyanarayan, & Mashek, 2017; Zechner et al., 2017). In the lysosomes, the activity of
lysosomal acid lipase (LAL) contributes to lipid droplet degradation (Fig. 3). Interestingly,
lipolysis and lipophagy are transcriptionally regulated by common pathways and their
actions often overlap, suggesting a dynamic interplay and complementarity between the
two processes (Jarc & Petan, 2019b; Zechner et al., 2017).

Of note, autophagy can also be involved in lipid droplet synthesis. During severe cellular
starvation, a high autophagic breakdown of membrane lipids may occur resulting in a burst
of cytosolic FAs, thereby promoting lipid droplet biogenesis and preventing mitochondrial
damage. Intriguingly, this also replenishes the pool of existing lipid droplets for a
subsequent "gentler" lipid droplet breakdown by lipolysis (Nguyen et al., 2017; Rambold et
al., 2015). The lack of specific methods for lipophagy detection, which would enable a
discrimination between classical autophagy and lipophagy, hampers current efforts in
establishing the exact role of autophagy in lipid droplet metabolism. In this work we focus
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on the role of lipolysis in breast cancer cell resistance, therefore, mechanisms linking lipid
droplets and autophagy/lipophagy are not presented here. However, they have been
discussed in our recent review papers (Jarc & Petan, 2019b; Petan et al., 2018).
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Figure 3: Lipid droplet breakdown occurs through lipolysis and/or lipophagy. TAG
lipolysis is carried out by sequential actions of adipose triglyceride lipase (ATGL),
hormone sensitive lipase (HSL) and monoacylglycerol lipase (MAGL), and leads to the
release of glycerol and FAs in the cytosol. Lipophagy is a selective form of autophagy,
where the autophagic machinery recognizes lipid droplets for lysosomal degradation by
lysosomal acid lipase (LAL) and leads to the release of free cholesterol and FAs (Jarc &
Petan, 2019b).

1.2.2.3 ATGL is a key enzyme in lipid homeostasis

ATGL belongs to the patatin-like phospholipase domain-containing protein (PNPLA)
family. It preferentially hydrolyses TAG species containing long-chain FAs at the sn-2 and
sn-1 positions, but not at the sn-3 position, and exhibits only a minor activity towards
DAG, MAG and CE substrates (Eichmann et al., 2012). In addition, it possesses weak
phospholipase activity (Notari et al., 2006), retinyl ester activity (Taschler et al., 2015)
and DAG transacylase activities, generating TAG and MAG independently from acyl-CoA
(Jenkins et al., 2004). To exhibit full TAG activity, ATGL requires activation by its
endogenous activator a/p hydrolase domain-containing protein 5 (ABHD5), also known as
comparative gene identification-58 (CGI-58) (Lass et al., 2006). Lipid droplet-associated
proteins of the perilipin family regulate ATGL activation by interacting with CGI-58 and
preventing its binding under nutrient rich conditions, but facilitating it during starvation
(Granneman, Moore, Mottillo, Zhu, & Zhou, 2011; Pollak et al., 2015; Sanders et al., 2015).
In addition, pigment epithelium-derived factor (PEDF) has been shown to promote
lipolysis in adipocytes and FA metabolism in skeletal cells in an ATGL-dependent manner,
but the exact mechanism remains unknown (Borg et al., 2011). GO/G1 switch protein 2
(G0S2) is an endogenous ATGL inhibitor, which also directly binds to the enzyme, but
does not compete with CGI-58 for binding (X. Yang et al., 2010). Recent evidence suggests
that hypoxia-inducible lipid droplet-associated protein (HILPDA) is another ATGL
endogenous inhibitor, which shares a similar structure with GO0S2 and directly interacts
with ATGL (Padmanabha Das et al., 2018). In human adipocytes, fat-specific protein 27
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(FSP27) interacts with ATGL, leading to reduced lipolysis and enhanced lipid storage
capacity. However, the exact mechanism, as well as whether this interaction occurs at the
lipid droplet surface, remains unclear (Grahn et al., 2014).

The results of studies on animal models with genetic knockouts and transgenic
modifications provide important insights into the (patho)physiological role of ATGL. They
have recently been listed and comprehensively presented by Schreiber et al. (Schreiber et
al., 2018). Briefly, mice with systemic ATGL deletion accumulate TAG in many tissues
and exhibit lethal cardiac failure due to a massive TAG accumulation in the heart
(Haemmerle et al., 2006). Unexpectedly, these mice are only moderately obese and display
improved insulin sensitivity despite TAG accumulation in various tissues (Haemmerle et
al., 2006; Hoy et al., 2011; Kienesberger et al., 2009). This phenotype was explained by
mice with systemic ATGL deletion, but with rescued ATGL expression in their heart.
These mice were HFD-induced obesity resistant and had improved glucose homeostasis,
but displayed impaired lipogenic signaling through peroxisome proliferator-activated
receptor (PPAR) y and sterol regulatory element-binding protein lc (SREBP-1c)
(Schreiber et al., 2015). These results indicate that reduced lipogenesis may contribute to
the resistance of ATGL-deficient mice to obesity and obesity-induced insulin resistance.
Recently, an ATGL-specific inhibitor of Atglistatin has been developed (Mayer et al.,
2013). Pharmacological inhibition of ATGL by Atglistatin in mice effectively reduces
adipose tissue lipolysis and protects from HFD-induced obesity, and most promisingly, it
does not cause cardiac steatosis and dysfunction as observed in animal models lacking
ATGL (Schweiger et al., 2017). This indicates that ATGL inhibition has a great potential
to be used as a treatment for obesity and obesity-associated diseases.

Humans with ATGL mutations develop a neutral lipid storage disease with myopathy
(NLSDM). NLSDM is a rare autosomal disorder with around 30 different mutations
reported so far. The clinical features of NLSDM are progressive cardiomyopathy and
excessive TAG accumulation in leukocytes (also called Jordan’s anomaly) and multiple
tissues, including liver, skin, skeletal muscles and pancreas (Fischer et al., 2007; Zechner
et al., 2017). In comparison with ATGL-deficient mice, the impact on whole-body insulin
sensitivity and FA metabolism is minor in ATGL-deficient humans (Natali et al., 2013).
ATGL activity is required for supplying working muscle with FAs from adipose tissue
during exercise (Schoiswohl et al., 2010). It also enables FA transfer from lipid droplets to
mitochondria and supports mitochondrial oxidative metabolism in embryonic fibroblasts,
hepatocytes and cardiomyocytes (Haemmerle et al., 2011; Ong et al., 2011; Rambold et al.,
2015). Finally, products of ATGL-mediated lipolysis may act as bioactive lipids, suggesting
its signaling role in lipid metabolism and the inflammatory response (Dichlberger et al.,
2014; Haemmerle et al., 2011). Therefore, ATGL regulates several physiological processes
and its functions extend far beyond energy metabolism.
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1.3 Lipid Droplets and the Management of Nutrient and

Oxidative Stress

Nutrient homeostasis is essential for all living organisms. Cellular nutrient stress arises
from imbalances in nutrient availability, either from nutrient excess that may cause toxic
accumulation of lipids, or from nutrient starvation that may lead to energy depletion and
cell death. AMP-activated protein kinase (AMPK) and mammalian target of rapamycin
(mTOR) are fundamental reciprocal regulators of cellular metabolism that coordinate
metabolic responses during stress (Efeyan, Comb, & Sabatini, 2015; Hardie, Ross, &
Hawley, 2012; Jarc & Petan, 2019b). Their activity is controlled by nutrient availability
and oxidative status. In conditions of nutrient or oxidative stress, AMPK is activated and
promotes FA oxidation and autophagy by inhibiting mTOR (Hardie, 2011; Hardie et al.,
2012). Their activity also regulates lipid droplet turnover in stressed cells (Nguyen et al.,
2017; Seo et al., 2017; Zhu et al., 2019). The biogenesis of lipid droplets is commonly
induced in cells exposed to excess lipids, but, paradoxically, it also occurs in a variety of
stressful conditions, such as nutrient starvation, oxidative stress, infection and
inflammation (Fig. 4) (Henne et al., 2018; Jarc & Petan, 2019b; Koizume & Miyagi, 2016;
Petan et al., 2018). These states are also characteristic of the tumor microenvironment.
Altered lipid droplet turnover may support the survival of cancer cells under conditions of
nutrient and oxidative stress through several different mechanisms, including the removal
of excess lipids, the provision of FAs for energy production and for the synthesis of
structural and signaling lipids. These aspects of lipid droplet metabolism are briefly
discussed in the following subsections.
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Figure 4: Lipid droplet synthesis is induced in stressed cells. Imbalances in energy
metabolism and redox homeostasis, including hypoxia, starvation, oxidative stress, lipid
overload, chemotherapy, acidic pH, mitochondrial dysfunction, high autophagic flux,
lead to lipid droplet synthesis (Petan et al., 2018).
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1.3.1 Lipid droplet biogenesis protects from lipotoxicity

Lipotoxicity is a condition that occurs when cellular mechanisms fail to overcome cell
damage caused by lipids and may lead to cell death (Schaffer, 2003). Cellular mechanisms
of protection against lipotoxicity act on the principle of eliminating surplus lipids by storing
them into inert storage pools, disposing them by oxidation or removing them from the cell.
Lipid droplets are major regulators of lipid metabolism. They are able to take up large
amounts of lipids and release them gradually when needed in response to cellular demands
(Jarc & Petan, 2019b). This delayed release of lipids protects from organellar damage and
supports energy and redox homeostasis. In general, lipid droplets protect the cell from
accumulation of FAs, DAGs, cholesterol and ceramides by storing them into their less
hazardous forms within the lipid droplet core. They are stored within lipid droplets in the
form of TAGs, CEs and acylceramides, respectively.

Emerging evidence suggests that DGAT1-mediated lipid droplet biogenesis protects
cells and tissues from lipotoxicity by mitigating the overload of exogenous and endogenous
lipids (Bosma, Kersten, Hesselink, & Schrauwen, 2012; Chitraju et al., 2017; Listenberger
et al.,, 2003; Nguyen et al., 2017). In starved mouse embryonic fibroblasts, DGAT1-
mediated TAG synthesis is essential for protection of mitochondria from the surge of FAs
released by the high autophagic flux induced by nutrient starvation (Nguyen et al., 2017).
In macrophages, elevated DGAT1 expression increases their capacity for TAG storage and
protects from diet-induced insulin resistance and inflammation. In the endothelium,
DGATI1-mediated TAG storage protects from the lipotoxicity of postprandial surges of
FAs (Koliwad et al., 2010; Kuo, Lee, & Sessa, 2017). Interfering with DGAT activity when
cells are exposed to an excess of saturated lipids leads to cell death (Bosma et al., 2014;
Listenberger et al., 2003), revealing a metabolic vulnerability and confirming the
importance of lipid droplet biogenesis for the protection against lipotoxicity.

1.3.2 Dysregulated lipid droplet breakdown leads to lipotoxic injury

Lipid overload is also linked with dysregulated breakdown of lipid droplets, leading to the
uncontrolled release of FAs into the cytosol. ATGL is the rate-limiting enzyme in TAG
hydrolysis. Its activity fuels cellular energetic needs during nutrient starvation (Rambold
et al., 2015; Zechner et al., 2012) and regulates lipid metabolism and inflammatory
responses (Dichlberger et al., 2014; Haemmerle et al., 2011). Stimulation of ATGL-
mediated lipolysis may lead to lipotoxicity by increasing the pool of free FAs in the cytosol,
altering signaling pathways and organelle homeostasis, overstimulating mitochondrial
oxidative metabolism and ROS production (Chitraju et al., 2017; Haemmerle et al., 2011;
Wang et al., 2015). In these conditions, preserved lipid droplet biogenesis may contribute
to the protection against lipolysis-induced lipotoxicity. In adipocytes, DGAT1-mediated
lipid droplet biogenesis overcomes the lipotoxic damage and lipotoxicity-induced ER stress
during fasting by simultaneous esterification of ATGL-derived FAs into the pool of lipid
droplets (Chitraju et al., 2017). Proteins that regulate ATGL activity, such as perilipin 5
(PLINS), also prevent lipotoxicity by providing a lipolytic barrier against ATGL lipolysis
and uncontrolled TAG lipolysis (Laurens et al., 2016; Pollak et al., 2013; Wang et al., 2015;
Zheng et al., 2017).
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1.3.3 Lipid droplets fuel cellular energetic needs by acting as metabolic
and signaling hubs

Lipid droplet biogenesis is a general response to lipid overload, but it also occurs when cells
are exposed to nutrient starvation. This has been demonstrated in various cell types,
including in cancer cells (Cabodevilla et al., 2013; Gubern et al., 2009; Nguyen et al., 2017,
Rambold et al., 2015). The need for this ATP consuming process of lipid droplet synthesis
in the absence of nutrients can be justified by two main reasons: (1) to prevent the
lipotoxicity of FAs released by autophagy and (2) to enable efficient transfer of FAs from
lipid droplets to mitochondria for oxidation (Nguyen et al., 2017; Petan et al., 2018;
Rambold et al., 2015). Emerging evidence suggests that FAs stored in lipid droplets are
mobilized by lipolysis, but not lipophagy, to fuel mitochondrial oxidation and enable cell
survival during severe and acute amino acid starvation of mouse embryonic fibroblasts
(Nguyen et al., 2017; Rambold et al., 2015). ATGL activity was found essential for
supplying mitochondria with lipid droplet-derived FAs in these conditions (Rambold et al.,
2015). Aside from providing substrates for energy production, ATGL is involved in the
signaling regulation of mitochondrial oxidative metabolism and inflammation. It was found
that ATGL-derived FAs directly mediate the transcription of PPAR-regulated genes and
thus affect signaling regulation of mitochondrial and lipid metabolism (Haemmerle et al.,
2011; Mottillo, Bloch, Leff, & Granneman, 2012; Ong et al., 2011). Thus, ATGL-mediated
lipolysis fuels cellular energy metabolism through metabolic and signaling pathways.

1.3.4 Lipid droplets are involved in lipid mediator synthesis

Lipid mediators are bioactive lipids that are produced locally in a variety of cells in response
to extracellular stimuli. They act as autocrine or paracrine signaling agents through binding
to G protein-coupled membrane receptors on target cells. Almost 40 years ago eicosanoids
were identified as the first lipid mediators. Ever since, several lipid classes have been
identified as lipid mediators and are grouped according to their structure and primary
source. Ficosanoids are widely recognized “fire-causing” derivatives of the w-6 FA
arachidonic acid (AA) involved in inflammation. In the resolution phase of inflammation,
a temporal lipid mediator class switch occurs and leads to the production of “fire-
extinguishing” derivatives of the w-3 eicosapentaenoic (EPA) and docosahexaenoic (DHA)
acids, the maresins, protectins and resolvins, also known as anti-inflammatory specialized
pro-resolving lipid mediators (SPMs). The balance between the production of pro- or anti-
inflammatory lipid mediators defines the outcome of a particular inflammatory response
and disease development (Chiurchiu, Leuti, & Maccarrone, 2018; Murakami, 2011; Serhan,
2014).

Eicosanoid synthesis has been classically linked with the activity of phospholipase A
(PLA;) enzymes, which release FAs from the sn-2 position of glycerophospholipids from
extracellular and intracellular membranes and membranous organelles (Dennis, Cao, Hsu,
Magrioti, & Kokotos, 2011). However, recent evidence suggests that FAs stored in TAG
and the activity of ATGL are an important source for eicosanoid synthesis in immune cells
(Dichlberger et al., 2014; Schlager et al., 2015). In human mastocytes, blocking ATGL-
mediated lipolysis resulted in lipid droplet accumulation and reduced levels of eicosanoids,
such as prostaglandin Ds and leukotriene C,, suggesting that TAG synthesis is a source of
their precursor AA (Dichlberger et al., 2014). Similarly, inhibition of ATGL activity in
murine neutrophils led to a significant decrease in the release of several eicosanoids. In
addition, exudates from ATGL deficient mice displayed reduced amounts of eicosanoids,
indicating a role for ATGL in inflammatory signaling in vivo (Schlager et al., 2015). Thus,
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lipid droplets are sources of precursors for lipid mediator synthesis and may play a role in
the regulation of inflammatory responses.

1.4 Cancer

Cancer is essentially a disease of uncontrolled cell proliferation (Michalopoulou, Bulusu, &
Kamphorst, 2016). Most human tumors are genetically heterogeneous, driven by activation
of tumor oncogenes or loss of tumor suppressor genes, and by alterations in cellular
signaling (Beloribi-Djefaflia et al., 2016; Pavlova & Thompson, 2016). This genetic
variation makes cancer therapy greatly challenging. However, different alterations in
oncogenes and tumor suppressor genes often induce a common metabolic phenotype, and
in fact many tumors exhibit similar alterations in metabolism. These enable the adaptation
of cancer cells to severe conditions of nutrient and oxidative stress and sustainment of cell
proliferation and growth under unhospitable conditions. Most aggressive tumors are
resistant to chemotherapy and this resistance often arises from their metabolic plasticity
(Martinez-Outschoorn et al., 2017; Vander Heiden & DeBerardinis, 2017). Since the
identification of the first metabolic hallmark of cancer almost a century ago, the increased
glucose uptake, glycolysis and lactate production (also called the Warburg effect), several
specific cancer-related metabolic alterations have been proposed: (1) dysregulated glucose
and amino acid metabolism, (2) use of opportunistic modes of nutrient acquisition, (3)
increased demand for nitrogen, (4) dependence on lipid metabolism and NADPH
production, (5) pro-tumorigenic interactions with the microenvironment and (6) alterations
in epigenetics (Pavlova & Thompson, 2016). The requirement for tight nutrient balance
might be a vulnerability of many tumors and provides an opportunity for therapeutic
interventions (Martinez-Outschoorn et al., 2017).

1.4.1 Breast cancer

Breast cancer is the most prevalent cancer in women worldwide. There are at least four
subtypes of the disease, which differ in the expression of several markers, including estrogen
receptor (Er), progesterone receptor (Pr) and human epidermal growth factor receptor 2
(HER2), that define disease aggressiveness and availability of treatment options. The most
aggressive triple negative breast cancer (TNBC) tumors do not express any of these
receptors (Er-/Pr-/HER2-) and are characterized by high tumor proliferation rates and
frequent detrimental metastases to the lung and brain. There are different subtypes of
TNBC that can be ranked according to gene expression profiling: basal like-1, basal like-2,
mesenchymal-like, mesenchymal stem-like, luminal androgen receptor, immunomodulatory
and unstable TNBC. Molecular profiling provides discovery of new promising targets, but
the discovery of key molecular targets in TNBC is particularly difficult because of its
genetic and phenotypic heterogeneity that is driven by different oncogenic pathways
(Hwang, Park, & Kwon, 2019; Kalimutho et al., 2015). Currently, there are no specific
treatment options for TNBC, apart from conventional chemotherapy and radiation.
However, despite different oncogenic backgrounds, TNBC may exhibit similar metabolic
requirements that are crucial for their adaptation to adverse environmental conditions and
their metastatic potential (Martinez-Outschoorn et al., 2017). For studying breast cancer,
several established cell lines are commercially available (Neve et al., 2006). Most of our
research work for this thesis was done on the Ras (also called KRAS, RAS) oncogene-
driven MDA-MB-231 cell line, which is a basal-like, invasive and highly tumorigenic model
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of TNBC. We also performed some experiments on the T-47D cell line, which expresses
Er, and Pr receptors and represents a less aggressive, hormone-responsive type of breast
cancer.

1.4.2 Metabolic challenges of cancer cells

Cells within tumors can be exposed to different amounts of oxygen and nutrients,
depending on the proximity of the bloodstream and conditions in the tumor environment
(Fig. 5). Cancer cells located closer to the vasculature have some access of nutrients and
oxygen, produce ATP through glycolysis and oxidative phosphorylation (OXPHOS) and
exhibit upregulated anabolism, which supports fast proliferation. However, accelerated
OXPHOS drives the production of reactive oxygen species (ROS) and causes oxidative
stress. The latter initiates the onset of oxidative stress-induced changes in the metabolism
of cancer cells and surrounding stromal cells, leading to stromal—cancer metabolic coupling.
Increased ROS generation in cancer cells stimulates stromal cells to upregulate autophagy
and the production of lactate and ketones, which are taken up by cancer cells to fuel
mitochondrial FA metabolism and ATP production (also called reverse Warburg effect)
(Martinez-Outschoorn et al., 2017; Pavlides et al., 2012). Fast proliferating cancer cells
thus switch their metabolism from using glucose to the utilization of FAs for energy
production (Carracedo, Cantley, & Pandolfi, 2013). Similarly, cells experiencing hypoxia
and nutrient depletion are dependent on autophagy and the utilization of alternative
sources of FAs for energy production. Hypoxia affects de novo FA production by
compromising the activity of stearoyl-CoA desaturase 1 (SCD1), required for the
production of oleate, which is the most abundant unsaturated FA in mammalian cells. This
forces cells to increase FA uptake to satisfy their high metabolic demands. Importantly,
Ras-driven tumors recapitulate this hypoxic phenotype, which makes them resistant to
SCD1 inhibition (Kamphorst et al., 2013). Recent evidence suggests that most aggressive
cancer cells rely on altered lipid metabolism and have greater capabilities to acquire
extracellular lipids, possess an increased capacity for FA accumulation in lipid droplets,
and upregulate mitochondrial B-oxidation to resist nutrient and oxidative stress (Beloribi-
Djefaflia et al., 2016; Currie et al., 2013; Petan et al., 2018; Santos & Schulze, 2012).
Altered lipid metabolism thus supports cancer proliferation and tumor growth.
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Figure 5: The availability of nutrients and oxygen affects metabolism in cancer cells.
Cancer cells display different metabolic states depending on the proximity of the
vasculature and the particular properties of the tumor microenvironment. Proliferating
anabolic cancer cells have a stable supply of nutrients and oxygen from the vasculature,
and generate ATP through glycolysis and oxidative phosphorylation, leading to
increased ROS production. This increased oxidative stress stimulates neighboring tumor
stromal cells to release lactate and ketones, which are taken up by anabolic cancer cells
and used to fuel mitochondrial metabolism and ATP production (reverse Warburg
effect). Nutrient depletion and hypoxia upregulate alternative metabolic pathways in
catabolic cancer cells located further from the vasculature, whose survival depends on
altered lipid metabolism, autophagy and alternative modes of nutrient acquisition from
the surrounding tissues. The picture was re-designed from the original one published by
Martinez-Outschoorn et al. (Martinez-Outschoorn et al., 2017).

1.4.3 Alterations in cancer lipid metabolism

Lipids are essential for cancer growth and metastasis. When access to circulating lipids is
disrupted, cancer cells may acquire lipids from at least three lipid sources: (1) extracellular
lipids, taken up by alternative and opportunistic modes of lipid acquisition, including
membrane phospholipid or TAG hydrolysis in neighboring cells; (2) endogenous FA
synthesis and (3) mobilization of endogenous, structural lipids via breakdown of
membranous organelles by autophagy and/or membrane phospholipid hydrolysis by PLA,s
(Petan et al., 2018). These mechanisms enable cancer cell proliferation and survival under
conditions of nutrient and oxidative stress.

In healthy humans, FA synthase (FASN) is expressed in various tissues, but de novo
lipid synthesis is generally restricted to the liver, adipose tissue and mammary glands. The
activity of FASN is transcriptionally regulated through hormone signaling and nutritional
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status, and is downregulated during starvation. Increased FASN expression was found in
several cancers and in the blood of cancer patients, suggesting that high FA synthesis in
cancer supports increased metabolic demands of cancer cells. Interestingly, FA synthesis
in cancer cells is not dependent on the level of dietary lipids, but is driven by oncogenic
and signaling alterations. Upregulated growth-promoting signaling pathways, such as
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) and mTOR-mediated
signaling, contribute to increased lipogenesis in cancer cells. In addition, the expression of
lipogenic enzymes, such as FASN, acetyl-CoA carboxylase (ACC), ATP citrate lyase
(ACLY) and the SREBP transcription factors, is increased in several cancers (Beloribi-
Djefaflia et al., 2016; DeBerardinis & Chandel, 2016; Santos & Schulze, 2012).

On the other hand, mitochondrial FA oxidation is an important source of ATP and
NADPH, and supports cancer survival during metabolic and oxidative stress. The
production of NADPH is essential for the maintenance of redox homeostasis. Many cancers
display increased ROS levels, but they have developed effective antioxidant mechanisms
to prevent oxidative damage (Barrera, 2012). Furthermore, most aggressive cancer cells
use alternative modes of nutrient acquisition by scavenging extracellular lipid sources to
sustain energy production under conditions of nutrient starvation or hypoxia (Kamphorst
et al., 2013; Michalopoulou et al., 2016). Macropinocytosis is a feeding mechanism driven
by actin-mediated endocytosis (Recouvreux & Commisso, 2017) and may provide the
uptake of opportunistic sources of lipids such as damaged cells or necrotic bodies (Kim et
al., 2018). Cancer cells also act as metabolic parasites by sequestering metabolites from
neighboring tissues. They are often engaged in symbiotic relationships with adipocytes to
obtain lipids for energy production (Balaban et al., 2017; Nieman et al., 2011; Wang et al.,
2017). Several signaling lipids, such as sphingolipids, FAs and their derivatives, affect
cancer cell proliferation, migration, metastasis and immune responses (Roéhrig & Schulze,
2016; Sulciner, Gartung, Gilligan, Serhan, & Panigrahy, 2018; Wang & Dubois, 2010).
Lipid composition and lipid saturation levels are also two important aspects that determine
membrane and organelle homeostasis, and may affect cancer cell survival during stress
(Ackerman et al., 2018).

Finally, lipid droplets are emerging as regulatory hubs in lipid cancer metabolism and
key players in the management of nutrient and oxidative stress. They can assume different
roles in cancer cells, which may govern cancer cell adaptability and resistance to stress.

1.4.4 Lipid droplets in cancer cells

Since the 1950s, various studies have reported the accumulation of "lipid vesicles" in cancer
tissues (Abbas, Yoo, & Viles, 1982; Aboumrad, Horn, & Fine, 1963; Lantos, 1975; Novikoff,
1957; Ramos & Taylor, 1974; Spence & Rubinstein, 1975). At that time, it was not yet
known that these vesicles are organelles with many functions. However, it was reported
that accumulation of lipid vesicles correlates with tumor aggressiveness (Ramos & Taylor,
1974). Today we know that lipid droplets accumulate in various human cancers, including
breast, colon, cervical and prostate cancer (Petan et al., 2018). Elevated lipid droplet
accumulation has been linked with poorer prognosis and lipid droplets have been proposed
as tumor markers in cancer diagnostics (Beloribi-Djefaflia et al., 2016). Conditions of
nutrient and oxidative stress lead to increased lipid droplet accumulation in many tumors
(Bozza & Viola, 2010; Delikatny, Chawla, Leung, & Poptani, 2011; Koizume & Miyagi,
2016; Petan et al., 2018), suggesting a link between microenvironmental cellular stress and
lipid droplet synthesis. Indeed, recent evidence suggests that lipid droplets are important
players in the management of nutrient and oxidative stress, which has a strong impact on
cancer cell proliferation and tumor growth. They have been implicated in several stress
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response mechanisms, but the molecular basis of these mechanisms in cancer cells is still
poorly understood. Their functions in stressed cells (Fig. 6) include, but are not limited to,
regulating energy and redox homeostasis, FA channeling to mitochondria, ER and
membrane homeostasis, autophagy, lipid mediator production and protection from
lipotoxicity (Petan et al., 2018; Shyu, Wong, Crasta, & Thibault, 2018; Tirinato et al.,
2017). We have comprehensively reviewed the current knowledge on the function of lipid
droplets in cancer in our recent manuscript (Petan et al., 2018), but their roles relevant
for this work are also presented in the following chapter.

Protection Energy &
against redox
lipotoxicity homeostasis

Lipid Lipid Fatty acid
mediator droplet channeling to
production functions mitochondria

ER &
membrane
homeostasis

Regulation of
autophagy

Figure 6: Lipid droplet functions in stressed cells. Lipid droplets have been implicated
in several stress response mechanisms, including the regulation of energy and redox
homeostasis, FA channeling to mitochondria, ER and membrane homeostasis,
autophagy, lipid mediator production and protection against lipotoxicity (Petan et al.,
2018).

1.5 Targeting Lipid Droplet Metabolism in Cancer

DGAT enzymes are emerging as potential targets for reducing cancer growth. Targeting
these enzymes may cause cancer cell damage by several mechanisms, including the increase
in lipotoxicity, impairment of membrane and organelle homeostasis, and abolishment of
the beneficial effects of lipid droplets in energy and redox homeostasis (see Section 1.5.1).
On the contrary, the role of ATGL in cancer is less clear (Currie et al., 2013; Petan et al.,
2018). There are conflicting reports, arguing between a pro-tumorigenic and a tumor
suppressor role of ATGL in cancer (see Section 1.5.4). However, it is very likely that ATGL
displays pleotropic functions in cancer metabolism and a universal, either pro-tumorigenic
or tumor suppressor, role should not be expected (Petan et al., 2018). Since lipid droplets
are involved in stress response mechanisms and support cell survival during nutrient and
oxidative stress, targeting lipid droplet metabolism in cancer has a great potential for
reducing cancer growth and chemoresistance. Currently, this idea is still in its infancy due
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to the lack of mechanistic knowledge on how cancer cells exploit lipid droplet turnover for
tumor growth and metastasis. This is also in line with the fact that specific inhibitors of
lipid droplet synthesis or lipid droplet breakdown have not yet been developed or tested
for the use in cancer therapy. The following sections provide examples of how lipid droplets
contribute to the survival of cancer cells in different stressful conditions. These studies also
reveal the numerous open questions in the investigation of lipid droplet biology in cancer.

1.5.1 Impaired lipid droplet accumulation reduces cancer growth and

chemoresistance

In prostate cancer cells, DGAT enzymes are overexpressed and contribute to lipid droplet
accumulation, which is important for cancer cell growth (Mitra, Le, Gorjala, & Goodman,
2017). DGAT1 inhibition results in reduced aggressiveness of prostate cancer cells and
tumor growth in vivo (Nardi et al., 2019). Blocking the expression of DGAT1 similarly
inhibits lipid droplet synthesis and leads to prostate cancer cell death by triggering
autophagy (Mitra et al., 2017). Although autophagy is now generally considered a
mechanism of cell survival and not a type of cell death (Kroemer, Marifio, & Levine, 2010),
recent studies suggest that autophagy may cause cell death when lipid droplet formation
is compromised, leading to the accumulation of toxic acylcarnitines and mitochondrial
dysfunction (Nguyen et al., 2017). In accordance, silencing of DGAT1 and DGAT2 in
conditions of low oxygen and nutrient availability leads to overproduction of toxic
ceramides and acylcarnitines, and to disruption of TAG and phospholipid membrane
composition, reducing renal cancer cell proliferation and tumor growth in vivo (Ackerman
et al., 2018).

Lipid droplets are also sites of CE storage. CE accumulation has been associated with
increased uptake of exogenous lipids, cell proliferation, migration and survival in various
cancer cells, including TNBC cells (Antalis et al., 2010; Antalis, Uchida, Buhman, &
Siddiqui, 2011; de Gonzalo-Calvo et al., 2015; Geng et al., 2016; Yue et al., 2014). Elevated
CE accumulation is also an indicator for cancer aggressiveness and poorer prognosis in
breast cancer patients (de Gonzalo-Calvo et al., 2015; Peck & Schulze, 2014). Inhibition of
cholesterol esterification by ACAT1 depletion leads to suppressed tumor growth and
metastasis by increasing intracellular levels of free cholesterol, causing ER, stress and cell
death (Li et al., 2016). Therefore, the ability of cancer cells to remove cholesterol from its
bioactive pool is beneficial for cancer progression and provides a therapeutic opportunity
for reducing cancer growth.

The activity of DGAT2, but not DGATI, has been linked with the removal of toxic
ceramides. Silencing of DGAT?2 led to enhanced 5-fluorouracil (5-FU)-induced ceramide
accumulation and cancer cell death, while stimulation of acylceramide synthesis correlated
with lipid droplet accumulation and reduced apoptosis of colorectal carcinoma cells (Senkal
et al., 2017). These results suggest that DGAT?2 acyltransferase activity is essential for the
conversion of toxic ceramides into their less toxic form of acylceramides, which may
improve cancer resistance to chemotherapy. Another mechanism that links chemoresistance
and lipid droplets has been recently proposed. In colorectal cancer cells, treatments with
5-FU and oxaliplatin lead to lysophosphatidylcholine acyltransferase 2 (LPCAT2)-
dependent lipid droplet accumulation (Cotte et al., 2018). Cotte et al. found that the
expression of LPCAT2 in various cancer cell lines correlates with the inhibition of
chemotherapy-induced ER stress and chemoresistance in vitro and in vivo. They also found
that lipid droplet accumulation correlates with impaired CD8+ T-cell infiltration and
chemotherapy-induced immunogenic cell death. The mechanism includes the sequestration
of calreticulin to lipid droplets, thereby reducing the exposure of this danger-associated
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molecular pattern (DAMP) molecule for T-cell recognition and impairs the inflammatory
response. Thus, lipid droplets mediate chemoresistance by alleviating chemotherapy-
induced ER stress and suppressing inflammation in the tumor microenvironment.

1.5.2 Lipid droplets may affect the response of cancer cells to PUFA

treatment

Polyunsaturated fatty acids (PUFAs) have been investigated in the context of using these
FAs, w-3 PUFASs in particular, as adjuvant therapy in cancer (Calviello, Serini, & Piccioni,
2007; Chénais & Blanckaert, 2012; Schmitz & Ecker, 2008). In general, w-6 PUFAs, such
as AA, promote inflammation and display pro-tumorigenic effects, while w-3 PUFAs, such
as DHA and EPA, display anti-tumorigenic effects. However, most in wvitro studies have
not been performed in physiologically relevant conditions and have used high micromolar
concentrations of PUFAs, suggesting that their apparent toxicity may be largely
exaggerated and could hide their potential underlying effects (Petan et al., 2018). PUFAs
are easily oxidized by enzymatic and non-enzymatic reactions, leading to the production
of oxygenated products that cause membrane dysfunction and enter into lipid peroxidation
chain reactions that may potentially damage proteins and DNA and lead to cell death. The
sensitivity of cancer cells to PUFAs may be related to their different capacity to maintain
redox balance and remove oxidized lipid from membranes, preventing lipid peroxidation
and cell death. Ferroptosis is a recently discovered type of programmed cell death
dependent on iron and characterized by accumulation of lipid peroxides. One of the
mechanisms involved in ferroptosis initiation includes the loss of glutathione peroxidase 4
(GPX4) activity caused by impaired cysteine import and a lack of glutathione synthesis
required for GPX4 activity, leading to the accumulation of lipid peroxides and cell death
(Feng & Stockwell, 2018). A recent study has reported that the activity of ACSL4 is
responsible for sensitizing cells to ferroptosis by promoting PUFA incorporation into
cellular membranes, making them susceptible to oxidation. Furthermore, ACSL4 was
preferentially expressed in a basal-like cancer cell lines, such as the MDA-MB-231 TNBC
cell line, and its expression strongly correlated with sensitivity of cancer cells to ferroptosis
(Doll et al., 2017). This suggests that the response of cancer cells to PUFA lipotoxicity is
dependent on their resistance to ferroptosis, i.e. their ability to prevent or neutralize lipid
peroxidation and thus maintain the cellular redox balance when challenged with PUF As.
Two mechanisms have recently been suggested to regulate the sensitivity of cancer cells
to ferroptotic cell death. The first is based on the effect of monounsaturated FAs, whose
incorporation into membrane phospholipids reduces membrane PUFA content and thus
limits unwanted lipid peroxidation reactions. The mechanism requires the activity of
ACSL3, but is not dependent on lipid droplet formation (Magtanong et al., 2019). In
contrast, a second ACSL-independent mechanism has been suggested, which likely depends
on alterations in FA metabolism and TAG saturation levels mediated by cell density
(Panzilius et al., 2018). It was found that the sensitivity of breast cancer cells to ferroptosis
increases with low cell density, while high cell density supports cancer cell resistance to
ferroptosis. The expression level of ATGL and enzymes required for mitochondrial
oxidation, in addition to SCDI1-mediated PUFA uptake, inversely correlated with cell
density. Lipidomic analyses revealed an enrichment of PUFAs in TAG species, suggesting
that PUFA-TAG accumulation might be a compensatory mechanism that reduces PUFA
toxicity caused by the elevated PUFA uptake at low cell density. However, a similar trend
of PUFA enrichment was also observed in phospholipid species, which may explain why
these cells were more sensitive for ferroptosis in comparison with cells cultured at high cell
density, enriched with saturated and monounsaturated FAs in their phospholipid species
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(Panzilius et al., 2018). Importantly, a mechanism of lipid droplet-mediated protection
against PUFA lipotoxicity has recently been shown in Drosophila. It was reported that the
sequestration of membrane-derived PUFAs within TAGs of lipid droplets reduces PUFA
lipotoxicity, which is essential for larval neuronal development during stress (Bailey et al.,
2015). Interestingly, the composition of TAG at high cell density in ferroptosis-resistant
cancer cells showed an enrichment in saturated and monounsaturated FAs (Panzilius et
al., 2018). This suggests a correlation between lipid droplets, TAG composition and
vulnerability of cancer cells towards ferroptosis.

1.5.3 Lipid droplets contribute to the resistance of cancer cells to
hypoxia

Cancer cells may experience oxidative stress during both oncogene-driven fast proliferation
in nutrient replete conditions and during nutrient and oxygen deprivation in poorly
vascularized tumors (Harris, 2002; Wilson & Hay, 2011). Several studies have found
increased lipid droplet accumulation in various cancer cells exposed to hypoxia, a condition
of low oxygen tension (Bensaad et al., 2014; Koizume & Miyagi, 2016; Mylonis et al., 2012;
Schlaepfer et al., 2015). Low oxygen availability affects de novo lipogenesis, forcing cells to
upregulate FA uptake in order to compensate for the inhibition of the oxygen-dependent
desaturase SCD1 and satisfy metabolic demands (Ackerman & Simon, 2014). Recently, it
was suggested that hypoxia-induced lipid droplet accumulation occurs due to increased FA
uptake and supports cancer cell survival in conditions of hypoxia and hypoxia-
reoxygenation (Bensaad et al., 2014). Hypoxia-induced lipid droplet biogenesis was
dependent on hypoxia inducible factor 1a (HIF1a)-mediated signaling, occurring along with
an upregulated expression of FA-binding proteins (FABPs), which are essential for FA
uptake, and of perilipin 2 (PLIN2), a protein involved in lipid droplet turnover. Silencing
of FABP3, FABP7 or PLIN2 led to reduced lipid droplet storage, which compromised the
survival of glioblastoma and breast cancer cells after reoxygenation. In addition, silencing
of FABP3 or FABP7 led to impaired growth of tumor xenografts in vivo. In conditions of
hypoxia and nutrient starvation, lipid droplets may also protect cancer cells by supplying
TAG-derived unsaturated FAs for neutralizing the elevated, hypoxia-induced membrane
FA saturation levels and to maintain the production of membrane phospholipids
(Ackerman et al., 2018). Renal cancer cells exposed to high levels of extracellular lipids
and/or oleate (OA) accumulate large amounts of lipid droplets enriched in OA-containing
TAGs (Ackerman et al., 2018). The lipolytic release of OA from lipid droplets then
maintains the membrane phospholipid unsaturation balance during hypoxia and nutrient
deprivation, thereby opposing the accumulation of saturated lipids, which may lead to the
production of toxic ceramides and acylcarnitines (see Section 1.5.1). Thus, lipid droplets
contribute to cancer cell survival in various stressful conditions with fluctuating oxygen
levels and nutrient availability, which are often found in the tumor environment.

1.5.4 The role of lipid droplet lipolysis and ATGL in cancer

Most in wvitro studies suggest a pro-tumorigenic role for ATGL in cancer. Namely, several
studies have shown that ATGL depletion leads to growth inhibition in various cancer cell
lines (Ou et al., 2014; Zagani, El-Assaad, Gamache, & Teodoro, 2015). Additionally, studies
have suggested that its activity in both tumor cells and neighboring adipocytes contributes
to the adipocyte-induced metabolic reprogramming and aggressiveness of different cancers,
including breast cancer (Balaban et al., 2017; Grace et al., 2017; Nieman, Romero, Van
Houten, & Lengyel, 2013; Wang et al., 2017). In accordance, the expression of ATGL is
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elevated in high-grade mammary tumors and breast cancer cell lines in vitro (Wang et al.,
2017). However, recent in vivo studies suggest a tumor suppressor role for the enzyme,
showing that its expression is reduced in several human cancers, including breast invasive
carcinoma, and it correlates with a reduced patient survival (Al-Zoughbi et al., 2014). In
addition, mice lacking ATGL spontaneously develop lung tumors (Al-Zoughbi et al., 2014),
and an adipose tissue-specific deletion of ATGL and HSL leads to the development of
liposarcoma (Wang, Fu, McNerney, & White, 2014). The story is additionally complicated
by the contribution of CGI-58 and GO0S2, endogenous regulators of ATGL activity, to
cancer. They have been suggested to play a tumor suppressor role and may also display
ATGL-independent roles (Vegliante, Di Leo, Ciccarone, & Ciriolo, 2018).

The pleotropic functions of ATGL activity may have a broad influence on various
processes linked with tumorigenesis, such as inflammation, oxidative stress and autophagy.
As mentioned above, ATGL fuels mitochondrial FA oxidation and regulates the PPAR
and SREBP signaling axes, thereby affecting essential cellular processes, such as FA
uptake, lipogenesis, mitochondrial oxidative metabolism and lipid oxidation (Haemmerle
et al., 2011; Ong, Mashek, Davidson, & Mashek, 2014; Rambold et al., 2015). Furthermore,
ATGL is involved in the synthesis of pro-inflammatory eicosanoids in immune cells
(Dichlberger et al., 2014; Schlager et al., 2015). There is a clear association between
elevated eicosanoid signaling and tumorigenesis (Wang & Dubois, 2010), but the role of
ATGL in the production of eicosanoids in cancer remains to be investigated. Finally, recent
evidence suggests that ATGL regulates autophagy and lipophagy in the liver
(Sathyanarayan, Mashek, & Mashek, 2017). Whether the correlation between ATGL and
autophagy also exists in cancer cells and is important for cancer resistance is not known.
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Chapter 2

Aims and Hypothesis

Breast cancer is the most common cancer in women and represents a leading cause of
cancer death among women (Torre et al., 2015). The recently revealed common metabolic
vulnerabilities and adaptations of different types of cancer cells to cellular stress provide
an opportunity for the development of novel therapies that may reduce the growth of
currently incurable cancers, including most aggressive triple-negative breast cancer
(TNBC) (Hwang et al., 2019; Martinez-Outschoorn et al., 2017). The importance of lipid
metabolism in cancer is emerging (Currie et al., 2013; Rohrig & Schulze, 2016), but we are
still far from understanding the lipid metabolic pathways that are critical for the survival,
growth and metastasis of cancer cells. Lipid droplets integrate lipid metabolism with
cellular stress responses and may thus be the nexus between cancer metabolism and
resilience to stress. However, the mechanisms of lipid droplet turnover and the connecting
survival advantages of cancer cells are not clear.

Our research was based on the following hypothesis: The survival of aggressive breast
cancer cells under conditions of nutrient and lipotoxic stress is dependent on lipid droplet
turnover controlled by DGAT and ATGL enzymes that govern cancer cell resistance to
stress through metabolic and signaling pathways.

The aim of this doctoral thesis was to determine the major molecular pathways that
link lipid droplets with TNBC cell survival during starvation-induced nutrient stress. Our
recent studies have shown that lipid droplet breakdown correlates with cell survival during
prolonged starvation of TNBC cells (Pucer et al., 2013). However, the mechanism of lipid
droplet breakdown and that connecting breakdown with cell survival remained unknown.
The major TAG lipase ATGL is involved in lipid droplet breakdown in most cell types and
fuels mitochondrial FA oxidation by providing the optimal delivery of FAs to mitochondria
and regulating underlying signaling pathways, thereby affecting essential cellular processes
(Haemmerle et al., 2011; Rambold et al., 2015; Smirnova et al., 2006). Our major goal was
to determine whether ATGL contributes to lipid droplet breakdown in TNBC cells and
thus supports cancer cell survival during starvation.

Our second aim was to determine the involvement of lipid droplets in the protection of
TNBC cells from the lipotoxicity of excess exogenous lipids. Emerging evidence suggests
that lipid droplets act as buffers that reduce the harmful effects of excess FAs. Dysregulated
lipid droplet turnover, including DGAT-mediated lipid droplet biogenesis and/or ATGL-
mediated lipid droplet breakdown may lead to lipotoxicity and cell death, suggesting that
the precise regulation of these pathways is critical for the protection against lipotoxicity
(Aflaki et al., 2011; Bosma et al., 2014; Listenberger et al., 2003; Nguyen et al., 2017; Petan
et al., 2018). We hypothesized that lipid droplets regulate intracellular FA trafficking,
which may be critical for cancer cell survival during stress. Our major goal was to determine
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the importance of DGAT and ATGL activities in the cellular distribution and lipotoxicity
of different FAs in TNBC cells.

Finally, our third aim was to establish whether lipid droplets regulate the production
of bioactive lipid mediators, which may be important for both metabolic and inflammatory
responses in stressed cancer cells. Recent studies have revealed that ATGL-mediated
lipolysis drives the production of eicosanoids in immune cells, suggesting a role for lipid
droplets in eicosanoid production (Dichlberger et al., 2014; Schlager et al., 2015). However,
whether ATGL-mediated lipolysis is also involved in the production of eicosanoids or other
bioactive lipids in cancer cells remains unknown. Our major goal was to establish the
relationship between lipid droplets and bioactive lipid mediator production in TNBC cells,
which may affect cancer cell resistance to stress.



Chapter 3

Results

This chapter describes our latest and yet unpublished work on the role of lipid droplets in
the synthesis of bioactive lipids. Previously, we have reported that lipid droplets are
involved in the protection of TNBC cells from nutrient and oxidative stress, whereby we
explored two novel mechanisms that regulate lipid droplet turnover and cancer cell survival
(Jarc, Kump, et al., 2018). Here, we focused on mechanisms that link lipid droplet
metabolism with the production of inflammatory lipid mediators in cancer cells.

3.1 Lipid Droplets are Sources of Polyunsaturated Fatty
Acids for Lipid Mediator Production in Starving Breast

Cancer Cells

3.1.1 Introduction

Lipid droplets are conserved organelles that play pivotal roles in the intracellular lipid
metabolism. Their biogenesis is a rapid and highly regulated process that is often activated
in response to cellular stress. Diacylglycerol acyltransferase (DGAT) enzymes catalyze the
last step in triacylglycerol (TAG) synthesis in the ER and are rate-limiting for lipid droplet
formation (Thiam, Farese, & Walther, 2013; Walther et al., 2017). Compromised DGAT-
dependent lipid droplet biogenesis leads to lipotoxicity and other forms of cellular stress,
e.g. the activation of ER stress response pathways (Chitraju et al., 2017; Listenberger et
al., 2003; Nguyen et al., 2017). The lipid droplet core is mainly composed of TAGs and
cholesterol esters (CE), which are broken down by TAG and CE lipases depending on
cellular needs for FAs and cholesterol (Henne et al., 2018; Jaishy & Abel, 2016; Jarc &
Petan, 2019b; Petan et al., 2018). Besides being energetic substrates, FAs activate different
signaling pathways in immune and other cells by binding to cell surface receptors, including
G-protein coupled receptors (GPCRs) and toll-like receptors (TLRs), fatty acid transport
proteins and nuclear receptors, such as the peroxisome proliferator-activated receptors
(PPARs) (Papackova & Cahova, 2015; Schmitz & Ecker, 2008; Zechner et al., 2012). The
involvement of lipid droplet-derived FAs in the activation of these signaling pathways is
poorly understood (Jarc & Petan, 2019a).

Adipose triglyceride lipase (ATGL) is the major TAG lipase in adipose and non-adipose
tissues and is essential for lipolysis initiation (Smirnova et al., 2006; Zechner et al., 2012;
Zimmermann et al., 2004). Its activity results in the release of FAs from TAGs stored
within lipid droplets and their transfer to mitochondria, thereby supporting cell survival
during nutrient deprivation (Rambold et al., 2015). Recent studies have shown that the
products of ATGL-mediated lipolysis are able to activate the family of PPARs, nuclear
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receptors that control the transcription of genes involved in lipogenesis and oxidative lipid
metabolism in metabolically active tissues (Ahmadian et al., 2011; Haemmerle et al., 2011;
Ong et al., 2011; Schreiber et al., 2015; Schweiger et al., 2017). Furthermore, recent
evidence suggests that ATGL acts as a node of metabolic and inflammatory pathways,
activating Sirtuin 1 (SIRT1)-mediated signaling and promoting oxidative metabolism,
while possibly suppressing inflammatory responses (Chen et al., 2015; Khan et al., 2015;
Young & Zechner, 2013). ATGL activity has also been implicated in the production of
bioactive lipid mediators from the eicosanoid family, whose origin has been traditionally
attributed to phospholipase A, activity on cell membranes but not to lipid droplet
metabolism (Dichlberger et al., 2014; Riederer, Lechleitner, Kofeler, & Frank, 2017;
Schlager et al., 2015).

The production of PUFA-derived bioactive lipids, also called lipid mediators, is
controlled by the availability of their precursors. Glycerophospholipid hydrolysis by
phospholipase A, (PLA;) enzymes is considered the main source of PUFAs for lipid
mediator production. Among the PLA; enzymes, cytosolic phospholipase Asat (cPLAsa) has
been recognized as the primary source of arachidonic acid (w-6; 20:4 AA), whose oxidation
by cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450 epoxygenase
enzymes leads to the production of pro-inflammatory eicosanoids (Dennis & Norris, 2015).
Interestingly, the same enzymes are employed for the conversion of w-3 PUFAs, such as
docosahexaenoic (w-3; 22:6 DHA) and eicosapentaenoic (w-3; 22:5 EPA) acid, into
specialized pro-resolving mediators (SPMs), which are essential for the proper resolution
of inflammation (Serhan, 2014; Serhan, Dalli, Colas, Winkler, & Chiang, 2015). The family
of secreted phospholipases A, (sPLAss), whose activity results in the release of various
monounsaturated and polyunsaturated FAs besides AA, has also been implicated in the
generation of lipid mediators. The group X sPLA, (GX sPLA,) is the most potent
mammalian sPLA, in hydrolyzing phosphatidylcholine-rich membranes (Singer et al.,
2002), thereby releasing a mixture of unsaturated FAs, including w-3 PUFAs, from the
surface of lipoproteins and the plasma membrane of intact cells (Jarc, Kump, et al., 2018;
Lambeau & Gelb, 2008; Murakami, 2017). Studies have suggested the involvement of GX
sPLA, in the production of anti-inflammatory lipid mediators responsible for suppression
of colitis (Murase et al., 2016) and in the production of eicosanoids, which affect allergic
responses, inflammation and tumorigenesis (Nolin et al., 2017; Schewe et al., 2016; Surrel
et al., 2009).

Lipid droplets are sources of various lipid species, inclusive of PUFAs that could in
principle be used for lipid mediator synthesis. They have also been proposed to function as
platforms for transient storage of numerous proteins and enzymes, including those that are
involved in lipid signaling and inflammation, such cPLAsa (Yu et al., 1998), COXs (Accioly
et al., 2008) and LOXs (Silva et al., 2009). cPLA,a was found on the outer lipid droplet
surface and may contribute to the release of AA from the phospholipid monolayer (Moreira
et al., 2009; Yu et al., 1998), but this has not been demonstrated so far (Bozza, Bakker-
Abreu, Navarro-Xavier, & Bandeira-Melo, 2011). Besides the phospholipid monolayer,
PUFAs in lipid droplets are also stored in TAGs, whose synthesis drives lipid droplet
formation and dynamically responds to inflammatory stimuli (Bozza et al., 2011; Triggiani,
Oriente, & Marone, 1994; Triggiani et al., 1995). Activated immune cells accumulate lipid
droplets, enriched with AA-containing TAG species. The storage of excess AA within
neutral lipids may be a way for the cell to reduce its availability in the phospholipid pool,
thereby limiting eicosanoid production and suppressing the inflammatory response
(Johnson et al., 1999; Triggiani, Oriente, & Marone, 1994; Triggiani et al., 1995). TAGs
could also serve as reservoirs for the replenishment of the phospholipid pool with AA (Bozza
et al., 2011). Finally, TAG lipolysis could in fact be a bona fide source of AA and other
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PUFAs for direct conversion into lipid mediators by COX and LOX enzymes, thereby
bypassing the phospholipid pool.

Intriguingly, recent studies have shown that ATGL-mediated TAG lipolysis is involved
in eicosanoid synthesis in activated mast cells, neutrophils and vascular endothelial cells
(Dichlberger et al., 2014; Riederer et al., 2017; Schlager et al., 2015). Silencing of ATGL
led to lipid droplet accumulation in human activated mastocytes and importantly, it
significantly reduced the release of prostaglandin D, and leukotriene C, (Dichlberger et al.,
2014). Similarly, treating mouse neutrophils with an ATGL inhibitor led to a reduced
release of various COX-, LOX and CYP-derived lipid mediators. Reduced concentrations
of lipid mediators were also found in peritoneal lavages from ATGL deficient mice (Schlager
et al., 2015). Intriguingly, silencing of cPLAsa in human activated mastocytes caused a
similar reduction in the release of eicosanoids as silencing ATGL, indicating that both
enzymes contribute to the release of AA for eicosanoid synthesis (Dichlberger et al., 2014).
However, it is not yet clear whether ATGL-released AA is directly used by COX and LOX
enzymes, or it is incorporated back in the phospholipid monolayer of lipid droplets and
then released by cPLA.a. Interestingly, lipidomic data from ATGL depleted neutrophils
showed increased PUFA-TAG accumulation, while no significant changes in phospholipid
species were observed (Schlager et al., 2015), suggesting that phospholipid hydrolysis is not
important for the function of ATGL in eicosanoid synthesis. Although these studies
establish ATGL-mediated TAG hydrolysis as a major and physiologically relevant source
of precursors for lipid mediator synthesis in immune cells, the possibility that cPLA.a
complements or replenishes its activity is highly probable and requires further examination.
To establish a general role for lipid droplets as sources of precursors for lipid mediator
synthesis additional evidence is required, including studies on non-immune cells,
comprehensive lipidomic analyses of cellular lipid composition and specific environmental
conditions, relevant for different physiological and pathophysiological cellular states.

Several studies suggest the association between eicosanoid metabolism, tumorigenesis
and tumor progression (Dennis & Norris, 2015; Wang & Dubois, 2010). Eicosanoids have
been shown to modulate cancer cell proliferation, differentiation and apoptosis through
multiple signaling pathways (Wang & Dubois, 2010), but mechanisms that regulate
eicosanoid production in cancer and in tumor-associated immune cells are not completely
understood. Prostaglandin E, (PGE,) is the most abundant eicosanoid in various human
cancers, including breast, neck and colon cancer. Increased release of PGEs is associated
with cancer invasiveness and poorer prognosis (Karpisheh et al., 2019; Wang & Dubois,
2010). Limited information is currently available regarding the mechanisms that drive lipid
mediator production in cancer. Clinical studies with inhibitors of COX and PLA; have not
provided promising results in suppressing eicosanoid synthesis in cancer (Dennis et al.,
2011; Karpisheh et al., 2019; Sulciner, Gartung, et al., 2018), indicating other mechanisms
might be involved. There is a great need for their discovery to improve current knowledge
on targeting cancer metabolism and signaling, and to reveal new therapeutic options for
reducing cancer growth and invasiveness. It has been reported that increased PGE,
synthesis in colon cancer cells is linked with lipid droplet accumulation and COX-2
overexpression (Accioly et al., 2008). Treating cells with aspirin and the FA synthase
inhibitor C75 resulted in reduced lipid droplet content and PGE, synthesis, indicating that
lipid droplets might be involved in PGE, synthesis in cancer. The abovementioned studies
in immune cells have shown that ATGL-mediated lipid droplet breakdown is an important
source of AA for eicosanoid synthesis (Dichlberger et al., 2014; Schlager et al., 2015).
Whether lipid droplet breakdown is a source of precursors that drive lipid mediator
synthesis in cancer cells is not known.

We have recently shown that lipid droplets are involved in the protection of triple-
negative breast cancer (TNBC) cells from nutrient and oxidative stress (Jarc, Kump, et
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al., 2018; Pucer et al., 2013). We found that lipid droplet breakdown supports TNBC cell
survival during nutrient depletion. ATGL activity was found to be required for lipid droplet
breakdown, but surprisingly, it was not essential for the pro-survival effect of lipid droplets
during starvation. Intriguingly, our lipidomic data revealed an enrichment with highly
unsaturated PUFA species in TAGs in lipid droplets (Pucer, 2014). The significance of this
enrichment remains unknown, but it indicates that lipid droplets in TNBC cells are
reservoirs of PUFA species.

In this study, we hypothesized that breakdown of PUFA-rich lipid droplets affects lipid
mediator synthesis in TNBC cells. Our major goal was to establish the role of ATGL
lipolysis in the synthesis of eicosanoids and other lipid mediators, particularly under
conditions of starvation-induced nutrient stress. Our second goal was to explore whether
cPLAsa contributes to ATGL-mediated eicosanoid production and lipid droplet turnover
in TNBC cells. Finally, we asked whether lipid droplets are necessary for eicosanoid
production. To answer this question we suppressed DGAT-mediated TAG synthesis and
determined the effects on lipid mediator production. By interfering with DGAT, ATGL
and cPLAsx activities we established their role in lipid droplet metabolism and eicosanoid
synthesis under lipolytic conditions in TNBC cells.

3.1.2 Materials and methods

3.1.2.1 Materials

Breast cancer cells (MDA-MB-231) and culture medium (RPMI-1640) were obtained from
ATCC (USA), fetal bovine serum (FBS), Dulbecco's phosphate-buffered saline (DPBS),
TrypLE Select and Opti-MEM from Life Technologies (USA). Arachidonic acid and
prostaglandin E; (PGE,) standards were from Cayman Chemical (USA), Lipofectamine
RNAIMAX, lipofectamine 3000 and High-Capacity cDNA Reverse Transformation kit from
Thermo Fisher Scientific (USA). Human ATGL-targeting siRNAs, human cPLA2a-
targeting siRNAs and the AllStars Negative Control siRNA were from Qiagen (Germany);
T863 (DGAT1 inhibitor), PF-06424439 (DGAT?2 inhibitor), essentially fatty acid-free
(EFAF) bovine serum albumin (BSA) (cat. no. A7511) and Nile red were from Sigma-
Aldrich (USA). The High Pure RNA Isolation Kit was from Roche (Germany), horseradish
peroxidase (HRP)-labelled secondary antibodies from Jackson ImmunoResearch
Laboratories (USA), ATGL antibodies (#2138) from Cell Signaling Technology (USA) and
B-actin antibodies (NB600-532) from Novus Biologicals (UK). The recombinant wild-type
human group X sPLA, was prepared as described previously (Petan, Krizaj, Gelb, &
Pungercar, 2005; Singer et al., 2002). The full-length ¢cDNA coding for human c¢PLAa
was cloned into the pcDNA3.1/D-V5-His-TOPO vector (Life technologies, USA) according
to manufacturer’s instructions and prepared by Dr. Anja Pucer Janez. The full-length
c¢DNA coding for human ATGL cloned into the pcDNATM4/HisMaxC vector (Thermo
Fisher Scientific, USA) was a kind gift from Dr. Robert Zimmermann (University of Graz).
All other chemicals were of at least analytical grade and purchased from Sigma-Aldrich
(USA) or Serva (Germany).

3.1.2.2 Cell culture and treatments

MDA-MB-231 cells were cultured in RPMI-1640 medium supplemented with 10% FBS and
adherent cells detached using TrypLE Select. Unless otherwise indicated, cells were seeded
in 24-well plates at a concentration of 6 x 10" cells/well and grown for 48 h in complete
medium followed by 24 h of serum deprivation in RPMI-1640 medium containing 0.02%
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EFAF-BSA. Aliquots of stock solutions of AA and the PGE, standard in absolute ethanol
were stored under argon at —80 ©C. Prior to addition to cell culture, AA was complexed to
EFAF-BSA in RPMI-1640 medium at a molar AA:BSA ratio of 4:1 by incubating the
mixtures for 1 h at room temperature. T863 and PF-06424439 were added to cells 2 h prior
to the addition of recombinant hGX sPLA, or AA, and were present in the medium for the
duration of the treatment.

3.1.2.3 Silencing of ATGL and cPLA,x expression using small interfering RNA
(siRNA)

MDA-MB-231 cells were reverse transfected at a concentration of 6 x 104 cells/well in 24-
well plates, or 3 x 105 cells/well in 6-well plates, with 20 nM mixture of two siRNAs for
ATGL silencing and with 40 nM mixture of 4 siRNAs for cPLA.« silencing, or with 20 nM
or 40 nM AllStars Negative Control siRNA (Qiagen). Transfection complexes were
generated using 1 pl/well of Lipofectamine RNAIMAX in 24-well plates, and 7.5 ul/well in
6-well plates, and Opti-MEM medium according to manufacturer's instructions.

3.1.2.4 Transient expression of ATGL and cPLA«x

For transient protein (over)expression experiments, cells were seeded in complete medium
in 24-well plates at a concentration of 6 x 10 cells/well, or in 6-well plates at 3 x 10°
cells/well, and incubated 48 h in complete medium. After 48 h, cells were washed,
transfected and left in RPMI-1640 medium containing 0.02% EFAF-BSA for 24 h. Cells
were transfected with 0.5 pg/well of plasmid DNA in 24-well plates or 2.5 pg/well in 6-
well plates using Lipofectamine 3000 and Opti-MEM medium according to manufacturer’s
instructions.

3.1.2.5 Real-time quantitative PCR (qPCR)

qPCR analysis was performed as described previously (Jarc, Kump, et al., 2018; Pucer et
al., 2013). Briefly, cells were seeded in complete medium in 6-well plates at 3 x 105
cells/well and left for 48 h in complete medium followed by 24 h of serum deprivation in
RPMI-1640 medium containing 0.02% EFAF-BSA. Total RNA was isolated from cell
lysates and first strand cDNA generated according to the manufacturer's instructions.
gPCR analysis was performed for all genes of interest and two reference genes in each
sample. Relative gene expression was calculated upon normalization to two reference genes,
corrected for primer-specific PCR efficiency and considering error propagation.

3.1.2.6 Western blot analysis

Cells were seeded in complete medium in 6-well plates at 3 x 105 cells/well and reverse
transfected with siRNA and/or transiently transfected with pDNA as described above. Cell
lysates were prepared by scrapping adherent cells in Tris-Glycine SDS Sample Buffer (2X)
(Novex by Life Technologies, USA) containing 800 mM DTT (Sigma-Aldrich, USA) with
the addition of Halt Protease Inhibitor Cocktail (Thermo Scientific, USA). Lysates were
incubated at 95 °C for 10 min and stored on ice. Total protein concentration was
determined using Pierce 660 nm Protein Assay (Thermo Scientific, USA). Ten pg of total
protein were separated on 10% SDS-PAGE gel and then transferred to a nitrocellulose
membrane (Serva, Germany). After the transfer, the membrane was blocked for 1 h in 5%
non-fat dry milk in TBS/0.1% Tween-20 (TBST) (for ATGL) or in 1% Western Blocking
Reagent (WBR) (Roche Applied Science, Germany) in TBS (for B-actin) and incubated
overnight at 4 °C in the presence of rabbit anti-human primary antibodies for ATGL
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(1:1000 dilution) in 5% non-fat dry milk in TBST and rabbit anti-human primary
antibodies for B-actin (1:5000 dilution) in 0.5% WBR in TBS. After washing with TBST,
membranes were incubated for 1 h with HRP-conjugated secondary antibodies (1:10,000
dilution) in 5% non-fat dry milk in TBST for ATGL or 0.5% WBR in TBS for B-actin.
After washing, the signal was visualized using Lumi-Light Western Blotting Substrate
(Roche Applied Science, Germany) on a Gel Doc XR system (Bio-Rad, USA).

3.1.2.7 Lipidomic analyses of lipid mediators in cell supernatants

Cells were seeded in complete medium in 6-well plates at 3 x 10° cells/well and reverse
transfected with siRNA as described above. After 24 h, cells were treated with 10 nM hGX
sPLA, for 48 h, washed with DPBS and left for 24 h in RPMI-1640 medium containing
0.02% EFAF-BSA. The cells were lysed and total protein concentrations determined as
described above. Cell supernatants were collected in low-binding microcentrifuge tubes,
centrifuged at 4 °C (16,000 ¢,10 min) and stored at —80 °C before shipping on dry ice. For
comprehensive lipidomic analysis of lipid mediators in cell supernatants, a novel
breakthrough methodology was employed and performed in collaboration with our partners
from the University of Jena, Dr. Oliver Werz and Dr. Jana Gerstmeier as described
previously (Werz et al., 2018). Briefly, the supernatants were put in ice-cold methanol
containing deuterium-labelled internal standards to facilitate quantification and sample
recovery. The samples were kept at —20 °C for 1 h to allow protein precipitation and then
centrifuged before solid-phase extraction using C18 columns. After extraction, the samples
were dried and immediately resuspended in a methanol/water (1:1) solution before LC-
MS-MS analysis. To monitor each lipid mediator an MRM method was used (Dalli &
Serhan, 2012). Calibration curves were obtained for each lipid mediator using authentic
compound mixtures and deuterium-labelled standards of lipid mediators at a concentration
range of 3.12-200 pg. Internal standard recoveries, matrix effect and limit of detection were
determined in biological matrix.

3.1.2.8 ELISA-based quantification of PGE: in cell supernatants

The amount of PGE2 released into culture media was analyzed using commercial enzyme
immunoassay (Prostaglandin E2 Express ELISA Kit, Cayman Chemicals, USA) according
to the manufacturer’s protocol. Cells were seeded in 24-well plates and reverse transfected
with siRNA as described above. After 24 h, the cells were treated with 10 nM hGX sPLA,
and/or 10 pM AA and/or a 40 pM mixture of T863 and PF-06424439 DGAT inhibitors
(in a molar ratio of 1:1) for 48 h in complete medium followed by 24 h starvation in RPMI-
1640 medium containing 0.02% EFAF-BSA, when ATGL and cPLA.x were transiently
expressed as described above. Cell supernatants were collected in low-binding
microcentrifuge tubes, centrifuged at 4 °C (16,000 g, 10 min) and immediately used for
analysis or stored at —80 °C for up to 7 days. For analysis, 50 pnl of undiluted samples was
used and standard curves prepared by diluting the PGE, standard in culture medium.

3.1.2.9 Nile red staining of lipid droplets

Cellular neutral lipid amount was quantified by flow cytometry as described previously
(Pucer et al., 2013). Floating and adherent cells were harvested, centrifuged at 300 ¢ for
10 min and the pellet resuspended in 500 pl of 1 pg/ml Nile Red solution in DPBS. After
10 min incubation in the dark, cell analysis was performed by flow cytometry using the
FL-1 (530/30) filter on at least 2 x 10" events per sample.
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3.1.2.10 Statistical analysis

Statistical analyses were performed using Prism 8.0 (GraphPad Software, USA). Data are
presented as means + SEM. Statistical significance was determined by one-way or two-
way ANOVA, followed by Bonferroni or Tukey’s post-hoc tests. P values lower than 0.05
were considered statistically significant.
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3.1.3 Results

3.1.3.1 Lipid droplet levels correlate with increased PGE, synthesis under lipolytic
conditions

We have previously found that lipid droplets are gradually broken down during serum
starvation, which improves energy and redox status of the cells and protects from cell death
(Pucer et al., 2013). In this study, we focused on the signaling role of lipid droplets in
TNBC cells. We hypothesized that the breakdown of lipid droplets stimulates the
production of eicosanoids and other lipid mediators. To show that lipid droplets are
involved in the synthesis of eicosanoids, we first induced lipid droplet biogenesis in nutrient-
rich conditions and then their breakdown by nutrient starvation. For this purpose, we
treated MDA-MB-231 cells with recombinant hGX sPLA; and/or with AA, a precursor for
PGE; synthesis, followed by starvation in the absence of these agents, and ending with the
determination of cellular lipid droplet content and PGE, levels in cell supernatants (Fig.
7A). As expected (Jarc, Kump, et al., 2018; Pucer et al., 2013), we found that the addition
of hGX sPLAsincreases the levels of lipid droplets remaining after the starvation phase in
breast cancer cells (Fig. 7B). A similar effect was observed when cells were treated with
AA, while a combined addition of hGX sPLA;and AA further augmented lipid droplet
accumulation. Notably, the breakdown of hGX sPLA; or AA-induced lipid droplets was
associated with an increase in PGE, production under lipolytic conditions (Fig. 7C),
suggesting a link between lipid droplets and lipid mediator production in TNBC cells. The
release of PGE, was most significantly increased in cells co-treated with hGX sPLA, and
AA (Fig. 7C). These results indicate that the breakdown of lipid droplets, induced in MDA-
MB-231 cells by sPLA; or AA in nutrient-rich conditions, may have provided AA for the
synthesis of PGE, during serum starvation.
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Figure 7: PGE; generation in TNBC cells correlates with lipid droplet accumulation. (A)
Adherent MDA-MB-231 cells were treated with 10 nM sPLA; and/or 10 ptM AA for 48
h in complete medium. After 48 h, the cells were washed with DPBS and serum-starved
for 24 h in RPMI-1640 medium containing 0.02% EFAF-BSA. Cell supernatants were
used for PGE, analysis, while adherent cells were prepared for flow cytometry to
determine lipid droplet levels. (B) The amount of neutral lipids in TNBC cells was
determined by staining cells with 1 pg/ml of Nile Red and flow cytometry analysis. (C)
The release of PGE, was determined as described in Methods. Values on the graphs are
means £ SEM of at least three experiments and results that are statistically significant
are indicated (*, P < 0.05; ** P < 0.01; *** P < 0.001; two-way ANOVA with
Bonferroni adjustment (B, C)).

3.1.3.2 Blocking ATGL activity reduces the release of PGE; in starving TNBC cells

Recent evidence suggests that ATGL-mediated lipolysis is involved in the regulation of
inflammatory responses by regulating the production of lipid mediators (Dichlberger et al.,
2014; Schlager et al., 2015). We have previously reported that ATGL is involved in lipid
droplet breakdown in MDA-MB-231 cells, but surprisingly, it is not essential for the pro-
survival effect of hGX sPLA, (Jarc, Kump, et al., 2018). Here we asked whether ATGL-
mediated lipolysis is involved in lipid mediator production in TNBC cells and perhaps
mediates the effect of hGX sPLA, on PGE; synthesis. To answer this question, we blocked
lipid droplet breakdown by knocking down ATGL to suppress lipolysis as described
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previously (Jarc, Kump, et al., 2018) and measured cellular PGE; production. We found
that TNBC cells depleted in ATGL accumulated more lipid droplets in comparison with
control cells (Fig. 8A). Furthermore, ATGL depletion led to prominent lipid droplet
accumulation in hGX sPLAs-treated cells, suggesting a reduced breakdown of hGX sPLA»-
induced lipid droplets (Fig. 8A). Remarkably, ATGL depletion significantly reduced the
release of PGE, from both untreated and hGX sPLA,-treated cells (Fig. 8B), suggesting
that ATGL-mediated lipolysis is involved in both basal and sPLAs-elicited PGE, synthesis
in TNBC cells.

A B
Lipid droplets PGE,
= 6- 2004
>
©
5 = 1504
T 41 E
£ 2
2 E' 100+
©
a 9 Q
o o
5 504
i=
=3 o
— 0_ 0_
sPLA, — + + — SPLA, — + — +
MOCK siATGL MOCK siATGL
| 48 h feeding, 10 nM sPLA; 24 h starvation

L SIATGL

Figure 8: PGE, synthesis in TNBC cells is dependent on ATGL-mediated lipid droplet
breakdown. MDA-MB-231 cells were reverse transfected with ATGL-targeting siRNA
(siATGL) or with transfection reagent (MOCK) and treated with 10 nM sPLA, for 48 h
in complete medium and then serum starved for 24 h in RPMI-1640 medium containing
0.02% EFAF-BSA. Neutral lipid content was determined by Nile Red staining (A) and
PGE; release with a commercial enzymatic immunoassay (B). Values on the graphs are
means + SEM of at least three experiments and results that are statistically significant
are indicated (*, P < 0.05; ** P < 0.01; *** P < 0.001; two-way ANOVA with
Bonferroni adjustment).

3.1.3.3 Starvation-induced lipid droplet breakdown contributes to the production of
eicosanoids and specialized pro-resolving lipid mediators

We next examined whether ATGL depletion not only affects PGE, production, but also
the release of other lipid mediators. Based on our previous results, showing TAG
enrichment with highly unsaturated FAs (Pucer, 2014), we hypothesized that lipolysis may
contribute to the release of different PUFA species, including AA, DHA and EPA, and
thus affect the production of a wide range of eicosanoids and SPMs. The latter are related
to the resolution of inflammation, but their dysregulated synthesis causes chronic
inflammation and increases the risk for tumorigenesis (Serhan, 2014; Sulciner, Gartung, et
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al., 2018). We employed a state-of-the-art lipidomic LC-MS-MS technology that enables
the analysis of a broad spectrum of lipid mediators, including their definitive identification
and quantification in biological samples, where the limit of detection is below pg/ml.
Targeted lipidomics of cell supernatants using LC-MS-MS revealed that treating TNBC
cells with hGX sPLA; increased the release of numerous lipid mediators, derived from
different FA precursors and enzymatic pathways. In Fig. 9, we have summarized the major
pro-inflammatory and pro-resolving lipid mediator biosynthetic pathways.
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Figure 9: The major enzymatic pathways involved in pro-inflammatory and pro-resolving
lipid mediator synthesis. COX enzymes convert arachidonic acid (AA) into pro-
inflammatory prostaglandins and thromboxanes, while 5-LOX and 12/15-LOX enzymes
convert AA to hydroxyeicosatetraenoic acids (HETEs) and leukotrienes. The latter are
precursors for the synthesis of pro-resolving lipoxins. 2-3 PUFAs, eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acids, are converted by 5-LOX, 12/15-LOX and
CYP oxidases into several hydroxyeicosapentaenoic acids (HEPEs) and
hydroxydocosahexaenoic acids (HDHAs), respectively, which are precursors for the
synthesis of specialized pro-resolving lipid mediators, including resolvins, maresins and
protectins. Docosapentaenoic acid (DPA) is an intermediate in the conversion of EPA
to DHA and a precursor for the synthesis of DPA,; resolvins and maresins that also
exhibit pro-resolving effects in inflammation.

We identified 86 different lipid mediators and among 57 species we observed changes
induced by hGX sPLA,. Surprisingly, we found that hGX sPLA, activity predominantly
promotes the synthesis of EPA-derived products, but also contributes to the production of
AA- and DHA-derived lipid mediators (Fig. 10A). By grouping lipid mediators according
to the enzymatic pathways of their synthesis, we found that hGX sPLA, activity mostly
affects the production of 12/15-LOX-derived EPA and DHA products (51%; 29/57),
followed by the cytochrome P450 oxygenase (CYP) derivatives (14%; 8/57), COX
derivatives (16%; 9/57), 5-LOX derivatives (14%; 8/57) and SPMs (5%; 3/57) (Fig. 10B).
hGX sPLAsinduced changes in lipid mediator production relative to untreated cells were
averaged within each enzymatic pathway group and are presented in the heat map (Fig.
10C). We found that EPA-derived hydroxyeicosapentaenoic acid metabolites (HEPESs)
were the most abundant group of products, followed by leukotrienes, prostaglandins,
hydroxydocosahexaenoic acid metabolites (HDHAs), hydroxyeicosatetraenoic acid
metabolites (HETEs) and resolvins, while the level of lipoxins remained unchanged. Among
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COX-derived lipid mediators, PGE; was the most abundant product (Fig. 10D), followed
by the 5-LOX-derived 5-hydroxyeicosapentaenoic acid (5-HEPE) (Fig. 10E) and 12/15-
LOX-derived products of EPA and DHA (Fig. 10F). Surprisingly, we found a significant
increase in the release of 14-HDPA (Fig. 10F), a lipid mediator that derives from the n-3
docosapentaenoic acid (DPA) and is a precursor of a group of recently discovered
immunoresolvents (Dalli, Colas, & Serhan, 2013). Among CYP-derived products and
SPMs, we found a significant increase in the production of the bioactive EPA metabolite,
18-HEPE (Fig. 10G), whose activity was recently shown to reduce metastasis of pulmonary
carcinoma (Li et al., 2018). Intriguingly, the release of the prostaglandin H, metabolite, 12-
hydroxyheptadecatrienoic acid (12-HHT), was also significantly increased (Fig. 10G). 12-
HHT is an endogenous ligand of leukotriene B, receptor 2, whose activation leads to the
production of tumor necrotic factors and interleukins (Okuno & Yokomizo, 2018). Finally,
we observed a very low production of DHA- and EPA-derived maresin and resolvin SPMs
in TNBC cells. In cells treated with hGX sPLA, there was an increase in the amount of
resolvin D6 (RvD6) and a decrease in the production of resolvin E1 (RvEl) (Fig. 10F).
Both lipid mediators have been implicated in the regulation of inflammatory responses
(Serhan, 2017), but their specific roles and actions are currently not completely understood.
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with 10 nM sPLA, for 48 h in complete medium and then serum-starved for 24 h in
RPMI-1640 medium containing 0.02% EFAF-BSA. Lipid mediator species were
extracted from cell supernatants and analyzed by LC-MS-MS analysis as described in
Methods. (A) Percentages of fatty acid (FA) precursors that contribute to sPLA»-
induced lipid mediator production in TNBC cells. (B) Percent contributions of enzymatic
pathways involved in sPLA-induced lipid mediator production in TNBC cells. (C) Heat
map of averaged changes in the release of prostaglandins, leukotrienes, HEPEs, HDHAs,
HETES, resolvins E, resolvins D and lipoxins induced by sPLA, activity, relatively to
untreated cells. Identified changes in the release of COX-derived lipid mediators (D), 5-
LOX-derived metabolites (E), 12/15-LOX-derived lipid mediators (F), products of CYP
oxidases and specialized pro-resolving lipid mediators (G), induced by sPLA, activity.
Values on the graphs are means + SEM of at least two experiments; statistically
significant differences in mean values are indicated (*, P < 0.05; ** P < 0.01; *** P <
0.001; unpaired t-test).

3.1.34 ATGL depletion suppresses basal and sPLA:xinduced release of pro-
inflammatory and pro-resolving lipid mediators in breast cancer cells

We next analyzed whether ATGL activity is necessary for lipid mediator synthesis in
untreated and in hGX sPLAs-treated cells. In ATGL-depleted cells, which were not treated
with the sPLA,, we found significantly lower levels of almost all major groups of lipid
mediators (Fig. 11), suggesting a role for ATGL-mediated lipolysis in the basal production
of pro-inflammatory and pro-resolving lipid mediators in TNBC cells. We analyzed changes
in lipid mediator synthesis in cells treated with non-targeting siRNA (SCR) and cells
treated with ATGL-targeting siRNA, and found reduced levels of prostaglandins,
leukotrienes, HEPEs, HDHAs, HETES, resolvins D and E, and lipoxins, caused by ATGL
depletion (Fig. 11A). Among COX-derivatives, PGE,, prostaglandin D, (PGD,) and
thromboxane B, (TXB,) concentrations were significantly lower in ATGL depleted cells
(Fig. 11B), confirming that the results of PGE, analysis with ELISA (Fig. 8B) are in line
with the LC-MS-MS analysis. Among 5-LOX derivatives, we found significantly lower
levels of 5-HEPE and trans-leukotriene By (t-LTBj) (Fig. 11C). Similarly, several
derivatives of 12/15-LOX were significantly lower, including 7-HDHA, 4-HDHA, 8-HETE
and 15-HEPE (Fig. 11D). The products of CYP450 oxygenases, including 21-HDHA, 21-
HDPA, 18-HEPE and 12-HHT, were also significantly lower (Fig. 11E).
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Figure 11: Blocking lipolysis by ATGL depletion prevents the release of several lipid
mediators in starving TNBC cells. (A-E) MDA-MB-231 cells were reverse transfected
with ATGL-targeting siRNA (siATGL) or non-targeting scrambled siRNA (SCR) and
cultured 48 h in complete medium and then serum-starved for 24 h in RPMI-1640
medium containing 0.02% EFAF-BSA. Lipid mediator species were extracted from cell
supernatants and analyzed by LC-MS-MS analysis as described in Methods. (A) Heat
map of averaged changes in the release of prostaglandins, leukotrienes, HEPEs, HDHAs,
HETES, resolvins E, resolvins D and lipoxins induced by ATGL depletion, relatively to
SCR-treated control cells. Identified changes in the release of COX-derived lipid
mediators (B), 5-LOX-derived metabolites (C), 12/15-LOX-derived lipid mediators (D),
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products of CYP oxidases and specialized pro-resolving lipid mediators (E), caused by
ATGL depletion. Values on the graphs are means + SEM of at least two experiments;
statistically significant differences in mean values are indicated (*, P < 0.05; ** P <
0.01; *** P < 0.001; unpaired t-test).

Among SPMs, we found reduced levels of protectin D1 (PD1), RvD3 RvD4, RvE2, lipoxin
A; (LXA5) and LXB5 (Fig. 11E). Therefore, inhibition of lipolytic lipid droplet breakdown
by ATGL depletion leads to a reduced production of numerous lipid mediators in TNBC
cells, providing, to the best of our knowledge, the first evidence that lipid droplets and
TAG lipolysis are involved in the synthesis of bioactive lipid mediators in cancer.

Next, we examined whether ATGL is involved in the production of the various lipid
mediators released from hGX sPLA, stimulated cells (Fig. 10), in addition to PGE; (Fig.
8B). Importantly, we found that ATGL knockdown almost fully blocked hGX sPLA,-
induced lipid mediator release, including the release of prostaglandins, leukotrienes,
HEPEs, HDHAs, HETESs, resolvins and lipoxins (Fig. 12A). The most prominent changes
were found in the reduction of COX-derived PGE; and PGD, (Fig. 12B), 5-LOX-derived
5-HEPE and 5S,6R-diHETE (Fig. 12C), several 12/15-LOX derived HDHAs, HEPEs and
HETEs (Fig. 12D), CYP-derived 21-HDHA, 18-HEPE and 12-HHT, and most of SPM
species (Fig. 12E). Taken together, ATGL activity is required for the effect of hGX sPLA,
on lipid mediator synthesis in TNBC cells.
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Figure 12: ATGL is essential for the effect of hGX sPLA2 on lipid mediator generation
in TNBC cells. (A-E) MDA-MB-231 cells were reverse transfected with ATGL-targeting
siRNA (siATGL) or non-targeting scrambled siRNA (SCR) and treated with 10 nM
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sPLA2 for 48 h in complete medium and then serum-starved for 24 h in RPMI-1640
medium containing 0.02% EFAF-BSA. Lipid mediator species were extracted from cell
supernatants and analyzed by LC-MS-MS analysis as described in Methods. (A) Heat
map of averaged changes in the release of prostaglandins, leukotrienes, HEPEs, HDHAs,
HETES, resolvins E, resolvins D and lipoxins induced by sPLA2 activity and ATGL
depletion, relatively to SCR. control cells. Identified changes in the release of COX-
derived lipid mediators (B), 5-LOX-derived metabolites (C), 12/15-LOX-derived lipid
mediators (D), products of CYP oxidases and specialized pro-resolving lipid mediators
(E), induced by sPLA2 activity and ATGL depletion. Values on the graphs are means
+ SEM of at least two experiments; statistically significant differences in mean values
are indicated (*, P < 0.05; ** P < 0.01; *** P < 0.001; unpaired t-test).

3.1.3.5 Stimulation of ATGL-mediated lipolysis augments PGE, production

Our results show that ATGL depletion results in a reduced capacity of breast cancer cells
to produce PGE, (Fig. 8B) and it also affects the production of a broad spectrum of lipid
mediators, derived from COX-, LOX- and CYP-signaling pathways, in both untreated (Fig.
11) and in sPLA,-stimulated cells (Fig. 12). To provide further support for our findings,
we overexpressed ATGL in TNBC cells and determined the effect on cellular lipid droplet
content and PGE; release. Plasmid-based transfection with human ATGL cDNA resulted
in a potent increase of ATGL protein levels in TNBC cells under lipolytic conditions (Fig.
13A). Importantly, co-transfection with ATGL-targeting siRNA efficiently suppressed
plasmid-driven ATGL overexpression, providing more evidence for the specificity of ATGL
downregulation in our experimental system. Interestingly, ATGL overexpression did not
significantly affect lipid droplet levels (Fig. 13B). We observed only a slight decrease in
the amount of neutral lipids in ATGL overexpressing cells upon co-transfection with
siRNA. However, in both control and in sPLAs-treated cells, ATGL overexpression cells
caused a significant increase in the release of PGE; (Fig. 13C), suggesting that stimulation
of ATGL-mediated lipolysis promotes PGE, synthesis in starving TNBC cells.
Furthermore, overexpression of ATGL in ATGL-depleted cells almost fully restored PGE,
production back to control levels, suggesting that ATGL is the predominant source for
PGE; synthesis under lipolytic conditions.
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Figure 13: Stimulation of ATGL-mediated lipolysis augments PGE, synthesis in starving
TNBC cells. (A-C) MDA-MB-231 cells were reverse transfected with ATGL-targeting
siRNA (siATGL) or non-targeting scrambled siRNA (siSCR) and treated with 10 pM
AA for 48 h, and then transiently transfected with plasmid DNA containing ATGL
cDNA (pATGL) and starved for 24 h in RPMI-1640 medium containing 0.02% EFAF-
BSA. (A) Cell lysates were analyzed for the presence of ATGL protein and B-actin by
western blotting. Neutral lipid droplet content (B) was determined by Nile Red staining
and flow cytometry and PGE, release (C) using a commercial enzymatic immunoassay.
Values on the graphs are means + SEM of at least three experiments and results that
are statistically significant are indicated (*, P < 0.05; **, P < 0.01; *** P < 0.001; two-
way ANOVA with Bonferroni adjustment). Plasmid containing the gene for -
galactosidase (pLacZ) was used as negative control of ATGL overexpression.

3.1.3.6  Starving breast cancer cells depleted of lipid droplets display impaired PGE,
synthesis

The results presented above suggest that lipid droplets are sources for precursors that drive
PGE; synthesis in starving TNBC cells. Promotion of neutral lipid storage by the addition
of exogenous AA or hGX sPLA, followed by ATGL-mediated lipolysis leads to increased
PGE; synthesis, suggesting the importance of both lipid droplet accumulation and lipid
droplet breakdown. We next hypothesized that inhibiting TAG synthesis and thus lipid
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droplet biogenesis would likely have the opposite effect on PGE, production. To elucidate
the role of TAG synthesis, we inhibited DGAT1- and DGAT2-dependent TAG synthesis
using the specific inhibitors T863 and PF-06424439 (Cao et al., 2011; Futatsugi et al.,
2015). We determined lipid droplet content twice, after feeding and after starvation, in
order to follow net lipid droplet biogenesis and lipolysis. Incubating TNBC cells with
DGAT inhibitors during feeding led to a significant decrease in the amount of neutral lipids
(measured at the end of the feeding phase) in both control and in AA-treated cells (Fig.
14A). Interestingly, DGAT inhibition during the feeding phase did not affect lipid droplet
content following cell starvation, indicating that blocking TAG synthesis during feeding
likely leads to its compensatory stimulation during starvation, resulting in increased lipid
droplet accumulation by the end of the starvation phase (Fig. 14B). Interestingly, we have
found that even when inhibitors were present during both phases of the experiment, their
effect on lipid droplet levels is less prominent after starvation (data not shown; Petra
Hrusevar, MSc study in progress). Importantly, inhibition of lipid droplet biogenesis during
feeding led to a blockade in PGE; production measured after the subsequent starvation
period (Fig. 14C). Furthermore, it completely abolished AA-stimulated PGE, generation
(Fig. 14C), suggesting that the esterification of FA precursors in lipid droplet-stored TAGs
is a required step for lipid mediator production. Interestingly, ATGL depletion in the
presence of DGAT inhibitors further reduced PGE, production, reaching lower levels than
DGAT inhibition itself (Fig. 14D). One possible explanation is that the lipid droplets
formed via the compensatory biogenesis mechanism suggested above also contribute to
PGE; release. Nevertheless, this result further strengthens the fact that ATGL activity is
necessary for PGE, production. Collectively, these results reveal that the presence of lipid
droplets at the onset of starvation is necessary for the capacity of cells to produce lipid
mediators during starvation and further establish lipid droplets and lipolysis as major
sources of lipid mediators in TNBC cells.
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Figure 14: The presence of lipid droplets is necessary for the production of PGE, under
lipolytic conditions in TNBC cells. (A-C) MDA-MB-231 cells were treated with 10 pM
AA and/or 40 pM mixture in the ratio 1:1 of T863 DGAT1 and PF-06424439 DGAT2
inhibitors for 48 h in complete medium, and then serum-starved for 24 h in RPMI-1640
medium containing 0.02% EFAF-BSA. (D) MDA-MB-231 cells were reverse transfected
with ATGL-targeting siRNA (siATGL) or non-targeting scrambled siRNA (SCR) and
treated with 10 ptM AA and/or 40 pM mixture in the ratio 1:1 of T863 DGAT1 and PF-
06424439 DGAT2 inhibitors, and then serum starved for 24 h in RPMI-1640 medium
containing 0.02% EFAF-BSA. Neutral lipid content was determined by Nile Red staining
and flow cytometry (A, B) and PGE; release with commercial enzymatic immunoassay
(C, D). Values on the graphs are means + SEM of at least three experiments and results
that are statistically significant are indicated (*, P < 0.05; ** P < 0.01; *** P < 0.001;
two-way ANOVA with Bonferroni adjustment).

3.1.3.7 The production of PGE; in starving TNBC cells is dependent on ATGL and
cPLAa activities

Three possible pathways have recently been suggested to mediate the production of
eicosanoids that derive from lipid droplet lipids, including the activity of ATGL and
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cPLAsa (Dichlberger et al., 2014). Besides directly contributing to eicosanoid synthesis,
TAG-derived ATGL-liberated AA may be transiently incorporated in the lipid droplet
phospholipid monolayer or other membranes and subsequently released by, as currently
accepted, the major A A-releasing enzyme cPLA>a. The involvement of cPLA»ain liberating
lipid droplet-derived AA for eicosanoid synthesis in breast cancer cells is possible, since
cPLAsa, and several other eicosanoid pathway enzymes, have been found localized to lipid
droplets. Moreover, PGE, immunolocalization studies have also suggested that lipid
droplets are sites for PGE, synthesis (Accioly et al., 2008; Bozza et al., 2011; Moreira et
al., 2009; Murakami et al., 2011). Whether cPLAsa releases AA from lipid droplets in
TNBC cells and contributes to eicosanoid synthesis in cooperation with ATGL activity or
independently is not known. Both enzymes may also work independently on their own
respective target lipids and cooperate through unknown mechanisms. The results shown
above indicate that ATGL is a major source of AA for PGE, synthesis in TNBC cells under
lipolytic conditions. Here, we investigated the role of cPLAsa in lipid droplet metabolism
and PGE, synthesis in TNBC cells.

We first analyzed the expression of some of the major genes involved in lipid droplet
turnover and the production of eicosanoids. Our qPCR analyses showed that starving
TNBC cells express low levels of ¢cPLAsa (encoded by the PLA2G4A gene) and COX-2
(encoded by the PTGS2 gene), while the expression of ATGL, COX-1, DGAT1 and
DGAT?2 (encoded by the PNPLA2, PTGS1, DGAT1 and DGAT2 genes, respectively) is
substantially higher (Fig. 15A). Even though PLA2G/A gene expression was very low, we
were able to further suppress its expression using siRNA (Fig. 15B). cPLA»a depletion did
not significantly change the amount of neutral lipids (Fig. 15C), but importantly, it slightly
reduced PGE; production (Fig. 15D), indicating the involvement of cPLA.a in the
production of PGE; in starving TNBC cells. In comparison with the effect of ATGL
depletion on PGE, synthesis, the effect of cPLAsa depletion was less prominent (Fig. 15D).
cPLAa overexpression did not affect lipid droplet content (Fig. 9C), but it slightly
increased PGE, production (Fig. 15D), reaching a similar level to that found in ATGL
overexpressing cells. TNBC cells depleted in both cPLAa and ATGL exhibited increased
lipid droplet accumulation (Fig. 15C), more so than in cells depleted only of ATGL,
suggesting that ¢cPLAsax somehow contributes to lipid droplet breakdown. These double
knockdown cells displayed a significantly suppressed PGE, generation, but this was not
lower than that observed in single ATGL knockdown cells (Fig. 15D). Conversely,
overexpression of both cPLAsa and ATGL augmented PGE, synthesis relative to control
untransfected cells (Fig. 15D). These results suggest that PGE, synthesis in starving TNBC
cells is mainly dependent on ATGL, but cPLA.x also contributes to lipid mediator
production, possibly by affecting lipid droplet breakdown through an as-yet-unknown
mechanism.
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Figure 15: ATGL and cPLAsa regulate PGE, production in starving TNBC cells. (A)
MDA-MB-231 cells were seeded and cultured in complete medium for 48 h, and then
serum-starved in RPMI-1640 medium containing 0.02% EFAF-BSA for 24 h. (B) MDA-
MB-231 cells were reverse transfected with siRNA-targeting cPLAsa (sicPLAsa) or non-
targeting siRNA (control) and cultured 48 h in complete medium, and then serum-
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starved for 24 h in RPMI-1640 medium containing 0.02% EFAF-BSA. (C, D) MDA-MB-
231 cells were reverse transfected with ATGL-targeting siRNA (siATGL) and/or siRNA-
targeting cPLAsa (sicPLAsa) or non-targeting scrambled siRNA (control) and treated
with 10 tM AA for 48 h in complete medium, and then transiently transfected with
plasmid DNA containing ATGL (pATGL) and/or cPLAa (pcPLAsa) cDNA and starved
for 24 h in RPMI-1640 medium containing 0.02% EFAF-BSA. (A, B) The relative gene
expression levels of target genes were determined by qPCR. Neutral lipid content was
quantified by flow cytometry (C) and PGE, release determined with commercial
enzymatic assay (D). Values on the graphs are means + SEM of at least two experiments
and results that are statistically significant are indicated (*, P < 0.05; ** P < 0.01; ***
P < 0.001; unpaired t-test (B); two-way ANOVA with Bonferroni adjustment (C, D)).

3.1.4 Discussion

Lipid droplets are central regulators of lipid uptake, metabolism, trafficking and signaling
in the cell. Their functions in energy and redox homeostasis have been broadly recognized,
whereas their roles in lipid signaling are less studied (Farese & Walther, 2009; Ohsaki,
Suzuki, & Fujimoto, 2014; Olzmann & Carvalho, 2019; Petan et al., 2018; Welte, 2015;
Welte & Gould, 2017). However, recent studies have implicated lipid droplets in a variety
of signaling pathways involved in energy and redox homeostasis, transcriptional regulation,
inter-organelle communication and the inflammatory response (Arrese, Saudale, &
Soulages, 2014; Jarc & Petan, 2019b; Papackova & Cahova, 2015; Petan et al., 2018;
Zechner et al., 2012). These features make lipid droplets important modulators of stress
response mechanisms particularly in “challenged” cells that fight to survive in various
nutrient- and oxygen-deprived conditions, such as those found in the tumor
microenvironment (Henne et al., 2018; Petan et al., 2018).

Tumorigenesis is tightly linked with altered lipid metabolism and signaling. Emerging
evidence suggests that alterations in the levels of pro-inflammatory lipids, such as
eicosanoids, modulate cancer cell proliferation, apoptosis and migration, and also affect
immune cell recruitment and activation (Wang & Dubois, 2010). However, the currently
available non-steroidal anti-inflammatory drugs (NSAIDs), which mostly target the COX
enzymes to block eicosanoid production, have a limited potential in cancer prevention and
therapy due to adverse effects on the cardiovascular and gastrointestinal systems (Bessone,
2010; Kanikarla-Marie et al., 2018). Thus, there is a great need to discover new molecular
mechanisms and targets, which may provide an effective way to reduce cancer-associated
inflammation and limit the development and progression of cancer.

The production of eicosanoids depends on the release of their AA precursor from
phospholipid membranes, involving the activity of cPLAsa and some other PLA,s (Dennis
et al., 2011; Dennis & Norris, 2015). However, clinical trials of PLA, inhibitors for the
management of inflammation have failed due to similar side effects to those displayed by
NSAIDs, suggesting that other approaches should be considered. Recent studies have
shown that cellular stores of neutral lipids are an important source of AA for eicosanoid
synthesis in immune cells (Dichlberger et al., 2014; Schlager et al., 2015), suggesting the
involvement of neutral lipases in the production of bioactive lipids. The activity of the
major TAG lipase ATGL has been implicated as a source of precursors for the synthesis of
eicosanoids, however, it is unclear whether ATGL somehow cooperates with cPLAsa or
independently affects eicosanoid generation (Dichlberger et al., 2014).

In this study, we focused on the role of lipid droplets and ATGL in the production of
eicosanoids in highly tumorigenic TNBC cells. Our results suggest that lipid droplets are
sources of PUFA precursors for the production of eicosanoids and other lipid mediators in
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breast cancer cells. By releasing PUFAs from TAGs stored in lipid droplets upon
starvation-induced stimulation of lipolysis, ATGL emerges as a major regulator of lipid
mediator production in breast cancer cells. Moreover, cells depleted of lipid droplets were
unable to produce eicosanoids during starvation, suggesting that the esterification of FA
precursors in lipid droplet-stored TAGs is a required step for lipid mediator production.
Interestingly, our results also implicate cPLAsa in both lipid droplet metabolism and lipid
mediator production in TNBC cells, suggesting a complementary role for cPLA»a alongside
ATGL in these processes.

3.14.1 Lipid droplets are sources of PUFA precursors for the synthesis of pro-

inflammatory and pro-resolving lipid mediators in TNBC cells

We show here that starvation-stimulated breakdown of hGX sPLAs-induced lipid droplets
leads to the release of various pro-inflammatory and inflammatory lipid mediators in TNBC
cells (Fig. 12). Our results provide the first evidence of lipid droplet-mediated lipid
mediator production in cancer cells. The hypothesis of lipid droplet-mediated lipid mediator
production has already been suggested by other authors, according to the evidence of: (1)
inflammatory stimuli-dependent lipid droplet enrichment with AA, (2) co-localization of
enzymes involved in eicosanoid synthesis with lipid droplets in various cells, including
cancer cells, and (3) subcellular compartmentalization of lipid droplets and PGE; synthesis
(Accioly et al., 2008; Bozza et al., 2011; Triggiani et al., 1995; Wooten et al., 2008).
However, these studies have not demonstrated that lipid droplet-derived lipids, including
neutral lipids in the core and phospholipids from the monolayer, are sources of AA for
eicosanoid synthesis, nor have they connected the lipolytic molecular mechanisms of AA
release with eicosanoid synthesis. We show that blocking DGAT-mediated TAG synthesis
is necessary for PGE, synthesis (Fig. 14C), indicating that neutral lipids are sources of AA.
In addition, we show that impaired TAG lipolysis not only reduces the production of PGE,,
but the production of lipid mediators in general (Fig. 11).

Our results are in line with recent breakthrough studies in immune cells, which
suggested that TAG in lipid droplets are sources of AA for eicosanoid synthesis
(Dichlberger et al., 2014; Schlager et al., 2015). In activated human mastocytes, TAG
lipolysis is involved in the synthesis of PGD;and LTC; (Dichlberger et al., 2014), while in
mouse neutrophils, it drives the secretion of lipid mediators that derive from all major
enzymatic pathways, including COX-, LOX- and CYP-derivatives (Schlager et al., 2015).
However, a recent study in human foam cells has suggested that neutral lipids, at least in
these cells, are not the source of AA for lipid mediator signaling, but may rather constitute
an expendable pool for storing excess AA that cannot be incorporated into the phospholipid
pool, which exhibits a lower storage capacity and higher affinity for AA in comparison with
the TAG pool (Guijas et al., 2019). The release of AA from TAGs in foamy macrophages
was not detected even in conditions when cellular levels of AA in TAGs exceeded those in
membrane phospholipids. Nevertheless, this study has several drawbacks. To establish
whether membrane phospholipids or TAGs are sources of AA, mobilized by zymosan
stimulation, inhibitors of cPLAsaand ATGL activity were used. For ATGL inhibition, the
cells were treated with a general inhibitor of patatin-like phospholipases, bromoenol
lactone, which does not specifically inhibit only ATGL activity, but affects a wide-range
of enzymes from the patatin-like family. Pharmacological agents can also induce various
non-specific effects on cell function and metabolism, which may affect the final outcome.
In addition, whether phospholipid-derived AA is a source for eicosanoid synthesis in these
cells has not been addressed. Our results with ATGL-specific siRNA downregulation and
ATGL overexpression strongly suggest that the TAG pool of lipid droplets in TNBC cells
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is a major source of PUFAs for the synthesis of various lipid mediators that derive from
all three major enzymatic pathways.

3.14.2 hGX sPLA; as a tool for studying lipid droplet metabolism in TNBC cells

In this study, we used recombinant hGX sPLA; as a tool for inducing lipid droplet synthesis
in TNBC cells. Previous studies on the role of group X sPLA, in cancer revealed that
exogenously added mouse group X sPLA, stimulates cancer cell proliferation through the
ability of releasing a significant amount of AA, which leads to increased production of
various eicosanoids, with PGE; being by far the most prominent product in colon cancer
cells (Surrel et al., 2009). In contrast, we have found that hGX sPLA; stimulates cancer
cell proliferation by another mechanism that is dependent on the release of fatty acids and
lysophospholipids, but does not depend on the stimulation of PGE, generation (Pucer et
al., 2013). Instead, hGX sPLA; prolongs serum-free survival of TNBC cells in an enzyme
activity-dependent manner by driving lipid droplet biogenesis and altering lipid metabolism
(Pucer et al., 2013). The hGX sPLAsinduced lipid droplet formation was dependent on
the ability of hGX sPLA;to hydrolyze membrane phospholipids in TNBC cells, leading to
the release of various unsaturated FAs, including w-6 and w-3 PUFAs (Jarc, Kump, et al.,
2018). Lipidomic analyses of hGX sPLAinduced lipid droplets revealed an enrichment of
TAGs with long-chain PUFAs (Pucer, 2014). This suggests that the PUFAs released by
hGX sPLA, are preferentially incorporated into growing lipid droplets. It is very likely that
hGX sPLA, activity affects several mechanisms in lipid metabolism that could be relevant
in cancer pathology, however, its effect on lipid droplets is particularly interesting.

3.1.4.3 Lipid droplets are the link between hGX sPLA:and lipid mediator synthesis

The group X sPLA, has been shown to release AA and other w-3 PUFAs from cellular
membranes of different intact cells and promote lipid mediator synthesis in various cell
types, including lung epithelial cells, lung leukocytes, intestinal cells and cancer cells (Jarc
& Petan, 2019a; Murakami, 2011). Importantly, the ability of murine GX sPLA; to deliver
phospholipid membrane-derived precursors for lipid mediator synthesis that affect
inflammation and tumorigenesis has also been demonstrated in vivo (Murase et al., 2016;
Schewe et al., 2016). There have been some studies suggesting its involvement in lipid
metabolism in adipogenesis in mice (Li, Shridas, Forrest, Bailey, & Webb, 2010).
Historically, the activity of cPLA.a has been considered the major source of AA for
eicosanoid synthesis, along with the activities of some sPLA»s and iPLAss, which have also
been implicated in lipid mediator synthesis (Jarc & Petan, 2019a). Novel evidence suggests
that PLAss, including group X sPLAsand cPLA»a play an important role in lipid droplet
metabolism (Guijas, Rodriguez, Rubio, Balboa, & Balsinde, 2014). This opens the
possibility that sPLAs- and cPLA.a-mediated lipid mediator synthesis is associated with
lipid droplets. cPLAsa plays a regulatory role in lipid droplet synthesis and its activity may
contribute to lipid droplet accumulation and eicosanoid synthesis in the liver, causing
hepatosteatosis (Gubern et al., 2008; Ishihara et al., 2012). The group X sPLA, promotes
lipid droplet accumulation in breast cancer cells, which enables cancer cells resistance to
nutrient and oxidative stress (Jarc, Kump, et al., 2018; Pucer et al., 2013). Its activity also
supports cancer progression by mediating the release of AA and eicosanoid synthesis in
colon cancer cells (Surrel et al., 2009). Furthermore, elevated expression of the group X
sPLA, and of eicosanoid synthesis enzymes, along with increased levels of PUFA-TAGs
have been linked with inflammation in visceral adipose tissue (Liesenfeld et al., 2015). So
far there have not been any suggestions or evidence that would link lipid mediator
production induced by any (s)PLA, with lipid droplet metabolism.
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In this study we provide the first evidence of an association between hGX sPLA,
activity, lipid droplets and lipid mediator synthesis in TNBC cells. We show that treating
TNBC cells with AA or hGX sPLA; leads to lipid droplet biogenesis and that starvation-
induced breakdown of these lipid droplets drives lipid mediator production (Figs. 7, 8, 10).
Importantly, our lipidomic analyses enabled the detection of a wide range of lipid
mediators, including AA-, DHA- and EPA-derived metabolites. The latter were found to
be the most abundant products derived from the breakdown of hGX sPLAs-induced lipid
droplets (Fig. 10A). We have previously reported that the major TAG lipase ATGL is not
essential for the pro-survival effects of hGX sPLA, in TNBC cells (Jarc, Kump, et al.,
2018), but the results of this study reveal that it is crucial for hGX sPLA; induced lipid
mediator synthesis (Fig. 12), including that of the pro-tumorigenic PGE; (Figs. 8B and
12B). These findings indicate that hGX sPLA»- elicited production of PGE, and other lipid
mediators requires intact lipid droplet metabolism in breast cancer cells. Given the ability
of hGX sPLA; to act on the plasma membranes of most mammalian cells and induce lipid
mediator production, this mechanism is very likely to occur in other cell types and tissues
as well and could provide novel interpretations for numerous previous studies in the field.

3.1.4.4 Besides PGE,, 15-LOX metabolites are the most abundant products of hGX
sPLA: activity in TNBC cells

The expression of COX, 5-, 12- and 15-LOX enzymes in aggressive TNBC cells is
significantly higher in comparison with that in less tumorigenic breast cancer cell lines
(Jiang, Douglas-Jones, & Mansel, 2003). Relatively high amounts of COX-derived PGE,
were released from TNBC cells under lipolytic conditions (Fig. 10D), and these were further
augmented upon the addition of hGX sPLA,. We show that the mRNA expression of the
PTGS1 gene (encoding the COX-1 protein) is higher in comparison with PTGS2 (COX-2
protein) (Fig. 15A), suggesting a predominant role for COX-1 in the synthesis of PGE,in
these conditions. PGE; is the most abundant prostaglandin species found in various cancers
and has an important role in promoting cancer cell growth and proliferation (Wang &
Dubois, 2010). To establish the effect of increased PGE; levels on the proliferation of TNBC
cells, we performed additional experiments and preliminary results indicate that exogenous
PGE; stimulates TNBC proliferation also in our experimental system (data not shown).
However, more experiments are necessary to determine whether lipid droplet breakdown
contributes to cell proliferation via the synthesis of PGE,.

Interestingly, our results show that the breakdown of hGX sPLAs-induced lipid droplets
has the most prominent effect on 15-LOX (encoded by the ALOX15 gene) (Fig. 10B) and
12-LOX (encoded by the ALOX12 gene) metabolites. Since the 12/15-LOX enzymatic
pathway is responsible for the conversion of different precursors, including AA, EPA and
DHA, into lipid mediators (Fig. 9), a wide range of effects on cellular signaling and function
is to be expected. To date, not many studies have addressed the effects of individual 12/15-
LOX metabolites on cancer cells, but in vivo evidence suggests that 12-HETE facilitates
metastasis of breast tumor xenografts in mice, while metastasis-free survival inversely
correlates with the expression of the ALOX15 gene in tumor cells (Kerjaschki et al., 2011).
We observed an increase in the levels of several HDHA, HETE and HEPE metabolites,
including 12-HETE, but intriguingly, the release of 14-HDPA was the most prominent
(Fig. 10F), DPA is an intermediate in the conversion of EPA to DHA. It has been found
in numerous mammalian tissues and it has been proposed to be a precursor for the synthesis
of novel immunoresolvents, including resolvins,.; ppa and maresins, ; ppa, that share similar
functionality with DHA-derived SPMs. Indeed, their production could compensate for a
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lower production of DHA-derived SPMs, when DHA availability is reduced, and may
enable an efficient resolution of inflammation (Dalli et al., 2013).

Recent evidence suggests an anti-tumorigenic activity of DHA- and EPA-derived SPMs,
which counter tumor growth by promoting phagocytosis and suppressing the synthesis of
pro-inflammatory cytokines (Sulciner, Serhan, et al., 2018). Our results show that the
production of DHA-derived and EPA-derived SPMs in TNBC cells is barely detectable and
does not change dramatically by the addition of hGX sPLA; (Fig. 10G). Among other lipid
mediators, we observed a significant increase in the production of 18-HEPE and 12-HHT,
which seem to exhibit opposite effects in cancer. EPA-derived 18-HEPE has been shown
to protect from melanoma pulmonary metastasis, indicating an anti-tumorigenic activity
(Li et al., 2018). On the contrary, 12-HHT-mediated signaling has been implicated in
chemotherapy resistance. Splenic macrophages have been shown to mediate
chemoresistance in mouse tumor xenograft models by producing 12-HHT following
treatments with exogenous platinum-induced fatty acids (PIFAs) (Houthuijzen et al.,
2014). PIFA synthesis was shown to be induced by platinum analogues of
chemotherapeutics (Roodhart et al., 2011). Genetic loss or chemical inhibition of the
leukotriene B4 receptor (BLT2), which specifically binds 12-HHT, prevented 12-HHT-
mediated resistance to chemotherapy, suggesting that 12-HHT-mediated resistance is
dependent on LTB4 signaling (Houthuijzen et al., 2014). Furthermore, combined therapy
of indomethacin, a COX inhibitor, and platinum-based chemotherapy effectively
suppressed 12-HHT levels in patients' plasma, suggesting a mechanism that may improve
chemosensitivity (van der Velden et al., 2018).

3.14.5 ATGL activity is essential for the production of PGE. and other lipid
mediators in starving TNBC cells

Lipolytic lipid droplet breakdown requires the activity of ATGL, which preferentially
hydrolyses TAGs, leading to the release of FAs that may be used for energy production in
mitochondria (Rambold et al., 2015) and bind to nuclear receptors, thereby also affecting
the transcriptional regulation of mitochondrial energy metabolism (Haemmerle et al., 2011;
Zechner et al., 2012). These two fundamentally different, but complementary fates of
ATGL-released FAs reveal that the enzyme is important for the integration of metabolic
and signaling pathways in the cell. The role of ATGL in cancer is currently not clear and
is even controversial, with a pro-tumorigenic role suggested by several in vitro studies and
a tumor suppressor role suggested by some in vivo reports (Petan et al., 2018).
Nevertheless, current studies on the role of ATGL and lipolysis in cancer are largely focused
on their metabolic effects, whereas the signaling aspects of ATGL-mediated lipolysis are
still largely neglected. Our results provide the first evidence that ATGL-mediated lipolysis
is involved in lipid mediator production in TNBC cells (Fig. 11), revealing a link between
ATGL activity and lipid mediator signaling in cancer. These results support the findings
in non-cancer cells, including immune (Dichlberger et al., 2014; Schlager et al., 2015) and
vascular endothelial cells (Riederer et al., 2017), which first reported that ATGL activity
is involved in lipid mediator production by releasing precursors for their synthesis. The
idea that lipid droplets are sources of precursors for lipid mediator production is not limited
only to the ATGL activity, but extends to other neutral lipases (Gartung et al., 2016) and
processes. Recent evidence suggests that lysosomal acid lipase contributes to lipid mediator
synthesis in macrophages (Schlager et al., 2017), revealing that lysosomes release TAG-
derived FAs that may be used as precursors of lipid mediators. Indeed, lysosomes are also
sites of lipid droplet breakdown in the process of autophagy, i.e. lipophagy (Zechner et al.,
2017), possibly uncovering yet another mechanism that links lipid droplets with lipid
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mediator synthesis. Our recent results indicate that ATGL lipolysis is a predominant, but
probably not the sole pathway of lipid droplet breakdown in TNBC cells (Jarc, Kump, et
al., 2018). We show here that ATGL depletion significantly reduces the synthesis of a wide
range, but not all of lipid mediators (Fig. 11), suggesting that other processes also provide
precursors for lipid mediator synthesis when ATGL is missing.

Among COX-derived metabolites, we found a significant decrease in the release of the
most abundant prostaglandin in TNBC cells, PGE,, in addition to reduced levels of PGD.,
PGF3« and TXB, (Fig. 11B). ATGL depletion also abolished the effect of hGX sPLAy-
induced changes in PGE;and PGD; levels (Fig. 12B). With the exception of 5-HETE, the
release of other metabolites of 5-LOX enzymatic pathway was compromised by ATGL
depletion (Fig. 11C). The addition of 5-HETE to breast cancer cells stimulates cancer cell
proliferation, while inhibition of 5-LOX activity results in reduced cell growth and increased
apoptosis (Avis et al., 2001). Interestingly, the activity of hGX sPLA, also did not alter
the production of 5-HETE (Fig. 12C), suggesting other enzymes and/or processes to
regulate its generation.

ATGL depleted cells displayed a reduced release of several 12/15-LOX metabolites,
including 7-HDHA, 4-HDHA, 8-HETE and 15-HEPE (Fig. 11D). Surprisingly, ATGL
depletion led to an increased release of 14-HDHA in control cells (Fig. 11D), but it
abolished the effect of hGX sPLA; on increased 14-HDHA synthesis (Fig. 12D). We cannot
explain this discrepancy and further analyses would be needed to confirm or deny this
finding. ATGL depletion also led to reduced levels of the most abundant 12/15-LOX-
derived products of the hGX sPLA; activity (Fig. 12D), suggesting the importance of lipid
droplets and ATGL lipolysis for the hGX sPLAsinduced changes on lipid mediator
synthesis. Finally, blocking ATGL lipolysis resulted in reduced release of several CYP-
derived metabolites and SPM species, including resolvins and lipoxins (Fig. 11E), and in
completely abrogated induction of their synthesis by hGX sPLA, (Fig. 12E). The release
of some resolvins, such as RvEl and RvE3, was not affected by ATGL depletion (Fig.
11E), nor hGX sPLA; activity (Fig. 12E). These results suggest that the production of
some lipid mediators may occur through distinct mechanisms and may not respond to hGX
sPLA, and ATGL activities.

3.1.4.6 Both ATGL and cPLA.«x affect lipid droplet turnover and participate in lipid
droplet-mediated lipid mediator synthesis

Several studies have reported that upon cell activation large amounts of AA and other
PUFAs are incorporated into TAGs stored in lipid droplets (Bozza et al., 2011; Shmarakov,
Jiang, Liu, Fernandez, & Blaner, 2019), leading to lipid droplet breakdown that stimulates
the production of various lipid mediators (Dichlberger et al., 2014; Shmarakov et al., 2019).
Two distinct pools of lipids stored in lipid droplets have been suggested to be the sources
of AA for eicosanoid synthesis, including phospholipids of the lipid droplet monolayer and
TAGs in the neutral lipid core (for extended discussion on this topic, see our recent review
paper Jarc & Petan, 2019a). cPLA,a mainly releases AA from perinuclear membranes and
the ER, but it has also been localized on lipid droplets in immune cells (Bozza et al., 2011),
suggesting that it may catalyze the release of AA from glycerophospholipids that constitute
the lipid droplet monolayer. A recent study has proposed several options of lipid droplet-
mediated eicosanoid synthesis in immune cells, suggesting that ATGL-released, TAG-
derived AA is either directly or indirectly used for eicosanoid synthesis (Fig. 16).

The indirect pathway includes a possibility that ATGL-released AA is transiently re-
esterified back into the phospholipid monolayer of lipid droplets and then released by
cPLAsa activity (Dichlberger et al., 2014). As a third option, cPLAsa could also directly
provide phospholipid-derived AA by acting on the lipid droplet monolayer in a process,
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which is somehow dependent on ATGL (since it is affected by ATGL knockdown
(Dichlberger et al., 2014)), but without the involvement of TAG-derived AA. Our results
suggest that both ATGL and ¢cPLAsx are involved in PGE, production, but ATGL plays
a predominant role (Fig. 15D). Interestingly, the effect of single gene depletion of either
ATGL or cPLAsa on lipid droplet levels was similar, while double knockdown of both
enzymes led to a significantly elevated lipid droplet accumulation (Fig. 15C), suggesting
that both enzymes are involved in lipid droplet breakdown in TNBC cells. These results
are in line with the proposed mechanisms in immune cells (Dichlberger et al., 2014), but
they also suggest a fourth option: cPLAsa could facilitate ATGL-mediated lipolysis, e.g.
possibly by hydrolyzing the phospholipid monolayer on lipid droplets, thereby increasing
membrane fluidity and providing an easier access for ATGL to the neutral lipid core
underneath the monolayer (Fig. 16). Moreover, other authors have suggested that cPLAa
is also involved in lipid droplet biogenesis in severely nutrient-deprived cells (Gubern et
al., 2009, 2008; Guijas et al., 2014). Whether cPLAsa is involved in lipid droplet biogenesis
in serum-starved TNBC cells remains to be determined, but it is worth to speculate that
the enzyme regulates lipid droplet turnover by different mechanisms that depend on the
different metabolic states and requirements of the cell. It is also very likely that ATGL
and cPLAsa cooperate and adapt their effects on lipid droplets accordingly.
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Figure 16: Proposed mechanisms of ATGL- and cPLAsa-mediated release of lipid
droplet-derived precursors for lipid mediator synthesis. The release of arachidonic acid
(AA) from lipid droplets may occur through distinct mechanisms, which collectively or
individually contribute to COX- and LOX-driven eicosanoid synthesis. At least four
different options are possible (e.g. mechanisms when cPLA,a acts on other membranes
have not been depicted here). (A) cPLAsa activity could directly promote eicosanoid
synthesis by releasing AA from the phospholipid monolayer of the lipid droplet. ATGL-
mediated lipolysis could affect eicosanoid synthesis by releasing AA from TAG directly
(B) or indirectly (C), whereby TAG-derived AA is transiently re-esterified into the
phospholipid monolayer and is subsequently released by cPLA,a activity. (D) cPLAsa
could also facilitate ATGL-mediated hydrolysis by hydrolyzing the phospholipid
monolayer, thereby increasing membrane fluidity and providing an easier access for
ATGL to the neutral lipid core and TAGs.

3.1.5 Conclusion

Lipid droplets are emerging as sources of bioactive lipids. The synthesis of eicosanoids has
been traditionally linked with the activity of cPLAsa on phospholipid membranes, leading
to the release of AA for eicosanoid generation. Novel evidence suggests that TAG lipids
stored in lipid droplets of immune cells represent an important source of AA that may
complement the classical pathway of eicosanoid synthesis by ATGL-mediated TAG
lipolysis (Dichlberger et al., 2014; Schlager et al., 2015). Our results strongly suggest that
lipid droplets in TNBC cells are major sources of AA and other PUFA precursors for the
synthesis of various pro-inflammatory eicosanoids and pro-resolving specialized mediators
that derive from COX, LOX and CYP enzymatic pathways. We have found that both
cPLAsa and ATGL affect lipid droplet turnover in breast cancer cells, leading to changes
in lipid mediator generation. Furthermore, we have found that the activity of hGX sPLA,
in TNBC cells leads to the release of various lipid mediators, with a predominant release
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of EPA-derived metabolites, but it requires intact lipid droplet metabolism. Targeting lipid
droplet turnover may thus represent a novel strategy for reducing inflammation and
inflammation-related tumorigenesis.



Chapter 4

Publications

4.1 Lipid Droplets Induced by Secreted Phospholipase A-
and Unsaturated Fatty Acids Protect Breast Cancer
Cells from Nutrient and Lipotoxic Stress

In this part, the paper “Lipid droplets induced by secreted phospholipase A, and
unsaturated fatty acids protect breast cancer cells from nutrient and lipotoxic stress” by
Eva Jarc, Ana Kump, Petra Malavasi¢, Thomas O. Eichmann, Robert Zimmermann and
Toni Petan is presented. The paper was published in Biochimica et Biophysica Acta —
Molecular and Cell Biology of Lipids in 2018. This paper represents the major research
work of the thesis.

Our previous studies showed that the activity of human group X secreted phospholipase
A, (sPLAj) on triple-negative breast cancer (TNBC) cells leads to lipid droplet
accumulation. The breakdown of lipid droplets supports TNBC cell survival during
prolonged nutrient starvation, but the mechanism remains unknown (Pucer et al., 2013).
In this study, we found that the activity of sPLA; on TNBC cells leads to the release of
unsaturated and polyunsaturated FAs from cellular membranes, and that occurs even in
the presence of serum lipoproteins, which are also targets for SPLA, activity. Importantly,
we found that the major TAG lipase ATGL is involved in TAG lipolysis in TNBC cells
exposed to prolonged nutrient starvation. Interestingly, its depletion was not sufficient to
fully prevent lipid droplet breakdown and significantly reduce the pro-survival effect of
lipid droplets, suggesting the involvement of other lipases and/or lipophagy in starvation-
induced lipid droplet breakdown in TNBC cells (Jarc, Kump, et al., 2018).

Mechanisms that control FA trafficking and their use by cancer cells are poorly
understood. Recent studies suggest that lipid droplets are central regulators of FA
metabolism. By transiently storing FAs into lipid droplet core, DGAT-mediated lipid
droplet biogenesis protects cells from lipotoxicity of exogenous and endogenous FAs
(Chitraju et al., 2017; Listenberger et al., 2003; Nguyen et al., 2017). On the contrary, the
precise regulation of ATGL lipolysis is essential for protection against lipid droplet
breakdown-mediated lipotoxicity (Aflaki et al., 2011; Fuchs et al., 2012). Polyunsaturated
fatty acids (PUFAs), in particular w-3 PUFAs, have been implicated in cancer therapy
due to their potential anti-tumorigenic effects, but their intracellular mobilization and
effect on cancer cell survival are not clear (D’Eliseo & Velotti, 2016). The results of this
study revealed that the effect of w-3 PUFAs on breast cancer cells is concentration-
dependent, with a pro-tumorigenic effect at low micromolar concentrations and lipotoxic
effect at high micromolar concentrations (Jarc, Kump, et al., 2018). Furthermore, we found
that starvation-induced breakdown of PUFA-rich lipid droplets, but not lipid droplets
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induced by monounsaturated FAs, such as oleate and linoleate, is associated with an
ATGL-dependent increase in the production of reactive oxygen species (ROS), leading to
oxidative stress-dependent cell death. Importantly, we found that TNBC cells are protected
from PUFA lipotoxicity when PUFAs are sequestered in lipid droplets, an effect that was
dependent on DGAT1 and ATGL activities on lipid droplet turnover. We demonstrated
that interfering with DGAT1 activity augments the effect of PUFA-induced cell damage,
while stimulation of lipid droplet biogenesis reduces PUFA lipotoxicity. Furthermore, we
showed that blocking ATGL activity reduces PUFA lipotoxicity by preventing PUFA
release from lipid droplets.

According to these findings, we have suggested two mechanisms of protection from
lipotoxicity mediated by lipid droplets. The first includes the activity of sPLA,, which
mitigates PUFA lipotoxicity by stimulating lipid droplet biogenesis and enriching lipid
droplets with FAs with a low unsaturation level, which results in the reduction in PUFA-
TAG content and reduces the release of PUFA from lipid droplets through “PUFA
dilution”. The second mechanism includes “PUFA retention” in lipid droplets mediated by
the suppression of lipid droplet breakdown in cells depleted of ATGL. We found that
ATGL depletion does not affect TAG composition, suggesting that the reduction in PUFA
lipotoxicity is based on overall reduction in lipolysis.

Collectively, our results suggest that lipid droplets in TNBC cells act as antioxidants
and protect cells from nutrient and oxidative stress. In this paper, I contributed to most
of the results with a focus on lipidomic analyses, which were done in the collaboration with
Dr. Thomas O. Eichmann and Dr. Robert Zimmermann from the University of Graz, qPCR
gene analysis, optimizing ATGL depletion with siRNA and performing several experiments
to determine the underlying effects of ATGL depletion on lipid droplet content, cell death
and ROS generation. I also performed experiments, studying the role of B-oxidation and
DGAT activity on lipid droplets and cell survival. To follow changes in glycerol release
and in the amount of TAG, CE and cholesterol in our samples, I performed several
biochemical assays. I evaluated most of the results by statistical analysis. Finally, I
contributed to the preparation of the manuscript for publication by preparing final figures
and writing figure legends, material and methods and actively participating in the final
submission of the manuscript. During the revision process, I contributed by performing
additional experiments and providing final results for publication.
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ARTICLE INFO ABSTRACT

Cancer cells driven by the Ras oncogene scavenge unsaturated fatty acids (FAs) from their environment to
counter nutrient stress. The human group X secreted phospholipase A, (hGX sPLA,) releases FAs from membrane
phospholipids, stimulates lipid droplet (LD) biogenesis in Ras-driven triple-negative breast cancer (TNBC) cells
and enables their survival during starvation. Here we examined the role of LDs, induced by hGX sPLA, and
unsaturated FAs, in protection of TNBC cells against nutrient stress. We found that hGX sPLA, releases a mixture
of unsaturated FAs, including -3 and -6 polyunsaturated FAs (PUFAs), from TNBC cells. Starvation-induced
breakdown of LDs induced by low micromolar concentrations of unsaturated FAs, including PUFAs, was asso-
ciated with protection from cell death. Interestingly, adipose triglyceride lipase (ATGL) contributed to LD
breakdown during starvation, but it was not required for the pro-survival effects of hGX sPLA; and unsaturated
FAs. High micromolar concentrations of PUFAs, but not OA, induced oxidative stress-dependent cell death in
TNBC cells. Inhibition of triacylglycerol (TAG) synthesis suppressed LD biogenesis and potentiated PUFA-in-
duced cell damage. On the contrary, stimulation of LD biogenesis by hGX sPLA; and suppression of LD break-
down by ATGL depletion reduced PUFA-induced oxidative stress and cell death. Finally, lipidomic analyses
revealed that sequestration of PUFAs in LDs by sPLA-induced TAG remodelling and retention of PUFAs in LDs
by inhibition of ATGL-mediated TAG lipolysis protect from PUFA lipotoxicity. LDs are thus antioxidant and pro-
survival organelles that guard TNBC cells against nutrient and lipotoxic stress and emerge as attractive targets
for novel therapeutic interventions.
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1. Introduction nutrient acquisition to reduce stress and maintain growth and pro-

liferation in nutrient- and oxygen-poor environments [1,7]. They in-

Tumours display metabolic alterations that maximize their ability to
survive and proliferate during periods of stress [1]. Apart from the
dependence of many cancer types on glucose and glutamine, emerging
evidence points to alterations in lipid metabolism pathways that pro-
mote tumour growth, including fatty acid (FA) synthesis, B-oxidation,
as well as phospho- and neutral lipid metabolism [2-6]. Recent studies
have shown that certain cancer cells use opportunistic modes of

crease the uptake of exogenous protein and lipid molecules through
macropinocytosis to reduce their dependence on de novo synthesis
[7.8]. Cancer cells exposed to hypoxia or driven by the Ras oncogene
upregulate lysophosphatidylcholine internalization to extract FAs and
compensate for the deficiency in endogenous unsaturated FAs [9].
Constitutive mammalian target of rapamycin (mTOR) activity during
hypoxia also renders cancer cells dependent on exogenous unsaturated
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FAs [10]. Breast cancer and glioblastoma cells upregulate FA uptake
and increase lipid droplet biogenesis to enable cell survival during
hypoxia [11]. Furthermore, mutant Ras-driven lung cancer develop-
ment is dependent on FA uptake, lipid droplet formation and p-oxida-
tion mediated by acyl-CoA synthetase long chain 3 (ACSL3) [12]. Thus,
constitutive activation of growth-promoting pathways in hypoxic and
nutrient deprived cancer cells often leads to the dependence on exo-
genous FAs for cancer cell survival. This critical metabolic vulnerability
of cancer cells is a viable therapeutic target and it is important to
identify the sources of unsaturated lipids, the mechanisms of acquisi-
tion from their microenvironment and the cellular processes that are
crucial for their utilization [8].

Lipid droplets (LDs), long regarded as inert storage depots of me-
tabolic fuel and membrane building blocks, have emerged recently as
new organelles integrating cellular lipid metabolism and signalling, FA
trafficking, protein management and quality control, viral replication
and immunity [13]. LDs store neutral lipids, mostly triacylglycerol
(TAG) and cholesterol esters, and balance FA uptake, storage and use
according to cellular needs. Increased accumulation of neutral lipids in
LDs has been demonstrated in several cancers, including breast, brain
and colon cancer [4,14]. Interestingly, LD formation is induced in dif-
ferent stressful conditions, including nutrient excess and deprivation,
hypoxia and oxidative stress [4]. In most cells exposed to excess exo-
genous or endogenous FAs, LDs act as transient buffers that reduce FA
lipotoxicity [15]. Thus, interfering with TAG synthesis by depletion of
diacylglycerol acyltransferase 1 (DGAT1), one of the two DGAT iso-
forms catalysing the final and dedicated step in TAG synthesis [16],
leads to cell death in fibroblasts exposed to exogenous oleate [15]. On
the other hand, LDs provide fuel for mitochondrial oxidative metabo-
lism and enable cell survival during nutrient deprivation [17,18].
Bailey et al. [19] have recently shown that LDs can also act as anti-
oxidant organelles that protect Drosophila neural stem cells from oxi-
dative damage by storing polyunsaturated FAs (PUFAs) in the form of
neutral lipids. They found that DGAT1-mediated LD formation was
required for reducing oxidative stress and PUFA peroxidation in these
cells [19]. LDs can also protect cancer cells from oxidative damage,
since interfering with FA uptake and LD formation in hypoxic cancer
cells reduces their ability to sustain oxidative stress [11].

Relatively little is known about the roles of LD lipolysis in the
regulation of oxidative stress, lipotoxicity and cancer cell survival
during stress [4,20]. Adipose triglyceride lipase (ATGL) catalyses the
rate-limiting step in TAG hydrolysis and is the major TAG hydrolase in
adipose tissue, heart, liver, and other tissues [21-23]. ATGL depletion
leads to growth inhibition in several cancer cell lines [24,25], sug-
gesting a pro-tumourigenic role for the enzyme. Additionally, recent
studies suggest that both tumour- and adipose tissue lipolysis, and
ATGL in particular, contribute to the adipocyte-induced metabolic re-
programming and aggressiveness of breast, pancreatic and ovarian
cancer [26-29]. The enzyme is overexpressed in high grade mammary
tumours and its activity in breast cancer cells is important for inva-
siveness in the presence of adipocytes [29]. However, a tumour sup-
pressor role for ATGL has also been suggested, since its expression is
reduced in several human cancers, including breast invasive adeno-
carcinoma, and it correlates with reduced patient survival [30]. Fur-
thermore, mice lacking ATGL spontaneously develop lung tumours
[30], and adipose tissue-specific combined deletion of ATGL and hor-
mone-sensitive lipase (HSL) genes leads to the development of lipo-
sarcoma [31]. While its role in cancer is still controversial, the im-
portance of ATGL in organismal and cellular energy metabolism is well
accepted. The enzyme has a crucial role in supplying skeletal muscle
with FAs from adipose tissue [32]. It enables FA transfer from LDs to
mitochondria in cardiomyocytes, hepatocytes, and in starved mouse
embryonic fibroblasts [22,33]. Additionally, ATGL-mediated lipolysis
promotes signalling pathways leading to elevated mitochondrial and
oxidative gene expression thus matching fB-oxidation with FA mobili-
zation from LDs in several tissues [22,34,35]. The absence of ATGL-
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mediated lipolysis protects hepatic cells from FA-induced ER stress
[361, while stimulation of lipolysis by ATGL overexpression in cardio-
myocytes leads to lipotoxicity and ER stress [37]. On the other hand,
ATGL deficiency in macrophages leads to TAG accumulation and cell
death associated with ER stress, elevation of reactive oxygen species
(ROS), and mitochondrial damage [38]. Clearly, the balance between
LD formation and LD breakdown is critical for mitochondrial metabo-
lism and the cellular response to stress, and the role of ATGL in reg-
ulating LD lipolysis and (cancer) cell fate may vary depending on the
tissue involved and the pathophysiological context.

Phospholipase A, (PLA,) enzymes catalyse the hydrolysis of the sn-2
ester bond in glycerophospholipids [39], releasing free FAs and lyso-
phospholipids. Several intracellular PLA,s, including the Ca®*-depen-
dent cytosolic group IVA PLA, (cPLA,a) and the Ca®”-independent
group VIA PLA, (iPLA,B) have been implicated in the regulation of LD
formation and TAG synthesis during stress, respectively [40-42]. Se-
creted phospholipase A, (SPLA>) enzymes act in the extracellular en-
vironment on healthy and apoptotic cells, microvesicles, lipoproteins
and other membranes [43,44]. The group X sPLA, enzyme is the most
potent among mammalian sPLA,s in hydrolysing phosphatidylcholine
(PC), the most abundant phospholipid in mammalian cell membranes
and lipoproteins. Recent studies in mice have shown that the enzyme
releases a mixture of unsaturated FAs, including w-3 PUFAs [45], and
exerts a protective role against inflammation [45], atherosclerosis [46]
and obesity [47]. In the murine colon, the group X sPLA, displays a
context-dependent role in modulating both inflammation and tumor-
igenesis [48]. The enzyme is overexpressed in several cancers in hu-
mans, including invasive breast carcinoma [49,50], and it is secreted
from immune cells, such as leukocytes, neutrophils and macrophages
[46,51,52]. In vitro, it stimulates breast and colon cancer cell pro-
liferation by a mechanism that is dependent on its enzymatic activity
[18,53]. Recently, we have shown that the human group X (hGX) sPLA,
induces LD formation in Ras-driven MDA-MB-231 triple-negative breast
cancer (TNBC) cells and promotes their survival during nutrient stress
[18]. It acts through the products of its phospholipolytic activity, most
likely by providing free FAs for TAG synthesis and thereby reducing the
requirement for de novo lipogenesis. Furthermore, it activates AMP-
activated protein kinase (AMPK) and upregulates FA oxidation. The
breakdown of hGX sPLA,-induced LDs, occurring during prolonged
starvation in the absence of the enzyme, was associated with protection
from cell death, likely due to the provision of LD-derived free FAs for
mitochondrial B-oxidation [17,18,50]. Some, but not all of the effects of
hGX sPLA; on breast cancer cells could be replicated by exogenously
added oleic acid (OA), suggesting the involvement of other unsaturated
FA products of hGX sPLA, activity [18]. In fact, the relationships be-
tween different unsaturated and polyunsaturated FA species, LD me-
tabolism and cancer cell survival have been poorly investigated.

Since LDs are central regulators of cellular FA trafficking and act as
transient repositories for both endogenous and exogenous FAs to reduce
their lipotoxicity [15,19,37], we asked whether LDs induced either by
sPLA, or by addition of exogenous unsaturated FAs, differ in their
ability to support cancer cell survival during nutrient and lipotoxic
stress. Furthermore, we investigated the role of key enzymes in lipid
metabolism, such as ATGL and DGATI, in cancer cell survival during
nutrient stress.

2. Materials and methods
2.1. Materials

Breast cancer cells (MDA-MB-231, T-47D) and culture medium
(RPMI-1640) were obtained from ATCC (USA), fetal bovine serum
(FBS), Hanks' balanced salt solution (HBSS), Dulbecco's phosphate-
buffered saline (DPBS), TrypLE Select and Opti-MEM from Life
Technologies (USA). Oleic, docosah p vic, linoleic
and arachidonic acids were from Cayman Chemical (USA),
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Lipofectamine RNAIMAX, BODIPY 493/503 and CM-H,DCFDA from
Thermo Fisher Scientific (USA). Human ATGL-targeting siRNAs and
Allstars Negative Control siRNA were from Qiagen (Germany), N-
acetyl-L-cysteine (NAC) from Calbiochem (USA). Essentially fatty acid-
free (EFAF) bovine serum albumin (BSA) (Sigma-Aldrich cat. no.
A7511), fatty acid-free (FAF) BSA (Sigma-Aldrich cat. no. A8806),
heptadecanoic acid (C17:0), Nile red, tetramethylrhodamine methyl
ester (TMRM), 7-aminoactinomycin D (7-AAD), etomoxir sodium salt
hydrate, Hoechst stain solution, hydrogen peroxide and A922500 were
from Sigma-Aldrich (USA). YO-PRO-1 iodide was from Life
Technologies (USA), horseradish peroxidase (HRP)-labelled secondary
antibodies from Jackson ImmunoResearch Laboratories (USA), ATGL
antibodies (#2138) from Cell Signaling Technology (USA) and B-actin
antibodies (NB600-532) were from Novus Biologicals (UK). The re-
combinant wild-type human group X sPLA, was prepared as described
previously [54,55]. All other chemicals were of at least analytical grade
and purchased from Sigma-Aldrich (USA) or Serva (Germany).

2.2. Cell culture and treatments

MDA-MB-231 and T-47D cells were cultured in RPMI-1640 medium
supplemented with 10% FBS, and with 0.2 Units/ml of bovine insulin
(Sigma-Aldrich, USA) in the case of the T-47D cell line. Adherent cells
were detached using TrypLE Select or a non-enzymatic cell dissociation
solution (0.3 g/1 Na,EDTA, 0.4 g/1 KCl, 0.6 g/l NaHCO;, 1.1 g/ glu-
cose, 8 g/1 NaCl). Unless otherwise indicated, cells were seeded in 24-
well plates at a concentration of 3 x 10* cells/well or 6 x 10 cells/
well and, depending on the experimental goal, three main procedures of
cell feeding and/or starvation were performed following cell seeding
and attachment for 24 h in complete medium, including 1) growth for
48 h in complete medium, 2) growth for 48 h in complete medium
followed by 96-120 h of serum deprivation in RPMI-1640 medium
containing 0.02% EFAF-BSA and 3) pre-starvation for 24 h in RPMI-
1640 medium containing 0.02% FAF-BSA followed by 96-168 h of
serum deprivation in RPMI-1640 medium containing 0.02% EFAF-BSA.
Aliquots of stock solutions of FAs in absolute ethanol were stored under
argon at —80 °C. Prior to addition to cell culture, FAs were complexed
to EFAF-BSA in RPMI-1640 medium at a molar FA:BSA ratio of 4 : 1 (in
experiments with serum deprivation) or to 10% FBS in RPMI-1640 by
incubating the mixtures for 1h at room temperature. A922500 was
added to cells 2 h prior to, while etomoxir was added at the time of
addition of recombinant sPLA, or FAs, and were present in the medium
for the duration of the treatment.

2.3. Silencing of ATGL expression using small interfering RNA (siRNA)

Unless otherwise indicated, MDA-MB-231 cells were reverse trans-
fected at a concentration of 6 x 10* cells/well with 10 nM (when using
a single siRNA) or 20 nM (when using a mixture of two siRNAs) total
siRNA targeted at ATGL (Qiagen), or with 10 nM or 20 nM Allstars
Negative Control siRNA (Qiagen). Transfection complexes were gen-
erated using 1 pl/well of Lipofectamine RNAIMAX in 24-well plates,
7.5 ul/well in 6-well plates and 0.5 pl/well in 48-well plates, and Opti-
MEM medium according to manufacturer's instructions. In experiments
with a 48-h feeding phase followed by 96 h or 120 h of starvation, a
second forward transfection with the same siRNA concentrations was
performed 72 h after the reverse transfection according to manufac-
turer's guidelines.

2.4. Real-time quantitative PCR (qPCR)

Cells were seeded in complete medium in 6-well plates at 1.5 x 10°
cells/well and treated with 10 nM sPLA, and/or 10 uM FAs for 48 h.
Total RNA was isolated from cell lysates using High Pure RNA Isolation
kit (Roche Applied Science, Germany) and quantified using NanoDrop
Spectrophotometer (Thermo Scientific, USA). First strand ¢cDNA was
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generated from 1pg of RNA using High Capacity ¢cDNA Reverse
Transfection kit with RNase inhibitor (Life Technologies, USA) and
random primers according to the manufacturer's instructions. qPCR
analysis was performed for all genes of interest and two reference genes
in each sample using FastStart Universal SYBR Green Master (Roche
Applied Science, Germany) on a StepOnePlus Real-Time PCR system
(Applied Biosystems, USA). Cycling conditions were set at 95 °C for
10 min, followed by 45 cycles at 95 °C for 10 s and 62 °C for 35 s and
followed by a melting curve analysis. PCR efficiencies were at least 80%
for all primer pairs and a single melting peak was observed for each
primer pair. Relative gene expression was calculated upon normal-
ization to two reference genes, corrected for primer-specific PCR effi-
ciency and considering error propagation as described previously [18].

2.5. Western blot analysis

Cells were seeded in complete medium in 6-well plates at 3 x 10°
cells/well and reverse transfected as described above. The cells were
treated with 10 nM sPLA, for 48 h and harvested or, alternatively,
forward transfected and starved for 120 h in RPMI-1640 medium con-
taining 0.02% EFAF-BSA. Cell lysates were prepared by scraping ad-
herent cells in Tris-glycine SDS Sample Buffer (2 x) (Novex by Life
Technologies, USA) containing 800 mM DTT (Sigma-Aldrich, USA) with
the addition of Halt Protease Inhibitor Cocktail (Thermo Scientific,
USA). Lysates were incubated at 95 °C for 10 min and stored on ice.
Total protein concentration was determined using Pierce 660 nm
Protein Assay (Thermo Scientific, USA). 10 pg of total protein were
separated on 10% SDS-PAGE gel and then transferred to a nitrocellulose
membrane (Serva, Germany). After transfer, the membrane was
blocked for 1 h in 5% non-fat dry milk in TBS/0.1% Tween-20 (TBST)
(for ATGL) or in 1% Western Blocking Reagent (WBR) (Roche Applied
Science, Germany) in TBS (for B-actin) and incubated overnight at 4 °C
in the presence of rabbit anti-human primary antibodies for ATGL
(1:1000 dilution) in 5% non-fat dry milk in TBST and rabbit anti-human
primary antibodies for B-actin (1:5000 dilution) in 0.5% WBR in TBS.
After washing with TBST, membranes were incubated for 1 h with HRP-
conjugated secondary antibodies (1:10,000 dilution) in 5% non-fat dry
milk in TBST for ATGL or 0.5% WBR in TBS for B-actin. After washing,
the signal was visualized using Lumi-Light Western Blotting Substrate
(Roche Applied Science, Germany) on a Gel Doc XR system (Bio-Rad,
USA).

2.6. Lipidomic analysis of non-esterified FAs in cell supernatants

Non-esterified fatty acid (NEFA) species were extracted from cell
supernatants for LC-MS analysis. Cells were seeded in complete medium
in 100 mm plates at 2 x 10° cells/plate (MDA-MB-231) or 3.6 x 10°
cells/plate (T-47D), left to attach for 24 h, then washed twice with
DPBS and the medium was replaced with RPMI-1640 containing 0.02%
EFAF-BSA. After 24 h, the cells were incubated with 10 nM sPLA, in
RPMI-1640 medium containing 1% EFAF-BSA for 6 h. Cell supernatants
were collected for NEFA extraction and the cells harvested using cell
dissociation solution for determination of total protein concentration as
described above. NEFAs were extracted using ice-cold acidic Folch so-
lution (1% (v/v) acetic acid in chloroform/methanol 2/1, v/v) with
1 pM of heptadecanoic acid added as an internal standard (iSTD) for
extraction recovery determination. Extraction was performed under
constant shaking for 30 min at 25 °C. Phase separation was obtained by
centrifugation at 2500g and 4 °C for 20 min. The organic phase was
collected, evaporated using a N, stream at 30 °C, and dissolved in
150 pl of methanol/2-propanol/water (30/15/5, v/v/v) for LC-MS
analysis. Six external NEFA standards containing a mixture of five FA
species (OA, AA, LA, EPA and DHA; each at a final concentration of
125 nM, 250 nM, 500 nM, 1 uM, 2 uM and 4 pM) and containing 1 uM
iSTD were extracted as described above and used for final data nor-
malization. ~Chromatographic separation was modified after
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Knittelfelder et al. [56] using an AQUITY-UPLC system (Waters Cor-
poration, USA), equipped with a Kinetex C18 column (2.1 X 50 mm,
1.7 pm; Phenomenex), and a 20-min gradient with 100% solvent A
(methanol/water, 1/1, v/v; 10 mM ammonium acetate, 0.1% formic
acid). An EVOQ Elite™ triple quadrupole mass spectrometer (Bruker,
USA) equipped with an ESI source was used for detection. FA species
were analysed by selected reaction monitoring (FA: [M-H]- to [M-H]-,
0 eV). Data acquisition was done by MS Workstation (Bruker, USA).
Data were normalised for recovery, extraction and ionization efficacy
by calculating analyte/iSTD ratios.

2.7. Lipidomic analyses of triacylglycerol and phospholipid species

Cells were seeded in complete medium in 6-well plates at 3 x 10°
cells/well and reverse transfected as described above. The cells were
treated with 10 nM sPLA, and/or 100 pM DHA for 48 h, put on ice and
washed twice with ice-cold DPBS, collected by scraping in 300 pl lysis
buffer (20 mM Tris-HCl, pH7.4, 2mM EDTA, 2ul Halt Protease
Inhibitor Cocktail), centrifuged at 4 °C (1000g, 10 min), the pellet re-
suspended in 150 pl lysis buffer and sonicated on ice. Total lipids were
extracted twice using chloroform/methanol/water (2/1/0.6, v/v/v)
containing 500 pmol butylated hydroxytoluene, 1% acetic acid, and
100 pmol of internal standards (iSTD, 17:0-17:0 PC, 17:0-17:0 PE,
17:0-17:0-17:0 TAG, 17:0 LPC, Avanti Polar Lipids) per sample.
Extraction was performed under constant shaking for 60 min at room
temperature (RT). After centrifugation at 1000g for 15 min at RT the
lower organic phase was collected, 2.5 ml chloroform added to the
remaining aqueous phase and the second extraction performed as de-
scribed above. Combined organic phases of the double extraction were
dried under a stream of nitrogen and dissolved in 150 pl 2-propanol/
chloroform/methanol  (7/2/1, v/v/v) for UPLC-qTOF analysis.
Chromatographic separation was modified after Knittelfelder et al. [56]
using an AQUITY-UPLC system (Waters Corporation), equipped with an
ACQUITY BEH C18 column (2.1 x 50 mm, 1.7 pm; Waters Corpora-
tion). A SYNAPT™G1 qTOF HD mass spectrometer (Waters Corporation)
equipped with an ESI source was used for detection. Data acquisition
was done by the MassLynx 4.1 software (Waters Corporation) and lipid
classes were analysed with the “Lipid Data Analyzer 1.6.2” software
[57]. Data were normalised for recovery and extraction- and ionization
efficacy using iSTDs.

2.8. Nile red staining of lipid droplets

Cellular neutral lipids were quantified by flow cytometry as de-
scribed previously [18]. Briefly, the cells were harvested, centrifuged at
300 x g for 10 min and the pellet resuspended in 500 pl of 1 pg/ml Nile
Red solution in DPBS. After 10 min incubation in the dark, the cells
were analysed by flow cytometry on a FACSCalibur system equipped
with a 488-nm Ar-ion laser using the CellQuest software (Becton
Dickinson, USA) and the FL-1 (530/30) filter on at least 2 x 10 events
per sample.

2.9. TMRM/YO-PRO-1 cell death assay

Cell death was determined by measuring mitochondrial and plasma
membrane integrity using TMRM/YO-PRO-1 double staining as de-
scribed previously [18,58]. Briefly, floating and adherent cells were
collected and centrifuged at 300g for 10 min, the pellet resuspended in
100 ul 150 nM TMRM in DPBS and incubated for 15 min in the dark at
25 °C. YO-PRO-1 was added to a final concentration of 50 nM and cells
incubated for an additional 10 min. The cell suspension was diluted
with 200 ul DPBS containing 0.1% FAF-BSA and analysed by flow cy-
tometry. TMRM and YO-PRO-1 fluorescence signals were collected
using FL-1 (530/30) and FL-3 (650LP) filters, respectively. YO-PRO-1
positive and TMRM negative cells were considered dead. At least
2 x 10* events were analysed per sample.
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2.10. Mitochondrial membrane potential assay

Changes in mitochondrial membrane potential were determined
using a modified TMRM-based assay described previously [59].
Floating and adherent cells were harvested and centrifuged at 300 x g
for 10 min, the pellet resuspended in 25nM TMRM in DPBS and in-
cubated for 15 min in the dark at room temperature. To exclude dead
cells from the analysis, YO-PRO-1 was added to a final concentration of
50 nM and cells incubated for an additional 10 min. The cell suspension
was diluted with 200 pl DPBS containing 0.1% FAF-BSA and analysed
by flow cytometry using FL-1 (530/30) and FL-3 (650LP) filters. At least
2 x 10* events were analysed per sample.

2.11. Reactive oxygen species and cell death assay with CM-H,DCFDA and
7-AAD

Adherent cells were stained with 1 yM CM-H,DCFDA for 30 min in
HBSS at 37 °C, in a humidified atmosphere containing 5% CO,, with a
subsequent recovery period of 2h in RPMI-1640 phenol red-free
medium (Life Technologies, USA) containing 10% FBS (for fed cells) or
0.02% EFAF-BSA (for starved cells). The cells were harvested using cell
dissociation solution, resuspended in HBSS, 7-AAD was added to a final
concentration of 5 uM and the cells incubated at room temperature for
an additional 10 min. At least 2 x 10* cells per sample were analysed
by flow cytometry using the FL-1 (530/30) and FL-3 (650LP) filters for
CM-H,DCFDA and 7-AAD fluorescence, respectively.

2.12. Glycerol assay

Cellular lipolytic activity was assessed by measuring glycerol release
in cell supernatants. Cells were seeded in complete medium in 48-well
plates at 3 x 10* cells/well and reverse transfected as described above.
After 24 h, the cells were incubated with 10 nM sPLA> in complete
medium for 48 h. Cell supernatants were collected and glycerol con-
centration determined using the Glycerol Cell-Based Assay Kit (Cayman
Chemical, USA) according to manufacturer's instructions.

2.13. Cholesterol and triglyceride assays

Cellular triglyceride, cholesterol and cholesteryl ester contents were
determined using the PicoProbe Triglyceride Quantification Assay Kit
(Abcam, USA) and the Cholesterol/Cholesteryl Ester Quantification
Assay Kit (Abcam, USA), respectively. Cells were seeded in complete
medium in 6-well plates at 3 x 10° cells/well. After 24 h, the cells were
incubated with 10 nM sPLA,, 100 pM OA or 100 yM DHA in complete
medium for 48 h. Cell lysates were prepared and used for lipid quan-
tification according to manufacturer's instructions.

2.14. Epifluorescence microscopy

Cytosolic LDs were visualized using BODIPY 493/503 neutral lipid
staining. Cells were seeded on glass bottom culture plates at 3 x 10* or
6 x 10" cells/well. Twenty-four hours later, medium was replaced with
complete culture medium containing 10 nM sPLA, and/or different
concentrations of FAs. After 48 h, cells were washed twice with DPBS
and stained with 1 pg/ml BODIPY 493/503 in RPMI-1640 medium for
10 min, washed with DPBS, incubated with Hoechst stain solution for
30 min, and recovered for 30 min in RPMI-1640 medium in a COs in-
cubator before live imaging on a Zeiss Axio Observer Z1 inverted mi-
croscope (Carl Zeiss, Germany). Images were processed using ZEN
software (Carl Zeiss, Germany).

2.15. Statistical analysis

Statistical analysis was performed using Prism 7.0 (GraphPad
Software, USA). Data are presented as means * SEM. Statistical
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significance was determined using Student's t-test, one-way or two-way
ANOVA, followed by Bonferroni or Tukey's post-hoc tests. P values
lower than 0.05 were considered statistically significant.

3. Results

3.1. Exogenous hGX sPLA; releases unsaturated FAs, including -3 and w-
6 PUFAs, from adherent breast cancer cells

We have previously shown that hGX sPLA, releases radiolabelled
OA from adherent MDA-MB-231 cells [18]. Interestingly, OA mimicked
most of the effects of hGX sPLA; on MDA-MB-231, but not on T-47D
breast cancer cells [18]. In this study, we first determined the profile of
FA species released by hGX sPLA, from MDA-MB-231 and T-47D cells in
the absence of serum-derived lipoproteins and other lipids, which are
known targets of hGX sPLA, activity [60]. Lipidomic analysis of cell
supernatants from MDA-MB-231 cells grown in the presence of FA-free
BSA and exposed to exogenous hGX sPLA, for 6 h revealed that hGX
sPLA,-mediated hydrolysis of cell membrane phospholipids leads to a
significant increase in the total amount of free FAs in the supernatant
(Supp. Fig. 1A). The enzyme released numerous unsaturated FAs, with
significant increases in the amounts of several PUFA species (Fig. 1A
and Supp. Table 1). With the exception of 14:0, no changes in the
amounts of saturated FAs were observed. Quantitative lipidomic ana-
lysis (Fig. 1B and Supp. Table 2), using OA (18:1, »-9), linoleic acid
(LA; 18:2, ®-6), arachidonic acid (AA; 20:4, w-6), eicosapentaenoic
(EPA; 20:5, ®-3) and docosahexaenoic acid (DHA; 22:6, ®-3) as ex-
ternal standards, revealed that OA and LA are the most abundant spe-
cies released by the enzyme (the molar ratio of OA : LA : AA : EPA : DHA
was 41 : 50 : 2.7 : 0.8 : 5.5). This is in line with the high abundance of
OA and LA esterified at the sn-2 position of glycerophospholipids in
MDA-MB-231 and T-47D cells [61]. hGX sPLA, displayed potent en-
zymatic activity also on T-47D cells (Supp. Fig. 1B), releasing a mixture
of unsaturated FA products (Supp. Fig. 1C and Supp. Table 1). Super-
natants of untreated T-47D cells contained higher amounts of PUFAs
than those of MDA-MB-231 cells, suggesting that PUFAs are more
abundant in T-47D cells (Fig. 1C and Supp. Table 2). Accordingly, the
total pmol amount of PUFAs released by hGX sPLA, from T-47D cells
was higher than that released from MDA-MB-231 cells (Fig. 1B and C
and Supp. Table 2). Thus, hGX sPLA, is efficient in hydrolysing cell
membranes of both MDA-MB-231 and T-47D cells leading to the release
of a mixture of unsaturated FAs containing significant amounts of »-3
and -6 PUFAs.

Exogenous hGX sPLA, induces LD biogenesis in breast cancer cells
both in rapidly proliferating cells, grown in the presence of serum, and
in starving, quiescent cells, grown in the absence of serum [18]. Since
the enzyme has potent activity on both mammalian cell membranes and
lipoprotein particles, it is possible that lipoproteins are the predominant
target of hGX sPLA, activity in in vitro cellular assays performed in
complete growth media. To confirm that the enzyme acts on breast
cancer cells even in the presence of serum, we performed lipidomic
analyses of lysates and supernatants of MDA-MB-231 cells grown in
complete media and treated with 50 nM of exogenous hGX sPLA for 3,
6 and 24 h. We found that the enzyme hydrolysed most of the extra-
cellular PC species in the cell supernatant (data not shown), but there
were also reductions in the amounts of several cellular PC and phos-
phatidylinositol (PI) species, evident already after 3 h (data not shown)
and most prominent after 6 h of treatment (Fig. 1D and E). Further-
more, we observed an increase in total lysophosphatidylcholine (LPC)
in cell lysates and in cell supernatants (Fig. 1F), with similar changes in
the profile of individual LPC species in both cases (Supp. Fig. 1D and E).
There was a significant reduction in total PI in cells treated with hGX
sPLA,, while the apparent decrease of total PC amount was not statis-
tically significant (Fig. 1G). However, hGX sPLA, induced a significant
reduction in the amounts of the most abundant PC species 32:1, 34:1,
36:1 and 36:2 (Fig. 1D and Supp. Table 3), and, importantly, of several
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PUFA-containing PI species, including the dominant 38:3 and 38:4
(Fig. 1E and Supp. Table 4). Notably, the total amount of serum-derived
PI per mg protein in supernatants of untreated cells was > 2 orders of
magnitude lower than that of cellular PI (data not shown), suggesting
that lipoprotein PI is not an important substrate for the sPLA, under
these conditions. These results suggest that, in typical in vitro cellular
assays performed in the presence of 10% FBS in the media, hGX sPLA,
potently releases unsaturated FAs and lysophospholipids from both
serum phospholipids and from breast cancer cell membranes. More-
over, while lipoprotein and cellular PC hydrolysis likely provide the
bulk of unsaturated FAs released by enzyme, cellular PI phospholipids
emerge as important sources of PUFAs in breast cancer cells treated
with hGX sPLA,.

3.2. Unsaturated FAs induce LD biogenesis and prevent cell death in starved
breast cancer cells

We next examined whether OA and different PUFAs differ in their
ability to induce LD formation and protect TNBC cells from serum de-
privation-induced cell death. We found that low micromolar con-
centrations (10 uM) of exogenously added OA, LA, DHA, EPA and AA
induce LD formation in MDA-MB-231 cells grown in nutrient-rich
conditions (Fig. 2A and B) and that the addition of hGX sPLA, in
combination with FA loading further augments LD accumulation
(Fig. 2A). Pre-treatment of cells with hGX sPLA, in nutrient-rich con-
ditions increased resistance to starvation-induced cell death (Fig. 2C). A
similar effect was observed when cells were pre-treated with un-
saturated FAs (Fig. 2C), suggesting that starvation-induced LD break-
down is associated with cell survival. Notably, hGX sPLA, treatment in
combination with individual FAs significantly augmented the amount
of neutral lipids remaining after the starvation phase (Supp. Fig. 2A).
Furthermore, a strong pro-survival effect of unsaturated FAs was ob-
served also in cells pre-starved for 24 h and treated with FAs and sPLA,
during the following 96 h of serum withdrawal (Fig. 2D). In these
conditions, OA was significantly more potent than PUFAs in inducing
LD accumulation (Supp. Fig. 2B), but all unsaturated FAs reduced the
percentage of apoptotic cells in the population by at least 2-fold and
hGX sPLA; augmented the pro-survival effects of individual FAs
(Fig. 2D). Thus, low micromolar concentrations of unsaturated FAs
induce LD formation and protect MDA-MB-231 cells from starvation-
induced cell death and co-treatment with exogenous hGX sPLA, further
augments their effects.

We have previously shown that hGX sPLAy-induced LD formation
and prevention of cell death in MDA-MB-231 cells is associated with
upregulation of genes involved in B-oxidation and suppression of those
responsible for de novo FA synthesis [18]. We next asked whether in-
dividual unsaturated FAs differ in their ability to alter the expression of
selected genes involved in lipid metabolism. We found that hGX sPLA,
and low micromolar concentrations of unsaturated FAs induce similar
changes in gene expression in proliferating MDA-MB-231 cells (Fig. 2E
and Supp. Fig. 2C): an elevated expression of the PLIN2 gene, encoding
the LD-coating protein perilipin 2 (PLIN2), upregulation of CPTIA,
encoding the rate-limiting f-oxidation enzyme carnitine palmitoyl-
transferase 1A (CPT1A), and a significant downregulation of two major
lipogenic genes, the transcription factor sterol regulatory element-
binding protein-1 (SREBP-1; encoded by SREBF1) and the FA desaturase
SCD1 (encoded by SCD). Interestingly, the expression of ATGL (encoded
by the PNPLA2 gene) was not affected by hGX sPLA,, but it was slightly
reduced in cells treated with OA, LA and AA. There were no statistically
significant changes in the expression of DGATI (encoding diacylgly-
cerol acyltransferase 1, DGAT1), ACADVL (encoding the B-oxidation
enzyme very long-chain acyl-CoA dehydrogenase, VLCAD), FASN (en-
coding fatty acid synthase, FAS), nor in the expression of the PPARA
and PPARG genes, encoding the transcription factors peroxisome pro-
liferator-activated receptors a and y, PPARa and PPARy, respectively
(Fig. 2E and Supp. Fig. 2C). Collectively, these results are consistent
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in mean values

are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; t-test (A-C); two-way ANOVA with Bonferroni adjustment (D-G)); AU, arbitrary units.

with the notion of a similar action of hGX sPLA, and unsaturated FAs.
Thus, unsaturated FAs, the products of sSPLA, enzymatic activity, induce
changes in lipid metabolism, thereby mediating its effects on TNBC cell

survival.
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3.3. The pro-survival effects of hGX sPLA and unsaturated FAs are not
dependent on ATGL-mediated lipolysis

LDs, induced by low micromolar concentrations of unsaturated FAs
or by hGX sPLA,, provide a survival advantage to MDA-MB-231 cells
when exposed to nutrient stress. LD-derived FAs have been shown to
fuel B-oxidation and enable cell survival in different cell types during
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Fig. 2. Unsaturated FAs induce LD formation and protect TNBC cells from starvation-induced cell death. (A-C, E) Proliferating cells grown in complete medium were treated with 10 nM
hGX sPLA, and/or 10 pM exogenous FAs for 48 h (A, B, E) and starved for additional 96 h (C) in the absence of serum, hGX sPLA, and FAs. (D) Quiescent cells were treated with 10 nM
hGX sPLA; and/or 10 uM of FAs for 96 h in the absence of serum. (B) Cells were stained with BODIPY 493/503 and Hoechst stain to visualize LDs (green) and nuclei (blue), respectively.
The images shown are representative of two experiments. Neutral lipid content was quantified by Nile Red staining (A) and cell death by the TMRM/YO-PRO-1 assay and flow cytometry
(C, D). The relative gene expression levels of genes involved in lipid metabolism were determined by qPCR (E). Changes in gene expression are presented in the heat map as fold-change

values relative to 1 cells (red, green, d
mean values are indicated (*, P < 0.05; **, P < 0.01; ***, P

starvation [17,33,62]. ATGL, the rate-limiting enzyme in TAG lipolysis
[6,21], enables FA transfer from LDs to mitochondria in acutely starved
fibroblasts [33], suggesting that it is involved in supporting cell survival
during starvation. We have previously found that f-oxidation is im-
portant for the ability of hGX sPLA,-induced LDs to support cell survival
[18,50], but a role for LD lipolysis has not been investigated. We thus
asked whether suppression of LD lipolysis by knocking-down the ex-
pression of ATGL would reduce the ability of sPLA, and unsaturated
FAs to promote cell survival during starvation. siRNA-based ATGL
knock-down efficiently suppressed ATGL protein levels, both in cells
exposed to nutrient-rich conditions and in those exposed to subsequent
prolonged starvation (Fig. 3A and B). ATGL depletion resulted in an
increase in LD accumulation (Fig. 3C) and a reduction in the amount of

). Values on the graphs are means + SEM of at least two experiments; statistically significant differences in
< 0.001; two-way ANOVA with Bonferroni adjustment).

glycerol released into the cell culture supernatant (Fig. 3D), indicating
that ATGL is involved in TAG lipolysis and LD breakdown in MDA-MB-
231 cells. Surprisingly, hGX sPLA, increased glycerol release both in
wild-type and in ATGL-deficient cells, suggesting that the sPLA; induces
lipolysis and that this occurs independently of ATGL (Fig. 3D). Fur-
thermore, we found that ATGL depletion, though significantly in-
creasing the total amount of neutral lipids, did not block LD breakdown
during the starvation period in sPLA,-treated cells (Fig. 3E). Accord-
ingly, although the increase in LD accumulation due to ATGL depletion
was still significant after 120 h of starvation in both control and sPLA,-
treated cells (Fig. 3C and F), there was only a modest rise in cell death
(Fig. 3G). This suggests that ATGL-mediated lipolysis contributes to, but
it is not essential for the pro-survival effect of hGX sPLA,. Even when
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Fig. 3. ATGL contributes to LD breakdown during starvation, but it is not necessary for the pro-survival effects of hGX sPLA, and exogenous unsaturated FAs. (A-I) MDA-MB-231 cells
were reverse transfected with ATGL-targeting siRNAs (siATGL) or non-targeting scrambled siRNA (SCR), treated with 10 nM hGX sPLA; and/or 10 uM AA (H, I) for 48 h in complete
medium and either harvested for analysis (A, D, E) or forward transfected for the second time and serum-starved for 120 h (B, C, E-I). (A, B) Cell lysates were analysed for the presence of
ATGL protein and B-actin by western blotting. (C) LDs and nuclei were visualized using BODIPY 493/503 and Hoechst stain, respectively. (D) Glycerol levels were determined in cell
supernatants as described in Methods. Neutral lipid content (E, F, H) and cell death (G, I) were quantified by flow cytometry using Nile Red and TMRM/YO-PRO-1 staining, respectively.

Values on the graphs are means + SEM of at least two experiments and results that are

ANOVA with Tukey's (G) or Bonferroni adjustment (D, E, F, H, I)).

are

(*,P < 0.05; **,P < 0.01; ***, P < 0.001; two-way

cells were exposed to harsher conditions of nutrient deprivation (pro-
longed starvation in HBSS or PBS), ATGL depletion did not significantly
affect cell survival (data not shown). Similarly, although ATGL knock-
down led to net increase in LD content at the end of the starvation
period in cells pre-treated with OA and AA, it did not impair their
ability to support cell survival during starvation (Fig. 3H and I and
Supp. Fig. 3A and B). These results suggest that ATGL is not critically
important for the survival of TNBC cells containing LDs induced by
exogenous hGX sPLA, and unsaturated FAs.

We have previously found that LD accumulation and B-oxidation are
important for the pro-survival effects of hGX sPLA, [18]. Studies in
cardiomyocytes suggest that both endogenous and exogenous FAs must
be first incorporated into LDs and then released through ATGL-medi-
ated TAG lipolysis in order to activate PPARa signalling pathways and
stimulate mitochondrial biogenesis and oxidative metabolism [34].
Additionally, ATGL is important for channelling FAs from LDs to mi-
tochondria during acute starvation in mouse embryonic fibroblasts
[33]. However, lipolysis was not essential for the survival of MDA-MB-
231 cells exposed to prolonged starvation in low glucose media [63]. To
attest the importance of the lipolysis-B-oxidation axis in supporting cell
survival in serum-starved MDA-MB-231 cells, we used the CPTIA in-
hibitor etomoxir in addition to ATGL depletion in cells containing
sPLAs-induced LDs. We found that etomoxir, added to cells during the
starvation-induced LD breakdown phase, reduced the amount of neutral
lipids remaining after the starvation in ATGL depleted and sPLA-
treated cells (Fig. 4A). It also significantly augmented the negative ef-
fect of ATGL depletion on cell survival and suppressed the pro-survival
activity of hGX sPLA,, in both control and ATGL depleted cells (Fig. 4B).
Etomoxir reduced mitochondrial membrane potential (MMP) in con-
trol, hGX sPLA,-treated and ATGL-depleted cells (Supp. Fig. 4), in-
dicating that it does inhibit mitochondrial oxidative metabolism in our
experimental conditions. Simultaneous inhibition of both lipolysis and
FA oxidation is more effective in reducing cancer cell survival during
serum starvation than inhibiting either pathway alone. Collectively,
these results suggest that while both ATGL-mediated TAG lipolysis and
B-oxidation contribute to cell survival during serum deprivation, only
B-oxidation is necessary for the pro-survival activity of hGX sPLA»-

A B

induced LDs.

3.4. hGX sPLA, augments PUFA-induced LD formation and reduces PUFA
lipotoxicity

PUFAs have been shown to induce cytotoxic effects in different
cancer cells in vitro and in vivo [64], including MDA-MB-231 breast
cancer cells [65]. In order to investigate the relationship between
PUFA-induced LD formation and lipotoxicity in TNBC cells, we first
exposed cells to high micromolar concentrations of unsaturated FAs and
hGX sPLA, and determined their effects on LD biogenesis and cell death
in nutrient-rich conditions. Exogenous addition of 50 and 100 uM FAs
to proliferating MDA-MB-231 cells led to notable 2- to 7-fold increases
in the levels of neutral lipids (Fig. 5A). Biochemical analyses of cellular
lipids revealed that the observed hGX sPLA,-induced change in LD
content is primarily associated with an elevation of cellular TAG
synthesis (Fig. 5B), since the enzyme reduced total cholesterol levels
(Fig. 5C) and there were no significant changes in cholesteryl ester
content (Fig. 5C). Cells treated with 100 pM OA and DHA displayed a
significant increase in the amount of cholesteryl esters, but the corre-
sponding elevation of TAG content was more pronounced (Fig. 5B).
Incubating cells with hGX sPLA, in addition to individual FAs led in
most cases to further augmentation of LD formation. DHA, EPA and AA
displayed significant cytotoxicity, but LA and OA were not toxic
(Fig. 5D). Remarkably, hGX sPLA, significantly suppressed the lipotoxic
effects of PUFAs, markedly reducing cell death in cells treated with AA,
EPA and DHA. There was no correlation between LD content induced by
a particular FA and its lipotoxicity, but hGX sPLA, consistently po-
tentiated LD formation and reduced FA-induced lipotoxicity.

We next examined whether exposing FA-loaded cells to prolonged
serum deprivation would alter the lipotoxic potency of PUFAs or impair
the ability of hGX sPLA, to protect from lipotoxicity. Interestingly, lipid
loading of MDA-MB-231 cells with 50 or 100 uM of OA and LA, or
50 uM EPA and DHA, was associated with protection from starvation-
induced cell death (Fig. SE). Only cells exposed to 100 uM DHA, EPA
and AA displayed a reduced ability to withstand serum starvation.
Treating cells with hGX sPLA, in addition to the individual FAs

Fig. 4. B-oxidation is important for cell survival during
starvation. MDA-MB-231 cells were reverse transfected

B i 204 with ATGL-targeting siRNAs (siATGL) or non-targeting
™ scrambled siRNA (SCR), treated with 10 nM hGX sPLA. for
2 3 @ 48h in complete medium, forward transfected for the
g g 1.54 second time and serum-starved for 120 h in the presence or
o 5 absence of the CPTIA inhibitor etomoxir (50 uM). Cell
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% 2 2 191 (B) and LD content using Nile Red staining (A). Values on
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° 14 : 054 and results that are y are indid (4.9
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Fig. 5. hGX sPLA, potentiates PUFA-induced LD formation and suppresses PUFA lipotoxicity in proliferating and in starved cells. (A, D) MDA-MB-231 cells were grown in complete
medium and treated with 10 nM hGX sPLA, and/or 50-100 uM FAs for 48 h. (B, C) Cells were grown in complete medium and treated with 10 nM hGX sPLA,, or 100 uM FAs for 48 h. (E)
Cells were grown in complete medium for 48 h in the presence of 10 nM hGX sPLA; and/or 50-100 uM FAs and serum-starved for 96 h. (F) Cells were grown in complete medium for 48 h
in the presence of 50-100 uM FAs and cither harvested for analysis or serum-starved for 96 h and then analysed. The percentage of LD breakdown during the 96-h starvation period was
calculated from neutral lipid measurements at the beginning and the end of the starvation. Cholesterol, cholesteryl ester and triglyceride amounts were determined using biochemical
assays and the data normalised to total cellular protein (B, C). Cell death was determined by the TMRM/YO-PRO-1 assay (D, E) and LD content by Nile Red staining and flow cytometry
(A, F). Values on the graphs are means + SEM of at least three experiments and results that are statistically significant are indicated (*, P < 0.05; **, P < 0.01; *** P < 0.001; one-

way (B, F) or two-way (A, C-E) ANOVA with Bonferroni adjustment).

augmented LD content remaining after starvation (Supp. Fig. 5A) and,
importantly, the toxic effects of DHA, EPA and AA were suppressed
(Fig. 5E). By comparing LD content before and after the 96-h starvation
period, we confirmed that substantial LD breakdown occurred, albeit
the magnitude varied depending on the FA species used for lipid
loading (Fig. 5F). Interestingly, in the case of the non-toxic FAs, OA and
LA, cells displayed the most significant relative decrease in neutral lipid
amount (44-66%), while LDs induced by the toxic PUFAs were broken
down to a significantly lower degree (18-38%). These results suggest
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that LDs containing OA and LA are more readily degraded than those
containing the potentially toxic PUFAs, EPA, DHA and AA. Further-
more, starvation-induced breakdown of LDs induced by EPA, DHA and
AA, but not by OA and LA, was associated with an increase in MMP,
whereas hGX sPLA, suppressed PUFA-induced MMP elevation (Supp.
Fig. 5B). This suggests that the breakdown of LDs induced by co-sup-
plementation with hGX sPLA, is associated with a reduction in the
amount of PUFAs that reach mitochondria during the starvation. Thus,
unsaturated FAs exert differential, species- and concentration-
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dependent effects on MDA-MB-231 cell survival. In general, OA and LA
are not toxic and reduce starvation-induced cell death, while EPA, DHA
and AA may be both cytoprotective or cytotoxic depending on the
concentrations used. Lipid loading with hGX sPLA; in addition to in-
dividual FAs augments LD biogenesis and reduces PUFA toxicity during
prolonged serum deprivation.

We next asked if serum deprivation prior to the addition of exo-
genous FAs sensitizes MDA-MB-231 cells to FA-induced damage and
reduces the ability of sPLA; to protect from lipotoxicity. OA was more
effective than PUFAs in inducing LD accumulation in quiescent, serum-
starved cells (Supp. Fig. 5C) and displayed a pro-survival activity even
at high concentrations (Supp. Fig. 5D). Serum starvation sensitized cells
to LA and reversed its pro-survival activity to pro-apoptotic at a con-
centration of 50 uM. Similarly, DHA, AA and EPA were toxic at con-
centrations above 30-40 pM (Supp. Fig. 5D). Importantly, the addition
of hGX sPLA, augmented FA-induced LD formation, it efficiently sup-
pressed the toxicity of LA, EPA, DHA and AA and it even further po-
tentiated the strong anti-apoptotic effect of OA (Supp. Fig. 5C and D).
Clearly, quiescent, nutrient-deprived cells are more sensitive to PUFA-
induced lipotoxicity than cells exposed to serum deprivation following
prior LD biogenesis induced by the same amounts of PUFAs in nutrient-
rich conditions. Thus, serum starvation sensitizes MDA-MB-231 cells to
PUFA-induced damage, but does not abolish the ability of hGX sPLA, to
augment FA-induced LD formation and to protect from PUFA lipotoxi-
city.

We have recently found that in contrast to hGX sPLA,, exogenous
OA does not reduce starvation-induced cell death in the ER-positive and
weakly tumourigenic T-47D breast cancer cells, despite the relatively
high levels of LDs induced by this FA [18]. In contrast to the Ras-driven
MDA-MB-231 cells, T-47D cells possess an activating mutation in
phosphatidylinositol 3-kinase (PI3K) leading to sustained activity of the
PI3K/Akt pathway [66]. To determine if the effects of unsaturated FAs
on T-47D cell survival differ from those observed on TNBC cells, we
exposed T-47D cells to exogenous FAs and hGX sPLA, and measured
cell death after prolonged starvation. Surprisingly, hGX sPLA, and
50-100 uM concentrations of PUFAs reduced cell death during pro-
longed starvation, but OA was cytotoxic (Supp. Fig. 5E). This suggests
that the effects of hGX sPLA; on T-47D cells are mediated pre-
dominantly by PUFAs and that different breast cancer cells have dif-
ferent abilities to use unsaturated FAs for cell survival. Ras-driven
MDA-MB-231 cells apparently possess metabolic alterations that enable
optimal use of both mono- and polyunsaturated FAs to fight against
nutrient stress.

3.5. Breakdown of DHA-rich LDs is associated with the induction of
oxidative stress

PUFA lipotoxicity has been associated with the induction of oxida-
tive stress [67]. To determine if the observed DHA toxicity in MDA-MB-
231 cells is a consequence of an increase in ROS, we treated cells with
DHA, the glutathione precursor NAC and hGX sPLA,. The use of an
optimized double staining flow cytometry assay with the ROS-sensitive
probe CM-H,DCFDA and the DNA-binding dye 7-AAD enabled a si-
multaneous quantification of cell death and selective determination of
ROS levels in viable cells by excluding dead cells from the analysis
(Fig. 6A). Exogenously-added DHA induced a significant increase in
oxidative stress and cell death in MDA-MB-231 cells, grown in nutrient-
rich conditions (Fig. 6A-C). Both NAC and hGX sPLA; reduced DHA-
induced cell death and levels of ROS, confirming that oxidative stress
contributes to DHA lipotoxicity and that hGX sPLA, suppresses DHA
lipotoxicity by reducing oxidative stress. Control experiments with
H2Ox-treated MDA-MB-231 cells confirmed that NAC acts as a potent
antioxidant (Supp. Fig. 6A and B). Furthermore, prolonged starvation of
cells loaded with DHA resulted in a marked elevation of ROS and cell
death (Fig. 6D and E). When hGX sPLA, was added along with DHA in
the pre-incubation mixture in nutrient-rich conditions, or when NAC
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was present during the starvation phase, both cell death and the levels
of ROS were reduced (Fig. 6D and E). These results suggest that star-
vation-induced breakdown of DHA-induced LDs is associated with cell
death due to oxidative stress and that the latter is reduced when cells
are loaded with DHA in the presence of hGX sPLAs.

Given that OA and LA were not toxic to proliferating cells grown in
the presence of serum (Fig. 5D), that the breakdown of OA- and LA-
induced LDs was cytoprotective during serum deprivation (Fig. 5E), and
that these FAs are the most abundant FA products of hGX sPLA; activity
(Fig. 1B), we assumed that OA and LA would also reduce DHA-induced
cell damage. Indeed, co-treatment of proliferating MDA-MB-231 cells
with DHA and different concentrations of OA resulted in a reduction of
DHA-induced cell death and oxidative stress (Supp. Fig. 6C and D). LA
displayed a similar potency in reducing DHA lipotoxicity (Supp.
Fig. 6E). These results suggest that OA and LA, within the mixture of
products released by hGX sPLA,, play a major role in the protective
action of the enzyme against lipotoxic PUFA-induced cell damage.

3.6. LD biogenesis and LD lipolysis reciprocally regulate DHA lipotoxicity

The results presented above indicate that starvation-induced
breakdown of PUFA-rich LDs leads to oxidative damage and cell death,
suggesting that lipolysis is detrimental to TNBC cells under these con-
ditions. Recent studies in cardiomyocytes and Drosophila glial cells have
shown that augmenting storage of lipotoxic FAs in LDs reduces their
toxicity and that both prevention of LD formation and overstimulated
lipolysis may lead to lipotoxic cell damage [19,37]. We thus asked
whether suppressing lipolysis by depletion of ATGL reduces DHA-in-
duced cell damage and possibly alters the ability of hGX sPLA, to
protect from lipotoxicity. ATGL depleted cells incubated for 48 h with
100 uM DHA showed a marked increase in LD accumulation (Fig. 7A
and B) and a decrease in cell death and oxidative stress in comparison
with cells transfected with control siRNA and treated with DHA (Fig. 7C
and D). ATGL depletion also potentiated the ability of hGX sPLA» to
stimulate LD accumulation and reduce lipotoxicity and oxidative stress
in DHA-treated cells. This is in accordance with the idea that the effects
of hGX sPLA, are dependent on its capacity to stimulate LD formation,
thereby channelling exogenous DHA into LDs. Thus, promotion of
neutral lipid storage, by hGX sPLA, phospholipid hydrolysis or by
suppression of ATGL-mediated lipolysis, reduces oxidative stress and
cell death induced by exogenous DHA.

We next hypothesized that inhibiting TAG synthesis would likely
have the opposite effect on DHA toxicity than that observed upon re-
ducing TAG lipolysis. To test this idea, we inhibited DGAT1-mediated
TAG synthesis using A922500 [68]. Incubating TNBC cells with
A922500 led to a reduction in DHA-induced LD accumulation and po-
tentiation of DHA-induced cell death (Fig. 8A and B). Importantly,
DGAT1 inhibition reduced the ability of hGX sPLA; to stimulate LD
accumulation and reduce cell death in DHA-treated cells, suggesting
that this activity of hGX sPLA, is dependent on TAG synthesis and
storage in LDs (Fig. 8A and B). Thus, stimulating LD biogenesis by hGX
sPLA, or inhibiting lipolysis by ATGL depletion reduces DHA lipotoxi-
city. In contrast, interfering with TAG synthesis augments DHA-induced
cell damage, suggesting that LDs protect breast cancer cells from PUFA-
induced oxidative stress and lipotoxicity.

3.7. hGX sPLA reduces the fraction of highly unsaturated PUFA-TAG
species stored in LDs, while ATGL depletion does not alter PUFA-TAG
composition

The results shown above suggest that hGX sPLA;, and ATGL deple-
tion reduce PUFA lipotoxicity by stimulating their esterification into
TAGs and reducing their release from TAGs, respectively. To confirm
this hypothesis, we extracted cellular TAGs from DHA- and sPLA,-
treated cells and determined their composition by LC-MS. We found
that DHA-induced LDs contain elevated amounts of very long-chain and
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in the live cell

(7-AAD negative). Values on the graphs are means = SEM of at least three independent experiments and results that are statistically

significant over control are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; two-way ANOVA with Bonferroni adjustment).

highly unsaturated TAG species (PUFA-TAGs) (Fig. 9A). In particular,
there was a striking increase in the proportion of PUFA-TAGs con-
taining > 7 double bonds (such as 58:8, 58:9, 58:12, 60:10, 60:12,
62:12, 62:13 and 66:18), which are minor species amounting to only
3% in control cells, but are dominant in DHA-treated cells comprising
75% of all TAG species (Fig. 9A and C). In contrast to our expectations,
hGX sPLA, did not increase, but rather reduced the average degree of
TAG unsaturation in DHA-treated cells. In fact, we found that hGX
SPLA, elevates the proportion of PUFA-TAGs with < 3 and with 3-7
double bonds (including 54:2, 56:6, 56:7 and 58:7) and reduces PUFA-
TAG species with > 7 double bonds (such as 58:12, 60:13, 62:14 and
66:18), thus effectively lowering the fraction of DHA-induced highly
unsaturated TAG species to 60% (Fig. 9A and C). Furthermore, DHA
caused a significant increase in the fraction of long-chain and highly
unsaturated PC species (including 38:6, 40:6 and 40:7) and a decrease
in PC species with lower levels of unsaturation (34:1, 36:1 and 36:2).
hGX sPLA, antagonized its effects, significantly elevating PC species
with low unsaturation (in particular 34:1, 36:1 and 36:2) and reducing
highly unsaturated PC species, such as PC 38:6, thus lowering the
fraction of highly unsaturated PC species from 32% to 26% (Fig. 9B and
D). Therefore, hGX sPLA, mitigates the effects of exogenous DHA on
MDA-MB-231 cells by enriching LDs with PUFA-TAGs with low and
medium degree of unsaturation and significantly reducing the propor-
tion of highly unsaturated fatty acyl chains in the PC and TAG profile.

On the other hand, ATGL depletion resulted in minor changes in the
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TAG and PC profiles of MDA-MB-231 cells. In DHA-treated cells, there
was a slight increase in the average proportion of TAG species with low
degree of unsaturation (< 3 double bonds) (Fig. 9E) and no changes in
the average unsaturation level of PC (Fig. 9F), despite evident, but
minor alterations in the quantity of several individual TAG and PC
species (Supp. Fig. 7A and B). Similarly, ATGL depletion did not sig-
nificantly alter the TAG profile of cells treated with both DHA and hGX
SPLA,, although it did result in a minor increase of average PC un-
saturation (Fig. 9E and F, and Supp. Fig. 7C). Therefore, ATGL deple-
tion does not significantly affect the TAG and PC composition of DHA-
and/or sPLA,-treated MDA-MB-231 cells, suggesting that the reduction
in DHA lipotoxicity upon ATGL depletion is based on reduction in li-
polysis.

4. Discussion

Cancer cells are often exposed to metabolic and oxidative stress,
which may arise from both nutrient deprivation and nutrient excess,
and their ability to alleviate stress is crucial for tumour progression [8].
Unsaturated FAs have been shown to reduce the stress associated with
hypoxia, nutrient deprivation and oncogene activation [1,7-9,11]. Yet,
the sources of exogenous and endogenous FAs, the mechanisms con-
trolling FA uptake and trafficking, and their use by cancer cells have not
been fully described. Results of this study suggest that LDs are central
regulators of unsaturated FA trafficking and coordinate FA metabolism



E. Jarc et al.

A

untreated DHA

SCR control

SIATGL g,

Cell death (%)
5
3

N
-1

Lipid droplets (fold change)
3

il R

0
SPLA; — + — +

—+—+

0
SPLA, — + — +

Breast Cancer Cells from Nutrient and Lipotoxic Stress

BBA - Molecular and Cell Biology of Lipids 1863 (2018) 247-265

sPLA, DHA + sPLA,

150-
- .
§ 100 .
é 50-
3 |
3 I

0
SPLA, —4—4 —4—+ —+—+

—+—+ —+-—+ —+—+ —+—+ —+-—+
DHA ——++ ——++ ——++ ——++ DHA ——++ ——++ ——++ ——++ DHA ——++ ——4+ ——++
control SCR SIATGL;  SIATGL, control SCR SIiATGL;  SIATGL, control SCR  siATGL4g,
nutrients, SPLA,, DHA (48 h) w
A
ATGL siRNA

Fig. 7. Suppressing ATGL-mediated lipolysis reduces DHA-induced oxidative stress and lipotoxicity. (A-D) MDA-MB-231 cells were reverse transfected with ATGL-targeting siRNAs
(siATGL) or non-targeting scrambled siRNA (SCR) and treated with 10 nM hGX sPLA, and/or 100 uM DHA for 48 h in complete medium. (A) Cells were stained with BODIPY 493/503 and
Hoechst stain for visualizing 1.Ds (green) and nuclei (blue), respectively. The images shown are representative of two experiments. Neutral lipids, cell death and ROS were quantified by
flow cytometry using Nile red (B), TMRM/YO-PRO-1 (C) and CM-H,DCFDA (D) staining, respectively. Values on the graphs are means + SEM of at least three experiments and results

that are statistically significant are indicated (*, P < 0.05; **, P < 0.01; ***, P

and cell survival during nutrient and lipotoxic stress in TNBC cells. By
transiently storing unsaturated FAs in the form of neutral lipids, TNBC
cells are not only protected from the acute insult of PUFA-induced
oxidative stress, but may also use these PUFAs as energy fuel to enable
cell survival during nutrient deprivation. Sequestration of PUFAs in LDs
by sPLA,-induced TAG remodelling or retention of PUFAs in LDs by
inhibition of ATGL-mediated TAG lipolysis protects TNBC cells from

0.001; two-way ANOVA with Bonferroni adjustment).

PUFA-induced lipotoxicity (Fig. 10). This segregation of PUFAs in cy-
toplasmic LDs is also associated with reduced oxidative stress, thus
revealing that LDs exert an antioxidative effect, thereby protecting the
highly tumourigenic and invasive TNBC cells from oxidative damage by
storing (poly)unsaturated FAs esterified in TAGs. Our results suggest
that impairment of LD biogenesis and stimulation of lipolysis offer
therapeutic strategies for reducing the resistance of TNBC cells to both
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nutrient and lipotoxic stress.

4.1. hGX sPLA; acts through its mono- and polyunsaturated FA products of
membrane hydrolysis

We show here that hGX sPLA, liberates a mixture of unsaturated
FAs, including mono- and polyunsaturated FAs, from breast cancer cell
membrane phospholipids. Our lipidomic analyses are in line with pre-
vious studies showing that murine and human group X sPLA, activity
on cells and plasma lipoproteins in vitro leads to the release of a mixture
of lysophospholipids and unsaturated FAs, including PUFAs
[44,53,60,69,70]. Importantly, the products of its in vivo activity also
include w-3 and w-6 PUFAs [45]. The ability of the enzyme to release
unsaturated FAs from MDA-MB-231 and T-47D breast cancer cells
grown in the absence of serum (Fig. 1A-C) suggests a direct phospho-
lipolytic action on the plasma membrane of intact cells. Importantly, we
found that, even in the presence of serum, which contains high amounts
of lipoproteins, exogenous hGX sPLA; acts on both serum lipoproteins
and cell membranes to release unsaturated FAs and lysophospholipids.
The enzyme released high amounts of LPC from both sources, indicating
that it acts on both serum-derived and cellular PC, which likely pro-
vides the bulk of unsaturated FAs. However, our results strongly suggest
that plasma membrane PI is an important substrate for hGX sPLA, and,
importantly, a major source of PUFAs.

We have previously shown that enzymatic activity is necessary for
the effects of hGX sPLA, on LD metabolism and cell survival in TNBC
cells and that OA may be one of the major products responsible for its
actions [18]. However, exogenous OA could not replicate the pro-sur-
vival activity of hGX sPLA, on T-47D cells, despite inducing relatively
high levels of LDs, suggesting the involvement of other sPLA, hydrolytic
products. Indeed, the results of the present study demonstrate that all of
the tested mono- and polyunsaturated FA products of hGX sPLA; ac-
tivity induce LD formation and support the survival of starved MDA-
MB-231 cells. Furthermore, exogenous addition of PUFAs or sPLA,
protected T-47D and MDA-MB-231 cells from starvation-induced cell
death, suggesting an important role for sPLAy-released PUFAs in the
effects of the enzyme on cell survival. This observation corroborates the
idea that all FA products of sPLA, hydrolysis may contribute to its ac-
tions.

hGX sPLA, may be secreted from cancer or various stromal cells and
act on different target membranes in the extracellular milieu [50]. Its
ability to liberate a variety of unsaturated FAs, including the essential
PUFAs, but not saturated FAs, from cancer or neighbouring stromal

cells may be particularly beneficial for hypoxic and nutrient deprived
tumour regions where both de novo FA synthesis and access to serum
lipids are severely compromised [7]. The hydrolytic activity of sPLA,
on cell membranes and lipoproteins also results in the release of lyso-
phospholipids, whose roles in cancer are emerging [2]. It is possible
that lysophospholipids also contribute to the effects of SPLA, on cancer
cells, either by providing an additional source of unsaturated FAs or by
other mechanisms [2,7,50]. Although the ability of the group X sPLA,
to affect LD metabolism has yet to be demonstrated in vivo, we suggest
that the mechanisms described in our work are of pathophysiological
relevance, based on a) a number of studies demonstrating the ability of
group X sPLA, to affect different aspects of cellular and organismal lipid
metabolism [44,47,71], b) its potent enzymatic activity on mammalian
plasma membranes and lipoproteins [44,53,60,69,70], c) its ability to
release unsaturated FAs, including PUFAs, and affect inflammation and
tumourigenesis in vivo [45,48], ¢) its expression in immune cells and
overexpression in tumours of patients with invasive breast carcinoma
and other cancers [49,50] and d) the increasing recognition of the
importance of unsaturated FA uptake, FA oxidation, LD accumulation
and lipolysis as critical pro-tumourigenic pathways in various cancers
[3,5-7,9,11,26,28]. Our results identify hGX sPLA, as a modulator of
mono- and polyunsaturated FA trafficking and LD metabolism that
augments the resistance of Ras-driven TNBC cells to nutrient and oxi-
dative stress. However, the mechanisms described here may extend to
other cancer types and may be relevant for the general cellular stress
response in different tissues and pathophysiological settings, in parti-
cular those associated with aberrant lipid accumulation.

4.2. Exogenous and sPLA ,-derived unsaturated FAs induce LD formation
and protect breast cancer cells from nutrient stress

One of the most important findings of this work is that all tested
unsaturated FAs, including @-3 and ®-6 PUFAs, used at low micromolar
concentrations, protect TNBC cells from starvation-induced cell death
and only high micromolar concentrations of PUFAs, but not OA, induce
lipotoxic damage to the cells. This was surprising in light of the gen-
erally accepted notion of an anti-cancer activity of -3 PUFAs, which
induce cell death in a wide range of tumour cells, including breast
cancer cells [64,65]. However, most studies, including many studying
the effects of PUFAs on MDA-MB-231 cells [65,72-74] used only high
micromolar concentrations of FAs and typically did not test different
conditions of nutrient availability or studied cell survival during star-
vation. Although it is difficult to estimate the local, physiological



4.1. Lipid Droplets Induced by Secreted Phospholipase A2 and Unsaturated Fatty Acids Protect
Breast Cancer Cells from Nutrient and Lipotoxic Stress 73

E. Jarc et al. BBA - Molecular and Cell Biology of Lipids 1863 (2018) 247-265

A

204

[ control
[ DHA
mm DHA+sPLA,

a

Lipid composition (% of total)
o

| 0 i ! | 1‘"‘— 5 ,
0Ov—OFNQ-—vao—NQQwrsx—wah-—Nmrxwmcw(}gnvowmw(ﬂumvm
QQOOONNNNN$Q$VE$$(D(D‘DCD(DQK)Qwﬂ)w‘:'_ooo'_‘,_.'_NN‘_‘:‘_.',_
TYLBLBLLLOBOLOL OO LHEELLHBOHBOBLIBCEBISICONANG
TAG species
B 30 C D
1 control
I:DHAPLA
- +si
P i 2 2001 gouble bonds: 200+ double bonds:
o [ = >7
5 ~‘ = 37 -
5 20 —-— <3
S 150 150
5 g 5
S
§ 1 §1oo = §1oo = =
810 i 4 o g
-3 4 i = 9
- ; HI \Hl J‘I ® 50| = 50
i A : f
ol lﬂl’ L AL A1 I DY I B ol ol
S5 5550555035803 5585 PA- -+ sPLA- -+
888833 I 8888888383833 ¢-¢% DHA — + + DHA — + +
PC species
150~ double bonds: -
B0 —= >7 150 double bonds:
== 3.7 = 37
— <3 — <3
c Jovagro A P
£100- - §100-] .
B =
g g
£
8 8
3
Q
£ 50| E,sm
= 2
0- - 0-
sPLA; — = + = — + SPLA, — — + — — +
DHA - + + — + + DHA - + + - + +
SCR  SiATGLig, SCR  SIATGLy

Fig. 9. hGX sPLA, reduces the proportion of highly unsaturated PUFA-TAGs in DHA-treated cells. (A-D) MDA-MB-231 cells were grown in complete medium and treated with 10 nM hGX
sPLA; and/or 100 uM DHA for 48 h. (E, F) MDA-MB-231 cells were reverse transfected with ATGL-targeting siRNA (siATGL) or non-targeting scrambled siRNA (SCR) and treated with
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experiments and results that are statistically significant are indicated (*, P < 0.05; **, P < 0.01; *** P < 0.001; (A, B) unpaired t-test; (C-F) two-way ANOVA with Bonferroni
adjustment).

concentrations of exogenous FAs available in the tumour micro- species differ significantly [75]. OA is the most abundant FA in human
environment or to correlate those with in vitro experimental settings plasma (80 pM), followed by LA (15 uM), AA (3 pM), DHA (1 pM) and
[71, recent lipidomic studies have provided some clues. The total free EPA (0.4 pM). OA is also one of the most abundant FAs incorporated
(non-esterified) FA concentration in human plasma is approximately into membrane phospholipids, including those of MDA-MB-231 cells
200 uM after overnight fasting, but the concentrations of individual FA [61]. Thus, the low micromolar and cytoprotective concentrations of
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Fig. 10. Antioxidant roles of hGX sPLA; and LDs in breast cancer cells exposed to a surplus of exogenous PUFAs. Ras-driven TNBC cells exposed to excess PUFAs accumulate LDs

containing highly unsaturated PUFA-TAG species. (a) Starvation-induced of these LDs is iated with ATGL- increase in oxidative stress and cell death. (b) PUFA
toxicity may be reduced by two ot y hani that lower PUFA-induced oxidative stress: (1) hGX sPLA, b hospholipid is leads i ly to the
release of unsaturated FAs with low unsaturation levels, such as OA and LA, and stimulates their incorporation into TAGs, thus reducing the fraction of highly unsaturated PUFA-TAGs
stored in LDs; hGX sPLA; also induces PC remodelling and reduces the average ion level of h ipids; (2) ion of TAG lipolysis by ATGL depletion, which

reduces PUFA release from LDs. (c) In contrast, suppression of TAG synthesis by inhibiting DGAT1 augments PUFA-induced cell damage and reduces the ability of hGX sPLA, to alleviate
PUFA lipotoxicity.

PUFAs used in the present study are likely near or slightly above their delivery of LD-derived FAs to mitochondria for cell survival [76]. On
plasma levels, while the high micromolar, cytotoxic concentrations of the other hand, during milder, but prolonged starvation (e.g. days of
EPA, DHA and AA used here (100 uM) are roughly 30-250-fold higher serum deprivation) lipophagy and other forms of autophagy may also
than their respective concentrations in plasma. Therefore, starvation- be induced and become dominant [13,63,77]. Intriguingly, a recent
induced breakdown of LDs induced by physiologically relevant con- study in MDA-MB-231 cells has shown that during prolonged low glu-
centrations of unsaturated FAs and hGX sPLA; is associated with the cose starvation in the absence of exogenous lipids, autophagy of bulk
prevention of cell death in aggressive Ras-driven breast cancer cells. It membrane phospholipids may be critical for supplying FAs to mi-

remains to be established whether this is also true for other cancer cells tochondria and cell survival [63]. Finally, our results are in agreement
with activating Ras mutations, but given their propensity for opportu- with a recent study showing that ATGL-mediated LD breakdown in
nistic modes of nutrient acquisition and metabolic plasticity such a breast cancer cells exposed to adipose-derived FAs is important for

scenario seems highly likely [1,7-9]. Finally, our results suggest that cancer invasiveness, but not for cell growth or survival [29]. The au-
the dual, concentration-dependent effects of »-3 and w-6 PUFAs de- thors suggest that ATGL is critical for the ability of cancer cells to

scribed here must be taken into account when designing and inter- progressively release FAs from LDs and use them when needed to sus-
preting experiments or clinical trials in various chemopreventive or tain the invasiveness of circulating tumour cells. Clearly, the relative
therapeutic settings. importance of autophagy, lipophagy and TAG lipolysis for the pro-

survival activity of unsaturated FAs and sPLA, in TNBC breast cancer
cells exposed to nutrient stress remains to be established in further
4.3. ATGL-mediated TAG lipolysis is not necessary for cell survival during studies.

prolonged serum deprivation Interestingly, suppression of both B-oxidation and ATGL-mediated
lipolysis was more detrimental to the cells than inhibiting either process

Our results suggest that ATGL-mediated TAG lipolysis contributes alone. Of note, a low, non-toxic concentration of etomoxir was used

to, but is not essential for cell survival during prolonged serum star- (50 uM), which is sufficient to reduce the effects of sPLA,, both on LD
vation of Ras-driven MDA-MB-231 TNBC cells. ATGL deficiency clearly  formation and cell survival [18], but presumably does not fully block B-
reduced TAG lipolysis and LD breakdown and compromised cell sur-  oxidation during prolonged serum starvation. In fact, it has been shown
vival, but it did not result in massive cell death during starvation. that a 5-10-fold higher concentration of etomoxir is necessary to cause

Intriguingly, although ATGL depletion significantly increased the total LD build-up and cell death in starved MDA-MB-231 cells [18]. A partial
amount of neutral lipids remaining after starvation in cells pre-treated inhibition of B-oxidation in ATGL-depleted cells may lead to a com-
with sPLA, or unsaturated FAs, it did not abolish their pro-survival pensatory increase in LD breakdown by other lipases [17,33], or by
activity. These findings together with the facts that 1) hGX sPLA; re-  lipophagy [13]. This may explain the reduction of LD content caused by
tained its ability to induce glycerol release in ATGL depleted cells and etomoxir both in sPLA-treated and in ATGL-depleted cells. It is also
that 2) ATGL depletion did not significantly reduce the fraction of  possible that CPT1A activity is in fact necessary for the ability of SPLA,

sPLAo-induced LDs broken down during the starvation period (Fig. 3E), to induce LD formation, as suggested previously [18]. Indeed, reducing
strongly suggest the involvement of other lipases and/or other pro-  CPTIA activity or mitochondrial fusion has been shown to reduce FA
cesses (e.g. lipophagy/autophagy) in serum starvation-induced LD uptake or activate a mechanism of FA expulsion from cells to prevent

breakdown and cell survival in TNBC cells. Indeed, the role of lipolysis, FA lipotoxicity [33,78].

autophagy and lipophagy in cell survival during starvation may depend

on the type of nutrients being restricted, the length of starvation (acute,

prolonged) and on the particular cell type [13,33,62,63,76]. Further- 4.4. Lipid droplets are antioxidant and pro-survival organelles
more, it is conceivable that the relative contribution of autophagy/li-

pophagy vs. lipolysis may be altered depending on the availability of Cells protect themselves from FA lipotoxicity by upregulating f-
exogenous lipids and the amount and composition of pre-existing LDs at oxidation and neutral lipid storage in LDs [15,79]. Directing FAs to LDs
the onset of starvation. Notably, in acutely starved mouse embryonic protects against lipid-induced cell damage in different cells and tissues.

fibroblasts (e.g. hours in HBSS) autophagic digestion of cellular mem- For example, reducing TAG synthesis by DGAT1 depletion leads to cell
branes provides FAs for DGAT1-dependent LD synthesis [33,76]. Al- death in fibroblasts exposed to exogenous OA, while sequestration of
though ATGL is indispensable for the delivery of FAs from LDs to mi- palmitate into LDs by co-supplementation with OA protects from pal-
tochondria under these conditions [33], the primary role of LDs may be mitate-induced cell death [15]. DGAT1-dependent LD biogenesis also
the prevention of lipotoxicity of autophagy-derived FAs rather than reduces the lipotoxicity of excess endogenous FAs, liberated by
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starvation-induced autophagic degradation of membranous organelles
[76]. In the same study, DGAT1-depletion led to a concomitant re-
duction in TAGs and cholesteryl esters, suggesting a tight association
between the biogenesis of TAG-rich LDs and cholesterol ester synthesis
and storage [76]. Elevated cholesteryl ester accumulation has been
associated with the aggressiveness of several cancers, including prostate
and breast cancer [80,81], and high acyl-CoA:cholesterol acyl-
transferase 1 (ACAT1) expression has been linked to increased MDA-
MB-231 cell proliferation in the presence of exogenous lipids [82]. We
found that hGX sPLA, reduces total cholesterol levels, which is in line
with its negative effect on lipogenesis, in particular the reduction in
SREBP-1 and hydroxymethylglutaryl-coenzyme A reductase (HMGCR)
gene expression (Fig. 2E and [18]). However, in accordance with its
inability to alter ACAT1 (SOATI) gene expression [18], hGX sPLA, did
not affect cholesteryl ester content, suggesting that its effects on TNBC
cells mostly depend on changes in TAG storage. However, high con-
centrations of OA and DHA induced a significant increase in cholesteryl
ester accumulation. Thus, we cannot exclude a possible contribution of
cholesteryl ester metabolism to the stress response of TNBC cells ex-
posed to high levels of exogenous unsaturated FAs.

The results of the current study indicate that sequestration of exo-
genous PUFAs into TAGs stored in LDs of MDA-MB-231 breast cancer
cells protects from oxidative stress and cell death. Indeed, knock-down
of ATGL expression and exogenous sPLA, treatment suppressed PUFA
toxicity and were associated with increased LD content, whereas, on the
contrary, an increased sensitivity to PUFAs was observed upon sup-
pression of TAG synthesis by inhibition of DGAT1. Furthermore, the
protection from PUFA toxicity by hGX sPLA, was associated with ex-
tensive TAG remodelling: an enrichment of LDs with PUFA-TAG species
with low to medium unsaturation levels and a reduction in the fraction
of the most highly unsaturated PUFA-TAG species. In effect, this results
in dilution of the most oxidation-prone PUFA-TAGs within LDs and
reduces their availability for lipolytic release. This could explain the
ability of hGX sPLA, to suppress the rise in mitochondrial membrane
potential and oxidative stress associated with the breakdown of PUFA-
rich LDs during starvation. Additionally, lipid loading with DHA in
combination with OA or LA was associated with a reduction in lipo-
toxicity, suggesting that the effects of hGX sPLA; are mediated by these
abundant FAs with the lowest degree of unsaturation among its pro-
ducts of membrane hydrolysis. Indeed, the enrichment of LDs with
PUFA-TAG species with low and medium unsaturation caused by hGX
sPLA, in DHA-treated cells strongly suggests that sPLA,-released OA
and LA are extensively incorporated into LDs. Interestingly, OA- and
LA-rich LDs were more readily broken down during starvation in
comparison with PUFA-rich LDs, suggesting that MDA-MB-231 cells
likely refrain from using peroxidation-prone PUFAs for B-oxidation and
cell survival during starvation. It is thus possible that hGX sPLA-in-
duced TAG remodelling both segregates cell-damaging PUFAs in LDs
and simultaneously increases the availability of harmless FAs with
lower degree of unsaturation for B-oxidation. Finally, hGX sPLA also
suppressed the substantial DHA-induced increase in acyl chain un-
saturation in membrane PC species, suggesting that membrane phos-
pholipid remodelling also contributes to its ability to protect from PUFA
lipotoxicity. In accordance, increasing the relative degree of membrane
(poly)unsaturation by inhibition of de novo lipogenesis sensitizes cancer
cells to lipid peroxidation and oxidative stress-induced cell death [83].

The fact that ATGL depletion reduces DHA-induced oxidative stress
and cell death suggests that TAG lipolysis contributes to PUFA lipo-
toxicity. ATGL depletion augmented DHA-induced LD accumulation,
but it did not alter the TAG profiles of control, DHA- or sPLA,-treated
cells. This is in line with the lack of significant TAG acyl chain speci-
ficity reported for the enzyme [84]. Thus, the reduced PUFA toxicity in
ATGL-deficient cells is most likely a consequence of an overall reduc-
tion in TAG lipolysis and therefore cellular unesterified FA content
[85]. These results are in accordance with recent studies showing that
excessive TAG lipolysis may cause cell damage, presumably by
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increasing the pool of cytosolic FAs and stimulating B-oxidation and
ROS production [86,87]. Namely, stimulation of lipolysis by over-
expression of ATGL leads to ER stress in cardiomyocytes treated with
the otherwise non-toxic OA [37]. Furthermore, inhibition of ATGL-
mediated lipolysis by perilipin 5 suppresses hepatic lipotoxic injury
[88] and protects hearts against oxidative stress induced by excessive -
oxidation and FA peroxidation [86,89]. In summary, our results de-
monstrate that while ATGL supports, but is not essential for cell survival
during starvation, it also contributes to lipotoxicity when TNBC cells
are challenged with high concentrations of lipotoxic FAs. Thus, the
level of expression and activity of ATGL in cancer cells may directly
affect cell fate, particularly in stressful conditions, and a reduction in
ATGL expression may be beneficial for tumour progression, as reported
recently [30]. Finally, our results are in line with the recently reported
antioxidant function of LDs in Drosophila glial cells [19] in showing that
sequestration of PUFAs into LDs protects from oxidative damage and
reduces cell death in cancer cells exposed to excess exogenous PUFAs.

5. Conclusion

Cancer cells often depend on exogenous unsaturated FAs for sur-
vival during stressful conditions. Our results suggest that LDs co-
ordinate unsaturated FA uptake, storage and use with cell survival
mechanisms during nutrient and lipotoxic stress in TNBC cells. LDs
transiently store unsaturated FAs, including -3 and ®-6 PUFAs, thus
providing protection against lipotoxicity and nutrient deprivation by
releasing them gradually when needed. Furthermore, we have found
that TNBC cells are protected from PUFA lipotoxicity when PUFAs are
sequestered in LDs either by sPLA,-induced TAG synthesis and re-
modelling or by inhibition of ATGL-mediated TAG lipolysis. The ca-
pacity of cells to balance unsaturated FA sequestration and release from
LDs is thus important for their ability to balance FA-induced cell sur-
vival and lipotoxicity. By managing the storage and release of (poly)
unsaturated FAs, LDs play an important antioxidant role and protect
TNBC cells from stress associated with both nutrient excess and nutrient
deprivation. Inhibition of TAG synthesis and LD formation and pro-
motion of lipolysis are thus potential therapeutic strategies in TNBC and
likely in other aggressive Ras-driven cancers.
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4.2 Lipidomic Data on Lipid Droplet Triglyceride
Remodeling Associated with Protection of Breast Cancer

Cells from Lipotoxic Stress

This paper was prepared to present the full lipidomic data from the research article entitled
“Lipid droplets induced by secreted phospholipase A, and unsaturated fatty acids protect
breast cancer cells from nutrient and lipotoxic stress”. Authors of this paper are Eva Jarc,
Thomas O. Eichmann, Robert Zimmermann and Toni Petan. The paper was published in
the journal Data in brief in 2018.

We have previously reported that elevated lipid droplet accumulation is characteristic
of aggressive breast cancer cells and support cancer cell survival during nutrient and
lipotoxic stress (Jarc, Kump, et al., 2018). We found that changes in lipid composition of
membrane phospholipids and lipid droplets mediated by sPLA, activity and/or ATGL
depletion are associated with protection from the lipotoxicity of PUFAs. Here, we provide
complete lipidomic datasets acquired by Ultra-Performance Liquid
Chromatography/Quadrupole Time-of-Flight Mass Spectrometry (UPLC/qTOF-MS). We
analyzed the lipid composition of TAG and phosphatidylcholine (PC) species extracted
from MDA-MB-231 cells treated with the exogenous w-3 PUFA docosahexaenoic acid
(DHA) and sPLA, and depleted in ATGL. The data describes changes in lipid composition
following inhibition of TAG lipolysis and lipid droplet breakdown by ATGL depletion, and
changes in lipid composition caused by sPLA, activity on breast cancer cells (Jarc,
Eichmann, Zimmermann, & Petan, 2018).

We found that the protection from PUFA lipotoxicity by sPLA, is associated with
extensive TAG remodeling: an enrichment of lipid droplets with PUFA-TAG species with
low to medium unsaturation levels and a reduction in the fraction of the most highly
unsaturated PUFA-TAG species (Jarc, Kump, et al., 2018). In the dataset of TAG profile
of DHA-treated cells we found a striking increase in the proportion of PUFA-TAG species
containing > 7 double bonds, such as 58:12, 60:13, 62:11, 62:14 and 66:18. We also found
that treating TNBC cells with DHA affects PC composition by increasing the amount of
PC species with > 5 double bonds, such as 36:6, 38:6, 40:6 and 40:7. Treating TNBC cells
with sPLA, alongside DHA led to a significant reduction in PUFA-TAG and PUFA-PC
content. We found that sPLA, elevates the proportion of PUFA-TAGs with < 3 and 3-7
double bonds, such as 54:2, 56:6, 56:7 and 58:7, and reduces the amount of PUFA-TAGs
with > 7 double bonds. It also elevates the proportion of PC species with low unsaturation,
in particular 34:1, 36:1 and 36:2, and reduces the fraction of highly unsaturated PCs, such
as 36:6, 38:6, 40:6 and 40:7 (Jarc, Eichmann, et al., 2018).

On the other hand, we found that the protection from PUFA lipotoxicity by ATGL
depletion is not associated with extensive TAG remodeling (Jarc, Kump, et al., 2018). We
observed only minor alterations in TAG and PC species in ATGL depleted cells treated
with DHA and/or sPLA, (Jarc, Eichmann, et al., 2018). This suggests that the reduction
of DHA toxicity in ATGL depleted cells is based on the reduction in the release of DHA
from lipid droplets.

I contributed to this work by analyzing lipidomic data and preparing final datasets for
publication. I also wrote and prepared this manuscript for publication.
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Specifications Table

Subject area Biochemistry and Molecular Biology
More specific subject area Lipidomics
Type of data Tables

How data was acquired Ultra-performance liquid chromatography-quadrupole time-of-flight
mass spectrometry (UPLC/qTOF-MS)

Data format Analysed

Experimental factors Analysis of triacylglycerol and phosphatidylcholine species extracted
from MDA-MB-231 cells treated with exogenous docosahexaenoic acid,
human group X secreted phospholipase A, and depleted in adipose tri-
glyceride lipase

Experimental features Lipidomic analyses of cellular lipids by UPLC/qTOF-MS

Data source location Not applicable

Data accessibility Provided with this article

Value of the data

® This lipidomic data provides information on the lipid composition of Ras-driven aggressive MDA-
MB-231 breast cancer cells exposed to nutrient stress [1].

e [t identifies changes in membrane and lipid droplet (LD) composition induced by alterations in LD
biogenesis and lipolysis and associated with protection from the lipotoxicity of polyunsaturated
fatty acids.

® The data describes triacylglycerol (TAG) and phosphatidylcholine (PC) remodelling mediated by
human group X secreted phospholipase A, (sPLA,) in docosahexaenoic acid (DHA)-treated and
adipose triglyceride lipase (ATGL)-depleted breast cancer cells.

® The data describes changes in lipid composition following inhibition of TAG lipolysis and LD
breakdown by ATGL depletion in DHA-treated breast cancer cells.

® The data will foster further examination of the role of LDs in the resistance of cancer cells to
nutrient and lipotoxic stress.

1. Data

In order to determine the changes in TAG composition of LDs and in the profile of cellular PC
associated with sPLA,-induced protection of breast cancer cells from DHA lipotoxicity, we extracted
lipids from MDA-MB-231 cells treated with 100 uM DHA and a combination of 100 uM DHA and
10 nM sPLA; and performed lipidomic analyses [1]. The TAG and PC profiles determined are presented
in Tables 1 and 2, respectively.

In order to determine the changes in TAG composition of LDs and in the profile of cellular PC in
ATGL-depleted breast cancer cells, MDA-MB-231 cells were transfected with ATGL-targeting siRNA or
non-targeting scrambled siRNA (SCR). In addition, cells were treated with 10 nM sPLA, and 100 uM
DHA. Lipids were extracted and lipidomic analyses performed. The data presented includes the
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TAG profiles of control, DHA- and sPLA,-treated MDA-MB-231 breast cancer cells.

TAG composition (% of total)"

TAG species” Untreated® DHA DHA+ sPLA;
46:0 0.36 + 0.03 n.d. 0.05 + 0.02
48:0 12 4+ 01 0.07 + 0.01 0.16 + 0.03
48:1 13 + 01 0.12 + 0.01 02 + 0.1
50:0 33 + 04 0.14 + 0.02 04 + 0.1
50:1 5.5 + 0.1 04 + 0.1 1.0 + 0.2
50:2 23 4+ 02 0.2 + 0.1 06 + 0.1
52:0 6.0 + 1.0 0.26 + 0.04 08 + 0.1
52:1 113 + 03 11 + 0.1 18 + 03
52:2 81 + 0.2 1.0 + 0.1 20 + 10
52:3 3.0 + 03 0.44 + 0.03 09 + 0.2
52:4 0.64 + 0.03 0.15 + 0.01 03 + 0.1
54:0 1.8 + 0.1 0.06 + 0.01 017 + 0.01
54:1 82 + 03 0.72 + 0.02 134 02
54:2 6.0 + 1.0 0.7 + 0.1 13 + 01
54:3 50 + 1.0 08 + 0.1 17 + 04
54:4 29 + 0.1 06 + 0.1 11 + 0.2
54:5 24 + 01 nd. nd.
54:6 124101 26 + 04 26 + 0.2
54:7 0.22 + 0.03 1.1 £ 0.1 126 + 0.03
56:0 1.0 + 01 n.d. 0.10 + 0.01
56:1 1.85 + 0.02 0.16 + 0.03 0.23 + 0.03
56:2 1.8%:01 0.26 + 0.02 04 + 0.1
56:3 16 + 0.1 0.28 + 0.02 0.43 + 0.03
56:6 41 + 03 30 + 1.0 54 + 04
56:7 12 + 0.2 44 + 03 6.7 + 0.1
58:1 19 + 0.1 0.120 + 0.004 0.25 + 0.01
58:2 119 + 0.02 0.12 + 0.02 0.23 + 0.03
58:3 0.6 + 0.1 nd. 017 + 0.02
58:5 1.6 + 0.2 0.17 + 0.02 0.7 + 0.1
58:6 25 + 0.2 n.d. n.d.
58:7 174 02 46 + 04 T2:4::0:2
58:8 0.5 + 0.1 2.8 4+ 02 48 + 0.1
58:9 012 + 0.02 1.00 + 0.03 1.7 + 01
58:10 nd. 0.83 + 0.02 13 + 01
58:11 0.02 + 0.01 091 + 0.04 11 + 01
58:12 0.03 + 0.02 31 + 03 19 + 02
60:1 221 + 0.04 n.d. 031 + 0.04
60:2 147 + 0.03 0.146 + 0.002 0.31 + 0.02
60:3 05 + 0.1 0.04 + 0.01 0.16 + 0.01
60:4 0.32 + 0.04 0.05 + 0.02 0.12 + 0.02
60:10 0.07 + 0.01 191 + 0.02 30 + 0.2
60:12 0.8 + 0.1 180 + 1.0 141 + 11
60:13 nd. 34 + 0.1 16 + 03
62:1 09 + 0.1 n.d. nd.
62:2 0.79 + 0.03 0.05 + 0.01 0.163 + 0.003
62:3 0.40 + 0.02 0.027 + 0.002 0.112 + 0.004
62:11 nd. 11 + 0.2 1.5:02
62:12 0.5 01 9.0 + 03 9.0 + 10
62:13 08 + 0.1 150 + 1.0 140 + 1.0
62:14 nd. 29 + 01 22 +:02
66:18 03 + 0.1 150 + 2.0 70 + 1.0

2 TAG composition data is presented as mean percentages of each species per total detected species and normalised to total

cellular protein.

b TAG species are described based on the number of carbon atoms and double bonds.
€ MDA-MB-231 cells were treated with 100 uM DHA and 10 nM sPLA; in complete medium for 48 h and cell lysates were

collected for UPLC/MS analysis. Values are means + SEM of three independent experiments; n.d., not determined.
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Table 2
PC profiles of control, DHA- and sPLA,-treated MDA-MB-231 breast cancer cells.

PC composition (% of total)"

PC species” Untreated® DHA DHA +5PLA;
30:0 27 102 48 + 03 32 4 0.2
30:1 23 + 02 23 + 01 24 + 0.2
32:0 50 + 0.1 210 + 03 130 + 1.0
32:1 9.0 + 10 70 + 1.0 61 + 03
34:1 28.0 + 1.0 170 + 1.0 23.0 + 1.0
34:2 53 + 03 29 + 0.2 31 + 01
34:3 0.26 + 0.01 11 + 01 0.6 + 0.1
36:0 047 + 0.04 0.31 + 0.02 0.6 + 01
36:1 210 + 10 79 + 03 150 + 1.0
36:2 13.0 + 0.1 49 + 01 76 + 0.2
36:4 2.46 + 0.04 2.65 + 0.01 29 + 0.1
36:5 048 + 0.04 14 + 01 09 + 01
36:6 0.07 + 0.01 1.0 + 0.2 0.29 + 0.01
38:3 19 + 01 11 + 01 15 + 01
384 3.0 + 0.1 26 + 03 34 + 04
38:5 20 + 03 27 + 02 31 + 01
38:6 11 + 01 90 + 10 6.0 + 1.0
40:6 154101 70 + 1.0 60 + 1.0
40:7 0.5 + 0.1 31 £ 03 20 + 03

4 PC composition data is presented as mean percentages of each species per total detected species and normalised to total
cellular protein.

b PC species are described based on the number of carbon atoms and double bonds.

€ MDA-MB-231 cells were treated with 100 uM DHA and 10 nM sPLA; in complete medium for 48 h and cell lysates were
collected for UPLC/MS analysis. Values are means + SEM of three independent experiments; n.d., not determined.

detected TAG (Table 3) and PC species (Table 4) in control (SCR) and ATGL-depleted MDA-MB-231
breast cancer cells (siATGL), either untreated or treated with exogenous DHA, sPLA, or both.

2. Experimental design, materials and methods
2.1. Materials

Breast cancer cells (MDA-MB-231) and culture medium (RPMI-1640) were obtained from ATCC
(USA), fetal bovine serum (FBS), Dulbecco's phosphate-buffered saline (DPBS), TrypLE Select and Opti-
MEM from Life Technologies (USA). Docosahexaenoic acid (DHA) was from Cayman Chemical (USA),
Lipofectamine RNAIMAX from Thermo Fisher Scientific (USA). Human ATGL-targeting siRNAs and
Allstars Negative Control siRNA were from Qiagen (Germany). The recombinant wild-type human
group X sPLA, was prepared as described previously [2-4]. All other chemicals were of at least
analytical grade and purchased from Sigma-Aldrich (USA) or Serva (Germany).

2.2. Cell culture and treatment

MDA-MB-231 cells were cultured in RPMI-1640 medium in the presence of 10% FBS. Adherent cells
were detached using TrypLE Select. Aliquots of stock solutions of DHA in absolute ethanol were stored
under argon at —80 °C. Prior to addition to cell culture, DHA was incubated in complete medium for
1 h at room temperature. Cells were seeded in complete medium in 6-well plates at 3 x 10° cells/well.
ATGL silencing was performed by reverse transfection at the time of seeding using a 20 nM mixture of
two validated siRNAs targeted at ATGL (Qiagen) or 20 nM Allstars Negative Control siRNA (Qiagen).
Transfection complexes were generated using 7.5 ul/well of Lipofectamine RNAIMAX and Opti-MEM
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Table 3

TAG profiles of MDA-MB-231 breast cancer cells depleted in ATGL and treated with exogenous DHA, sPLA; or both.

TAG composition (% of total)"

TAG species” SCR* SIATGL SCR+DHA SiATGL+DHA  SCR+DHA+5sPLA; siATGL+DHA+sPLA;
46:0 030 + 0.03 042 + 002 0.031 + 0003 0.05 + 0.01 0.03 + 0.01 0.03 + 0.01
48:0 13 + 01 19 + 0.1 011 + 0.02 0.16 + 0.01 0.08 + 0.01 0.14 + 0.01
48:1 119 + 0.02 15 + 01 0.16 + 0.02 0.26 + 0.04 0.15 + 0.03 0.17 + 0.03
50:0 38 + 03 541 + 0.03 03 + 01 05 + 0.1 0.2 + 0.1 0.5 + 0.1
50:1 51 + 0.2 6.8 + 0.1 0.5 + 0.1 11 + 02 0.6 + 0.1 0.7 + 0.1
50:2 194 + 0.04 24 + 0.2 03 + 01 0.6 + 0.1 03 + 0.1 03 + 0.1
52:0 63 + 04 79 + 0.2 0.5 + 0.1 09 + 0.1 0.4 + 0.1 0.75 + 0.02
52:1 11.0 + 1.0 12.0 + 1.0 11 + 0.2 22 + 03 11 + 02 1.6 + 0.1
52:2 80 + 1.0 89 + 04 14 + 0.1 21 + 03 13 + 02 14 + 02
52:3 23 + 02 27 + 02 06 + 0.1 0.7 + 0.1 0.5 + 0.1 04 + 0.1
52:4 0.68 + 0.03 0.7 + 01 0.20 + 0.03 0.21 + 0.02 0.21 + 0.03 0.19 + 0.02
54:0 17 + 02 175 + 0.03 0.09 + 0.01 0.2 + 01 0.07 + 0.01 0.1327 + 0.0002
54:1 81 + 04 80 + 1.0 0.7 + 0.1 13 + 02 0.7 + 0.1 12 + 02
54:2 55 + 03 54 + 02 06 + 0.1 13 + 02 09 + 0.1 1.02 + 0.01
54:3 50 + 1.0 50 + 1.0 11 + 01 15 + 02 12 + 01 0.98 + 0.01
54:4 25 + 02 23 + 01 06 + 0.1 0.7 + 0.1 0.8 + 0.1 0.7 + 0.1
54:5 21 + 0.04 17 + 01 n.d. n.d. n.d. n.d.
54:6 14 + 0.2 111 + 0.04 25 + 04 29 + 03 24 + 04 23 + 02
54:7 021 + 003 016 + 0.02 1.0 + 0.1 11 + 01 11 £ 01 12 £ 01
56:0 1.0 + 0.1 110 + 0.02 0.06 + 0.01 011 + 0.04 nd. 0.11 + 0.02
56:1 2.0 + 0.1 1.6 + 0.1 0.14 + 0.01 0.25 + 0.03 0.12 + 0.02 0.169 + 0.004
56:2 19 + 01 17 + 01 023 + 0.02 040 + 0.1 023 + 0.03 025 + 0.02
56:3 150 + 0.03 128 + 0.03 020 + 0.03 034 + 0.04 0.32 + 0.04 0.30 + 0.01
56:6 39 + 04 24 + 004 40 + 1.0 36 + 04 50 + 1.0 47 + 03
56:7 1.7 + 0.3 11 + 0.1 50 + 1.0 46 + 03 69 + 04 63 + 04
58:1 191 + 002 168 + 0.04 011 + 0.02 0.21 + 0.04 0.13 + 0.02 022 + 0.04
58:2 12 + 01 1.02 + 0.01 0.12 + 0.01 0.20 + 0.02 0.12 + 0.02 0.13 + 0.01
58:3 062 + 004 051 + 0.03 0.06 + 0.01 0.11 + 0.01 0.11 + 0.02 0.14 + 0.04
58:5 17 + 0.2 0.8 + 0.1 03 + 01 0.26 + 0.02 07 + 0.2 nd.
58:6 3.0 + 04 19 + 03 n.d. n.d. nd. n.d.
58:7 21 + 03 1.7 + 04 49 + 04 49 + 0.2 70 + 1.0 69 + 03
58:8 09 + 01 06 + 0.2 34 + 04 34 + 02 52 + 02 49 + 0.1
58:9 02 + 01 02 + 0.1 10 + 0.1 092 + 0.01 1.8 + 01 17 + 01
58:10 nd. 0.07 + 0.03 0.82 + 0.01 0.78 + 0.02 1.267 + 0.002 123 + 0.01
58:11 nd. n.d. 09 + 01 0.88 + 0.03 11 + 01 1.2 + 01
58:12 nd. 0.03 + 0.01 27 + 04 29 + 03 20 + 04 21 + 01
60:1 23 + 01 185 + 0.02 0.13 + 0.04 0.22 + 0.03 0.15 + 0.03 026 + 0.03
60:2 150 + 0.02 121 + 0.02 014 + 0.01 0.20 + 0.02 0.16 + 0.02 0.21 + 0.04
60:3 0.60 + 0.02 047 + 0.02 0.05 + 0.01 0.10 + 0.02 0.09 + 0.01 0.10 + 0.02
60:4 04 + 01 0.3 + 0.10 nd 0.05 + 0.01 0.09 + 0.02 0.08 + 0.01
60:10 01 + 01 0.11 + 0.04 19 + 0.1 176 + 0.01 31 + 02 32 + 0.1
60:12 11 + 04 045 + 0.03 18.7 + 0.3 18.0 + 1.0 15.0 + 1.0 160 + 04
60:13 01 + 01 0.062 + 0.004 3.0 + 04 31 + 01 2.0 + 10 25 + 01
62:1 10 + 0.1 0.76 + 0.03 nd. 0.08 + 0.01 nd. 0.10 + 0.01
62:2 09 + 01 0620 + 0.003 0.06 + 0.02 0.08 + 0.01 0.08 + 0.02 012 + 0.01
62:3 043 + 0.02 031 + 0.01 0.04 + 001 0.050 + 0.004 0.07 + 0.02 0.07 + 0.01
62:11 nd. 0.04 + 0.01 1.0 + 0.1 n.d. 1.0 + 01 12 + 01
62:12 032 + 0.04 03 + 0.1 87 + 0.2 6.6 + 04 8.2 + 0.1 70 + 1.0
62:13 05 + 02 0.43 + 0.01 173 + 13 146 + 11 15.59 + 0.02 150 + 1.0
62:14 nd. n.d. 27 + 04 26 + 0.2 22 + 04 24 + 02
66:18 018 + 0.04 0.8 + 0.01 123 + 2.2 1.2 + 14 70 + 20 70 + 1.0

2 The lipidomic data is presented as mean percentages of each species per total detected species and normalised to total
cellular protein.

b TAG species are presented according to the number of carbon atoms and double bonds.

€ MDA-MB-231 cells were reverse transfected with ATGL-targeting siRNA (siATGL) or non-targeting scrambled siRNA (SCR)
and treated with 100 uM DHA and 10 nM sPLA; in complete medium for 48 h. Cell lysates were collected for UPLC/MS analysis.
Values are means + SEM of three independent experiments; n.d., not determined.
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Table 4
PC profiles of MDA-MB-231 breast cancer cells depleted in ATGL and treated with exogenous DHA, sPLA; or both.

PC composition (% of total)’

PC species” SCR* SIATGL SCR+DHA SIATGL+DHA  SCR+DHA-+sPLA;  siATGL+DHA-+sPLA;
30:0 26 + 03 27 + 0.2 43 + 01 57+ 02 28 + 01 47 + 04
30:1 19 + 0.3 22 + 02 1.88 + 0.04 2.44 + 0.02 1.8 + 01 23 + 01
32:0 53 + 02 53 + 0.2 210 + 1.0 250 + 1.0 120 + 1.0 122 + 11
321 90 + 1.0 95 + 04 66 + 0.2 73 £ 0.2 58 + 01 63 + 0.2
341 280 + 1.0 288 + 14 19.0 + 1.0 18.0 + 1.0 250 + 1.0 212 + 0.2
34:2 54 + 02 49 + 04 31 + 01 29 + 01 32 + 01 26 + 02
343 026 + 0.02 0.28 + 0.01 112 + 0.01 12 + 01 0.58 + 0.03 06 + 0.1
36:0 038 + 0.01 05 + 0.1 0321 + 0.001 029 + 0.02 0.51 + 0.03 05 + 0.1
36:1 200 + 1.0 218 + 14 9.0 + 0.1 6.0 + 1.0 150 + 1.0 13.6 + 11
36:2 134 + 03 128 + 03 58 + 0.1 43 + 03 90 + 1.0 63 + 03
36:4 24 + 01 24 + 01 26 + 0.1 28 + 0.1 29 + 0.2 28 + 0.1
36:5 05 + 0.1 0.26 + 0.02 131 + 0.03 1.8 + 01 09 + 01 152 + 0.02
36:6 011 + 002 0.04 + 0.01 08 + 0.1 08 + 0.1 04 + 0.1 039 + 0.02
38:3 1.8 + 0.1 1.6 + 0.1 1.05 + 0.01 08 + 0.1 1.5 + 0.1 133 + 0.03
384 28 + 04 24 + 02 25 + 01 1.9+ 01 31 + 0.2 3.0 +£ 01
38:5 20 + 1.0 13 + 01 24 + 04 19 £ 02 32 £ 02 31 + 03
38:6 1.7 + 0.3 08 + 0.1 80 + 1.0 90 + 1.0 6.0 + 1.0 79 + 03
40:6 15 + 0.2 12 + 01 6.0 + 1.0 6.0 + 1.0 5.0 + 1.0 78 + 03
40:7 1.0 + 0.1 0.31 + 0.01 30 + 01 23+ 02 25 £ 02 20 + 01

# The lipidomic data is presented as mean percentages of each species per total detected species and normalised to total
cellular protein.

P PC species are presented according to the number of carbon atoms and double bonds.

€ MDA-MB-231 cells were reverse transfected with ATGL-targeting siRNA (siATGL) or non-targeting scrambled siRNA (SCR)
and treated with 100 uM DHA and 10 nM sPLA; in complete medium for 48 h. Cell lysates were collected for UPLC/MS analysis.
Values on the graphs are means + SEM of three independent experiments; n.d., not determined.

medium. Reverse transfection was performed according to manufacturer's instructions. Cells were left
to attach for 24 h and treated with 10 nM sPLA; and 100 uM DHA for the following 48 h.

2.3. Lipidomic analyses of triacylglycerol and phospholipid species

Culture plates were put on ice, the cells washed twice with ice-cold DPBS, collected by scraping in
300l lysis buffer (20 mM Tris-HCI, pH 7.4, 2 mM EDTA, 2 ul Halt Protease Inhibitor Cocktail, Thermo
Scientific, USA), centrifuged at 4 °C (1000 g, 10 min), the pellet resuspended in 150 pl lysis buffer and
sonicated on ice. Aliquots of 10 ul were taken for total protein determination using the Pierce 660 nm
Protein Assay (Thermo Scientific, USA). Total lipids were extracted twice using chloroform/methanol/
water (2/1/0.6, v/v/v) containing 500 pmol butylated hydroxytoluene, 1% acetic acid, and 100 pmol of
internal standards (ISTD, 17:0-17:0 PC, 17:0-17:0 PE, 17:0-17:0-17:0 TAG, 17:0 LPC, Avanti Polar Lipids)
per sample. Extraction was performed under constant shaking for 60 min at room temperature (RT).
After centrifugation at 1000 x g for 15min at RT the lower organic phase was collected, 2.5 ml
chloroform added to the remaining aqueous phase and the second extraction performed as described
above. Combined organic phases of the double-extraction were dried under a stream of nitrogen and
dissolved in 150 pl 2-propanol/chloroform/methanol (7/2/1, v/v/v) for UPLC-qTOF analysis. Chroma-
tographic separation was modified after Knittelfelder et al. [5] using an AQUITY-UPLC system (Waters
Corporation), equipped with an ACQUITY BEH C18 column (2.1 x 50 mm, 1.7 um; Waters Corporation).
A SYNAPT™G1 qTOF HD mass spectrometer (Waters Corporation) equipped with an ESI source was
used for detection. Data acquisition was done by the MassLynx 4.1 software (Waters Corporation) and
lipid classes were analysed with the “Lipid Data Analyzer 1.6.2" software [G]. Data were normalised
for recovery and extraction- and ionization efficacy using ISTDs.



4.2. Lipidomic Data on Lipid Droplet Triglyceride Remodeling Associated with Protection of
Breast Cancer Cells from Lipotoxic Stress 85

240 E. Jarc et al. / Data in Brief 18 (2018) 234-240
2.4. Data handling

The acquired lipidomic data was normalised to total cellular protein. The values are presented as
mean percentages of each species per total detected species in each sample with standard errors of
the mean (SEM) of three independent experiments.
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4.3 Lipid Droplet Formation in HeLa Cervical Cancer Cells
Depends on Cell Density and the Concentration of
Exogenous Unsaturated Fatty Acids

The short research article “Lipid droplet formation in HeLa cervical cancer cells depends
on cell density and the concentration of exogenous unsaturated fatty acids” by Ema Gustin,
Eva Jarc, Ana Kump and Toni Petan was published in Acta Chimica Slovenica in 2017.
Ema Gustin and Eva Jarc equally contributed to this work.

The role of different FA species in supporting lipid droplet accumulation and cell
survival in different cancer cells in different environmental conditions is not clear. In
general, lipid droplets act as transient buffers that protect from FA lipotoxicity by storing
excess and lipotoxic FAs in TAG (Jarc & Petan, 2019b; Petan et al., 2018). Saturated FAs
are particularly toxic to the cell and induce cell death, while monounsaturated FAs, such
as oleate (w-9; 18:1), are generally regarded as cytoprotective (Nolan & Larter, 2009). A
number of studies have reported that polyunsaturated fatty acids (PUFAs) have distinct
and contrasting effects in cancer, with w-6 PUFAs, such as arachidonic acid (w-6; 20:4;
AA), mostly displaying pro-tumorigenic effects, and w-3 PUFAs, such as docosahexaenoic
(DHA) and eicosapentaenoic (EPA) acids, showing anti-tumorigenic effects (Chénais &
Blanckaert, 2012; D’Eliseo & Velotti, 2016). We have shown that unsaturated FAs,
including both w-6 and w-3 PUFAs, induce lipid droplet biogenesis and prevent starvation-
induced death of TNBC cells (Jarc, Kump, et al., 2018). However, the effect of w-3 PUFAs
on cell survival was concentration-dependent. PUFAs wused at low micromolar
concentration display a pro-tumorigenic effect, while higher concentrations become
lipotoxic in breast cancer cells.

In this study, we hypothesized that different exogenous unsaturated FAs vary in their
abilities to induce lipid droplet synthesis and prevent starvation-induced cell death in HeLa
cervical cancer cells. We found that unsaturated FAs have dual effects on lipid droplet
accumulation in HeLa cells. Treating cells with low micromolar concentrations of
monounsaturated FAs and PUFAs led to a reduction in neutral lipid content, while high
micromolar concentrations stimulated lipid droplet formation (Gustin, Jarc, Kump, &
Petan, 2017). Furthermore, we found that lipid droplet content in HeLa cells increases
proportionally with cell density, while in contrast, lipid droplet content in MDA-MB-231
cells decreases with cell density. The increase in lipid droplet content in HeLa cells may
indicate that the cells gradually increase the rate of exogenous lipid uptake and/or rate of
de novo lipid synthesis, leading to lipid droplet formation to support fast proliferation
rates. Finally, oleate-induced lipid droplet accumulation was previously associated with a
protection from starvation-induced cell death in MDA-MB-231 cells (Pucer et al., 2013).
Here, we observed that only high micromolar concentrations of oleate led to lipid droplet
accumulation in HeLa cells. Surprisingly, we found that oleate-induced lipid droplet
accumulation does not reduce starvation-induced cell death, but it rather promotes it at
higher concentrations of the FA (Gustin et al., 2017). This suggests that starved HeLa cells
cannot use exogenous oleate to support cell survival during starvation.

I contributed to this work by preparing and writing the draft of the manuscript for
publication.



DOI: 10.17344/ac5i.2016.2908

Acta Chim. Slov. 2017, 64, 549-554

Concentration of Exogenous Unsaturated Fatty Acids

Scientific paper

Lipid Droplet Formation in HeLLa Cervical Cancer
Cells Depends on Cell Density and the Concentration
of Exogenous Unsaturated Fatty Acids

Ema Gu tin,"* Eva Jarc,"** Ana Kump'? and Toni Petan""

! Department of Molecular and Biomedical Sciences, Jo ef Stefan Institute, Ljubljana, Slovenia

2 Jo ef Stefan International Postgraduate School, Ljubljana, Slovenia

* These authors contributed equally to this work.

* Corresponding author: E-mail: toni.petan @ ijs.si
Phone: + 386 1477 3713

Received: 12-09-2016

For Cutting Edge 2017

Abstract

Cytosolic lipid droplets (LDs) store excess fatty acids (FAs) in the form of neutral lipids and prevent starvation-induced
cancer cell death. Here we studied the ability of mono- and polyunsaturated FAs to affect LD formation and survival in
HeLa cervical cancer cells. We found that the LD content in HeLa cells increases with cell density, but it decreases in
MDA-MB-231 breast cancer cells. Exogenously-added unsaturated FAs, including oleic (OA), linoleic (LA), arachido-
nic (AA), eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) displayed a similar ability to alter LD formation in
HeLa cells. There was a dual, concentration-dependent effect on neutral lipid accumulation: low micromolar concentra-
tions of LA, AA and DHA reduced, while all FAs induced LD formation at higher concentrations. In serum starved He-
La cells, OA stimulated LD formation, but, contrary to expectations, it promoted cell death. Our results reveal a link bet-
ween cell population density and LD formation in HeLa cells and show that unsaturated FAs may both suppress or sti-
mulate LD formation. This dynamic regulation of LD content must be accounted for when studying the effects of lipids
and lipid metabolism-targeting drugs on LD metabolism in HeLa cells.

Keywords: lipid droplets, lipid metabolism, cell density, HeLa cervical cancer cells, unsaturated fatty acids, apoptosis

1. Introduction

Tumours have developed different molecular mec-
hanisms that enable their uncontrolled proliferation.' On-
cogene activation and loss of tumour suppressors lead to
both proliferative and metabolic reprogramming of cancer
cells. The most common metabolic adaptations in cancer
are increased glucose uptake, high rate of anaerobic
glycolysis and increased glutamine consumption, but re-
cent studies have revealed a dependence on elevated de
novo lipid synthesis, internalization of exogenous lipids,
mitochondrial fatty acid (FA) oxidation and lipid media-
tor-induced proliferative signalling.'™* Lipids and their
metabolites are currently under intense investigation in
cancer-related studies, where new aspects of their role in

cancer signalling, survival and apoptosis are beginning to
emerge.

Lipid droplets (LDs) are now widely recognized as
dynamic cytosolic organelles, present in all eukaryotic
cells, with prominent roles reaching beyond that of inert
energy storage depots.’ LDs are composed of a tightly
packed core of neutral lipids, triacylglycerol (TAG) and
sterol esters, surrounded by a phospholipid monolayer
embedded with proteins and enzymes. At the cellular le-
vel, besides providing energy and building blocks for
biosyntheses, they have important roles in protein quality
control, viral replication and cell signalling, and are impli-
cated in physiological processes ranging from immunity
to neural development.® Strong evidence suggests that
LDs also control the synthesis of an array of lipid signal-
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ling molecules and that changes in LD metabolism inf-
luence the risk of developing metabolic diseases and can-
cer.”®

Increased accumulation of LDs has been observed
in cancer cells in vivo and in vitro and LDs have been pro-
posed as markers of cancer aggressiveness.>**'> The
mechanisms of their involvement in cancer are currently
under intense investigation. LDs are primary cellular
sources of FAs for mitochondrial B-oxidation, which has
been shown to enable cancer cell survival during various
stress conditions.*!> We have previously shown that se-
creted phospholipase A,-induced release of unsaturated
FAs induces TAG synthesis and LD formation in aggressi-
ve breast cancer cells, thus stimulating proliferation and
preventing cell death during serum starvation.'®!” The
protective effects of LDs are associated with upregulation
of B-oxidation enzymes and may be abolished with eto-
moxir, a potent inhibitor of B-oxidation. Intriguingly, LD
formation is also induced during complete cell starvation,
i.e. in the absence of glucose, amino acids and exogenous
sources of lipid, when LDs become critical for providing
FAs for B-oxidation that enables the survival of different
cells, including HeLa cervical cancer cells.'®"

The role of different unsaturated FA species in sup-
porting LD accumulation and cell survival in different
cancer cell types in different environmental conditions is
not clear. In general, LDs prevent FA lipotoxicity by ac-
ting as transient buffers for excess endogenous and exoge-
nous FAs. Saturated FAs are particularly toxic to the cell
and induce ER-stress and apoptosis, while monounsatura-
ted FAs, such as oleic acid (OA; 18:1, w-9), are generally
regarded as cytoprotective.”’ The supplementation of un-
saturated FAs may even avert lipotoxicity by syphoning
saturated FAs to inert TAGs stored in LDs.>' A number of
studies have demonstrated that polyunsaturated FAs
(PUFAs) have distinct and contrasting effects in cancer,
with ®-6 PUFAs, such as arachidonic acid (AA; 20:4, o
6), mostly displaying pro-tumorigenic effects and -3
PUFAs, such as eicosapentaenoic (EPA; 20:5, ®-3) and
docosahexaenoic acid (DHA; 22:6, o-3), showing anti-tu-
morigenic, anti-inflammatory and pro-apoptotic effects in
cancer cells.”** However, the association between LD
metabolism and individual FA species in the context of
cancer cell survival and metabolism is unknown. Here we
studied the ability of different exogenous unsaturated FA-
s, namely OA, linoleic acid (LA; 18:2, ®-6), AA, EPA and
DHA to induce LD formation and affect cell death in He-
La cervical cancer cells.

2. Experimental
2. 1. Materials

HeLa cervical adenocarcinoma cells (HeLa H2 clo-
ne) were obtained from John V. Moran, Howard Hughes
Medical Institute, USA. MDA-MB-231 breast adenocar-

cinoma cells and RPMI-1640 culture medium were from
ATCC (USA). DMEM, foetal bovine serum (FBS) and
Dulbecco’s phosphate buffered saline (DPBS) were from
Gibco, USA. Nile Red, tetramethylrhodamine, methyl es-
ter (TMRM), LA, EPA, DHA, AA, fatty acid-free bovine
serum albumin (FAF-BSA) were from Sigma-Aldrich
(USA), YO-PRO-1 iodide, TrypLE Select were from Life
Technologies (USA), while OA and DMSO were from
Merck (Germany).

2. 2. Cell Lines and Culture Conditions

HeLa and MDA-MB-231 cells were cultured in
DMEM and RPMI-1640 medium, respectively, supple-
mented with 10% FBS. In experiments with serum-depri-
ved cells, FBS was replaced by 0.02% FAF-BSA to ren-
der cells quiescent. Exogenously added FAs were com-
plexed with 0.5% FAF-BSA or 10% FBS in culture me-
dium for 1 h at room temperature before addition to cell
culture.

2. 3. Flow Cytometry Analysis of Cellular LD
Content

LD analysis was performed as described previ-
ously.' Briefly, cells were seeded in complete medium in
24-well culture plates, left to attach for 24 h, and treated
with different concentrations of FAs for 48 h. Prior to
treatment, FAs were complexed as described above. Cells
were harvested, the pellet resuspended in 500 pl of 1

g/ml Nile Red solution in DPBS, incubated in the dark
for 10 min and analysed by flow cytometry on a BD
FACSCalibur system (BD Biosciences, USA). Logarith-
mic fluorescence signals were collected using the FL1 fil-
ter (530/30) from at least 2 x 10* events per sample.

2. 4. TMRM/YO-PRO-1 Apoptosis Assay

Cell death was determined by measuring mitochon-
drial and plasma membrane integrity using the
TMRM/YO-PRO-1 assay and flow cytometry as descri-
bed prevoiously.'” Cells were seeded in complete medium
in 24-well plates at a concentration of 3 x 10* cells/well.
24 h later, the medium was replaced by serum-free
DMEM containing 0.02% FAF-BSA and the cells pre-
starved for 24 h. Medium was replaced, cells treated with
different concentrations of FAs (pre-complexed with
DMEM containing 0.5% FAF-BSA) and incubated for
168 h. Cells were harvested, the pellet resuspended in 100
pl of 150 nM TMRM in DPBS and incubated in the dark
for 15 min. Finally, 1 pl of 20 uM YO-PRO-1 in DMSO
was added and cells incubated for additional 10 min. TM-
RM and YO-PRO-1 signals from 5 x 10* cells per sample
were measured by flow cytometry using the FL1 (530/30)
and FL3 (650LP) filters. TMRM negative and YO-PRO-1
positive cells were considered apoptotic.
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2. 5. Statistical Analysis

Data are presented as means + SEM. Graphpad
Prism (GraphPad Software, USA) was used for statistical
analysis, using one-way ANOVA with Bonferroni adjust-
ment for multiple comparisons. P values lower than 0.05
were considered statistically significant.

3. Results and Discussion

In the course of our flow cytometry assay optimiza-
tion for the detection of LDs in HeLa cells, we observed
significant changes in their LD content depending on the
number of cells seeded. In order to determine whether cell
density affects LD accumulation, HeLa cells were seeded at
different densities, grown for 48 h in complete medium and
the average LD amount in the cell population was determi-
ned by flow cytometry. We found that the LD content in
HeLa cells increased proportionally with cell density (Fig.
la). On the contrary, the average LD amount in MDA-MB-
231 breast cancer cells, a cell line with high propensity for
LD formation from exogenous FAs,'® decreased with cell
density (Fig. 1b). Namely, rapidly proliferating cancer cells
grown in complete medium are highly metabolically active
and they take up and metabolize glucose and amino acids to
support biosynthesis, cell growth and proliferation.' Lipids
may be synthesized de novo or are taken up from exoge-
nous sources, and are necessary for the maintenance and
synthesis of cell membranes and thus a prerequisite for cell
proliferation.* Therefore, we expected that LD content will
decrease with increasing cell density, since there is an in-
creasing number of cells competing for the fixed supply of
exogenous lipids found in serum. The increase in LD
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amount in HeLa cells suggests that with increasing cell
density, and in the absence of contact inhibition, HeLa cells
either gradually increase the rate of exogenous lipid uptake
or significantly upregulate de novo lipid synthesis. In both
cases, LDs may be necessary for supporting cell growth
and proliferation processes characteristic of HeLa cells. In
support of our finding, a similar relationship between LD
amount and cell density has been reported for C6 rat glioma
cells in culture,”* and, interestingly, an increase in the
amount and size of LDs is characteristic of adipogenic dif-
ferentiation, which may occur also in cancer cells, inclu-
ding cancer stem cell subpopulations of HeLa cells.**® Alt-
hough the role of LDs in cell growth and proliferation is not
clear, it may be easily envisaged that LDs act as master re-
gulators of cellular lipid homeostasis, finely tuning the ba-
lance between lipid requirements and supply during cell
growth. Additionally, LDs may be necessary to alleviate
ER-stress that occurs in cancer cells undergoing oncogene-
driven, uncontrolled proliferation.”?*

We next asked whether different exogenous unsatura-
ted FA species vary in their abilities to induce LD accumula-
tion in HeLa cells. We found that all tested FAs displayed a
similar ability to modulate LD accumulation in HeLa cells
(Fig. 2a—e). As expected, high micromolar concentrations of
FAs, which are regularly used to induce LD formation in va-
rious cell types, stimulated LD accumulation in HeLa cells.
This is in accordance with the conserved mechanism of pre-
vention of FA lipotoxicity by their incorporation into TAG
and LD formation.”**' Surprisingly, a slight decrease in neu-
tral lipid levels was observed when cells were exposed to
low concentrations of FAs (10 uM and below; Fig. 2a—e). A
statistically significant reduction for LA, AA and DHA,
which reduced LD amounts by 20, 15 and 19%, respecti-
vely, was indeed confirmed in a separate experiment using
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Figure 1. LD content in HeLa cells increases with cell density. (a) HeLa and (b) MDA-MB-231 cells were seeded in 24-well plates at the stated
cell densities in complete medium. After 24 h the medium was replaced and cells were cultivated for another 48 h in complete medium. Cells were
collected, stained with Nile Red and LD content was determined by flow cytometry. The resulting values are means + SEM of at least two experi-

ments performed in duplicate.
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Figure 2. Unsaturated FAs have dual effects on LD accumulation in HeLa cells. (a) HeLa cells were grown for 48 h in complete media in the
presence of a range of concentrations of OA (a), LA (b), AA (c), DHA (d) and EPA (e) or in the presence of 10 uM of each FA (f). LD content was
determined by flow cytometry. The resulting values are means + SEM of at least two (Fig. 2a—e) or seven (Fig. 2f) experiments performed in dupli-
cate. Results that are statistically significant over control samples are indicated (*, P < 0.05; ** P < 0.01; *** P < (.001; one-way ANOVA with

Bonferroni adjustment).

only 10 uM FAs (Fig. 2f). The negative effect on LD accu-
mulation may be a consequence of stimulated LD break-
down or suppressed LD formation, and is reminiscent to the
anti-adipogenic effect of unsaturated FAs, in particular ©-3
PUFASs, in differentiating adipocytes.”® The relevance of this
finding for cancer cell biology remains to be established.
We have shown recently that OA induces LD forma-
tion in MDA-MB-231, MCF-7 and T-47D breast cancer
cells, but it suppresses starvation-induced cell death only
in MDA-MB-231 cells.' To find out whether OA promo-
tes LD accumulation and suppresses the death of HelLa
cells, we treated starving HeLa cells with a range of con-
centrations of OA. Interestingly, we observed that OA in-
duced significant LD accumulation only at the highest
concentration used and it did not reduce, but it rather pro-
moted cell death at higher concentrations (Fig. 3). Thus,
in contrast to the highly invasive MDA-MB-231 cells,'
and despite the well-known cytoprotective effect of OA,*
our results suggest that serum-deprived HeLa cells cannot
use exogenous OA to support cell survival. It is possible
that starved HeLa cells are either not efficient in packa-

ging exogenous OA into TAGs for transient storage in
LDs or their LD breakdown pathways are overly active,
thus leading to lipotoxicity of the unesterified OA.**'

4. Conclusions

We show that LD content in HeLa cells is proportio-
nal with cell culture density, that unsaturated FAs have
differential effects on LD accumulation, and that OA can-
not support the survival of starved HeLa cells. These inte-
resting novel features of LD metabolism in HeLa cells
may be useful for future studies providing fresh insights
into cancer LD metabolism, in particular the relationship
between cancer cell proliferation and lipid metabolism.
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Povzetek

Citosolne lipidne kapljice shranjujejo prese ne ma obne kisline (MK) v obliki nevtralnih lipidov in prepre ujejo smrt
rakavih celic tekom stradanja. V tem delu smo preu ili vplive mono- in polinenasi enih MK na tvorbo lipidnih kapljic
in pre ivetje celic raka materni nega vratu HeLa. Pokazali smo, da vsebnost lipidnih kapljic v celicah HeLLa nara az
gostoto celi ne kulture, v celicah raka dojke MDA-MB-231 pa pada. Eksogeno dodane nenasi ene MK, oleinska (OK),
linolna (LK), arahidonska (AK), eikozapentaenojska (EPK) in dokozaheksaenojska kislina (DHK) so imele podobne
vplive na tvorbo lipidnih kapljic v celicah HeLa. Opazili smo dvojni, od koncentracije odvisen u inek na kopi enje nev-
tralnih lipidov: nizke mikromolarne koncentracije LK, AK in DHK so zni ale koli ino lipidnih kapljic, medtem ko so
pri vi jih mikromolarnih koncentracijah vse MK inducirale njihovo tvorbo. OK je spodbudila tvorbo lipidnih kapljic v
stradanih celicah HeL.a, a je, nasprotno od pri akovanj, spodbudila tudi celi no smrt. Na i rezultati razkrivajo povezavo
med gostoto celic v populaciji in tvorbo lipidnih kapljic pri celicah HeLa in ka ejo, da lahko nenasi ene MK tako zavi-
rajo kot tudi stimulirajo tvorbo lipidnih kapljic. To dinami no regulacijo vsebnosti lipidnih kapljic je potrebno
upo tevati pri tudijah u inkov lipidov in u inkovin, ki ciljajo lipidni metabolizem, na metabolizem lipidnih kapljic v
celicah HeLa.

Gu tinetal.: Lipid Droplet Formation in HeLa Cervical Cancer ...



93

Chapter 5
Conclusions

This study was focused on the principal mechanisms that link lipid droplets with cancer
cell survival during metabolic stress. We addressed the roles of lipid droplets in the
protection of TNBC cells from nutrient and lipotoxic stress, and their role as platforms for
the production of lipid mediators in cancer. Furthermore, we established that DGAT and
ATGL are major enzymes in lipid droplet turnover in TNBC cells and determined some of
their effects on metabolism and signaling that affect cancer cell function and survival during
stress. We also addressed lipid droplet formation in HeLa cervical cancer cells and
determined the effects of exogenous unsaturated FAs on lipid droplet metabolism and
cancer cell survival.

We came to the following conclusions, which are presented here according to the order of
scientific papers presented in the thesis:

1. Lipid droplets are sources of precursors for lipid mediator synthesis in
TNBC cells — We have found that lipid droplet breakdown in starving TNBC
cells provides precursors for the synthesis of pro-inflammatory eicosanoids and pro-
resolving specialized lipid mediators. We have shown that ATGL activity is
essential for lipid mediator synthesis in TNBC cells. Blocking ATGL-mediated
lipolysis leads to a significant reduction in the synthesis of a broad range of lipid
mediators. Furthermore, our results show that sPLAs-induced lipid droplets drive
lipid mediator synthesis during starvation. This process is dependent on ATGL-
mediated lipolysis and it leads to the release of COX-, LOX- and CYP-derived lipid
mediators. In particular, it promotes the release of 12/15-LOX-generated EPA and
DHA metabolites. Finally, we have found that ATGL and cPLA.a play
complementary roles in lipid droplet-mediated lipid mediator synthesis. Together,
these results suggest that lipid droplets are sources of bioactive lipids in TNBC
cells and may contribute to the protection of cancer cells against stress.

2. Lipid droplets coordinate unsaturated FA uptake, storage and use with
cell survival mechanisms during nutrient and lipotoxic stress in TNBC
cells — We have shown that lipid droplets transiently store unsaturated FAs,
including w-6 and w-3 PUFAs, thus providing a protection against lipotoxicity and
nutrient starvation by releasing FAs when needed. We have shown that ATGL is
involved in lipid droplet breakdown in TNBC cells, but is not essential for the pro-
survival effect of lipid droplets during serum starvation. In conditions of lipid
overload, we have shown that TNBC cells are protected from PUFA lipotoxicity
when they are sequestered in TAGs in lipid droplets either by ATGL inhibition or
sPLAs-induced TAG synthesis and remodeling. In addition, we have demonstrated
that inhibition of DGAT1 activity suppresses lipid droplet biogenesis and
potentiates PUFA lipotoxicity and cell death in TNBC cells. Collectively, our
results suggest that lipid droplets are antioxidant and pro-survival organelles that
protect TNBC cells from nutrient and lipotoxic stress.

3. Lipid droplet triglyceride remodeling is associated with protection of
breast cancer cells from lipotoxic stress — We have shown that treating TNBC
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cells with exogenous PUFAs leads to their incorporation in lipid droplets, thereby
increasing the level of highly unsaturated TAG species, e.g. those that contain more
than 7 double bonds in their structure (PUFA-TAG). We have also shown that the
addition of exogenous PUF As results in significantly increased levels of membrane
phosphatidylcholine (PC) (poly)unsaturation (PUFA-PC). Importantly, we have
shown that treating TNBC cells with sPLA, leads to a reduction in PUFA-TAG
content by elevating the total amount of neutral lipids and the proportion of TAG
with low unsaturation levels, indicating PUFA dilution in the TAG pool.
Furthermore, we have shown that ATGL depletion does not lead to extensive TAG
and/or PC remodeling, suggesting that its effects are dependent on overall
inhibition of lipolysis.

4. Lipid droplet formation in HeLa cervical cancer cells depends on cell
density and exogenous unsaturated fatty acids — We have found that lipid
droplet content in HeLa cells increases proportionally with cell density, while in
contrast, lipid droplet content in TNBC cells decreases with cell density. We have
shown that exogenous unsaturated FAs exhibit a dual effect on lipid droplet
metabolism in HeLa cells: they reduce lipid droplet accumulation at low micromolar
concentrations and increase it at high micromolar concentrations. Finally, we have
shown that the otherwise cytoprotective and lipid droplet-inducing oleate does not
provide a survival advantage in starving HeLa cells. These interesting findings
warrant further experimental work in order to explain the mechanisms and
establish the relevance of FA and lipid droplet metabolism in HeLa and other
cancer cells.

The major contribution of this work is the revealing of lipid droplet metabolism, and in
particular the DGAT and ATGL enzymes, as potential therapeutic targets for the
development of novel strategies in the fight against some of the most aggressive types of
cancer.



Appendix A.

Review Paper "Lipid Droplets in
Cancer: Guardians of Fat in a Stressful
World"

The paper “Lipid Droplets in Cancer: Guardians of Fat in a Stressful World” by Toni
Petan, Eva Jarc and Maida Jusovi¢ was published in Molecules in 2018. We discuss here
the roles of lipid droplets in stressed cells, focusing in particular on cancer. Lipid droplets
accumulate in various tumors and in cells exposed to nutrient and oxidative stress,
suggesting a close relationship between lipid droplets and the cellular stress response. Here,
we focus on the emerging mechanisms of stress-induced lipid droplet biogenesis, the roles
of lipid droplets during stress, and the complex bidirectional relationship between lipid
droplets and autophagy in cancer and beyond. I contributed to this work by performing
extensive literature research and writing sections of the manuscript draft.

[Petan, T., Jarc, E., & Jusovi¢, M. (2018). Lipid droplets in cancer: guardians of fat in a
stressful world. Molecules, 23 (8): E1941, doi: 10.3390/molecules23081941.]
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Abstract: Cancer cells possess remarkable abilities to adapt to adverse environmental conditions.
Their survival during severe nutrient and oxidative stress depends on their capacity to acquire
extracellular lipids and the plasticity of their mechanisms for intracellular lipid synthesis, mobilisation,
and recycling. Lipid droplets, cytosolic fat storage organelles present in most cells from yeast to
men, are emerging as major regulators of lipid metabolism, trafficking, and signalling in various cells
and tissues exposed to stress. Their biogenesis is induced by nutrient and oxidative stress and they
accumulate in various cancers. Lipid droplets act as switches that coordinate lipid trafficking and
consumption for different purposes in the cell, such as energy production, protection against oxidative
stress or membrane biogenesis during rapid cell growth. They sequester toxic lipids, such as fatty
acids, cholesterol and ceramides, thereby preventing lipotoxic cell damage and engage in a complex
relationship with autophagy. Here, we focus on the emerging mechanisms of stress-induced lipid
droplet biogenesis; their roles during nutrient, lipotoxic, and oxidative stress; and the relationship
between lipid droplets and autophagy. The recently discovered principles of lipid droplet biology
can improve our understanding of the mechanisms that govern cancer cell adaptability and resilience
to stress.

Keywords: lipid droplets; fatty acids; autophagy; lipophagy; cancer; oxidative stress; nutrient stress;
lipotoxicity; lipase; phospholipase

1. Introduction

Cancer cells are often faced with an inconsistent and limited availability of nutrients due to poor
vascularization [1]. They possess powerful oncogene-driven mechanisms of metabolic reprogramming
that enable cell survival and growth even in the harshest environmental conditions [2,3].
Their remarkable adaptability to adverse conditions is critical for their propensity to migrate and invade
neighbouring and distant tissues [1]. Cancer cells exposed to severe stress display an impaired ability to
synthesize their own fatty acids (FAs) and their survival depends on lipids from the microenvironment
and on those that can be recommissioned from their own structural and storage pools [3,4]. Cancer cells
having greater capabilities to acquire extracellular lipids and efficient mechanisms for intracellular lipid
mobilisation and recycling will thus have a significantly higher chance for survival. Indeed, some of the
most aggressive cancer types driven by the Ras-oncogene use opportunistic modes of FA acquisition,
possess an increased capacity for FA accumulation in intracellular lipid droplets, and upregulate
mitochondrial FA oxidation to resist nutrient and oxidative stress [5-10]. Lipid droplets are dynamic
organelles that play a pivotal role in the management of lipid uptake, distribution and consumption.
Lipid droplet accumulation has been observed in many cancers and is elevated in cancer cells exposed
to hypoxia or nutrient starvation [8,11-15]. Emerging studies suggest that these organelles suppress

Molecules 2018, 23, 1941; d0i:10.3390/ molecules23081941 www.mdpi.com/journal/molecules
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nutrient and oxidative stress and contribute to cancer cell survival and growth [7-9,15-19], suggesting
that lipid droplet metabolism is an attractive target for reducing the resilience of cancer cells to stress.

Lipid droplets store neutral lipids, mostly triacylglycerol (TAG) and sterol esters, and balance
lipid uptake, storage and use according to cellular needs [20]. They have long been regarded as inert
fat depots, but numerous roles beyond energy storage are emerging, including regulation of lipid
trafficking, protein management and quality control, and viral replication [18,19,21,22]. Most cells
respond to lipid overload by synthesizing lipid droplets to dampen the potentially damaging surge
of lipids, but, intriguingly, their biogenesis is also induced during various types of stress, including
complete deprivation of nutrients and lipids (Figure 1). It is becoming clear that a common feature
of the cellular states that promote lipid droplet production are imbalances in energy metabolism
and redox homeostasis. These may be instigated by different stressors, such as complete or partial
nutrient deprivation, nutrient overload, oxygen deprivation, treatments with pro-oxidants, ceramides,
chemotherapeutic agents, and inducers of endoplasmic reticulum (ER) stress [7-9,16,23-27] (Figure 1).
These conditions lead to the activation of stress-response pathways and result in different cellular
defects that have been shown to induce lipid droplet biogenesis: oxidative stress [8,24,26,28,29],
ER stress [30], activation of autophagy [31-34], inflammation [13,35], mitochondrial dysfunction,
and cell death [36-38]. The fact that cells undergo a seemingly futile cycle of lipid droplet biogenesis
and breakdown during such challenging conditions suggests that the benefits of lipid droplets must
outweigh the expense of their biogenesis. Indeed, recent studies reveal the pleiotropic nature of lipid
droplets and their broad impact on cellular homeostasis during stress. It is now clear that some of the
major roles of lipid droplets are associated with the management of cellular stress (Figure 2).

Nutrient
deprivation
Lipid .
overload l Hypoxia
idati Lipid
Oxidative
stress droplets | < Autophagy

/O N\

Mitochondrial

Chemotherapy ] dysfunction

Acidic pH

Figure 1. Lipid droplet biogenesis is induced during stress. Environmental factors and cellular states
that are characterised by imbalances in cellular energy metabolism and redox homeostasis, and are
typical of tumour-like stress, induce the biogenesis of lipid droplets, including lipid overload, complete
or partial nutrient and oxygen deprivation, oxidative stress, high autophagic flux, acidic environment,
mitochondrial damage and apoptotic cell death, and treatment with chemotherapeutics.

First, lipid droplets are central anti-lipotoxic organelles that control FA, diacylglycerol (DAG),
cholesterol and ceramide lipotoxicity by sequestering these potentially toxic lipids into inert
triglycerides, cholesterol esters and acylceramides [9,27,39-41] (see Sections 4 and 5). The biogenesis
of lipid droplets is protective because it reduces direct cell damage caused by these lipids and reduces
their availability for conversion into other toxic lipid species. Importantly, recent studies have shown
that lipid droplets not only protect cells from exogenous lipid overload, but that they also guard
against a surge of endogenous lipids, such as that occurring during high autophagic flux [31,32]. Lipid
droplets also sequester oxidation-prone polyunsaturated FAs in their protective core, thus restricting
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lipid peroxidation reactions and maintaining optimal membrane saturation and organelle homeostasis
during hypoxia, oxidative stress, lipid overload, and apoptotic cell death [9,24,37]. Lipid droplets are
thus crucial for managing lipid imbalances arising due to different stress conditions and are critical
for diverting potentially toxic lipids from a bioactive or a structural pool to a storage pool within the
protective neutral lipid droplet core.

Protection Energy &
against redox
lipotoxicity homeostasis
Lipid (7 Lipid Fatty acid
mediator droplet channeling to
production - functions __mitochondria
")
=
: ER &
Regulation of ToLbrane
autophagy

homeostasis

Figure 2. Lipid droplet functions during stress. Lipid droplets can assume different roles in stressed
cells: (1) reduction of lipotoxic cell damage by sequestration of potentially toxic endogenously- or
exogenously-derived lipids, such as saturated and polyunsaturated fatty acids (FAs), ceramides and
cholesterol, and storing them in the form of inert triacylglycerols (TAGs), acylceramides, and cholesterol
esters; (2) maintenance of energy and redox homeostasis by providing substrates for energy production,
stimulating NADPH synthesis, and regulating oxidative metabolism via lipolysis-mediated signalling;
(3) regulation of FA trafficking and distribution, e.g., enabling optimal transfer of FAs to mitochondria
for efficient FA oxidation; (4) maintenance of endoplasmic reticulum (ER) and membrane homeostasis,
protein quality control, and protection against ER stress; (5) regulation of autophagy; and (6) production
of bioactive lipid mediators, including pro- and anti-inflammatory signalling molecules derived from
polyunsaturated FAs, such as eicosanoids and specialized pro-resolving mediators.

Second, lipid droplets provide FAs not only for energy production during both nutrient and
oxygen deprivation, but also for the maintenance of redox homeostasis (see Sections 6 and 7).
In cancer cells exposed to hypoxia, FA uptake is upregulated and lipid droplets are formed to protect
cells from reactive oxygen species (ROS) by supporting NADPH synthesis [8]. They also provide
temporary storage for FAs that may be used as needed during the rapidly changing conditions
in the microenvironment, such as hypoxia/reoxygenation and feeding/starvation [7-9,17]. Lipid
droplets thus act as switches that coordinate FA trafficking and consumption either as fuel for energy
production, for the maintenance of redox homeostasis or for membrane biogenesis during rapid cell
growth [19,42,43].

Third, lipid droplets dynamically interact with mitochondria in response to nutrient cues and
provide a network of conduits for efficient channelling of FAs, thereby enabling a homogenous
distribution of FAs into tubulated mitochondria and maximizing the efficiency of FA oxidation during
starvation (see Section 6) [25,41]. However, recent studies have only begun to reveal the complexity
of the relationship between mitochondria and lipid droplets. Intriguingly, a subset of peridroplet
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mitochondria with an elevated TCA cycle capacity but a reduced FA oxidation, in fact, provides ATP
for the synthesis of TAG and supports lipid droplet biogenesis [44].

Fourth, lipid droplets are crucial for the maintenance of membrane and ER homeostasis.
They contribute to membrane and protein quality control and are involved in the removal of damaged
lipids, aggregated and unfolded proteins, thereby reducing ER stress [16,19,26,40,45-47]. Emerging
studies suggest that alterations in lipid droplet breakdown through lipolysis and autophagy have a
profound effect on the management of membrane and ER homeostasis, oxidative stress, mitochondrial
function, and stress signalling (see Sections 5, 7 and 8) [48-57]. The breakdown of lipid droplets leads
to the release of hundreds of lipid species with different characteristics and cellular roles, including
FAs, DAGs, ceramides, and cholesterol. An excessive lipid droplet turnover may cause cell damage,
and the balance between lipid droplet biogenesis and breakdown must be tightly controlled by cells
exposed to stress.

Fifth, lipid droplets are engaged in a complex relationship with autophagy (see Section 8 and
Figure 5). On the one hand, lipid droplets have been shown to provide lipids for the formation
of autophagosomal membranes, manage ER stress, or stimulate signalling processes that promote
autophagy [58-61]. On the other hand, autophagy drives lipid droplet biogenesis by providing lipids
recycled from membranous organelles [25,31,34], but it may also participate in their breakdown
through lipophagy, a lipid droplet-selective form of autophagy [62].

Finally, the breakdown of lipid droplets provides FAs and other lipids that act as signalling
molecules by themselves—e.g., by interacting with transcription factors such as peroxisome
proliferator-activated receptors (PPARs) and sterol-regulatory element binding proteins (SREBPs)—or
they are converted into bioactive lipid mediators, such as eicosanoids, that act as paracrine
and autocrine messengers affecting inflammatory signalling, metabolism, proliferation, migration,
and metastasis [14,63-66]. This emerging aspect of lipid droplet biology will not be covered in this
review, but we would like to refer the reader to several excellent recent reviews [13,18,67-69].

In this review, we focus on recent advances describing the involvement of lipid droplets in the
protection against nutrient, lipotoxic, and oxidative stresses. We discuss the emerging mechanisms
of stress-induced lipid droplet biogenesis, the roles of lipid droplets during stress, and the complex
bidirectional relationship between lipid droplets and autophagy. Because studies on the role of lipid
droplets in cancer are relatively scarce, we provide a broader overview of lipid droplet function in
cellular stress in various tissues and pathophysiological settings. Many of these recently discovered
principles of lipid droplet biology can improve our understanding of the mechanisms that govern
cancer cell resistance to stress.

2. Lipid Droplets Basics

Lipid droplets have a unique structure among organelles with a central core of neutral lipids
surrounded by a phospholipid monolayer and numerous peripheral and embedded proteins [70-72].
Their neutral lipid core is composed mostly of TAGs and sterol esters, but they also store acylceramides
and fat-soluble vitamins [18,39]. These are cytosolic organelles, derived from the ER, but have
also been observed in the nucleus and may be produced at the inner nuclear membrane in yeast
cells [73,74]. The most widely accepted mechanism of lipid droplet biogenesis posits that lipid droplets
are formed de novo following the synthesis of TAGs and sterol esters between the two leaflets of the
ER membrane [70,75,76]. Diacylglycerol acyltransferases 1 and 2 (DGAT1 and DGAT2) catalyse the
last step in the TAG biosynthesis pathway, while cholesterol ester (CE) synthesis depends on acyl-CoA
cholesterol acyltransferases 1 and 2 (ACAT1 and ACAT2). When sufficient lipids accumulate within
the growing lipid lens in the ER bilayer, a nascent lipid droplet buds from the ER membrane and is
released into the cytosol but still maintains dynamic membrane contacts with the ER, which enable
bidirectional cargo transfer [77,78]. Many components of the lipid droplet biogenesis machinery are
transferred to the nascent lipid droplet and enable the growth, fusion, and fission of these dynamic
organelles. Lipid droplets undergo a dynamic cycle of biogenesis and breakdown in response to
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nutrient cues from the environment. They differ in size, number and distribution within cells in a
population and in different cell types and these properties change depending on the physiological
state of the cell [79]. Different lipid droplet pools are thought to have different protein compositions
and functions [71,80-82].

Lipid droplets are broken down by two major mechanisms: lipolysis and lipophagy [51,57,83,84].
Lipolysis enables a highly regulated release of FAs from TAGs by the sequential action of
adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase
(MAGL) [85-87]. Lipid droplet breakdown in adipocytes is hormonally regulated and provides FAs
for mitochondrial energy production in non-adipose tissues during fasting [66,85,56]. In non-adipose
tissues, lipolysis is involved in the regulation of mitochondrial oxidative metabolism, FA oxidation,
membrane synthesis, cell growth, ER homeostasis, and lipid mediator synthesis [25,40,43,63,66,88-90].
Lipophagy is a recently discovered selective form of autophagy, whereby lipid droplets are enclosed
within autophagosomal membranes and fused with lysosomes for degradation by hydrolytic
enzymes [62]. Neutral and lysosomal lipolysis have overlapping roles in cellular lipid degradation
and a cross-talk between them has been proposed [51,56,91]. This and other aspects of lipid droplet
turnover in cells exposed to stress is discussed in more detail in the following sections.

3. Cancer Cells Depend on Lipids to Survive and Grow in a Challenging Environment

During tumorigenesis, cancer cells acquire various metabolic alterations to overcome the metabolic
challenges of rapid proliferation and survival under inhospitable conditions. The changes in cancer
metabolism are driven by oncogene activation or loss of tumour-suppressor genes, and by alterations
in cellular signalling [2,92,93]. Recent evidence has revealed that the reprogramming of lipid
metabolism, including changes in de novo lipogenesis, FA oxidation, as well as phospholipid and
neutral lipid metabolism, is essential for various aspects of tumourigenesis [12,94-98]. While most
normal cells preferentially use extracellular lipids for the synthesis of new structural lipids, cancer
cells can elevate de novo FA synthesis irrespective of the levels of extracellular lipids to satisfy
their requirements for lipids or to sustain proliferation in a lipid-poor microenvironment [94,98].
Upregulated SREBP signalling contributes to increased phospholipid, TAG, and cholesterol syntheses,
and promotes cell survival and tumour growth [99,100]. On the other hand, FA oxidation is
essential for the survival of cancer cells undergoing metabolic stress due to starvation, hypoxia,
and matrix-detachment [95,101]. Furthermore, cancer cells display alterations in nutrient acquisition
pathways and are able to scavenge extracellular lipids to sustain proliferation even in nutrient- and
oxygen-deprived conditions [3-5,8,10]. In times of need, cancer cells use opportunistic modes of
nutrient acquisition [2] and extract lipids from unusual sources, such as lysophospholipids [5] and even
necrotic cellular corpses [10]. Cancer cells also engage in symbiotic relationships with neighbouring
adipocytes to obtain FAs for energy production [102-104]. Numerous lipids, such as sphingolipids,
FAs, and their oxygenated metabolites eicosanoids and pro-resolving lipid mediators, act as signalling
molecules and second messengers that alter cancer cell proliferation, migration, angiogenesis,
and immune responses [69,94,105]. Finally, membrane lipid composition, levels of saturation and
cellular distribution of lipids are underexplored aspects that are crucial for organelle homeostasis,
cell signalling, and the management of nutrient and oxidative stress [9,94,106,107]. It is becoming clear
that the regulation of lipid metabolism, and in particular FA availability, is critical for the survival
and proliferation of the stressed cancer cell. It is thus not surprising that cancer cells have multiple
sources of FAs at hand that may be interchangeably used according to their particular metabolic needs
and nutrient availability. Cancer cells exposed to limiting levels of nutrients and oxygen may acquire
FAs from at least three main lipid pools (Figure 3), which may all drive lipid droplet biogenesis:
(1) extracellular sources, including unusual, “alternative” sources of lipids and opportunistic modes of
acquisition that provide FAs from extracellular lysophospholipids [5], from neighbouring adipocytes
through ATGL-mediated lipolysis [102,103], through membrane phospholipid hydrolysis of healthy
or damaged stromal cells and extracellular vesicles by enzymes such as secreted phospholipases A,
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(sPLAys) [7,108-111] and by engulfing damaged cells and cell remnants, such as apoptotic cells and
cellular corpses [2,10]; (2) de novo FA synthesis, which is significantly upregulated in several cancers
and is activated in the absence of extracellular lipids [94]; and (3) mobilisation of endogenous, structural
lipids via breakdown of membranous organelles by autophagy and/or membrane remodelling by
phospholipases (see Sections 6 and 8.3 and Figure 4) [7,9,15,23,24,108,112]. Lipid droplets are emerging
as consolidating and regulatory hubs for these pathways of cellular lipid acquisition and are thus
attractive targets for the management of cellular stress in cancer.
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Figure 3. Different pathways of lipid acquisition may drive lipid droplet biogenesis in stressed cancer
cells. Depending on the level of nutrient and oxygen deprivation and on the availability of extracellular
lipids, cells may interchangeably use three main lipid pools: (1) extracellular sources, particularly
when access to circulating lipids is limited, cancer cells display alternative and opportunistic modes
of lipid uptake and may acquire fatty acids (FAs) from extracellular lysophospholipids, from stromal
adipocytes through adipose triglyceride lipase (ATGL)-mediated lipolysis, via membrane phospholipid
hydrolysis of neighbouring cells, extracellular vesicles and apoptotic cells by enzymes such as secreted
phospholipase A, (sPLA;), and by engulfing various material, such as apoptotic cells and even
cellular corpses; (2) endogenous de novo FA synthesis, which becomes dominant when extracellular
lipid sources are exhausted; and (3) mobilisation of endogenous, structural lipids via breakdown of
membranous organelles by autophagy and/or membrane phospholipid hydrolysis by phospholipases
A (PLA) and D (PLD), which is activated during severe stress, such as complete nutrient deprivation.
CD36, cluster of differentiation 36, platelet glycoprotein 4, fatty acid translocase; DAG, diacylglycerol;
DGAT, diacylglycerol acyltransferase; FABP, fatty acid-binding protein; FASN, fatty acid synthase;
FATP, fatty acid transport protein; SCD1, stearoyl-CoA desaturase 1.

Lipid Droplets Accumulate in Various Cancers

Some of the earliest evidence for the existence of cytoplasmic lipid droplets in cancer cells
was provided in 1957 when numerous lipid droplets were found in the cytoplasm of a rat liver
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tumour [113]. The first lipid droplets in human cancer cells were observed in 1963 when a high
content of stainable “lipid vesicles” was observed in mammary carcinoma [114]. In a breakthrough
study, Ramos and Taylor [115] performed a morphologic characterization of tumours from clinical
samples and found that lipid-containing mammary carcinomas display a more aggressive behaviour.
Since then, lipid droplets have been described in various animal and human cancers [116-118] and
their accumulation has been associated with neoplastic processes and tumour invasiveness. Lipid
droplet accumulation has been observed in many human cancers including breast [114,119], brain [118],
liver [116], lung [120], cervical [121], prostate [122], colon [14], skin, bile duct [123], clear-cell renal
cell carcinoma [124], ovarian [103], and pancreatic cancers [125]. A high aggressive potential has
been ascribed to lipid-rich tumours and it has been associated with a poor clinical outcome [125,126].
Elevated lipid droplet accumulation has also been observed in hypoxic tumour areas and cancer
cell lines deprived of oxygen [8,29,99,127]. It has been suggested that elevated lipid droplet levels
in tumours are a consequence of acidic pH, glucose deprivation, or hypoxia [11]. These days, it is
clear that cancer cells display significant alterations in lipid metabolism [94] and emerging evidence
suggests that changes in lipid droplet metabolism are an important hallmark of cancer metabolic
reprogramming [12,13,92,128].

4. Lipid Droplet Biogenesis and Lipotoxicity

Cells maintain FA homeostasis by coordinating the various cellular processes that generate or
deliver FAs with processes that use these molecules. They have to balance their endogenous FA
levels with FA availability from the circulation and according to their needs for energy production in
mitochondria, for use as building blocks for membranes, and as precursors for more complex signalling
lipids. The main sources of exogenous lipids in the circulation are serum albumin-FA complexes,
released by adipocytes during fasting /lipolysis and lipoproteins, providing FAs released by lipoprotein
lipase or other lipases/phospholipases [57,129]. The major sources of cellular endogenous FAs are de
novo FA synthesis and TAG lipolysis from existing lipid droplets, but mobilisation of structural lipids
by autophagy of membranous organelles and by membrane phospholipid hydrolysis also contributes
to the endogenous pool of FAs, particularly during nutrient deprivation [7,15,23,25,112] (discussed
in more detail in Sections 6 and 8.3; Figures 3 and 4). Any imbalance in these processes may lead to
excess amounts of free FAs in the cell, which leads to lipotoxicity. Lipotoxicity is thus most often a
consequence of a disparity between cellular lipid uptake, storage, and utilization [130]. Cells exposed
to increased levels of FAs experience cellular stress, dysfunction and damage associated with elevated
lipid turnover, ROS production, ER stress, mitochondrial damage, defective cell signalling pathways,
impaired insulin signalling, elevated production of inflammatory mediators and cell death [130-132].
Lipid overload increases the rates of processes associated with FAs, such as 3-oxidation, which may
consequently lead to the over-production of ROS, lipid peroxidation, membrane, DNA and protein
damage [133]. It is therefore not surprising that chronically elevated circulating levels of lipids
and ectopic lipid accumulation in tissues have been linked with debilitating chronic diseases such as
obesity, metabolic syndrome, heart failure, liver diseases, and diabetes [21,130,133]. In addition, besides
diabetes and liver diseases, obesity is now a well-recognized risk factor for the development of many
cancer types and it has been associated with reduced patient responses to chemotherapy [134,135].

As discussed in the following paragraphs in more detail, accumulation of excess FAs in the
protective lipid droplet core diverts FAs from pathways causing lipotoxicity, thereby reducing
the biogenesis of lipid species with a greater lipotoxic and pro-inflammatory potential, such as
DAGs, ceramides, and acylcarnitines [31,39,136-138], and protecting sensitive, oxidation-prone
polyunsaturated FAs from lipid peroxidation [9,24]. Lipid droplets also suppress nutrient
stress associated with lipid overload by reducing excess mitochondrial FA oxidation and ROS
overflow [132,139]. Indeed, mechanisms that control lipid droplet breakdown are critical for balancing
FA-mediated energy production, FA trafficking, and oxidative metabolism. A poorly explored factor
important for lipotoxicity is the “lipid quality” within lipid droplets, i.e., the FA composition of
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TAGs and CEs stored in lipid droplets. The acyl-chain composition of lipid droplets, together with
enzymes regulating lipid droplet synthesis and breakdown, governs the availability of particular FA
species for various cellular processes, including the regulation of membrane unsaturation, which is
tightly connected with ER and redox homeostasis during stress. Lipid droplets thus generally serve as
protective organelles, which is seemingly at odds with the fact that lipid accumulation in non-adipose
tissues has been associated with impaired cellular function and metabolic diseases. This paradox likely
occurs due to the fact that in pathologic states, lipotoxicity may occur over time when the cellular
capacity for neutral lipids is exceeded leading to dysregulation of lipid droplet biogenesis and/or
breakdown mechanisms. In such conditions, lipolysis may be chronically elevated leading to cell
damage associated with increased free FA levels in the cytosol [55,130,132].

4.1. Lipid Droplet Biogenesis Protects from Lipotoxicity

Excess FAs may be either removed by oxidation in mitochondria or stored in the form of neutral
lipids to reduce their lipotoxicity [21]. Directing FAs to lipid droplets for storage in the form of TAGs
has been shown to protect cells from lipotoxicity and prevent insulin resistance in various tissues,
including the skeletal muscle, liver, and heart [27,47,140-143]. In fact, DGAT1-dependent lipid droplet
formation mitigates lipotoxicity under various conditions of exogenous and endogenous lipid overload,
including diet-induced obesity [144,145], cardiomyopathy [146,147], neuronal hypoxia [24], incubation
with exogenous saturated and unsaturated FAs [9,27,144], and during periods of high autophagic
flux [31]. Interestingly, even in adipose tissue, the lipolytic flux of FAs from lipid droplets into the
cytosol causes cell damage and adipocytes undergo a “futile” ATP-driven cycle of FA release from
TAGs by lipolysis and their re-esterification into TAGs, mediated by the DGAT1 enzyme, in order to
reduce ER stress and adipose tissue inflammation [47].

Important evidence for the beneficial role of DGAT-mediated lipid droplet biogenesis at the
organismal level has been obtained from studies focused on the connection between lipid accumulation
and metabolic diseases. Overexpression of DGAT1 in white adipose tissue of mice exposed to high-fat
diet leads to increased accumulation of TAGs in adipose tissue and to obesity, but it also improves
insulin sensitivity in comparison with wild-type mice [145]. Similarly, mice overexpressing DGAT1 or
DGAT2 in the liver develop steatosis but do not show any defects in insulin sensitivity and signalling,
suggesting that lipid accumulation in the liver is not sufficient to cause insulin resistance [148].
Moreover, although intramyocellular fat deposits have been associated with insulin resistance, physical
exercise elevates DGAT activity and TAG accumulation in skeletal muscle and reduces DAG and
ceramide levels, a phenomenon referred to as “the athlete’s paradox” [149]. Furthermore, transgenic
overexpression of myocellular DGAT1 reduces high-fat diet-induced insulin resistance in mice.
Humans with severe heart failure have a marked reduction in FA oxidation and DGAT1 mRNA
levels in the heart and accumulate DAG and ceramides [150]. In accordance, cardiomyocyte-specific
DGAT1 knockout mice also accumulate toxic lipids, mostly DAG and ceramides, in the heart and
have increased mortality due to heart failure [147]. It has also been shown that elevated DGAT1
expression in macrophages increases their capacity for TAG storage and protects from diet-induced
insulin resistance and inflammation [144]. Moreover, the protective effects of antidiabetic PPARy
agonists against FA-induced inflammatory macrophage activation were dependent on DGATI. In the
endothelium, DGAT1-mediated lipid droplet biogenesis is important for buffering postprandial surges
of FAs and reducing their lipotoxicity [151]. Therefore, in most tissues exposed to elevated levels of
circulating lipids, lipid droplet biogenesis protects cells from lipotoxicity and mitigates the effects of
lipid overload on the development of insulin resistance, inflammation, and metabolic disorders.

4.2. Lipid Droplets Mediate the Protective Effects of Unsaturated FAs Against Lipotoxicity

In a seminal study, Listenberger et al. (2003) have shown that interfering with lipid droplet
biogenesis by depletion of DGAT1 leads to cell death in fibroblasts exposed to the otherwise
non-toxic oleate [27]. They found that palmitate is poorly incorporated into the TAG pool, whereas
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exogenously-added or stearoyl-CoA desaturase 1 (SCD1)-derived unsaturated FAs were readily
incorporated into lipid droplets. Moreover, oleate reduced palmitate-induced apoptosis by channelling
the saturated FA into lipid droplets and reducing ceramide and ROS production associated with
its toxicity. Exogenous oleate also prevented palmitate-induced inflammation, insulin resistance,
and apoptosis in skeletal muscle cells by channelling palmitate into lipid droplets and stimulating
-oxidation via AMP-activated protein kinase (AMPK) activation [152,153]. In human cardiomyocytes,
acyl-CoA synthetase long-chain family member 1 (ACSL1) and PPARYy overexpression augmented TAG
accumulation and alleviated ER stress induced by exogenous palmitate, suggesting that channelling
palmitate to neutral lipid stores reduces its lipotoxicity [40]. On the contrary, knockdown of DGAT1 in
cultured rat hepatocytes exposed to exogenous FAs did not enhance palmitate lipotoxicity or prevent
the ability of oleate to reduce palmitate-induced cell damage [154]. In accordance, Robblee et al.
found that oleate mitigates palmitate-induced ER stress in myeloid cells independently of DGAT1
activity or palmitate incorporation into TAGs. Instead, the flux of saturated FAs into phospholipids
was responsible for activation of the ER stress sensor inositol-requiring kinase 1« (IRE1et) and the
NLR family pyrin domain-containing 3 (NLRP3) inflammasome, and this was counteracted by oleate
incorporation into phospholipids [155]. Thus, the beneficial effects of oleate may also be based on
its competition against palmitate for esterification into phospholipids [154,155]. Therefore, although
a number of studies have shown that lipid droplet biogenesis mediates the protective effects of
unsaturated FAs against saturated FA-induced lipotoxicity, more research is warranted to confirm this
concept and define the underlying mechanisms.

Studies describing the relationship between FA lipotoxicity and lipid droplet metabolism in cancer
cells are scarce. The roles of different FA species in supporting lipid droplet accumulation and cell
growth in different cancer cell types in different environmental conditions are also not clear. It is
generally accepted that excess amounts of saturated FAs are toxic to cancer cells, while unsaturated FAs,
such as oleate, are most often cytoprotective, induce proliferation, and even provide protection from
long-term starvation in some cancer cells [7,17,156,157]. However, as discussed below, the protective
role of oleate may not be universal to all cancer cells. It has been shown that palmitate and other
saturated FAs induce apoptosis in different breast cancer cell lines and are not incorporated into TAGs
as readily as unsaturated FAs [156,157]. On the contrary, oleate reduces starvation-induced apoptosis
and mitigates the lipotoxicity of saturated FAs in highly invasive MDA-MB-231 triple-negative breast
cancer cells, likely by channelling saturated FAs toward TAG synthesis [157]. However, although oleate
induces lipid droplet formation in MDA-MB-231, MCF-7, and T-47D breast cancer cells, it suppresses
serum starvation-induced cell death only in MDA-MB-231 cells and it is toxic to the less aggressive
hormone-responsive T-47D cells [7,9]. Similarly, exogenous oleate induces lipid droplet biogenesis,
but it does not provide a survival advantage to serum-deprived HeLa cells [158]. More studies
are necessary to explain the basis for the different effects of oleate and other unsaturated FAs on
lipid droplet accumulation and survival of different types of cancer cells, but it is likely that rather
than the level of lipid droplet accumulation at a given time point, the balance between lipid droplet
biogenesis/breakdown and other FA metabolic pathways that determine FA flux and availability will
be critical determinants. The underlying mutational landscape and the specific metabolic alterations of
different cancer cells most probably dictate the ability of unsaturated FAs and lipid droplets to protect
or harm cells in particular microenvironmental conditions.

A number of studies have demonstrated that polyunsaturated fatty acids (PUFAs) have distinct
and contrasting effects in cancer, with the pro-inflammatory w-6 PUFAs, such as arachidonic acid (AA;
20:4, w-6), mostly displaying pro-tumorigenic effects and w-3 PUFAs, such as eicosapentaenoic (EPA;
20:5, w-3) and docosahexaenoic acid (DHA; 22:6, w-3), showing anti-tumorigenic, anti-inflammatory,
and pro-apoptotic effects in cancer cells [159,160]. However, most in vitro studies have been performed
with high micromolar, non-physiological concentrations of PUFAs [160-163] and often disregard the
need for proper complexation of free FAs to serum albumin prior to application [164]. The total
free (non-esterified) FA concentration in human plasma is approximately 200 uM after overnight
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fasting [165], with oleate being the most abundant FA (80 uM), followed by linoleate (15 uM), AA
(3 uM), DHA (1 uM), and EPA (0.4 uM). Thus, cells exposed to high micromolar concentrations of
PUFAs are under a massive overload of easily oxidizable FAs, suggesting that their apparent toxic
effects may be largely exaggerated and may mask potential underlying effects. Indeed, we have recently
found that both w-3 and w-6 PUFAs, used at low-micromolar, near physiological concentrations,
display similar effects as oleate in inducing lipid droplet biogenesis and promoting breast cancer cell
survival during stress [9]. As expected, higher micromolar concentrations of PUFAs, but not oleate or
linoleate, induced oxidative stress-dependent cell death. Importantly, suppression of TAG synthesis by
DGATT1 inhibition augmented PUFA-induced lipotoxicity, while stimulation of lipid droplet biogenesis
reduced PUFA-induced cell death. The protective effect of lipid droplets was observed when their
biogenesis was induced either by exogenous oleate, linoleate, or by the group X secreted phospholipase
A, enzyme (sPLA;). The enzyme binds very well to the phosphatidylcholine-rich plasma membrane
of breast cancer cells and releases a mixture of mono- and polyunsaturated FAs, in which oleate and
linoleate are by far the dominant FA species [9]. At first sight, these results suggest that the sPLA,,
and its products oleate and linoleate, channel excess PUFAs into neutral lipid storage and thus prevent
their oxidation and cell damage. Instead, we found that the enzyme enriches TAGs with FAs with low
unsaturation levels and reduces the fraction of highly unsaturated PUFA-TAGs stored in lipid droplets.
This effectively leads to “dilution” of the most oxidation-prone PUFAs within lipid droplets, reducing
their availability for lipolytic release [9]. In accordance, the levels of PUFAs in the phospholipid pool
were reduced. Moreover, suppression of TAG lipolysis by ATGL depletion reduced PUFA-induced
oxidative stress and cell death, confirming that the release of PUFAs from lipid droplets is responsible
for cell damage. Importantly, as described below (Section 7.3), a similar anti-lipotoxic and antioxidant
role for lipid droplets has been recently described in vivo in Drosophila larvae exposed to hypoxia,
whereby the sequestration of membrane-derived PUFAs in lipid droplets reduces their lipotoxicity
and has a critical role in enabling neuronal cell proliferation during development [24]. Therefore, lipid
droplet biogenesis, TAG acyl chain remodelling, and lipid droplet breakdown are all determinants
of PUFA lipotoxicity, suggesting that differences in basal or stress-induced levels of these processes
in cancer and other cell types may strongly influence the lipotoxic potential of PUFAs. The capacity
of cancer cells to balance (poly)unsaturated FA sequestration and release from lipid droplets is thus
important for their ability to cope with FA-induced lipotoxicity and to use FAs for cell survival.

4.3. Lipid Droplets Also Store Acylceramides and Reduce Ceramide Accumulation-Induced Cell Damage

Interestingly, it was shown recently that acylceramides are also stored in lipid droplets,
thus further expanding the roles of lipid droplets in their capacity to act as a sink for diverting
not only lipotoxic FAs and DAGs, but also ceramides, from a bioactive to a storage pool [39].
It was found that acylceramides are synthesized by a complex involving ACSL5, ceramide synthase
(CerS) and DGAT?2 at the ER/lipid droplet interface in cultured cells and in the livers of mice
on a high-fat diet. The conversion of ceramide into acylceramide and its sequestration into lipid
droplets was associated with prevention of cell death. In colorectal carcinoma cells, stimulation
of acylceramide biogenesis led to protection from ceramide-mediated 5-fluorouracil-induced cell
death, whereas a blockade of acylceramide biogenesis led to elevated ceramide accumulation and
apoptosis. Thus, the storage of acylceramide in lipid droplets in cancer cells may improve their
resistance to chemotherapy by reducing pro-apoptotic ceramide levels. Interestingly, both DGAT1
and DGAT?2 displayed ceramide acyltransferase activity, although DGAT2 is likely the predominant
isoform responsible for acylceramide synthesis in vivo [39]. Thus, DGAT enzymes directly regulate the
lipotoxicity of both DAG and ceramide by acylating and diverting these lipids into storage. Likewise,
it may be anticipated that lipases that release ceramide from lipid droplets would also strongly impact
the level of cell damage instigated by ceramide [39]. This previously unknown mechanism of reduction
of ceramide toxicity calls for a re-evaluation of many previous studies on the lipotoxicity associated
with saturated FA-induced ceramide and DAG accumulation. Thus, lipid droplets act as central
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anti-lipotoxic organelles that control FA, DAG, cholesterol and ceramide lipotoxicity by coordinating
TAG, CE and acylceramide storage.

4.4. Lipid Droplets Accumulate Cholesterol Esters to Regulate Cholesterol Availability and Promote
Tumour Growth

Although the majority of studies addressing the role of lipid droplets in cancer have focused
on FA metabolism and TAG accumulation, recent reports suggest that CE accumulation in cancer
cells is also associated with tumour growth. CE accumulation has been associated with a poor
clinical outcome in breast cancer patients [126] and with the aggressiveness of glioblastoma, prostate,
and pancreatic cancer [166-168]. Elevated accumulation of CEs in prostate cancer has been associated
with upregulated PI3K/Akt signalling and an increased uptake of exogenous lipids [166]. Importantly,
inhibition of cholesterol esterification impaired cancer cell aggressiveness and suppressed tumour
growth in mouse xenograft models. In glioblastoma, inhibition of ACAT1 increased cholesterol levels,
leading to inhibition of SREBP-1 and suppression of lipogenesis and tumour growth [168]. In a
mouse model of pancreatic cancer, depletion of ACAT1 suppressed tumour growth and metastasis
by increasing intracellular free cholesterol levels, causing elevated ER stress and cell death. A lipid
accumulating phenotype has been described in highly invasive and tumourigenic triple-negative
(ER-, PR-, HER2-) breast cancer cells and it has been associated with increased cell proliferation,
migration and cell survival [7,17,169,170]. In comparison with less tumorigenic hormone-responsive
breast cancer cells, triple-negative breast cancer cells accumulate significantly greater amounts of TAGs
upon exposure to exogenous unsaturated FAs and display a superior ability to use lipid droplets
and FA oxidation for cell survival during prolonged starvation [7,9,17]. These cells also display a
greater uptake of both exogenous oleate and lipoproteins and have a higher expression of ACAT1
in comparison with less aggressive ER+ breast cancer cells. Importantly, the suppression of CE
accumulation by inhibition of ACAT1 reduced low-density lipoprotein (LDL)-stimulated proliferation
and migration [169,170]. Thus, although the underlying mechanisms have not been clarified, the ability
of cancer cells to increase their storage of CEs in lipid droplets and thus remove cholesterol from its
bioactive pool is beneficial for the progression of several aggressive types of cancer.

4.5. Lipid Droplets Protect Cancer Cells From Chemotherapeutic Drugs

Cancer drug resistance is a major obstacle in cancer therapy and lipid droplets may be
important for the ability of cancer cells to survive chemotherapeutic stress [12,18]. Cotte et al. [16]
have recently investigated the role of lipid droplets in colorectal cancer under chemotherapeutic
conditions.  They found that the common chemotherapeutic agents 5-fluorouracil and
oxaliplatin induce lysophosphatidylcholine acyltransferase 2 (LPCAT2)-dependent lipid droplet
accumulation. They found that LPCAT2-driven lipid droplet biogenesis protects cancer cells
from chemotherapy-induced ER stress and cell death both in vitro and in vivo. The authors also
show that lipid droplets sequester calreticulin and prevent its exposure on the plasma membrane,
thus impairing CD8+ T cell infiltration and immunogenic cell death under chemotherapeutic
treatment [16]. The sequestration of calreticulin to lipid droplets suggests that limiting the exposure
of danger-associated molecular patterns (DAMPs) may be another important mechanism through
which lipid droplets protect stressed cancer cells from cell death. Besides identifying LPCAT2
as a potential target to improve the efficacy of chemotherapy in colorectal cancer, this study also
suggests that the presence of elevated levels of lipid droplets may be diagnostically useful to predict
tumour chemoresistance.
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5. Lipolysis and Lipotoxic Stress

5.1. ATGL Regulates Fatty Acid-Mediated Energy Production, Signalling, and Lipotoxic Stress

Relatively little is known about the role of lipolytic lipid droplet breakdown in the regulation of
lipotoxicity and cancer cell survival during stress [12,57]. Nevertheless, studies on the role of lipolysis
and, in particular, ATGL, in cellular and organismal lipid homeostasis, provide important clues for
cancer biology. ATGL catalyses the rate-limiting step in TAG lipolysis and is the major cytosolic
TAG hydrolase in adipose tissue, the heart and liver, and other tissues [57,85,88,171]. The enzyme
has a crucial role in supplying skeletal muscle with FAs from adipose tissue and is involved in the
mobilisation of intramyocellular TAG reserves for energy conversion in the working muscle [86].
ATGL also enables FA transfer from lipid droplets to mitochondria in cardiomyocytes, hepatocytes,
starved mouse embryonic fibroblasts, and, presumably, in most other cell types and tissues [25,66,88].
Lipolytic lipid droplet breakdown fuels the mitochondrial oxidative metabolism and enables cell
survival during nutrient deprivation in various cells, including several cancer cell types [7,9,15,25].
Aside from being substrates for energy production, ATGL-derived FAs promote signalling pathways
leading to an elevated mitochondrial and oxidative gene expression, thus, matching p-oxidation
with FA mobilisation from lipid droplets [66,67,88,172]. ATGL deficiency in humans causes systemic
TAG accumulation and neutral lipid storage disease with cardiomyopathy, but not obesity [173].
In accordance, mice with global ATGL deletion accumulate TAG in many tissues and exhibit
lethal cardiac dysfunction due to a massive accumulation of TAG in the heart [174]. Paradoxically,
ATGL-deficient mice are only moderately obese and display improved glucose tolerance and insulin
sensitivity despite TAG accumulation in multiple tissues [174-176]. This unexpected adipose tissue
phenotype was explained by a study using ATGL-deficient mice expressing ATGL only in the
heart [177]. These mice were resistant to diet-induced obesity and had normal insulin sensitivity and
adipogenic differentiation, however, they displayed impaired signalling through PPARy and SREBP-1c.
Therefore, reduced lipogenesis may, in fact, be responsible for the resistance of ATGL-deficient mice
to high-fat diet-induced obesity and obesity-induced insulin resistance. In line with this, inhibition
of ATGL in mice using Atglistatin leads to improvement of insulin signalling and a reduction of
diet-induced obesity and hepatosteatosis, likely due to a reduced release of adipose tissue-derived FAs
in the circulation [178]. Importantly, the pharmacological inhibition of ATGL did not cause ectopic
lipid accumulation or cardiac dysfunction in mice even after long-term treatments. The inhibition of
ATGL is thus a promising therapeutic strategy to treat obesity, metabolic disorders, and potentially
also cancer [178].

While the prevailing role of ATGL in non-adipose tissues is most likely providing FAs for
mitochondrial energy production and stimulating signalling associated with oxidative metabolism,
TAG lipolysis may also lead to lipotoxicity. Excessive lipolysis is often associated with states of
lipid overload and this may cause cell damage by increasing the pool of free FAs in the cytosol,
altering signalling pathways that regulate oxidative metabolism, ER homeostasis, and stimulating
(-oxidation and ROS production [53-55]. The inhibition of ATGL-mediated lipolysis by perilipin
5 provides a “lipolytic barrier” against uncontrolled TAG lipolysis in oxidative tissues, thus preventing
cardiac, hepatic and muscle lipotoxic injury and insulin resistance [179-183]. Perilipin 5 couples
TAG lipolysis with the metabolic demand for FAs, prevents ceramide accumulation and protects
tissues against oxidative stress induced by excessive (3-oxidation and FA peroxidation [89,139,180,184].
Additionally, perilipin 5 forms transcriptional complexes with PPARy coactivator-1o (PGC-1a) and
sirtuin 1 (SIRT1) and promotes the transcription of mitochondrial and oxidative genes in response
to catecholamine-triggered signalling [185]. Similarly, the absence of ATGL protects mice treated
with tunicamycin from hepatic ER stress and inflammation by inducing TAG accumulation and
enrichment with oleate, thus shifting the balance in FA composition to reduce the flux of lipotoxic
palmitate in the liver [90]. Moreover, stimulation of lipolysis by ATGL overexpression leads to ER
stress in cardiomyocytes treated with oleate, which, in contrast to palmitate, does not cause ER stress
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in cells with basal levels of ATGL [40]. In accordance with these studies, ATGL depletion in breast
cancer cells challenged with lipotoxic concentrations of PUFAs leads to lipid droplet accumulation
and reduction of oxidative stress and cell death, suggesting that the sequestration of PUFAs in lipid
droplets is beneficial for protection from PUFA lipotoxicity [9]. On the contrary, ATGL deficiency
in macrophages leads to TAG accumulation and cell death associated with ER stress, elevation of
ROS, and mitochondrial damage [186], suggesting that ATGL may also play a protective role against
lipotoxicity. Thus, both excessive TAG accumulation and lipolysis may induce cell damage and the
precise regulation of ATGL activity may be critical in some cases. Collectively, depending on the cell
type, state and environmental conditions regulating cellular stress, ATGL-mediated lipolysis may be
responsible for providing FAs for mitochondrial energy production, regulation of oxidative metabolism,
and cell survival, but it may also cause lipotoxic cell damage. Notably, lipid droplet lipolysis and
mitochondrial metabolism are coupled and regulated at multiple levels and their coordination is
critical for the removal of toxic FA species and the prevention of lipotoxicity.

5.2. ATGL and Cancer

The role of lipolysis in cancer has not been a subject of many studies to date [97]. Elevated
expression of MAGL has been observed in several cancers and a pro-tumourigenic role has been
suggested for the enzyme based on its ability to promote cancer aggressiveness by upregulating the
endocannabinoid and FA signalling pathways [87,187,188]. On the other hand, there are conflicting
reports about the role of ATGL in cancer [189]. ATGL depletion leads to growth inhibition in several
cancer cell lines [190,191], suggesting a pro-tumourigenic role for the enzyme. Additionally, recent
studies suggest that ATGL activity in both tumours and neighbouring adipose tissue contributes to the
adipocyte-induced metabolic reprogramming and aggressiveness of breast, pancreatic, and ovarian
cancer [102-104,192]. Activated lipolysis in omental fat adipocytes provides lipids for energy
production in ovarian cancer cells and promotes their growth at the metastatic site [103]. ATGL
is overexpressed in high-grade mammary tumours and breast cancer cell lines in vitro [104]. Breast
cancer cells take up FAs released via lipolysis from neighbouring adipocytes, whereas ATGL activity in
breast cancer cells enables FA translocation to mitochondria and stimulates the induction of uncoupled
FA oxidation. The latter sustains AMPK activation and enables a persistent metabolic reprogramming
that stimulates tumour invasion and metastasis [104]. However, recent in vivo studies suggest a
tumour suppressor role for ATGL since its expression is reduced in several human cancers, including
breast invasive adenocarcinoma, and it correlates with a reduced patient survival [193]. Importantly,
mice lacking ATGL spontaneously develop lung tumours [193] and an adipose tissue-specific combined
deficiency of ATGL and HSL leads to the development of liposarcoma [194]. Clearly, more studies are
necessary to clarify the role of ATGL in cancer. However, in light of these conflicting reports, and given
the pleiotropic roles of ATGL and lipolysis in different tissues in energy metabolism and beyond, a
universal pro-tumourigenic or tumour suppressor role for ATGL should not be expected. Its role is
most likely dependent on the particular type and stage of cancer, specific metabolic profile, nutrient
status, and the level of environmental stress imposed by the presence or absence of nutrients and
oxygen that critically affects lipid droplet metabolism. Importantly, the involvement of peritumoural
adipocyte-derived ATGL in the provision of FAs for tumour growth suggests that ATGL may be a
potential therapeutic target in tumours that depend on FAs derived from neighbouring adipose tissue.

6. Lipid Droplets are Synthesized and Broken Down during Nutrient Stress to Enable
Cell Survival

6.1. Lipid Droplet Biogenesis is Enhanced during Nutrient Deprivation

Lipid droplet biogenesis is a general cellular response to exogenous lipid overload to reduce
the accumulation of lipotoxic lipids, as described above. However, lipid droplet biogenesis also
occurs in response to nutrient deprivation. This has been demonstrated in various types of cells
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exposed to complete or partial nutrient deprivation, such as primary neurons and astrocytes, CHO-K1
cells, HeLa cervical carcinoma, Huh? liver carcinoma, U20S osteosarcoma, LN18 glioblastoma
cancer cells, and starved mouse embryonic fibroblasts (MEFs) [15,23,25,31,195]. Importantly, nutrient
deprivation-induced lipid droplet biogenesis occurs even in the absence of exogenous lipids and
is independent of endogenous de novo lipid synthesis. Rather, it is driven by the autophagic
and/or phospholipase-mediated mobilisation of the available endogenous, structural lipids (Figures 3
and 4) [23,25,31]. Paradoxically, cells mobilise endogenous lipids and engage in an ATP-consuming
TAG synthesis process despite the absence of sufficient nutrients. Lipid droplet biogenesis must,
therefore, be essential for cell survival, but it was not clear until recently why a futile cycle of FA
esterification into TAG and lipolysis would be necessary for energy production and cell survival.
Studies in starved MEFs have shown that structural lipids are mobilised through autophagy of
membranous organelles and that lipid droplets are necessary for at least two main reasons: (1) to
prevent the lipotoxicity of FAs released by autophagy into the cytosol [31] and (2) to enable efficient
transfer of FAs from lipid droplets to the network of tubulated mitochondria for oxidation [25,31,34,41].
The lipid droplet biogenesis in starved MEFs depends on the activation of autophagy (see discussion in
Section 8.3) and on DGAT1 activity. DGAT1 depletion or inhibition leads to mitochondrial damage due
to FA overload and a concomitant accumulation of toxic acylcarnitine species. Thus, DGAT1-mediated
lipid droplet biogenesis in starved cells is necessary to buffer autophagy-liberated FAs and prevent
mitochondrial damage.

Previous studies have suggested that endogenous FAs required for TAG synthesis may also be
derived from phospholipase A; (PLAj)-mediated phospholipid hydrolysis (Figure 4). Namely, TAG
synthesis in nutrient-deprived CHO-K1 cells is dependent on the activity of calcium-independent
group VIA PLA,; (also referred to as iPLA; 3 and PNPLAY; encoded by the PLA2G6 gene), an enzyme
traditionally ascribed with a role in membrane remodelling and repair [196,197]. Interestingly,
the process of lipid droplet biogenesis, but not TAG synthesis, required the subsequent phosphorylation
and activation of another PLA, enzyme—the calcium-dependent cytosolic group IVA PLA,; (also
cPLA,; encoded by the PLA2G4A gene)—which is most likely responsible for facilitating lipid
droplet nucleation by regulating ER membrane shape and curvature [23,76,112,198]. Interestingly,
besides being implicated in the regulation of the formation of the organelle [76,112], several
other PLAs [7,9,112,199] and phospholipases D (PLD) [24] have been implicated in channelling
phospholipid-derived FAs into TAGs and CEs for lipid droplet biogenesis (Figure 4). Since a
comprehensive study addressing the involvement of autophagy and PLA;s in the provision of FAs
for lipid droplet biogenesis in starved cells has not been performed, it is possible that PLA;s act,
in fact, as part of the broader autophagy-induced process of lipid droplet biogenesis. Phospholipase
activity-derived FAs could be preferred over autophagy when a particular phospholipid and TAG
acyl-chain remodelling is required (see Section 7.3), instead of the bulk FA provision by the lysosomal
degradation of membranous organelles. In such cases, phospholipase-derived FAs could provide
a subtler and safer channelling of FAs from membrane phospholipids to TAGs, simultaneously
optimizing membrane saturation to adapt to cellular stress and providing FAs for TAG synthesis and
energy production in mitochondria. It is thus possible that, depending on the conditions and cell type
in question, autophagy and/or phospholipase activity may participate in lipid droplet biogenesis
during stress.
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Figure 4. Autophagy and phospholipase-mediated phospholipid hydrolysis stimulate lipid droplet
biogenesis during stress. Nutrient starvation activates the autophagy-mediated breakdown of

membranous organelles leading to the release of various saturated and unsaturated fatty acids (FAs)
that drive diacylglycerol acyltransferase 1 (DGAT1)-mediated lipid droplet biogenesis. Cellular stress
may also lead to phospholipase A, (PLAj) activation and membrane phospholipid hydrolysis that
predominantly results in the release of unsaturated and polyunsaturated fatty acids (FAs), which
are typically found at the sn-2 position of membrane phospholipids. Intracellular phospholipases
Ay, such as the calcium-independent group VIA PLA, (iPLA or PNPLAY), or secreted isoforms,
such as the group X secreted PLA,, may drive lipid droplet biogenesis. Oxidative stress may
lead to phospholipase D (PLD)-mediated redistribution of FAs from membrane phospholipids to
triacylglycerols (TAGs) stored within lipid droplets in order to protect polyunsaturated FAs from
peroxidation. Phospholipase D (PLD) converts phosphatidylcholine (PC) to phosphatidic acid (PA),
whereas phosphatidate phosphatases (lipins) convert PA to diacylglycerol (DAG). The latter is then
available for TAG synthesis by DGAT1 or DGAT2. Phospholipase activity-derived FAs could be
preferred when a specific phospholipid and/or TAG acyl-chain remodelling is required instead of the
bulk FA mixture provided by autophagy. Future studies will provide clues on the possible crosstalk
between these pathways and the conditions that govern the predominant mechanisms of lipid droplet
biogenesis during various conditions of stress in different cell types.

6.2. Lipid Droplet Breakdown is Necessary for Cell Survival during Starvation

Several lines of evidence suggest that FAs stored in starvation-induced lipid droplets are mobilised
by cytoplasmic lipases, and not lipophagy (see also Section 8.3), to fuel the mitochondrial oxidative
metabolism and to enable cell survival during nutrient deprivation [9,15,25,31]. The transfer of FAs
from lipid droplets to mitochondria in acutely starved MEFs is dependent on ATGL and is inhibited
by etomoxir, an inhibitor of carnitine palmitoyltransferase 1A (CPT-1A) and of FA translocation into
mitochondria [25]. Furthermore, a close spatial proximity of lipid droplets and tubulated mitochondria
is required for efficient transfer and redistribution of FAs within mitochondria [25,41]. This requirement
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for precise channelling of FAs from lipid droplets to mitochondria may explain why lipolysis, rather
than lipophagy, is the preferred process for FA transfer to mitochondria in Hanks’ balanced salt solution
(HBSS)-starved cells [25]. However, under milder and prolonged starvation conditions, lipophagy
may be activated and may become the predominant mechanism of lipid droplet breakdown [25,51,62].
Interestingly, in serum-starved MEFs, autophagy-driven lipid droplet biogenesis does not occur [31],
but lipophagy contributes to the lipid droplet breakdown [25]. We have found that while ATGL
is involved in TAG lipolysis in breast cancer cells exposed to prolonged starvation, its depletion
is not sufficient to fully prevent lipid droplet breakdown and significantly reduce the pro-survival
effect of lipid droplets [9], suggesting the involvement of other lipases and/or lipophagy in serum
starvation-induced lipid droplet breakdown in breast cancer cells. Therefore, the importance of
autophagy in lipid droplet biogenesis and the predominant role of lipophagy vs. lipolysis in lipid
droplet breakdown most likely depends on the cell type, its particular metabolic requirements, and the
type and length of nutrient stress imposed.

7. Lipid Droplets and Oxidative Stress

Cancer cells display elevated rates of reactive oxygen species (ROS) production due to oncogenic
mutations, loss of tumour suppressors, accelerated metabolism necessary to sustain rapid growth,
and adaptation to the various stresses imposed by the tumour microenvironment (i.e., nutrient
and oxygen deprivation, infiltrating immune cells) [200,201]. Cancer cells may thus experience
oxidative stress during both oncogene-driven nutrient excess and rapid metabolism and during
nutrient and/or oxygen deprivation in poorly vascularized tumours [1]. Importantly, it is now clear
that ROS- induced pro-tumourigenic signalling pathways are necessary for cancer cell survival, growth,
proliferation, and metastasis. High levels of ROS, in turn, oxidize other molecules, such as proteins,
lipids, and DNA, thus, further supporting oncogenic transformations. However, prolonged exposure
to elevated ROS may lead to oxidative stress-dependent cell death and cancer cells simultaneously
upregulate antioxidant pathways in order to maintain redox homeostasis. Oxidative stress also affects
cellular lipid metabolism on several levels. The availability of glucose carbons for lipogenesis is highly
restricted during hypoxia and cancer cells shift to a reductive glutamine metabolism or cytosolic
acetate carboxylation for lipid synthesis [94,202,203]. Hypoxic cancer cells may upregulate FA uptake
to compensate for impaired de novo lipogenesis [5,8]. Moreover, hypoxia inhibits FA oxidation
and can induce the formation of lipid droplets as a temporary storage of energy for use during
reoxygenation [8,204]. However, during metabolic stress, FA oxidation maintains the production
of NADPH and is critical for protection against oxidative stress and cancer cell survival [95,101].
On the contrary, upregulated lipolysis and FA oxidation may also result in an elevated production
of ROS and cell damage [53,180,205]. Imbalances in redox homeostasis are thus associated with
significant alterations in lipid metabolism and it is not surprising that they also affect the lipid
droplet metabolism. In this section, we discuss how lipid droplets support the cellular response to
oxidative stress, and conversely, how hypoxia/oxidative stress regulates lipid droplet biogenesis
and degradation.

7.1. Lipid Droplets Accumulate in Hypoxia and Protect Cancer Cells from Oxidative Stress

Tumour cells often face restricted access to nutrients and oxygen due to an aberrant vascularization
and poor blood supply [206]. Hypoxia, a non-physiological level of low oxygen tension, is a common
feature of most solid and large tumours [207]. The hypoxic tumour microenvironment affects
cancer metabolism by upregulating hypoxia-inducible factor (HIF) signalling, thereby promoting
angiogenesis, metastasis, aggressiveness, chemoresistance, resistance to radiotherapy, and a poor
overall outcome [208,209]. Short- and long-term exposure to hypoxia has been shown to promote cell
survival by activating cellular stress response mechanisms—such as autophagy—and enhance tumour
aggressiveness [210,211]. Hypoxia-associated induction of lipid droplet biogenesis has been observed
in different cancers, including brain, breast, renal, and prostate cancers [8,12,26,28,29,204,212]. Studies
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in C6 rat models of glioma have shown that lipid droplets accumulate in the perinecrotic and necrotic
hypoxic areas of the tumour core [212,213]. Primary glioma cultures obtained from patients also
accumulate lipid droplets and have an increased expression of PPARa [204]. Hepatocellular carcinoma
and cervical adenocarcinoma cells exposed to hypoxia accumulate lipid droplets through a direct
HIF-1a-dependent stimulation of lipin 1 expression, a phosphatidate phosphatase involved in the
production of DAG [28]. Constitutive HIF signalling and abundant lipid droplet accumulation are
hallmarks of clear-cell renal carcinoma and it was shown recently that HIF2x-dependent perilipin 2
(PLIN2) expression stimulates lipid droplet accumulation, protects from ER stress, and promotes
cell proliferation and xenograft tumour growth [26]. Several studies have shown that hypoxia
leads to a blockade in the endogenous production of unsaturated FAs due to the inhibition of
oxygen-dependent SCD1-mediated FA desaturation and that it renders cancer cells dependent on
the uptake of unsaturated FAs to reduce hypoxia-induced ER stress and prevent cell death [4,5,107].
In accordance, glioblastoma and breast cancer cells exposed to hypoxia shift from de novo lipogenesis
to FA uptake and accumulate lipid droplets, which are necessary to prevent ROS accumulation and
to enable cancer cell survival [8]. Lipid droplet biogenesis was dependent on the HIF-1x-mediated
upregulation of fatty acid-binding proteins (FABPs) 3 and 7, members of a family of proteins involved in
FA uptake, metabolism and transport. Knockdown of FABP3, FABP? or of the structural lipid droplet
protein PLIN2 significantly impaired lipid droplet biogenesis during hypoxia, reduced NADPH
levels, and increased ROS accumulation, suggesting that FA uptake and lipid droplet biogenesis
are crucial for redox homeostasis. Accordingly, exogenous addition of the unsaturated FA oleate
also protected cells from ROS toxicity. Importantly, the inhibition of lipid droplet formation by
depletion of FABP3/7 led to suppression of xenograft tumour growth in vivo. Thus, lipid droplet
biogenesis in hypoxia is most likely a protective mechanism that promotes cancer cell survival under
oxygen-deprived conditions by reducing ROS accumulation. The accumulated lipid droplets provide
a temporary storage of FAs during hypoxia and release them after reoxygenation to enable ATP
production and cell growth [8]. Similarly, hypoxia-induced changes in lipid mobilisation have also
been associated with increased TAG accumulation in prostate cancer cells and in extracellular vesicles
released by these cells. Following reoxygenation, lipid droplets provided FAs for 3-oxidation and
enabled cancer cell growth [29]. Collectively, the studies described above show that cancer cells
exposed to hypoxia upregulate FA uptake and accumulate lipid droplets, which enable ER and redox
homeostasis during oxygen deprivation and provide FAs for mitochondrial energy production to boost
cell growth following reoxygenation.

7.2. Excessive Lipolysis is Damaging to Hypoxic Cancer Cells

Recent studies have established that hypoxia affects the expression of several lipid
droplet-associated proteins involved in lipid droplet breakdown [205,214]. Gimm et al. have shown
that hypoxia-activated HIF-1-mediated signalling upregulates the expression of hypoxia-inducible
lipid droplet-associated protein (HILPDA)/hypoxia-inducible gene 2 (HIG2)—a protein localized
on the lipid droplet surface—in a number of cell lines and mouse tissues in vivo [214]. HIG2 binds
to the surface of lipid droplets and its overexpression promotes neutral lipid accumulation in HeLa
cells. Furthermore, HIG2 co-localization with lipid droplets was observed in HIF-1a-positive areas
in renal cell carcinoma samples, suggesting that HIG2 may be used as a marker of hypoxia-induced
lipid droplets [214]. Moreover, HIG2 expression is elevated during anti-angiogenic treatment and it
may promote tumour resistance to therapy [215]. Recently, the basis for the HILPDA /HIG2-induced
lipid droplet accumulation was explained by studies from two laboratories showing that the protein
is a direct inhibitor of ATGL [205,216]. Zhang et al. found that the observed downregulation
of ATGL-mediated lipolysis during hypoxia is due to HIF-1-induced upregulation of HIG2 [205].
Importantly, HIG2 depletion enhanced lipid droplet breakdown and (3-oxidation, leading to elevated
ROS production and impaired xenograft tumour growth. Depletion of ATGL reversed the effects
of HIG2 knockout, suggesting that HIG2-mediated ATGL inhibition enables the survival of hypoxic
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cancer cells by reducing lipid droplet degradation and sequestering FAs away from mitochondrial
oxidative and ROS-producing pathways [205]. Thus, ATGL-mediated lipid droplet breakdown is
damaging to cancer cells during hypoxia and the ability of cancer cells to modulate lipolysis may
determine their potential to survive oxygen deprivation. Other inhibitors and activators of ATGL,
such as perilipin 5, G0/S2 switch regulatory protein 2 (G0S2), and abhydrolase domain-containing
protein 5 (ABHD5/CGI-58), whose roles in cancer are currently under investigation [189-191,217,218],
could have an important impact on lipid droplet metabolism in hypoxic cancer cells. As discussed
above, based on its involvement in the protection of several tissues from lipolysis-induced oxidative
stress, including ischemia/reperfusion injury in the heart [180], it will be particularly interesting to
find out whether perilipin 5 is involved in the survival of some cancer cell types exposed to fluctuating
levels of oxygen in the tumour microenvironment.

7.3. Sequestration of PUFAs in Lipid Droplets Reduces Membrane Lipid Peroxidation and Protects Cells from
Oxidative Stress

Besides hypoxia and the accumulation of endogenous lipid metabolites that disrupt mitochondrial
and ER homeostasis, such as saturated FAs, ceramides, and DAG, oxidative stress can also
arise due to chemotherapeutic drugs, exogenous pro-oxidants, and the accumulation of oxidized
PUFAs. PUFAs are significantly more sensitive to oxidation in comparison to saturated and
monounsaturated FAs. Cell membrane phospholipids containing PUFAs are particularly vulnerable
to lipid peroxidation chain reactions during oxidative stress, thereby further amplifying ROS
production [219]. Accordingly, increasing the relative degree of membrane (poly)unsaturation
by inhibition of de novo lipogenesis sensitizes cancer cells to lipid peroxidation and oxidative
stress-induced cell death [106]. Recently, an antioxidant role for lipid droplets against PUFA-induced
lipotoxicity and oxidative stress was reported in neuronal and cancer cells [9,24]. In Drosophila larvae
exposed to oxidative stress, it was shown that lipid droplet biogenesis occurs in niche glial cells
to prevent peroxidation of membrane PUFAs by redirecting them from membrane phospholipids
to TAGs stored within lipid droplets [24]. This mechanism spares both glia and neuroblasts from
hypoxia-induced oxidative stress and allows neuroblast proliferation. Interestingly, lipid droplet
biogenesis was not dependent on HIF-1 and could be induced by exposing larvae to various
pro-oxidants, suggesting that ROS are the main inducers of lipid droplets during both pro-oxidant
treatment and hypoxia. In agreement, studies from another laboratory have shown that oxidative stress
in neurons leads to ROS-dependent accumulation of lipid droplets in neighbouring glial cells [220,221].
Notably, both hypoxia and pro-oxidants induced PUFA redistribution from plasma membranes to TAGs
where the PUFAs were less vulnerable to peroxidation than in membranes [24]. The redistribution
was dependent on PLD, lipin 1, and DGAT1 enzymes, suggesting that FAs are transferred from
membrane phospholipids via PLD-dependent production of phosphatidic acid, its dephosphorylation
to DAG by lipin 1 and a final DAG acylation mediated by DGAT1 (Figure 4) [24]. Lipid droplets also
protected cellular proteins from harmful products of peroxidation, such as 4-hydroxynonenal (4-HNE),
suggesting an even wider antioxidant role for the organelle. Thus, hypoxia and oxidative stress induce
lipid droplet accumulation in glial cells to sequester oxidation prone PUFAs away from oxidative
pathways, thereby reducing stress and enabling the proliferation of neighbouring neuronal stem cells.
As discussed in more detail above (Section 4.2), a similar antioxidant role of lipid droplets in aggressive
breast cancer cells exposed to lipotoxic levels of PUFAs has been recently described [9]. These cells
benefited from sequestration of PUFAs in lipid droplets and both sPLA;-mediated stimulation of
lipid droplet biogenesis, as well as suppression of ATGL-mediated lipolysis, protected cells from
PUFA-induced oxidative stress. sPLAj-induced protection from PUFA lipotoxicity was associated with
extensive TAG remodelling and reduced levels of PUFAs present in cellular membranes, revealing
an important connection between TAG and phospholipid remodelling for cancer cell resistance to
stress [9]. Interestingly, an enrichment of PUFA-TAGs in lipid droplets has been observed during the
activation of hepatic stellate cells [222,223], a process critical for the development of liver fibrosis and
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associated with elevated levels of oxidative stress [224]. Moreover, fasted mice have elevated levels of
very long-chain PUFA-TAGs in their hepatocyte lipid droplets in comparison with mice fed a high-fat
diet [225]. Cisplatin treatment has been associated with an elevated accumulation of oleate and linoleate
in lipid droplets of cancer cells [226]. An enrichment of TAGs with PUFAs has also been found in
visceral adipose tissue samples from colon cancer patients, along with elevated expression of markers
of inflammatory lipid metabolism, including phospholipases and prostaglandin synthesis-related
enzymes, such as the group X sPLA and cyclooxygenase-2 (COX-2) [227]. Lipid droplet biogenesis is
also induced during apoptosis [36,228] and PUFA-TAG enrichment has been suggested as a general
feature of apoptosis [37]. Thus, the sequestration of PUFAs in lipid droplets and away from membrane
phospholipids may be a general cytoprotective mechanism activated during various conditions
associated with oxidative stress, to prevent further damage due to membrane lipid peroxidation.
It will be interesting to see in future studies whether similar PUFA sequestration mechanisms protect
cancer cells from various stress conditions characterized by an elevated ROS production.

8. Lipid Droplets and Autophagy/Lipophagy

Autophagy is an evolutionarily conserved catabolic process of recycling dispensable cytoplasmic
material by lysosomal degradation, thus providing building blocks and metabolic substrates for
processes essential for cell survival [229-231]. Under physiological conditions, constitutive autophagy
maintains cellular homeostasis by degrading potentially toxic products of normal cellular metabolism,
such as damaged mitochondria and protein aggregates. Importantly, autophagy is crucial for the
ability of both normal and malignant cells to cope with stress and adapt to adverse environmental
conditions, such as nutrient and oxygen deprivation [229,232]. Autophagy is activated under various
stressful conditions, including nutrient deprivation, hypoxia, elevated ROS levels, and, interestingly,
by lipid overload and exogenous unsaturated FAs [129,233,234]. It acts as a tumour suppressor by
preventing the accumulation of damaged cellular components, but cancer cells also use autophagy to
survive stressful conditions, such as nutrient deprivation, hypoxia, and the high metabolic demand
during rapid proliferation. Autophagy has thus been under investigation as an attractive therapeutic
target in efforts to reduce tumour growth and chemoresistance. However, autophagy also promotes
tumour-specific immune responses and recent studies suggest that the activation of autophagy using
safe nutritional interventions may, in fact, improve the efficacy of anticancer agents [233].

There are three main types of autophagy and they are all involved in lipid droplet metabolism:
macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy
(hereafter named “autophagy”) refers to the packaging of cytosolic cargo into an autophagosome and
its fusion with the lysosome for enzymatic breakdown of the engulfed material. Although initially
considered a non-selective process, several types of selective autophagy have been discovered [230]
and named according to their substrate specificity: protein aggregates (aggrephagy), peroxisomes
(pexophagy), mitochondria (mitophagy), ER (reticulophagy), pathogens (xenophagy), lysosomes
(lysophagy), and lipid droplets (lipophagy) [235]. CMA is a specialized form of selective autophagy,
so far characterized only in mammalian cells, and includes a motif-based recognition of damaged
proteins by the heat shock cognate protein of 70 kDa (Hsc70) and lysosomal intake mediated by the
lysosome-associated membrane protein type 2 (LAMP-2A) [236]. In contrast, microautophagy enables
the uptake of cytoplasmic material by a direct invagination of the lysosomal membrane and it has been
characterized in yeast [46,237], while its importance in mammalian cells is still questionable.

Recent studies have established strong links between autophagy and the maintenance of cellular
and whole-body lipid homeostasis under physiological conditions and during stress, including that
induced by lipid imbalance. The relationship is bidirectional since lipids also regulate autophagy.
Lipid overload affects autophagic activity in multiple tissues, which has important implications for
diseases associated with excessive lipid accumulation, such as metabolic disorders and cancer [51,129].
Interestingly, while short-term high-fat feeding induces autophagy in pancreatic 3-cells to protect
from lipotoxicity [129,238], long-term, chronic lipid overload impairs autophagic flux in B-cells,
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hepatocytes, and cardiomyocytes [129]. The crosstalk between autophagy and lipid metabolism is also
reflected in their common hormonal, nutrient, and transcriptional regulators, such as mTORc1, AMPK,
PPAR«, PGC-1«, TFEB, TFE3, FoxO1, CREB, SREBP, and FXR [52,83,239,240]. Since lipid droplets
are central to lipid homeostasis, there are also multiple ways of crosstalk between lipid droplets and
autophagy (Figure 5). Autophagy may participate in lipid droplet biogenesis [25,31,34,241,242] and
breakdown [62], but lipid droplets may also promote autophagy through several mechanisms [58-61].
Indeed, recent studies have shown that lipid droplets may be sites for autophagy initiation or provide
lipids for the assembly of the autophagic machinery. Thus, autophagy and lipid droplet metabolism
are connected through a number of different mechanisms, and the prevalence of each may depend on
several factors, including the cell type in question, its nutritional status, and environmental context.
Future studies will help us decipher the complex associations between these two important processes,
thereby providing new clues for the understanding of metabolic diseases and cancer. In the following
text, we have attempted to give a broad overview of the mechanisms of crosstalk between autophagy
and lipid droplet metabolism. The detailed molecular mechanisms and pathophysiological aspects
of autophagy/lipophagy have been reviewed recently in excellent reviews and will not be covered
here [229,232,243,244].
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Figure 5. Crosstalk between autophagy and lipid droplets. Autophagy provides fatty acids (FAs)
for lipid droplet biogenesis in starved cells, but it may also participate in lipid droplet breakdown
though lipophagy. Lipid droplets promote autophagy through several possible mechanisms: acting as
sites for autophagy initiation, providing lipids for the assembly of the autophagic machinery (e.g., via
patatin-like phospholipase domain-containing 5 (PNPLAS5)-mediated TAG lipolysis), maintaining
endoplasmic reticulum (ER) homeostasis that enables autophagy initiation or stimulating sirtuin 1
(SIRT1) signalling by adipose triglyceride lipase (ATGL) that promotes both autophagy and lipophagy.
Chaperone-mediated autophagy (CMA) promotes both lipophagy and ATGL-mediated lipolysis by
degrading the lipid droplet-coating proteins perilipin 2 and 3 (PLIN2 and PLIN3), thereby freeing the
access to the lipid droplet surface for lipases such as ATGL and for the lipophagic machinery. CMA is
executed following recognition of PLINs by the chaperone Hsc70, their unfolding, and translocation
into the lysosome through the lysosomal membrane glycoprotein receptor LAMP-2A. A coordinated
regulation of lipophagy and lipolysis has also been suggested through a direct interaction between
microtubule-associated protein light chain 3 (LC3) and ATGL. DGAT, diacylglycerol acyltransferase.
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8.1. Lipophagy is an Important Pathway for Lipid Droplet Breakdown during Stress

The role of autophagy in lipid droplet catabolism has been widely studied in the past decade
after the surprising discovery of lipophagy. Indeed, besides lipolysis, lipophagy is emerging as a
major pathway of lipid droplet breakdown in multiple tissues and pathophysiological settings [51].
Lipolysis is catalysed by neutral lipases acting on the surface of lipid droplets, whereas lipophagy
uses the autophagic machinery to deliver lipid droplets or parts of lipid droplets to the lysosome
for degradation by acidic lipases. Lipolysis predominantly affects TAGs, DAGs, and CEs, leading
to shrinkage of lipid droplets, which is accompanied by remodelling of surface phospholipids and
proteins. On the contrary, lysosomal lipid droplet breakdown degrades all storage and structural lipid
droplet lipids and associated lipid droplet proteins, thereby releasing FAs, cholesterol, amino acids,
and other products into the cytosol. Recent evidence suggests that the prevalent mechanism of lipid
droplet breakdown depends on physiological requirements, nutrient status, and the type of stress but
also that a significant cross-talk exists between lipolysis and lipophagy [51,56,91]. A number of studies
have reported pivotal roles of lipophagy in the maintenance of lipid stores, the regulation of nutrient
and energy balance, protection against oxidative stress, ER stress and lipotoxicity, protein quality
control and even viral replication [48-52,245]. These and other studies have implicated lipophagy
in important pathophysiological processes such as embryogenesis, lipid digestion in the gut, neural
control of food intake and organismal energy balance, obesity, metabolic disorders, liver disease,
atherosclerosis and cancer.

The discovery of lipophagy in 2009 was based on findings that autophagy regulates lipid
metabolism in mouse hepatocytes in vitro and invivo [62]. Singh et al. showed for the first
time that lipid droplets interact with the autophagic machinery during nutrient deprivation and
that the inhibition of autophagy leads to TAG and lipid droplet accumulation. Depletion of the
essential autophagic protein autophagy related 5 (Atg5) reduced TAG breakdown and -oxidation
rates in starved and oleate-fed cells indicating that autophagy regulates mitochondrial oxidation
by providing free FAs from TAG hydrolysis. In line with this, autophagic deficiency leads to
impairment of mitochondrial energy production and to oxidative stress-dependent cell death in
hepatocytes [246]. Importantly, the study by Singh et al. [62] suggests that rather than de novo lipid
synthesis, the dysfunction of lipophagy may contribute to elevated lipid accumulation in diseases
associated with lipid storage in the liver. Namely, they found that a high-fat diet-induced lipid
accumulation in the liver interferes with the execution of lipophagy, revealing a detrimental cycle
in which elevated lipid storage reduces lipid clearance by autophagy, leading to a further increase
in lipid accumulation. In accordance, it has been suggested recently that lipophagy facilitates the
clearance of toxic ceramides arising from elevated de novo sphingolipid synthesis in the livers of obese
mice [247]. Moreover, hormonal stimulation of autophagic activity reduces lipid droplet accumulation
and prevents hepatotoxicity in mice on a high-fat diet [248], whereas both lipophagy and mitophagy
protect against ethanol-induced liver injury [249]. These findings suggest that constitutive lipophagy
may protect the liver against lipotoxicity by reducing the accumulation of toxic lipids, sustaining
mitochondrial energy production and maintaining redox homeostasis.

In contrast to its importance in liver metabolism, the role of lipophagy in other tissues is less
defined. Current findings have not yet explained the role of lipophagy in adipocytes, mostly because
of difficulties in differentiating between the effects of autophagy and lipophagy, but a protective
role of lipophagy against obesity-induced inflammation and lipotoxicity has been proposed [129].
In accordance, stimulation of lipophagy by a caloric restriction mimetic in differentiated adipocytes
leads to lipid droplet breakdown and a reduction of TAG levels associated with the activation of
AMPK [250]. In response to atherogenic lipoprotein accumulation, lipophagy reduces the accumulation
of CE-rich lipid droplets in macrophage foam cells [251] and it has been recognized as a potential target
in preventing atherosclerosis and cardiovascular diseases [252]. Enhanced lipophagy has been shown
to regulate lipid droplet turnover in enterocytes exposed to alimentary lipid micelles, likely to protect
cells against lipotoxicity and ER stress [45,253]. Lipophagy also maintains energy homeostasis in the
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kidney during prolonged starvation by providing FAs for energy production in mitochondria [254].
Intriguingly, the packaging of circulating FAs into lipid droplets and lipophagy are necessary for
channelling exogenous FAs into mitochondria and energy production in starved kidney proximal
tubular cells. In hypothalamic neurons, lipophagy has been implicated in the regulation of food
intake and energy balance by regulating the release of endogenous FAs that modulate neuropeptide
levels and affect signalling pathways controlling food intake [255]. Moreover, autophagy in the
central nervous system activates lipophagy and lipolysis in peripheral tissues as a response to cold
exposure [256]. The induction of forced lipophagy in mouse embryos reduces lipid droplet levels
during development and results in retardation, suggesting a novel role of lipid droplets and lipophagy
during embryogenesis [257]. A sudden depletion of glucose in yeast cells activates AMPK-dependent
lipid droplet breakdown by microautophagy, i.e., microlipophagy, and provides energy for long-term
survival [258]. Microlipophagy has also been implicated in the management of ER lipid and protein
quality control during phospholipid imbalance-induced ER stress [46,237]. It was found that lipid
droplets are formed at ER aggregates and act as carriers for the transfer of damaged proteins and toxic
lipids from the ER to the vacuole through microlipophagy [46,237]. Whether microautophagy occurs
in mammalian cells is still unknown, but an alternative pathway of endosomal autophagy shares
similar characteristics [259] and has a physiological role in erythropoiesis in vivo [260]. In summary,
lipophagy is involved in important pathophysiological processes in various tissues by regulating lipid
mobilisation, energy production, and lipotoxic cell damage, but its exact roles and the underlying
mechanisms are yet to be defined.

The role of lipophagy in cancer has not been addressed by many studies so far. While several
reports have indicated tumour promoting effects of lipophagy [261,262], most studies so far suggest that
lipophagy restricts tumourigenesis [263-266]. Microtubule-associated protein 1S (MAP1S)-mediated
lipophagy promotes lipid droplet clearance and higher levels of MAP1S have been associated with
reduced tumour growth and metastasis and an increased patient survival in clear-cell renal cell
carcinoma [263]. Another study has shown that overexpression of ATG14 facilitates lipid droplet
breakdown in Hela cells and induces free FA accumulation leading to ER stress- and ROS-mediated
apoptosis, whereas suppression of lipophagy by 3-methyladenine (3-MA) or inhibition of lysosomal
acid lipase (LAL) reverses these effects [264]. LAL catalyses both TAG and CE hydrolysis in the
lysosome and its deficiency or inhibition leads to several pathologies associated with elevated
lysosomal lipid accumulation in mice and humans [56]. Recent evidence suggests that LAL plays a
tumour suppressor role and its deficiency in mice has been linked with spontaneous tumourigenesis.
Importantly, LAL re-expression in hepatocytes prevents liver metastases [265] and its reintroduction in
the lung reduces inflammation and metastasis in lung cancer [266]. Interestingly, it was found recently
that adipocyte-derived FAs upregulate FA oxidation and stimulate AMPK-dependent autophagy
in neighbouring cancer cells [267]. Inhibition of autophagy suppressed lipid droplet breakdown
and attenuated the growth-promoting effects of adipocytes, suggesting that adipocytes stimulate
lipophagy in cancer cells to foster energy production and enable cancer cell survival. Finally, recent
studies suggest that the tumour suppressor protein p53 stimulates lipid catabolism by regulating the
expression of several autophagy and lipid metabolism genes, thereby enhancing lipophagy and FA
oxidation [268-270]. Thus, current findings on the involvement of lipophagy in cancer provide mixed
conclusions and more studies are necessary to delineate its roles. In analogy with the contrasting roles
of lipolysis and ATGL in cancer and cell stress, as discussed above, it is likely that the role of lipophagy
will be determined by the metabolic and oncogenic dysregulation of particular cancer cells and their
exposure to stress.

8.2. Crosstalk between Lipolysis and Lipophagy/Autophagy

CMA has been recently described as a regulator of lipid droplet breakdown by acting as
an activator of both lipolysis and lipophagy (Figure 5) [271]. In nutrient-deprived conditions,
CMA facilitates the removal and lysosomal degradation of the lipid droplet-associated PLIN2 and
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PLINS proteins, thus, enabling lipid droplet surface access to ATGL and the autophagic machinery
to initiate lipolysis and/or lipophagy. In principle, CMA may thus regulate both macro- and
microautophagy-mediated lipid droplet breakdown as well as lipolysis mediated by neutral lipases [83].
Targeted deletion of the LAMP-2A CMA receptor in murine liver revealed that defective CMA causes
hepatic glycogen depletion and steatosis and compromises the adaptation to energetic requirements
under nutrient stress [272]. Additionally, AMPK-mediated PLIN2 phosphorylation was required
for CMA-mediated PLIN2 degradation, revealing a new role of AMPK in stimulating lipid droplet
breakdown during starvation [273]. The role of CMA in the adaptation of cancer cells to stress is
currently unknown, but elevated CMA activity has been recently associated with increased growth
and metastasis of breast cancer cells in vitro and in vivo [274]. Future studies will provide insights
into the potential connections between CMA and lipid droplet metabolism in regulating the cancer cell
stress response.

A coordinated regulation of lipophagy and lipolysis has also been suggested through a direct
interaction between microtubule-associated protein light chain 3 (LC3) and ATGL (Figure 5). Cold
exposure induces autophagy in the central nervous system, which, in turn, activates both lipolysis
and lipophagy in peripheral tissues, such as the brown adipose tissue and liver [256]. Interestingly,
an interaction between LC3 and ATGL was observed after cold exposure in peripheral tissues and it
was necessary for efficient lipolysis, suggesting that LC3 regulates lipolysis. Thus, autophagosomal
membranes and proteins may serve as scaffolds for regulating the recruitment and activity of neutral
lipases, ensuring a coordinated regulation of lipolysis and lipophagy [256].

The crosstalk between lipid droplets and autophagy/lipophagy also extends to recent discoveries,
suggesting that lipid droplets are necessary for the proper initiation and execution of autophagy
(Figure 5). The consumption of lipid droplets during starvation has been associated with lipid
droplets not as substrates for lipophagy, but rather as sources of lipids for the biogenesis of nascent
autophagosomal membranes [58]. The lipid droplet-localized TAG lipase patatin-like phospholipase
domain-containing 5 (PNPLA5) was necessary for autophagy, suggesting that TAG lipolysis contributes
to autophagosomal formation [58]. Studies in yeast have shown that lipid droplet lipids are required
for starvation-induced formation of autophagosomes and that several TAG and sterol ester lipases
are essential for autophagy [59,275]. However, another study has shown that lipid droplets may
be dispensable as a source of lipids for autophagosome formation but are instead necessary for
buffering FA fluxes and the maintenance of ER homeostasis that is, in turn, critical for autophagosome
biogenesis [60]. The mechanisms that determine the source of lipids for autophagic initiation are still
unknown, but these studies suggest that lipid droplets may be required for autophagy in multiple ways,
acting as sources of essential lipids for autophagosomal membrane biogenesis and/or as regulators of
lipid trafficking that is critical for ER homeostasis and thus indirectly affecting autophagy.

Furthermore, it has been shown recently that lipolysis mediated by ATGL (PNPLA2) may
stimulate autophagy/lipophagy in the liver [61]. It was found that ATGL promotes autophagic flux
in a SIRT1-dependent manner and promotes interactions between LC3 and lipid droplets (Figure 5).
Furthermore, inhibition of autophagy suppressed ATGL-mediated lipid droplet breakdown and FA
oxidation, suggesting that ATGL activates lipophagy. On the contrary, in colon epithelial cells, ATGL
deficiency induces autophagic flux, whereas its co-factor ABHD5 promotes autophagy but in an
ATGL-independent manner [276]. It was found that ABHD5 binds to and prevents the cleavage of
the essential autophagy regulator Beclin 1 (BECN1), thus stimulating autophagy, which reduces
colon cancer tumorigenesis [276]. Another enzyme from the PNPLA family has been recently
shown to stimulate lipophagy [277]. PNPLAS, also named calcium-independent phospholipase
Ay v (iPLAyy), displays PLA; activity and preferentially hydrolyses arachidonic acid-containing
membrane phospholipids [278]. PNPLAS plays an important role in mitochondrial lipid and energy
metabolism and its transgenic expression in the heart leads to TAG accumulation and cardiac
dysfunction [196,197,279]. A recent study has shown that PNPLAS interacts with autophagosomes
and stimulates hepatic lipid droplet breakdown via autophagy in a mouse model of non-alcoholic fatty
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liver disease [277]. These studies add to the notion that an intricate relationship exists between lipid
droplet lipolysis and autophagy/lipophagy and that lipases and their co-factors may act as important
upstream regulators of autophagy and lipophagy [83].

8.3. Autophagy Drives Lipid Droplet Biogenesis to Protect Cells from Stress

As discussed above, the importance of autophagy for lipid droplet breakdown has been well
established in the last decade, but autophagy also affects lipid droplet biogenesis. Studies in 3T3-L1
preadipocytes have shown that the depletion of Atg5 and Atg7 leads to a reduced lipid droplet
accumulation and impaired differentiation [33]. Similar results were obtained in Atg5-depleted primary
mouse fibroblasts, which failed to differentiate into mature adipocytes [280]. Accordingly, in vivo
experiments have revealed that adipose-specific deletion of Atg7 significantly reduces adiposity, causes
a shift towards a brown adipose tissue phenotype, including an increase in mitochondrial biogenesis
and rates of FA oxidation, leading to an enhanced insulin sensitivity and a lean phenotype [33].
Furthermore, targeted deletion of Atg5 in late-stage embryos and neonatal pups reduced subcutaneous
fat [280]. These findings illustrate that autophagy is required for normal adipocyte differentiation and
the maintenance of lipid storage in adipose tissue in vivo but do not directly implicate autophagy
in the mechanism of lipid droplet biogenesis. Two studies by Shibata et al. [241,281] have reported
that autophagy is involved in lipid droplet synthesis in the liver, heart, and in various cultured cell
lines. Atg?7 deficiency led to a reduction in lipid droplet biogenesis in mouse hepatocytes and a
co-localization of conjugated LC3-1I with lipid droplets was observed in hepatic and cardiac tissues of
starved mice [241]. In addition, depletion of LC3 resulted in a reduced lipid droplet accumulation in
several cell types, including the cancer cell lines HeLa, HepG2, and PC12 [281], suggesting that the LC3
conjugation system is involved in lipid droplet formation. These studies suggested that the autophagic
machinery regulates both autophagosome and lipid droplet biogenesis as a coordinated mechanism for
the maintenance of cellular homeostasis. Recently, it was demonstrated that a liver-specific knockout
of Atg5 leads to impaired fasting-induced lipid droplet biogenesis, suggesting that autophagy is
involved in lipid droplet biogenesis from exogenous lipids provided from the circulation during
fasting [242]. Interestingly, lipid droplet biogenesis was restored in Atg5/nuclear factor-like 2 (Nrf2)
double-knockout mice, suggesting that persistent Nrf2 activation is responsible for the impaired lipid
droplet biogenesis in autophagy-deficient livers. Nrf2 is a stress-activated transcription factor that
regulates the expression of a range of antioxidant and stress-responsive genes [282]. This suggests that
autophagy-dependent lipid droplet biogenesis in the liver is involved in the maintenance of redox
homeostasis and protection from oxidative stress during fasting.

The first clues for understanding the reasons for lipid droplet biogenesis in starved cells came
from recent studies showing that autophagy contributes to lipid droplet biogenesis in acutely
starved MEFs [25,31]. Genetic depletion of Atg5, inhibition of autophagosome formation by 3-MA
and of autophagosome-lysosome fusion by bafilomycin Al, all prevented lipid droplet biogenesis
during starvation in HBBS. Using a fluorescently-tagged phosphatidylcholine, Rambold et al. also
show that autophagosomal degradation of membrane phospholipids provides FAs for lipid droplet
synthesis. Their results further suggest that the role of autophagy in acutely starved cells is a constant
replenishment of lipid droplets with FAs, which are then released by ATGL-mediated lipolysis and
transferred to mitochondria for energy production. In the same model system, Nguyen et al. [31],
have recently discovered that the function of autophagy-dependent lipid droplet biogenesis in
starved MEFs is also to reduce the lipotoxicity of FAs released by autophagy. They show that lipid
droplets serve as a protective buffer system that prevents mitochondrial damage and allows for a
controlled lipolytic release of FAs for mitochondrial energy production. Importantly, lipid droplet
biogenesis in starved MEFs occurs specifically in the absence of amino acids, but not during glucose or
serum starvation, and is controlled by the major nutrient sensor and cell growth-associated kinase
mTORC1 [31]. mTORC1 is active in the presence of sufficient amino acids to promote anabolic
growth and is a potent negative regulator of autophagy [283]. Inhibition of mTORc1 in the presence
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of nutrients led to activation of autophagy and was sufficient to induce lipid droplet biogenesis,
suggesting that autophagy-derived lipid droplet synthesis is not limited to starvation, but it may
be important for various conditions characterized by high autophagic flux, including cancer [31].
Furthermore, the authors suggest that since mTORCc1 responds to various nutrient and stress signals,
mTORc1-dependent autophagy could explain the increase in lipid droplet accumulation under other
stress conditions, such as ER stress [23,284], proteasome inhibition [285,286], and hypoxia/oxidative
stress [8,24,28,204]. Indeed, several studies suggest that mTOR-dependent autophagy is activated
during hypoxia [287,288], which opens the possibility that autophagy contributes to lipid droplet
biogenesis during hypoxia and other conditions of oxidative stress.

Autophagy-induced lipid droplet biogenesis has been recently associated with the protection
of mesenchymal stem cells against nutrient and oxidative stress [34]. Carnitine palmitoyltransferase
1C (CPTIC) is an isoform of CPT1A with minimal catalytic activity and is expressed in the brain
and many cancer cells [289,290]. In human mesenchymal stem cells exposed to glucose and oxygen
deficiencies, CPT1C promoted autophagy-dependent lipid droplet biogenesis rather than directly
affecting FA oxidation [34]. Inhibition of ATGL blocked the pro-survival effect of CPT1C and reduced
ATP production, suggesting that ATGL-mediated lipolysis and energy production are required for
its pro-survival effect [34]. In cancer cells, CPT1C is induced by hypoxia and glucose deprivation,
its expression inversely correlates with mTORc1 activation and it promotes cell survival by stimulating
FA oxidation and ATP production [290]. It is thus possible that CPT1C activates autophagy and lipid
droplet biogenesis to promote cancer cell survival through lipid droplet lipolysis, which, in turn,
provides FAs for oxidation in mitochondria and stimulation of PPARa-mediated mitochondrial
biogenesis and oxidative metabolism [67]. Additionally, the link between autophagy and lipid droplet
biogenesis during stress has been observed in other organisms. Rapamycin-induced autophagy
contributes to TAG synthesis in yeast [291] and autophagy is required for TAG accumulation under
nitrogen-deprived conditions in Chlamydomonas [292]. Clearly, autophagy-driven lipid droplet
biogenesis is beneficial for a variety of cells in different stress conditions, but it remains to be
confirmed whether lipid droplet biogenesis is indeed a general protective response to high levels of
autophagy. The tight bonds between autophagy, lipid droplet metabolism, and the cellular stress
response are only beginning to emerge and future studies will surely provide important clues on the
molecular mechanisms involved and their pathophysiological relevance. This will help us improve
our understanding of the specific alterations of lipid metabolism in cancer cells and their metabolic
advantage during stress.

9. Conclusions and Perspectives

Lipid droplets have long been regarded as inert fat storage depots and we know very little about
their lipid and protein composition, dynamics, and functions in the cell. Along with the increasing
interest in lipid metabolism in cancer in the last decade, there is an emerging appeal for studying
lipid droplets and their role in the cellular stress response. The extra- and intracellular sources of
lipids used by cells for lipid droplet biogenesis and the reasons behind lipid droplet accumulation in
different pathophysiological settings are only beginning to emerge. It is also not clear how different
stress conditions affect the choice of lipids for lipid droplet biogenesis and how lipid droplets regulate
the release of particular species of lipids from their core. Likewise, one of the outstanding questions
in cancer research is which lipid sources are used by cancer cells for survival in particular stress
conditions and how cells switch between them. Furthermore, it will be important to get a broader
and quantifiable picture of the lipid species stored in lipid droplets in various cells and tissues and
improve our ability to follow the dynamic changes in the lipid droplet lipidome and proteome. For
example, it will be fascinating to discover how different stress conditions and diseases are reflected
by changes in the lipidome/proteome and what the roles of the numerous fatty acid, cholesterol and
ceramide species stored in lipid droplets are. The potential of lipid droplets as lipid mediator signalling
hubs is also emerging and provides exciting prospects for their role in inflammation and immunity.
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Identification of lipid droplet-associated proteins involved in sensing and responding to nutrient and
oxidative stress will improve our understanding of lipid droplet functions in the stressed cancer cell.
Studies will also provide important clues on the identity of lipid droplet proteins that are specifically
recognized by the lipophagic machinery. It will also be important to see how cells switch between
lipolysis and lipophagy and how these complementary processes of lipid droplet breakdown are
regulated. Moreover, lipid droplet biogenesis may be a general cellular response to conditions of high
autophagic flux. Clearly, we are only at the beginning of our understanding of the complex network
of interactions between lipid droplets and the various forms of autophagy. Finally, interfering with
lipid droplet biogenesis and/or breakdown may be beneficial for reducing the ability of cancer cells to
cope with stress in therapeutic settings. The inhibition of lipid droplet biogenesis could compromise
lipid acquisition and usage pathways in cancer cells by concomitantly increasing lipotoxicity and
shutting down critical survival mechanisms. Current studies imply that several molecular targets,
such as DGAT1, ATGL and LPCAT?2, hold promise for reducing the availability of lipids critical for the
survival, growth, and metastatic potential of cancer cells. However, given the pleiotropic roles of lipid
droplets, it will be critical to first define the dependence of particular cancer types on lipid droplet
metabolism. For example, targeting lipid droplet lipolysis (e.g., via inhibition of adipose tissue ATGL)
may be particularly useful for the treatment of cancers that depend on and strive in the vicinity of
adipose tissue, such as breast and ovarian cancer. ATGL inhibitors are currently under investigation as
promising therapeutic agents for the treatment of metabolic disorders, but they may also prove to be
beneficial in the prevention of cancers associated with obesity and diabetes. Future studies of the roles
of lipid droplets in challenged (cancer) cells will surely provide important answers to many of these
questions and will improve our ability to target the specific vulnerabilities of different cancer cells in
their respective environments.
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Appendix B.

Review Paper "Lipid Droplets and the

Management of Cellular Stress"

The paper “Lipid Droplets and the Management of Cellular Stress” by Eva Jarc and Toni
Petan was published in the Yale Journal of Biology and Medicine, a journal that has been
continuously published since 1928 and is edited by Yale medical and graduate students.
This invited review paper was prepared for the September 2019 special issue of the journal
entitled “Organelles” and was selected as an editor’s pick upon publication. Here, we
discussed the emerging roles of lipid droplets as fat storage organelles and major regulators
of cellular metabolism. Lipid droplets provide protection against excess dietary fat, but
also enable optimal energy production in the muscle and heart, complement autophagy
during starvation and regulate inflammatory and immune responses. In each cell, they
support the homeostasis of membrane lipid composition and dynamics, take care of
damaged proteins and lipids and patrol the cell to form dynamic contacts with other
organelles. I contributed to this work by performing extensive literature search, writing
several sections, proof-checking the drafts and preparing some of the figures.

[Jarc, E. & Petan, T. (2019). Lipid droplets and the management of cellular stress. Yale
Journal of Biology and Medicine, 92 (3): 435-452.]
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INTRODUCTION precursors for hundreds of signaling molecules. Most
cukaryotic cells have the capacity to store lipids in the
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of lipid uptake. metabolism. trafficking. and signaling in
the cell. However, their roles extend well beyond lipid
metabolism and an increasing number of studies suggest
that they play vital roles in the cellular stress response
[1-4].

Lipid droplets are dynamically synthesized and bro-
ken down in response to cellular needs and environmental
signals |5]. Their biogenesis is induced in cells exposed
o excess amounts of lipids. to nutrient and oxidative
stress, and to various other conditions characterized by
cnergetic and redox imbalances [2]. Intriguingly. lipid
droplet biogenesis also occurs in response to complete
nutricnt deprivation. suggesting that the expensc of their
synthesis must be worthwhile for the cell and is in fact es-
scntial for its responsc to stress. Indecd, emerging studics
reveal that lipid droplets perform numerous tasks crucial
for the protection of cellular integrity and function during
stress: they sequester potentially toxic lipids and proteins,
maintain energy and redox balance, preserve membrane
and organelle homeostasis. modulate autophagy. and pro-
vide lipids acting as signaling mediators |1.2.4]. Many of
these functions are engaged simultancously and in coop-
eration with other organelles and we are only beginning
to understand their interplay. One of the major propertics
of lipid droplets is their ability to buffer excess lipids,
thereby providing immediate protection from lipotox-
icity, and to release them later. gradually and according
to ccllular needs (Figure 1). This property is particularly
important for cells exposed to rapidly changing condi-
tions of stress and it is. for example. exploited by cancer
cells during alternating periods of feeding/starvation or
hypoxia/reoxy genation [6-10]. This simple aspect of lipid
droplet biology — buffering and delayed release of lipids
—is indispensable for most of their pleiotropic roles in the
cellular stress response.

In this article, we discuss emerging functions of lipid
droplets in the management of cellular stress. We focus
on how lipid droplet turnover and associated mechanisms
arc engaged during nutrient stress to maintain cellular
homeostasis.

LIPID DROPLET BIOGENESIS AND
BREAKDOWN IN STRESSED CELLS

Lipid droplcts arc unique among organclles with their
central hydrophobic core of neutral lipids surrounded by
a single layer of phospholipids and protcins (Figurc 2A).
They are derived from the endoplasmic reticulum (ERt),
whereby triacylglycerols (TAGs) arc synthesized between
the two leaflets of the ER membrane by sequential addi-
tion of fatty acids (FAs) to a glycerol backbone (Figure
2B) [11]. Diacylglycerol acyltransferases (DGATs) 1 and
2 catalyze the last and committed step in the TAG bio-
synthesis pathway. When sufficient neutral lipids accu-

mulate, nascent lipid droplets bud from the ER membrane
and are released into the cytosol [4,12,13]. Lipid droplets
are broken down by two major mechanisms: lipolysis and
lipophagy (Figure 2C) [14-16]. Lipolysis enables a high-
ly regulated release of FAs from TAGs by the sequential
action of adipose triglyceride lipase (ATGL). hormone
sensitive lipase (HSL) and monoacylglycerol lipase
(MAGL) |17-19]. Lipophagy is a recently discovered se-
lective form of autophagy, whereby parts or whole lipid
droplets are engulfed within autophagosomal membranes
and fuscd with lysosomes for degradation by hydrolytic
enzymes. At the organismal level. lipid droplet break-
down in adipocytcs is hormonally regulated and provides
FAs for mitochondrial energy production in non-adipose
tissucs during fasting and cxcrcisc [17.18.20]. However.,
lipid droplets in non-adipose tissues also undergo cycles
of biogenesis and breakdown in response to nutrient and
other cues from the environment. Their composition,
number, size and distribution within cells is dynamical-
ly changing depending on the physiological state of the
cell [21]. We are only beginning to understand how lipid
droplet structure and dynamics define the multitude of
their functions.

Enhanced lipid droplet accumulation has been
observed in various tvpes of cells exposed to complete
or partial nutricnt restriction [22-26]. Lipid droplet
biogenesis in starved cells is essential for buffering au-
tophagy-dcrived lipids, for protection of mitochondria
from lipotoxic damage and for storing lipids for future
consumption [25-28]. Lipid droplets also fincly rcgulatc
the distribution and consumption of lipids during stress
in order to maintain energy and redox homcostasis. As
discussed in more detail below, starvation-induced dis-
persion of lipid droplets, their extensive contacts with
the network of fused mitochondria and ATGL-mediated
lipolysis likely provide the optimal means of FA transfer
from lipid droplets to mitochondria [25,27]. In various
cells and tissues. including adipocytes. hepatocytes and
muscle cells, the delivery of FAs from lipid droplets to
mitochondria and its coordination with mitochondrial
and oxidative gene expression depends on ATGL activ-
ity |18.20,25.29]. In cells exposed to oxidative stress,
lipid droplcts accumulate in order (o protcct membrancs
from peroxidation reactions, maintain membrane satura-
tion and organcllc homcoslasis, and cnablc a long-tcrm
supply of lipids for energy production and cell survival
[6.7.30.31]. By stimulating FA oxidation and incrcasing
NADPH levels in stressed cells. which is required for the
maintenance of the glutathione-dependent antioxidant
system, lipid droplet-derived FAs simultaneously provide
energy and protect from oxidative stress [6,32.33]. As
discussed in more detail below., it is therefore not surpris-
ing that dysregulated lipolysis may result in lipotoxicity
and cell dysfunction. Thus, lipid droplets are dynamic
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Figure 1. Lipid droplet buffering and delayed release of lipids. Various conditions of cellular stress are charac-
terized by lipid overload, arising from an excess of exogenous (e.g. increased uptake of lipids from the circulation) or
endogenous lipids (e.g. starvation-induced autophagic breakdown of membranous organelles). Lipid droplets have the
capacity to sequester excess lipids, thereby preventing their lipotoxicity, and to release them gradually based on cellular
needs to preserve energy, redox, membrane, and organelle homeostasis through various mechanisms. This essential
property of lipid droplets — buffering and delayed release of lipids — is particularly important for cells exposed to rapidly

changing conditions of nutrient and oxidative stress.

organelles that are essential for the cellular response to
metabolic stress.

LIPID DROPLETS RESPOND TO NUTRIENT
AND ENERGY IMBALANCES IN STRESSED
CELLS

During cevolution, cells have developed mechanisms
of metabolite sensing in order to cope with the unreliable
supply of sugars, amino acids and lipids from the envi-
ronment [34]. The metabolite-sensing machinery facili-
tates the coordination of mechanisms that govern nutrient
preference. uptake, distribution. recycling, and storage in
order to maintain cellular homeostasis. AMP-activated
protein kinase (AMPK) and mammalian target of rapa-
mycin complex 1 (mTORCI) are highly conserved and
fundamental reciprocal regulators of cellular metabolism
134-37]. AMPK is activated by nutrient and oxidative
stress, genoloxins and xenobiotics [37]. It senses minute

changes in the intracellular AMP: ATP ratio and responds
to low energy slales by suppressing anabolic processcs,
including de novo FA, cholesterol, and TAG synthesis
[37-39]. while stimulating ATP production through the
activation of glycolysis, mitochondrial biogenesis, and
FA oxidation [32]. Besides responding to levels of ade-
nine nucleotides, recent reports have shown that AMPK
activation may also occur at the lysosomal membranc,
where an AMPK-activation complex senses glucose lev-
cls independently of the cellular energy status [35.40].
The mTORC]1 kinase also localizes to lysosomes, where
it is activated by nutrient abundance to promote anabolic
cell growth pathways. By regulating the sterol regulatory
clement-binding protein (SREBP) transcription factors
it stimulates FA, cholesterol, and glycerolipid synthesis.
whereas it inhibits lipid catabolism by repressing the
activity of the transcription factor EB (TFEB) [41-43].
mTORC1 is negatively regulated by AMPK. amino
acid. or glucose starvation and is a strong suppressor off
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Figure 2. Lipid droplet structure, biogenesis, and breakdown. (A) Lipid droplets are composed of a central hydro-
phobic core of neutral lipids, mostly composed of triacylglycerols (TAGs) and sterol esters, surrounded by a monolayer
of phospholipid molecules, wherein numerous proteins are embedded. (B) TAG synthesis occurs in the endoplasmic
reticulum membrane by sequential addition of fatty acids (FAs) (in their activated acyl-CoA form) to a glycerol-3-phos-
phate (G3P) backbone, yielding lysophosphatidic acid (LPA), phosphatidic acid (PA), and diacylglycerol (DAG). These
reactions are catalyzed by several acyltransferase enzymes, including glycerol-3-phosphate acyltransferases (GPATSs),
acylglycerol-3-phosphate acyltransferases (AGPATs), and phosphatidic acid phosphatases (lipins). The last and com-
mitted step in the TAG synthesis cascade is catalyzed by the diacyglycerol acyltransferase enzymes (DGATs). (C)
Lipid droplet breakdown occurs through lipolysis or lipophagy. TAG lipolysis is carried out by the sequential action of
adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), and monoacylglycerol lipase (MAGL). Lipophagy
is a selective form of autophagy wherein lipid droplets are engulfed within autophagosomal membranes and delivered
to lysosomes for degradation by acid lipolysis. Lysosomal TAG lipolysis is catalyzed by lysosomal acid lipase (LAL).

autophagy [35.40.44]. Autophagy/lipophagy may be di-
rectly regulated by AMPK via a “dual safe” mechanism,
involving not only mTORCI inhibition, but also direct
phosphorylation of the Unc-51 like autophagy activating
kinase 1 (ULK1) [45].

Different types and severities of nutrient restriction
may distinctly affect cellular sensing mechanisms thereby
resulting in specific cellular responses. Emerging studies
have shown that lipid droplet mctabolism is affected
by the sensing and regulatory networks of AMPK and
mTOR. In growing ycast cells, lipid precursors arc main-
ly used for membrane synthesis. Following rapid expo-
nential growth, nutrients such as glucose or amino acids
are eventually exhausted, which leads to a metabolic shift
towards mitochondrial oxidative metabolism. This is fa-
cilitated by the activation of Snfl (the yeast homologue of
AMPK), which senses glucose depletion and derepresses
oxidative gene expression [40]. Intriguingly, the switch

from fermentation to respiration also includes a rapid
burst of lipid droplet biogenesis in order to redirect lipid
precursors away from membrane synthesis and preserve
them to enable cell survival during the ensuing starvation
[3.46.47]. The shift in lipid metabolism is also dependent
on the activation of phosphatidate phosphatase 1 (Pahl).
which is necessary for TAG synthesis in the stationary
phase and is indirectly regulated by TORC1 [48.49]. And
how arc lipid droplcts consumed during starvation? Ycast
cells undergoing sudden glucose restriction consume lip-
id droplets through microautophagy. i.e. microlipophagy,
which is triggered by Snfl/AMPK activation, in order to
survive during prolonged nutrient stress [47]. Intriguing-
ly. yeast cells exposed to gradual glucose reduction, ami-
no acid starvation, or TORCI inhibition cannot activate
microlipophagy and do not survive in the long-term, like-
ly because they fail to maintain Snfl/AMPK activation
[47].

141



142

Review Paper "Lipid Droplets and the Management of Cellular Stress'

Jarc and Petan: Lipid droplets and cellular stress 439

The mTORC1 kinase may regulate lipid droplet
turnover during stress through autophagy-dependent
and autophagy-independent mechanisms. In Drosophila,
hypoxia-induced TORCI inhibition leads to autopha-
gy-independent lipid droplet growth and lipid storage in
the fat body, which is required for tolerance to hypoxia
[50]. In mammalian cclls, acutc and complete nutrient
restriction promotes lipid droplet biogenesis [24]. Exper-
iments in starved mousc cmbryonic fibroblasts (MEFs)
have revealed that amino acid depletion, but not glucose
or scrum limitation, drives lipid droplet biogencsis [26],
which depends on mTORC1 inactivation-induced auto-
phagy [26]. Interestingly, AMPK activation succeeded
mTORC]1 inhibition and was not required for autophagy
initiation, indicating that it might instead be important
for sustaining autophagic flux and oxidative metabolism
during prolonged starvation |26]. Intriguingly. even in
conditions of nutrient sufficiency AMPK may contribute
to basal autophagy by activating the ULK Kinase |S1].
Given that lipophagy is activated in milder and prolonged
conditions of serum restriction and in the presence of
glucose and amino acids [9.25.52]. it is not surprising
that AMPK stimulates lipophagy through mTORC]1-in-
dependent activation of ULK1 [51,53]. Thus, it scems
that the intricate interplay between mTORC1 and AMPK.
signaling that rcgulatcs autophagy/lipophagy and lipid
droplet metabolism depends on the type of nutrients be-
ing restricted, the severity and length of stress and the
physiological context.

Interestingly, lipolysis and lipophagy arc also tran-
scriptionally regulated by common pathways down-
stream of AMPK and mTORCI in response to changes in
nutrient and energy levels [16,34]. AMPK and mTORC1
signal transduction pathways converge at the TFEB,
peroxisome proliferator-activated receptor y co-activa-
tor la (PGCla)-PPARo-retinoid receptor X (RXR) and
forkhead box protein O (FOXO) transcription factors that
activate the transcription of ATGL and lysosomal acid li-
pasc (LAL). thus promoting both ncutral and acid lipoly-
sis [16]. By promoting catabolism and elevating NAD+
Ievels, AMPK also indircctly activates the deacetylase
sirtuin 1 (SIRT1) and its targets PGCla and FOXO. On
the contrary, starvation-induccd mTORCI inhibition
leads to translocation of TFEB into the nucleus. there-
by increasing the expression of genes that arc involved
in lysosomal biogenesis and function, autophagy and
lysosomal exocytosis [54]. AMPK also regulates the ex-
pression and activation of PLIN3, which promotes lipid
droplet dispersion during starvation, and the autophagic
degradation of PLIN2. which regulates the binding of
cytosolic lipases to the lipid droplet surface [55-58]. At
the tissue/organismal level, the role of AMPK in regulat-
ing mammalian lipid droplet breakdown is still not clear,
with numerous contradictory reports suggesting that

AMPK has a pro- or anti-lipolytic function. or has no ef-
fect on lipolysis |16]. This suggests a marked tissue- and
cell type-specific function of AMPK-mediated regulation
of lipid droplet breakdown.

LIPID DROPLETS ARE CELLULAR
MANAGERS OF LIPOTOXICITY

Lipotoxicity is a condition that occurs when ccllular
mechanisms fail to overcome cell damage caused by lip-
ids [59]. It is ofien a conscquence of imbalances between
lipid uptake, storage and utilization. Cellular mechanisms
of protection against lipotoxicity act on the principle of
eliminating damaged or surplus lipids by transfer into
inert storage pools. breakdown through oxidation or
expulsion from the cell. Due to their central role in coor-
dinating lipid uptake, storage, trafficking, and oxidation,
lipid droplets are particularly well-suited among organ-
elles to prevent, respond to and alleviate lipotoxic insults.
A hallmark (eature of lipid droplet biology is their ability
to take up large amounts of lipids and release them grad-
ually when needed in response to cellular requircments
(Figure 1). Importantly, they do not act solely as simple
buflers that minimize ccllular lipid fluctuations, but also
regulate the multitude of pathways that control the fate of
stored lipids, thereby affccting all aspects of cellular ho-
meostasis. Lipid droplets protect cells and tissues against
lipotoxicity by mitigating the overload of both cxogenous
and endogenous lipids [2.4]. They reduce the lipotoxicity
of “free.” non-csterificd lipids by storing them in their less
hazardous, esterified forms within the neutral lipid core
[9.26.60-62|. FAs, diacylglycerols (DAGs), cholesterol
and ceramides are stored within lipid droplets in the form
of TAGs, cholesterol esters (CEs) and acylceramides,
respectively. Cells require lipid droplets for protection
against lipotoxicity in a variety of stressful conditions, in-
cluding during lipid overload, ¢.g. exposure (o exogenous
FAs |9.61.63-65|. hypoxia and oxidative stress [9.30.31].
high autophagic flux [26.66] and dysfunctional lipolysis
[67.68].

Intriguingly. the protective role of lipid droplets
extends also to neighboring cells and tissues, and this
cell non-autonomous function of lipid droplets is critical
for proper maintenance of tissue homeostasis and stress
responses [4.65.69,70]. This phenomenon is not limited
to adipose tissue, which is specialized for the protection
of cells and tissues from lipotoxicity both locally and at
the organismal level. but is also important, for example.
during neuronal development. whereby glial lipid drop-
lets protect neighboring neuroblasts from lipotoxicity
[30.69.71]. A cell-to-cell heterogeneity in the capacity for
storing lipids has also been observed within subpopula-
tions of cells, whereby a subset of cells accumulates more
lipid droplets to reduce the risk for lipotoxic damage for
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the whole population, but also to supply stored lipids to
neighboring cells when needed |72]. At the organismal
level, lipid droplet biogenesis in different tissues im-
proves insulin sensitivity |73], reduces accumulation of
DAG and ccramide [74]. and buflers postprandial surges
of FAs in order to reduce their lipotoxicity |70]. Dysfunc-
tional lipid droplct turnover may interrupt the ability of
cells and tissues to fight against lipotoxic damage and
can Icad (o persistent ccllular stress, which is a hallmark
of many diseases, including obesity. cardiovascular dis-
cascs, metabolic syndrome, diabetes, inflammation, and
cancer [2.73.75.76]. The manipulation of lipid droplet
turnover thus represents an attractive target for reducing
the detrimental consequences of lipotoxicity.

Lipolytic lipid droplet breakdown fuels and regulates
mitochondrial oxidative metabolism and is essential for
cell survival during nutrient deprivation in various cells
[8.9.20.24.25.77]. However. upregulated lipolysis is a
hallmark of cellular states and diseases associated with
lipid overload. Elevated lipolysis may cause cell damage
by increasing the pool of free FAs in the cytosol, altering
cell signaling pathways affecting oxidative metabolism,
ER homeostasis, and stimulating f-oxidation and reactive
oxygen specics (ROS) production [78.79]. Under these
conditions. inhibition of ATGL-mediated lipolysis pro-
tects cells and tissucs from lipotoxicity, oxidative stress.
insulin resistance. and ER stress [9.67.68.80-83]. The
lipid droplet coating protein perilipin 5 (PLINS5) plays a
critical role in the regulation of lipolysis and lipotoxicity.
It inhibits ATGL and provides a “lipolytic barrier” that
suppresses uncontrolled TAG lipolysis. thereby reducing
lipotoxic injury and insulin resistance in oxidative tis-
sues (Figure 3) [67.80-82]. It controls the tight coupling
between lipolysis and the metabolic demand for FAs,
thus preventing ceramide accumulation and reducing
oxidative stress, which may be induced by excessive FA
oxidation and peroxidation [80.84.85]. The coordination
of lipid droplet lipolysis and mitochondrial metabolism is
thus critical for the removal of toxic FA specics and the
prevention of lipotoxicity. On the contrary, ATGL defi-
cicney in macrophages Icads to TAG accumulation and
apoptotic cell death, suggesting that lipolysis may also
play a protective role against lipotoxicity in some cascs
[86]. Therefore, the precise regulation of ATGL activity
is critical for the balance between the protective effects of
lipolysis on energy and redox homeostasis. and lipotoxic
cell damage.

LIPID DROPLETS INTERACT WITH OTHER
ORGANELLES TO MAINTAIN CELLULAR
HOMEOSTASIS

Lipid Droplets Interact with Mitochondria to
Optimize Lipid Transfer and Energy Production

Energy production during glucose restriction de-
pends on FA oxidation that primarily occurs in mito-
chondria in mammals. and in peroxisomes in yeast and
plants |87]. Recent studies suggest that for an efficient
delivery of FAs from lipid droplets to mitochondria a
close proximity of both organelles is required, which
could minimize the exposurc of FAs (o the cytosol and
prevent lipotoxicity [25.26]. Indeed. lipid droplets form
contacts with mitochondria and other organclles includ-
ing the ER, Golgi, lvsosomes. and peroxisomes [4.88.89].
The architecture of lipid droplet—organcllc contact sites is
mostly unknown, but recent studies suggest that they may
include both protein complexes that function as tethers
between the organelles and membrane bridges that con-
nect the outer phospholipid monolayers of the opposing
membranes [90]. The ability to form membrane bridges
at organelle contact sites is unique to lipid droplets, due to
the monolayer structure of their phospholipid coat, which
may form continuous structures with the outer leaflet
of bilayer membranes of other organclles. It may be
envisaged that, in contrast to protein tethers, membrane
bridges cnable direct and cfficient transfer of lipids and
proteins between the two organelles. Notably, the trans-
port between lipid droplets and mitochondria is probably
bidirectional and not limited to FA transfer for the pur-
posc of cnergy production [90]. For example, FA (ransfer
in the reverse direction may protect mitochondria from
lipotoxicity. and mitochondria may also contributc to
phospholipid and TAG synthesis for lipid droplet growth
[89.90]. Indeed. it has been recently shown in brown
adipocytes that a subset of “peridroplet” mitochondria,
which display clevated Krebs cycle activity but low FA
oxidation capacity. in fact support lipid droplet biogenesis
by providing ATP for the synthesis of TAG [91]. Benador
et al. [92] have suggested that cells contain two major
populations of mitochondria that enable the simultaneous
occurrence of lipid synthesis and breakdown: peridroplet
mitochondria, that promote lipid droplet biogenesis and
protect from lipotoxicity. and non-lipid droplet-bound
cytoplasmic mitochondria that specialize in FA oxidation
and cnergy production.

Changes in mitochondrial structure and lipid drop-
let distribution arc nccessary for cfficient FA trafficking
during starvation [25.27]. In nutrient replete conditions.
lipid droplets form clusters and arc clumped around the
nucleus [27]. On the contrary, in starved cells they adopt
a dispersed distribution within the cell, which promotes
their recruitment to mitochondria. Lipid droplets relocate
from the cell center to the periphery by moving on dety-
rosinated microtubules. Activation of the energy sensor
AMPK is essential for lipid droplet mobility along the
microtubule network and stimulates their consumption
during starvation |27]. Moreover, mitochondrial fusion
is necessary for efficient f-oxidation in starved cells, be-
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Figure 3. Perilipin 5 regulates lipid droplet and mitochondrial
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actions. The lipid droplet coating protein perilipin 5 (PLIN5) plays a critical role in the regulation of lipolysis and mito-
chondrial metabolism. At least three mechanisms of its action have been implicated in the cellular stress response. 1)
In conditions of lipid overload, PLIN5 limits the activity of adipose triglyceride lipase (ATGL) and its co-activator lipid
droplet-binding protein CGI-58 and provides a “lipolytic barrier” that suppresses uncontrolled triacylglycerol (TAG) lip-
olysis, thereby reducing lipotoxic injury and insulin resistance. 2) During nutrient starvation, PLIN5 facilitates fatty acid
(FA) flux from lipid droplets to mitochondria and provides a physical link between the organelles. Their close proximity
enables a more efficient FA transfer and supports energy and redox homeostasis. Its homologue PLIN1, which is spe-
cifically expressed in adipocytes, has been shown to directly interact with the mitochondrial protein mitofusin 2 (Mfn2),
a mediator of mitochondrial fusion and mitochondria-lipid droplet interactions. 3) Catecholamine- or fasting-stimulated
lipolysis leads to protein kinase A-dependent translocation and enrichment of PLINS in the nucleus, whereby it forms
transcriptional complexes with sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor y co-activator 1a (PG-

C1a), leading to the transcription of target genes involved in mitochondrial biogenesis and oxidative metabolism.

cause it ensures efficient FA intake and uniform distribu-
tion of FAs within the network of tubulated mitochondria
[25]. Mitochondrial fusion in mammals is controlled by
mitofusins (Mfn) 1 and 2, GTPase enzymes that control
the fusion of the outer mitochondrial membrane [93].
Mfn2 deficiency in murine brown adipose tissue leads to
lipid droplet accumulation and mitochondrial dysfunc-
tion [94]. In accordance, defects in mitochondrial fusion
dynamics reduce B-oxidation and mitochondrial respira-
tion, while promoting lipid droplet accumulation and FA
cfflux from cells [25]. ATGL activity, but not lipophagy,
is essential for supplying mitochondria with lipid drop-
let-derived FAs in acutely starved MEFs [25], but it is not
clear how the transfer of FAs is executed at the molecular
level.

Several proteins have been shown to regulate the
interaction between lipid droplets and mitochondria, in-
cluding members of the PLIN family [94.95]. however. it
is still not clear how they contribute to FA transport from

lipid droplets to mitochondria. The lipid droplet-coating
protein PLINS regulates FA flux from lipid droplets to
mitochondria [67] and provides a physical link between
the organelles (Figure 3) [91,95]. In accordance, overex-
pression of PLINS has been shown to promote clustering
of mitochondria around lipid droplets [95.96]. Interest-
ingly. in adipocytcs. M2 binds to PLIN1 to facilitatc
the interaction between mitochondria and lipid droplets
(Figurc 3) [94]. Clcarly, the protcin composition, struc-
ture and dynamics of lipid droplet-mitochondria contact
sites remain (o be clucidated in future studics.

Lipid Droplets Associate with Peroxisomes to
Support Lipid Metabolism

Lipid droplets also associate with peroxisomes
[88.97.98]. In yeast. lipid droplets form stable interac-
tions with peroxisomes and are enriched with peroxiso-
mal B-oxidation enzymes, suggesting a coupling of lipid
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droplet lipolysis and peroxisomal FA oxidation [98]. The
latter is essential for the breakdown of very-long chain
and branched chain FAs [4.87] and for the shortening of
polyunsaturated fatty acids (PUFAs), eicosanoids, and
cpoxy FAs before their final catabolism by mitochon-
drial oxidation |99]. Furthermore, lipid droplets and
peroxisomes intcract cven in the presence of nutrients,
when peroxisomes are not required for growth, indicat-
ing that lipid droplets may provide membranc lipids for
peroxisome synthesis [98]. In addition. the organelles
sharc a similar ER-mediated pathway for their biogenesis
[97]. In mammalian cells, lipid droplets associate with
peroxisomes through a tethering complex formed by
spastin and ATP binding cassette subfamily D member
1 (ABCDI1), which allows direct channeling of FAs from
lipid droplets to peroxisomes [100]. Spastin enables lipid
droplet—peroxisome interactions by attaching to the lipid
droplet phospholipid monolayer and binding to ABCD1
in peroxisomes via its peroxisome-interacting region.
Tmportantly, spastin also recruits two membrane-shaping
endosomal sorting complexes required for transport (ES-
CRT)-IIT proteins. which facilitatc FA traflicking. most
likely by inducing morphological changes in the lipid
droplet membranc. Morcover, the (cthering complex is
necessary for the removal of peroxidized lipids from lipid
droplets. which suggcsts a novel rolc for the lipid droplet—
peroxisome relationship in protecting cells against lipo-
toxicity and oxidative stress. Thus, contact sitcs between
lipid droplets and mitochondria/peroxisomes enable
bidirectional communication and cffective lipid transfer,
which contributes to energy production, maintenance of
organclle integrity and prevention of lipotoxicity.

Lipid Droplets Regulate Nuclear Function

Intcractions between lipid droplets and the nucleus
are an emerging and exciting field of research. currently
being addressed mostly from two major perspectives: the
involvement of cytosolic lipid droplets in the regulation
of nuclear function and the existence of nuclear lipid
droplets and their poorly explained origins and function
|101]. Cytosolic lipid droplets are often found in close
proximity to the nucleus and affect its function via dif-
ferent mechanisms [101]. They are involved in protein
exchange with the nucleus. chromatin assembly. and
regulation of gene transcription [102-107]. These modu-
latory functions of lipid droplets arc typically associated
with the cellular response to stress. For example. the lipid
droplct-associated fat-specific protcin 27 (Fsp27) scques-
ters the transcriptional factor nuclear factor of activated
T cells 5 (NFATS5) on cytosolic lipid droplets and away
from the nucleus, thus directly affecting the execution
of an osmoprofcctive gene expression program  that
depends on NFATS5 [103]. Furthermore. catecholamine
signaling, which is responsible for activation of lipolysis

during stress, may stimulate the translocation of the lipid
droplet-associated protein PLINS to the nucleus, where it
physically interacts with PGC-1¢/SIRT1 complexes and
regulates the transcription of genes that mediate mito-
chondrial oxidative metabolism (Figure 3) [104]. Thus,
besides regulating lipase activity and mitochondria-lipid
droplet interactions [67.81.85,91.95]. PLINS also dircct-
ly affects the transcription of genes essential for efficient
coupling of lipolysis with oxidative metabolism. Intrigu-
ingly. bacterial lipid droplets bind directly to DNA using
the microorganism lipid droplet small (MLDS) protcin,
thereby regulating MLDS gene transcription and cell sur-
vival under low nitrogen conditions [102]. Finally, lipid
droplets are also modulators of chromatin assembly and
organization. During early embryonic development of
Drosophila, lipid droplets store excess maternal histones
to ensure a sufficient supply for rapid nuclear division in
the embryo [105]. The sequestration of excess histones
also protects embryos from DNA damage [106,107|
and. surprisingly. histone-bound LDs also protect the fly
against bacterial infections [108]. These findings have
begun (o reveal many as yet unknown roles of cylosolic
lipid droplets in the regulation of nuclear function that are
involved in various aspects of the cellular stress responsc.

Recently, it has been reported that lipid droplets are
also present in the nucleus [109-111]. Nuclear lipid drop-
lets have been found in yeast and mammalian cells, and
they arc particularly abundant in hepatocytes [112,113].
Although it was initially not clear whether these are in fact
cytoplasmic lipid droplets trapped in the nucleus [110],
it has been confirmed recently that nuclear lipid droplets
are formed through distinct mechanisms in the nucleus.
These include budding from the inner nuclear membrane
(INM) or from the lumen of the type I nucleoplasmic re-
ticulum [112.114]. Studies in yeast have recently shown
that nuclear lipid droplets bud from the INM and remain
allached to it through scipin-mediated membrane bridges
| 112]. The latter suggest a dynamic relationship between
the two structures. likely cnabling bidircctional lipid and
protein exchange depending on requirements for mem-
branc synthesis vs storage. protection [rom lipotoxicity.
or regulation of gene expression [4.112]. In hepatocytes.
lipid droplcts grow within the nuclcus and their biogen-
esis depends on interactions with promyelocytic leuke-
mia nuclear bodics. which arc involved in regulation of
transcription [113]. A recent study reported that hepatic
nuclear lipid droplets derive from a precursor of very low
density lipoprotein (VLDL), that arise from the lumen of
the type I nucleoplasmic reticulum, and turn into nucleo-
plasmic lipid droplets by disintegration of the surround-
ing INM [114].

During nutrient stress caused by lipid overload, cells
are faced with a great demand for additional phospha-
tidylcholine (PC). the main phospholipid constituent
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of the lipid droplet monolayer membrane. PC acts as a
surfactant that prevents lipid droplet coalescence and
its availability is essential for lipid droplet growth and
expansion |115]. In Drosophila, local PC synthesis on
the lipid droplet surface is mediated by the rate-limiting
enzyme in the PC synthesis pathway CTP:phosphocho-
line cytidylyltransferase alfa (CCTa) [115]. In this casc.
the coordination of membrane PC synthesis with lipid
droplct cxpansion is mediated by the reversible translo-
cation of CCTa from the nucleus to growing cytosolic
lipid droplets [115]. However, in other cell types CCTa is
mostly localized to the nucleus, suggesting the presence
of other coupling mechanisms [4.116]. Interestingly, new
evidence suggests that hepatocyte nuclear lipid droplets
are involved in the regulation of phospholipid synthesis
[114]. They recruit and activate CCTa to promote PC
synthesis, which is additionally modulated by competi-
tive binding of PLIN3 to the nuclear lipid droplet surface.
The nuclear regulation of PC synthesis is important for
the maintenance of membrane homeostasis in response
to ER stress [114]. The important discovery of nuclear
lipid droplets clicits new questions about their functions
in cell biology. It is worth speculating that they are pre-
dominantly involved in the regulation of gene expression,
since they are located in the nucleus, but they may also
cxhibit similar rolcs to thosc cstablished for cytosolic
lipid droplets.

LIPID DROPLETS MAINTAIN MEMBRANE
AND ER HOMEOSTASIS

Cell integrity and function depend on the preserva-
tion of membrane and ER homeostasis. The ER is com-
posed of a network of membrane cisternae and tubules
that extends throughout the cell. It comprises the largest
pool of lipids in the cell and forms membrane contact
sites with all other organelles [117]. It has a pivotal role
in the synthesis, storage. and secretion of proteins and
lipids, and is important for calcium dynamics. Various
pathophysiological events that interrupt protein folding
processcs. calcium uptake. or alter ER lipid composition
may cause ER stress. Cells cope with ER stress by trig-
gering the unfolded protein response (UPR) in order to
restore ER homeostasis. The UPR is an adaptive mech-
anism whosc activation Icads to reduced protein transla-
tion. increased transcription of genes involved in the ER
stress response, and clevated ER-associated protein deg-
radation (ERAD). If any of these mechanisms fail or ER
stress is prolonged, the UPR shifts from being an adap-
tive to a pro-apoptotic mechanism [1.4.118.119]. It is not
surprising that lipid droplets, as organelles arising from
and intricately associated with the ER. respond to distur-
bances in ER homeostasis. ER stress promotes lipid drop-
let formation [120.121] and lipid droplet accumulation

has been observed as a general downstream effect of ER
stress, including that induced by pharmacological agents,
lipid overload, starvation, and impaired lipid biosynthetic
pathways (Figure 4) [68.83,120,122,123]. Conversely,
dysfunctional lipid droplet turnover also contributes to
the induction of ER stress |68,122.124|. suggesting a
complex and bidircctional rclationship between lipid
droplets and ER stress. Emerging evidence has revealed
that lipid droplcts protcct against ER stress by removing
misfolded proteins. rebalancing ER lipid homeostasis
and by rcgulating other stress response mechanisms. such
as autophagy [68.122-127]. It has been shown that lipid
droplets act as buffers that not only sequester excess free
FAs but also unfolded or misfolded proteins in order to
alleviate ER stress (Figure 4) [68,127,128]. The storage
of calcium in the ER is affected by ER stress, which leads
to the release of calcium in the cytosol and cell death
[118.126]. However, it has been suggested that lipid drop-
lets protect from cell death by sequestering calcium and
preventing cytosolic calciumoverload [129]. Interesting-
ly. ER stress also promotes the formation of nucleoplas-
mic lipid droplets, which act in a feed-back mechanism
that activates the synthesis of PC to alleviate ER stress
[114]. Although the mechanisms linking lipid droplcts
and ER stress are not yet clear, changes in lipid droplet
turnover scem (o be tightly associated with ER stress.
Through their ability to buffer toxic lipids and proteins.
and by rcgulating lipid flux to membrancs and organcllcs.
lipid droplets may be essential for protein quality control
as well as membrane synthesis, composition, and dynam-
ics. Depending on the particular conditions and cell type.
they may act both to prevent the onset of ER stress and
to restore ER homeostasis upon UPR activation. Finally.
the role of lipid droplets in the regulation of ER stress has
been implicated in several pathologies, including insulin
resistance, dyslipidemia, hepatic steatosis, heart failure,
and inflammation [68.83.130].

Pharmacological inducers of ER stress, including
tunicamycin, brefeldin A, and thapsigargin, promote lipid
droplet biogenesis in yeast |120] and mammalian cells
[121]. Interestingly. although lipid droplet accumulation
correlates with the level of ER stress in veast cells, it is
not cssential for their survival [120]. In cardiomyocylcs,
treatments with exogenous palmitate, which is poorly
incorporated into TAGs [61,131.132]. uprcgulates the
expression of genes associated with ER stress and causes
lipotoxicity, but does not induce lipid droplet biogenesis
[68]. When lipid droplet biogenesis was augmented by
increasing the expression of peroxisome proliferator-ac-
tivated receptor y (PPARy). palmitate-induced ER stress
was mitigated, suggesting that sequestration of palmitate
into neutral lipid stores reduces ER stress. However.
inhibition of TAG synthesis by DGAT1 knockdown in
cultured rat hepatocytes exposed to exogenous FAs did
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Figure 4. Lipid droplet formation is induced by ER stress to maintain lipid, protein and calcium homeostasis.
ER stress may be triggered by various conditions, including the accumulation of misfolded proteins, excess or damaged
lipids and calcium imbalance. Cells respond to ER stress by activating the unfolded protein response (UPR) in order
to restore homeostasis and enable cell survival, but its prolonged activation may lead to cell death. In mammals, the
UPR activation is regulated by three distinct transmembrane proteins: inositol-requiring enzyme 1 (IRE1), PKR (dou-
ble-stranded-RNA-dependent protein kinase)-like endoplasmic reticulum kinase (PERK), and activating transcription
factor 6a (ATF6a). These proteins are activated by dissociating from the ER chaperone imunoglobulin heavy-chain-
binding protein BiP/GRP78, which binds to misfolded proteins. ER stress promotes the formation of lipid droplets that
bud from the ER membrane. Lipid droplets act as buffers, which sequester misfolded proteins and excess lipids in order
to alleviate ER stress. Lipid droplets may also sequester free Ca2* and protect from cytosolic Ca?* overload, which has
been associated with ER stress. Lipid droplets are thus crucial for the maintenance of lipid, protein and calcium ER

homeostasis.

not enhance palmitate lipotoxicity or abolish the ability
of oleate to reduce palmitate-induced ER stress [133].
Similarly, rather than promoting the flux of palmitate into
TAG. oleate protects myeloid cells from palmitate-in-
duced ER stress by counteracting its incorporation into
phospholipids and reducing membrane saturation [134].
In accordance. the protective cffect of monounsaturated
FAs against ferroptosis, an iron- and lipid peroxida-
tion-dependent form of cell death, was not dependent on
lipid droplet formation, but on the displacement of easily
oxidizable PUFAs from membranc phospholipids and the
concomitant suppression of membrane lipid peroxidation
[135]. Thus. the protective cffects of monounsaturated
FAs against ER stress and lipotoxicity are not always
associated with lipid droplet metabolism. Future studics
will help elucidate the currently obscure links between
lipid droplets, ER stress, FA lipotoxicity, and ferroptosis
[136].

In adipocytes, ER stress stimulates lipolysis by acti-
vating signaling pathways involved in the regulation of

neutral lipases [137] and may contribute to lipotoxicity
because of the persistently elevated FA efflux. Conversely,
physiological conditions like fasting or intense exercise
increase adipose tissue lipolysis to supply other tissues
with FAs, but the large amounts of lipolytically rcleased
FAs could lead to ER stress and lipotoxicity even in the
adipocyles themsclves [122]. Therefore, a scemingly
futile cycle of lipolysis followed by ATP-consuming
FA re-csterification into TAGs occurs simultancously in
adipocytes in order to reduce ER stress. This is indica-
tive of a ccll-autonomous protective role of lipid droplet
biogenesis against ER stress induced by high levels of
lipolysis. In linc with this, stimulation of ATGL-mediated
lipolysis leads to ER stress even in cells treated with the
otherwise beneficial. ER stress-reducing FA, oleate [68].
Similarly. facilitating autophagy-related 14 (ATG14)-me-
diated lipophagy results in accumulation of free FAs, ER
stress, and apoptotic cell death [124]. On the contrary, the
absence of ATGL reduces FA saturation levels in the liver
and protects mice against tunicamycin-induced hepatic
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ER stress [83]. These results suggest that the excessive
amounts of free FAs released through elevated lipid drop-
let breakdown are a major cause of ER stress and tissue
damage in diseases associated with lipid overload.

ERAD is a mechanism for the climination of unfold-
ed or misfolded proteins from the ER through ubiquiti-
nation and subscquent degradation by the protcasome
|138]. Genetic impairment of ERAD-mediated protein
degradation or protcin glycosylation pathways in ycast
leads to lipid droplet accumulation, opening the possibil-
ity that lipid droplets arc employed by cells to alleviate
ER stress associated with protein misfolding [120]. Lipid
droplets have been proposed to act as “escape hatches™
for removal of damaged ER proteins [128]. Indeed, their
role in maintaining protein quality and ER homeostasis
has been recently demonstrated [127]. Impairment of
yeast PC synthesis led to ER stress, elevated lipid droplet
accumulation. and altered the morphology and localiza-
tion of the ER. The ER was aggregated in the perinuclear
arca and co-localized with lipid droplets. In addition,
chaperone proteins, including heat shock protein 104p,
were recruited (o the aggregated ER. Importantly, cle-
vated levels of polyubiquitinated proteins were found in
lipid droplet isolates, suggesting that unfolded protcins
have been transferred from ER aggregates to lipid drop-
Icts. Finally, this study suggcsts that stress-induced lipid
droplets are engulfed by and degraded in the vacuole via
a process similar to microlipophagy [127]. Thus, lipid
droplets likely serve as vehicles for the removal of dam-
aged ER proteins and their delivery to the vacuole inde-
pendently of the ERAD mechanism. In accordance, other
studies have suggested the existence of ERAD-indepen-
dent vesicle-mediated mechanisms of protein delivery
and lysosomal elimination [ 139,140]. Thus, lipid droplets
may regulate the elimination of damaged proteins from
the ER by acting as transporters of unfolded or misfolded
proteins intended for further elimination.

LIPID DROPLETS AND AUTOPHAGY WORK
IN SYMBIOSIS

Autophagy is an evolutionarily conserved process of
recycling dispensable cytoplasmic matcerial by lysosomal
degradation. It provides building blocks and metabolic
substrates for processes cssential for cell survival [141-
143]. Strong links have been suggested between autopha-
gy and the maintenance of cellular lipid homeostasis un-
der physiological conditions and during stress [14,144].
Both lipid droplet turnover and autophagy are activated
during stress and emerging evidence points to a complex,
intertwined relationship between these processes [2].

Autophagy may participate in lipid droplet biogen-
esis in starving cells [25.26,28]. As discussed above,
in acutely starved MEFs. autophagy of membranous

organelles drives lipid droplet formation by providing
a constant supply of FAs, which are then released by
ATGL-mediated lipolysis and transferred to mitochon-
dria for energy production |25|. The protective role of
autophagy-induced lipid droplet biogenesis has also been
observed in other organisms including yeast | 145], algae
[146]. and plants [147]. In whitc adiposc tissuc. liver and
heart, autophagy-driven lipid droplet biogenesis has been
implicated in the regulation of adipocyte diffcrentiation,
maintenance of lipid storage. redox homeostasis. and en-
crgy mctabolism [148-151]. Thus. autophagy contributcs
to lipid droplet biogenesis under various conditions, and
itis possible that lipid droplet biogenesis is a general pro-
tective response to high levels of autophagy [26].

Autophagy is also involved in lipid droplet break-
down and control of lipid distribution through a lipid
droplet-selective form of autophagy called lipophagy
[52]. In lipophagy. whole or parts of lipid droplets are en-
gulfed within autophagosomal membranes and delivered
to lysosomes for degradation by acid lipolysis (Figure
2C). Inyeast, lipid droplet contacts with vacuoles lead to
dircct invaginations of the vacuolar membranc and lipid
droplet breakdown [127]. In mammalian cells, interac-
tions between lipid droplets and lysosomes occur in both
prolonged and brief kiss-and-run manners [4] and play an
important rolc in the regulation of lipid droplct breakdown
by lipolysis and lipophagy [55]. Lipophagy provides FAs
for mitochondrial energy production in hepatocytes [52].
participates in the clearance of toxic ceramides in the
liver [152], prevents high-fat dict-induced hepatotoxicity
and, together with mitophagy. protects against ethanol-in-
duced liver injury [153]. Liver homcostasis may thus
depend on constitutive lipophagy. Lipophagy in other
tissues is less characterized, but it has been observed in
adipocytes [144], macrophages [154]. enterocytes [155].
hypothalamic neurons [156], and embryos |157|. These
studies suggest that lipophagy is involved in food-intake
control. lipid distribution and protection against ectopic
lipid accumulation. In ycast. microlipophagy, a special
form of autophagosome-independent vacuole-mediated
lipid droplct breakdown, is involved in the management
of ER stress, protein quality control and energy metabo-
lism [47.127.158]. Taken together, lipid droplet mobili-
zation through autophagy occurs in different cell types
and has important roles in the protection against cellular
stress by reducing lipotoxicity, preserving organelle ho-
mcostasis, and maintaining energy metabolism.

Finally, lipid droplets may also promote the auto-
phagic process in several ways, including the provision
of lipids for the formation of autophagosomal membranes
[159,160]. regulation of FA flux and ER homeostasis
[123], and through signaling-mediated regulation of au-
tophagy |161]. Interestingly, in hepatocytes, ATGL acts
as a signaling node that promotes autophagy/lipophagy
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through SIRT1-mediated signaling [161]. By orchestrat-
ing the extracellular and intracellular lipid fluxes neces-
sary for energy production and membrane synthesis, lipid
droplets may be an essential element of the autophagic
stress response. In summary, autophagy-mediated lipid
droplet metabolism is involved in the maintenance of lip-
id homcoslasis and cell survival under various conditions
of stress. On the one hand. autophagy participates in lipid
droplect biogenesis or breakdown, while on the other, lip-
id droplets may provide lipids and signals for the proper
cxccution of autophagy.

LIPID DROPLETS ARE RESERVOIRS OF
BIOACTIVE LIPIDS

One of the most underappreciated aspects of lipid
droplet biology is their role as cellular storage pools of
lipid signaling mediators, 7.e. bioactive lipids, and their
precursors. Broadly speaking, the lipid composition of
lipid droplets depends on the cell type. metabolic state,
and environmental conditions. Lipid droplets in adipo-
cyles arc predominantly composed of TAGs, those found
in Leydig cells of the adrenal cortex and macrophage foam
cclls mainly contain CEs. whercas retinyl-cster (RE)-
rich lipid droplets may be found in hepatic stellate cells
(HSCs) [154.162-164]. The fatty acyl group composition
of neutral lipids also differs between cells and changes
according to ccell state. For example, PUFA cnrichment
in TAGs has been observed in hepatocytes of fasted mice
[165], in HSCs during activation [166,167], in glial cclls
exposed to oxidative stress [30], in visceral adipose tissue
of cancer patients [168], cancer cells exposed to exog-
enous PUFAs [9]. and in apoptotic cells [169]. Lipids
released from lipid droplets may act directly as signaling
molecules. such as FAs. or serve as precursors for the
synthesis of other bioactive lipid mediators, including
cicosanoids, retinoic acid (RA), endocannabinoids, and
ceramides |19,170-173]. Lipid droplet-mediated sig-
naling has been shown to affect mitochondrial [unction
and lipid metabolism [20,164], cell activation [172.173],
inflammation [170.171.174-176]. and may contribulc to
tumorigenesis [ 176-178].

Lipolysis has been associated with the production
of inflammatory mediators in several types of immune
cells. ATGL-mediated lipolysis has been shown to reg-
ulate the generation of pro-inflammatory eicosanoids in
mastocytes [171] and mouse neutrophils [170]. In human
activated mastocytes. blocking ATGL-mediated lipolysis
resulted in lipid droplet accumulation and reduced levels
of prostaglandin D, (PGD,) and leukotriene C, (LTC,).
suggesting that TAG lipolysis is a source of arachidonic
acid. a precursor for eicosanoid synthesis [171]. Similar-
ly, pharmacological inhibition of ATGL in murine neutro-
phils led to a significant decrease in the release of several

eicosanoids, including PGD,. LTE,, LTB,. and thrombox-
ane B,. Importantly. exudates from ATGL deficient mice
had reduced amounts of eicosanoids. suggesting that the
enzyme participates in inflammatory signaling processes
invivo [170]. Additionally, it has recently been suggested
that HSL is involved in the generation of lipid mediators
in adipocytes [174]. Stimulation of adipocytc lipolysis
with a non-selective f-adrenergic agonist resulted in el-
cvalted release of cyclooxygenase (COX)-, lipoxygenasc
(LOX)- and epoxygenase-derived eicosanoids, which
was reduced by inhibition of HSL. In addition, clevated
lipolysis led to COX-2 upregulation and infiltration of
immune cells, suggesting that lipid mediators produced
by lipolysis provoke an inflammatory response in adipose
tissue [174]. In summary, lipolytic enzymes contribute to
the synthesis of pro-inflammatory lipid mediators and
are thus potential targets for therapeutic interventions in
inflammatory diseases.

Lipid droplet breakdown may also occur through
lipophagy and lysosomal degradation. In this case. LAL
is involved in neutral lipid catabolism and it may con-
tribute to bioactive lipid synthesis. Macrophages deplet-
ed in LAL accumulate neutral lipids within lysosomes.
predominantly CEs [175]. Thesc arc particularly enriched
with arachidonic and linoleic acids. both precursors of
pro-inflammatory lipid mediators. Blocking LAL activity
in macrophages resulted in a reduced release of several
bioactive specics derived from COX-, LOX- and cyto-
chrome P450-mediated biosynthetic pathways, suggest-
ing that lipid hydrolysis by LAL is an important source of
precursors for bioactive lipid synthesis in macrophages.
Further studies are required to establish the connection
between LAL-mediated lipid mediator synthesis and lip-
id droplet breakdown in other immune and non-immune
cells.

Lipid droplet-derived lipid mediators are also in-
volved in HSC activation. In HSCs, different pools of lip-
id droplets have been observed. Quiescent HSCs mainly
accumulate RE-rich lipid droplets that arc gradually lost
during cell activation. On the other hand. activated HSCs
contain two structurally distinct pools of lipid droplets:
“original.” composed of TAGs and REs, and “new.” tran-
sicnt lipid droplets that arc enriched in TAGs containing
PUFA acyl chains [163,179]. It has been suggested that
the loss of REs from lipid droplets during ccll activation
promotes the synthesis of bioactive RA. which mitigates
HSC activation [173]. Another study has suggested that
during HSC activation lipid droplet breakdown and re-
modeling contribute to the generation of highly potent
non-retinoid bioactive lipids. including PUFAs. endocan-
nabinoids, N-acylethanolamides, and ceramides, which
affect HSC activation and liver metabolism [172]. Thus,
lipid droplets act as dynamic cellular reserves of bioac-
tive lipids with distinct roles in cell metabolism.
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CONCLUSION

Lipid droplets are emerging as major organelles im-
plicated in organcllar and membranc lipid homcostasis.
Their dynamic turnover is under control of important
ccllular scnsors and cflectors of metabolic and oxidative
stress, but much remains to be leamed in order to under-
stand the mechanisms of rcgulation of lipid droplet me-
tabolism in stressed cells. It is now clear that lipid drop-
lets interact with virtually all organclles through specific
membrane contact sites, thereby engaging in bidirectional
communication, which is essential for efficient exchange
of lipids and proteins and is critical for various aspects of
the cellular stress response. The detailed structures of the
contact sites remain to be determined. the mechanisms of
nutrient exchange revealed and their physiological signif-
icance confirmed in various settings. Likewise. we know
very little about the biogenesis and function of nuclear
lipid droplets and it will be exciting to witness [uture dis-
coveries regarding their role in cell biology and diseases.
We arc only beginning o understand the heterogenous
nature of lipid droplets. both in composition and func-
tion, within cclls and within populations of cclls. Tt will
be important to find out how lipid droplets manage the
trafficking of different lipid species and how their lipid
composition and protein ensemble affects their function.
Current evidence suggests that lipid droplet turnover
has critical roles in the regulation of membrane lipid
composition, lipid trafficking, mitochondrial function,
and the protection of other organelles from lipotoxicity
and oxidative stress. Their pleiotropic roles in managing
lipids and stress will surely expand in the future as new
functions and more detailed mechanisms are elicidated.
Remarkably. lipid droplets also act as signaling platforms
that affect nuclear function and gene expression in the
ccll. but also signal to ncighboring cclls through bioactive
lipid mediators. Their involvement in the regulation of
immunc ccll function, immunomctabolism and inflam-
matory signaling will be an exciting field of discovery.
The clarification of thesec and many other yet unasked
questions in lipid droplet biology in stressed cells may
help us uncover their roles in different pathologics, in
particular metabolic disorders, cardiovascular diseases,
cancer, and neurodegeneration, and may help us design
strategies to prevent and fight against these debilitating
discases.

Acknowledgments: We sincerely thank Dr. Natasa
Lindi€ for useful discussions and design of some of

the figures and graphical elements. We thank Adrijan
Ivanusec for critical reading of the manuscript. This work
was supported by the 1000-15-106 Young Researcher
grant to E.J., the J7-1818 Research Project to T.P., and
the P1-0207 Research Programme grant from the Slove-
nian Research Agency.

REFERENCES

1. Welte MA. Gould AP. Lipid droplet functions beyond ener-
gy storage. Biochim Biophys Acta. 2017:1862:1260-72.

2. Petan T. Jarc E. Jusovi¢ M. Lipid Droplets in Cancer:
Guardians of Fat in a Stressful World. Molecules.
2018:23:1941.

3. Henne WM. Reese ML, Goodman JM. The assembly of
lipid droplets and their roles in challenged cells. EMBO J.
2018:€98947.

4. Olzmann JA, Carvalho P. Dynamics and functions of lipid
droplets. Nat Rev Mol Cell Biol. 2019;20(3):137-55.

5. Walther TC. Farese RV. Lipid droplets and cellular lipid
metabolism. Annu Rev Biochem. 2012:81:687-714.

6. Bensaad K. Favaro E. Lewis CA, Peck B, Lord S, Collins
JM. ct al. Fatty acid uptake and lipid storage induced by
HIF-1a contribute to cell growth and survival after hypox-
ia-reoxygenation. Cell Rep. 2014:9(1):349-65.

7. Schlaepfer IR, Nambiar DK. Ramteke A, Kumar R, Dhar D,
Agarwal C. et al. Hypoxia induces triglycerides accumu-
lation in prostate cancer cells and extracellular vesicles
supporting growth and invasiveness following reoxygen-
ation. Oncotarget. 2015:6(26):22836-56.

8. Pucer A, Brglez V, Payré C, Pungercar J. Lambeau G, Petan
T. Group X secreted phospholipase A(2) induces lipid
droplet formation and prolongs breast cancer cell survival,
Mol Cancer. 2013:12(1):111.

9. Jarc E, Kump A, Malavasi¢ P. Eichmann TO, Zimmermann
R, Petan T. Lipid droplets induced by secreted phospholi-
pasc A2 and unsaturated fatty acids protect breast cancer
cells from nutrient and lipotoxic stress. Biochim Biophys
Acta Mol Cell Biol Lipids. 2018:1863(3):247-65.

. Wang YY. Attané C. Milhas D. Dirat B, Dauvillier S. Gue-
rard A, et al. Mammary adipocytes stimulate breast cancer
invasion through metabolic remodeling of tumor cells. JCI
insight. 2017:2(4).e87489.

11. Wilfling F. Haas JT. Walther TC. Farese RV. Lipid droplet

biogenesis. Curr Opin Cell Biol. 2014:29:39-45.

12. Walther TC, Chung J, Farese RV. Lipid Droplet Biogenesis.
Annu Rev Cell Dev Biol. 2017:33(4):491-510.

13. Thiam AR. Farese RV, Walther TC. The biophysics and
cell biology of lipid droplets. Nat Rev Mol Cell Biol.
2013:14(12):775-86.

14. Wang C-W. Lipid droplets, lipophagy. and beyond. Bio-

chim Biophys Acta. 2016:1861(8):793-805.

Schulze RJ. Sathyanarayan A, Mashek DG. Breaking fat:

The regulation and mechanisms of lipophagy. Biochim

Biophys Acta. 2017:1862(10):1178-87.

. Zechner R. Madeo F. Kratky D. Cytosolic lipolysis and
lipophagy: two sides of the same coin. Nat Rev Mol Cell
Biol. 2017:18(11):671-84.

. Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G.
Bimer-Gruenberger R, Riederer M. et al. Fat mobilization
in adipose tissue is promoted by adipose triglyceride lipase.
Science. 2004:306(5700): 1383-6.

. Schoiswohl G. Schweiger M, Schreiber R. Gorkiewicz
G, Preiss-Landl K, Taschler U, et al. Adipose triglyceride
lipase plays a key role in the supply of the working muscle
with fatty acids. J Lipid Res. 2010:51(3):490-9.

19. Grabner GF, Zimmermann R, Schicho R, Taschler U.

1

w

1

=)

~

-
=



448

2

o

2

—

2

[N

2

w

2

=

2

3

26.

27,

2

=®

29.

3

o

3

—

32,

3

psy

34.

w

5

Monoglyceride lipase as a drug target: At the crossroads of
arachidonic acid metabolism and endocannabinoid signal-
ing. Pharmacol Ther. 2017:175:35-46.

. Hacmmerle G, Moustafa T. Woelkart G. Biittner S.
Schmidt A, van de Weijer T, ct al. ATGL-mediated fat
catabolism regulates cardiac mitochondrial function via
PPAR-¢ and PGC-1. Nat Med. 2011:17(9):1076-85.

. Thiam AR. Beller M. The why. when and how of lipid
droplet diversity. J Cell Sci. 2017:130(2):315-24.

. Du L, Hickey RW. Bayir H, Watkins SC. Tyurin VA, Guo
F. et al. Starving neurons show sex difference in autophagy.
J Biol Chem. 2009:284(4):2383-96.

. Gubern A, Barcelo-Torns M, Casas J, Barneda D.

Masgrau R. Picatoste F, et al. Lipid droplet biogenesis
induced by stress involves triacylglycerol synthesis that
depends on Group VIA phospholipase A2. J Biol Chem.
2009:284(9):5697-708.

. Cabodevilla AG, Sanchez-Caballero L, Nintou E, Boi-
adjieva VG. Picatoste F, Gubern A, et al. Cell survival
during complete nutrient deprivation depends on lipid
droplet-fueled B-oxidation of fatty acids. J Biol Chem.
2013:288(39):27777-88.

. Rambold AS. Cohen S. Lippincott-Schwartz J. Fatty acid

trafficking in starved cells: regulation by lipid droplet lip-

olysis, autophagy. and mitochondrial fusion dynamics. Dev

Cell. 2015:32(6):678-92.

Nguyen TB, Louie SM, Daniele JR, Tran Q. Dillin A, Zon-

cu R, et al. DGAT I-Dependent Lipid Droplet Biogenesis

Protects Mitochondrial Function during Starvation-Induced

Autophagy. Dev Cell. 2017:42(1):9-21.

Herms A, Bosch M., Reddy BIN. Schieber NL. Fajardo A.

Rupérez C. et al. AMPK activation promotes lipid droplet

dispersion on detyrosinated microtubules to increase mito-

chondrial fatty acid oxidation. Nat Commun. 2015:6:7176.

. Roa-Mansergas X. Fado R. Atari M. Mir JF, Muley H.

Serra D, et al. CPT1C promotes human mesenchymal stem

cells survival under glucose deprivation through the modu-

lation of autophagy. Sci Rep. 2018:8(1):6997.

Ong KT, Mashek MT, Bu SY. Greenberg AS. Mashek DG.

Adipose triglyceride lipase is a major hepatic lipase that

regulates triacylglycerol turnover and fatty acid signaling

and partitioning. Hepatology. 2011:53(1):116-26.

. Bailey AP, Koster G, Guillermier C, Hirst EMA. Mac-
Rae JL Lechene CP. et al. Antioxidant Role for Lipid
Droplets in a Stem Cell Niche of Drosophila. Cell.
2015:163(2):340-53.

. Ackerman D. Tumanov S, Qiu B. Michalopoulou E, Spata

M. Azzam A, et al. Triglycerides Promote Lipid Homeo-

stasis during Hypoxic Stress by Balancing Fatly Acid

Saturation. Cell Rep. 2018:24(10):2596-2605.

Jeon S-M, Chandel NS. Hay N. AMPK regulates NADPH

homeostasis to promote tumour cell survival during energy

stress. Nature. 2012:485(7400):661-5.

. Carracedo A, Cantley LC, Pandolfi PP. Cancer metabo-

lism: fatty acid oxidation in the limelight. Nat Rev Cancer.

2013:13(4):227-32.

Efeyan A. Comb WC, Sabatini DM. Nutrient-sensing

mechanisms and pathways. Nature. 2015:517(7534):302—

10.

. Garcia D, Shaw RJ. AMPK: Mechanisms of Cellular En-

Jarc and Petan: Lipid droplets and cellular stress

ergy Sensing and Restoration of Metabolic Balance. Mol
Cell. 2017:66(6):789-800.

36. Aramburu J, Ortells MC. Tejedor S, Buxadé M. Lopez-Ro-
driguez C. Transcriptional regulation of the stress response
by mTOR. Sci Signal. 2014:7(332):re2.

37. Hardie DG. Ross FA, Hawley SA. AMPK: a nutrient and
energy sensor that maintains energy homeostasis. Nat Rev
Mol Cell Biol. 2012:13(4):251-62.

38. Wendel AA, Lewin TM, Coleman RA. Glycerol-3-phos-
phate acyltransferases: rate limiting enzymes of tri-
acylglycerol biosynthesis. Biochim Biophys Acta.
2009:1791(6):501-6.

39. Muoio DM, Seefeld K., Witters LA. Coleman RA.
AMP-activated kinase reciprocally regulates triacylglyc-
crol synthesis and fatty acid oxidation in liver and muscle:
cvidence that sn-glycerol-3-phosphate acyltransferase is a
novel target. Biochem J. 1999:338(3):783-91.

40. Lin S-C. Hardic DG. AMPK: Sensing Glucose as well as
Cellular Energy Status. Cell Metab. 2018:27(2):299-313.

41. Diivel K. Yecies JL. Menon S, Raman P. Lipovsky Al
Souza AL. et al. Activation of a metabolic gene regulato-
ry network downstream of mTOR complex 1. Mol Cell.
2010:39(2):171-83.

. Owen JL. Zhang Y. Bae S-H. Farooqi MS, Liang G, Ham-
mer RE. et al. Insulin stimulation of SREBP-1c¢ processing
in transgenic rat hepatocytes requires p70 S6-kinase. Proc
Natl Acad Sci U S A. 2012:109(40):16184-9.

. Yecies JL, Zhang HH. Menon S. Liu S, Yecies D. Lipovsky
Al ct al. Akt stimulates hepatic SREBP Ic and lipogenesis
through parallel mTORC1-dependent and independent
pathways. Cell Metab. 2011:14(1):21-32.

. Thelen AM. Zoncu R. Emerging Roles for the Lysosome in
Lipid Metabolism. Trends Cell Biol. 2017:27(11):833-50.

5. Hardie DG. AMPK and autophagy get connected. EMBO

J.2011:30(4):634-5.

46. Hariri H, Rogers S. Ugrankar R, Liu YL, Feathers JR,
Henne WM. Lipid droplet biogenesis is spatially coordinat-
ed at ER-vacuole contacts under nutritional stress. EMBO
Rep. 2018:19(1):57-72.

47. Seo AY. Lau PW. Feliciano D, Sengupta P, Le Gros MA.
Cinquin B, et al. AMPK and vacuole-associated Atgl4p or-
chestrate p-lipophagy for energy production and long-term
survival under glucose starvation. Elife. 2017:6:¢21690.

48. Barbosa AD. Sembongi H. Su W-M. Abreu S. Reggiori

F. Carman GM. et al. Lipid partitioning at the nuclear

envelope controls membrane biogenesis. Mol Biol Cell.

2015:26(20):3641-57.

Dubots E. Cottier S, Péli-Gulli M-P, Jaquenoud M. Bon-

tron S, Schneiter R, et al. TORC1 regulates Pahl phos-

phatidate phosphatase activity via the Nem1/Spo7 protein

phosphatase complex. PLoS One, 2014:9(8):e 104194,

50. Lee B, Barretto EC. Grewal SS. TORC1 modulation in
adipose tissue is required for ¢ ismal ad ion to
hypoxia in Drosophila. Nat Commun. 2019:10(1):1878.

. Kim J. Kundu M., Viollet B, Guan K-L. AMPK and mTOR
regulate autophagy through direct phosphorylation of Ulk1.
Nat Cell Biol. 2011:13(2):132—41.

. Singh R, Kaushik S, Wang Y. Xiang Y, Novak I. Komatsu
M. et al. Autophagy regulates lipid metabolism. Nature.
2009:458(7242):1131-5.

4

)

4

w

4

=

=
Oy

4

>

[
—_

wn
¥}

151



Review Paper "Lipid Droplets and the Management of Cellular Stress'

Jarc and Petan: Lipid droplets and cellular stress

53.Li Y. Yang P. Zhao L. Chen Y, Zhang X, Zeng S, et al.
CD36 plays a negative role in the regulation of lipophagy
in hepatocytes through an AMPK-dependent pathway. J
Lipid Res. 2019:60(4):844-55.

. Napolitano G. Ballabio A. TFEB at a glance. J Cell Sci.
2016:129(13):2475-81.

. Kaushik S. Cuervo AM. Degradation of lipid droplet-as-
sociated proteins by chaperone-mediated autophagy facili-
tates lipolysis. Nat Cell Biol. 2015:17(6):759-70.

. Kaushik S, Cuervo AM. AMPK-dependent phosphoryla-
tion of lipid droplet protein PLIN2 triggers its degradation
by CMA. Autophagy. 2016;12(2):432-8.

. Kleinert M, Parker BL. Chaudhuri R, Fazakerley DI, Serup
A, Thomas KC, et al. mTORC2 and AMPK differentially
regulate muscle triglyceride content via Perilipin 3. Mol
Metab. 2016:5(8):646-55.

.ZhuJ. XuM, Liu Y. Zhuang L, Ying K, Liu F. et al.
Phosphorylation of PLIN3 by AMPK promotes disper-
sion of lipid droplets during starvation. Protein Cell.
2019:10(5):382-7.

. Schaffer JE. Lipotoxicity: when tissues overeat. Curr Opin

Lipidol. 2003:14(3):281-7.

Senkal CE. Salama MF, Snider AJ. Allopenna JJ, Rana

NA. Koller A, et al. Ceramide Is Metabolized (0 Acyl-

ceramide and Stored in Lipid Droplets. Cell Metab.

2017:25(3):686-97.

. Listenberger LL. Han X. Lewis SE. Cases S. Farese RV,
Ory DS, et al. Triglyceride accumulation protects against
fatty acid-induced lipotoxicity. Proc Natl Acad Sci U S A.
2003:100(6):3077-82.

. Bosma M, Kersten S. Hesselink MKC, Schrauwen P.
Re-cvaluating lipotoxic triggers in skeletal muscle: relating
intramyocellular lipid metabolism to insulin sensitivity.
Prog Lipid Res. 2012:51(1):36-49.

. Hardy S. El-Assaad W. Przybytkowski E, Joly E. Prentki
M. Langelier Y. Saturated fatty acid-induced apoptosis in
MDA-MB-231 breast cancer cells. A role for cardiolipin. J
Biol Chem. 2003:278(34):31861-70.

. Pl6tz T, Hartmann M, Lenzen S, Elsner M. The role of

lipid droplet formation in the protection of unsaturated

fatty acids against palmitic acid induced lipotoxicity to rat

insulin-producing cells. Nutr Metab (Lond). 2016:13:16.

Koliwad SK. Streeper RS. Monetti M. Cornelissen I, Chan

L. Terayama K. ct al. DGAT I-dependent triacylglycerol

storage by macrophages protects mice from diet-in-

duced insulin resistance and inflammation. J Clin Invest.

2010:120(3):756-67.

Klecker T. Braun RJ. Westermann B. Lipid Droplets Guard

Milochondria during Autophagy. Dev Cell. 2017:42(1):1-

2.

Wang C. Zhao Y, Gao X. Li L, Yuan Y, Liu F, et al. Perili-

pin 5 improves hepatic lipotoxicity by inhibiting lipolysis.

Hepatology. 2015:61(3):870-82.

Bosma M, Dapito DH. Drosatos-Tampakaki Z. Huip-

ing-Son N, Huang L-S. Kersten S. et al. Sequestration of

fatty acids in triglycerides prevents endoplasmic reticulum
stress in an in vitro model of cardiomyocyte lipotoxicity.

Biochim Biophys Acta. 2014:1841(12):1648-55.

. Liu L. Zhang K. Sandoval H, Yamamoto S. Jaiswal M,
Sanz E. et al. Glial lipid droplets and ROS induced by

5

Y

5

Py

5

a

5

]

5

=3

5

)

60.

6

6.

S}

6

<

6

by

65.

66.

6

=

68.

6

<o

7

7

7

7

1

7

7

7

7

7

8

8

8

8

8

=]

1

2.

Bz

=

w

&

~1

o

9.

0.

—_

&1

@

=

449

mitochondrial defects promote neurodegeneration. Cell.
2015:160(1-2):177-90.

. Kuo A, Lee MY, Sessa WC. Lipid Droplet Biogenesis and

Function in the Endothelium. Circ Res. 2017:120(8):1289—
97.

Liu L. MacKenzic KR. Putluri N. Maleti¢-Savati¢ M,
Bellen HJ. The Glia-Neuron Lactate Shuttle and Elevat-
ed ROS Promote Lipid Synthesis in Neurons and Lipid
Droplet Accumulation in Glia via APOE/D. Cell Metab.
2017:26(5):719-37.

Herms A. Bosch M, Ariotti N, Reddy BIN. Fajardo A,
Fernandez-Vidal A, et al. Cell-to-cell heterogeneity in lipid
droplets suggests a mechanism to reduce lipotoxicity. Curr
Biol. 2013:23(15):1489-96.

Chen HC. Stone SJ. Zhou P. Buhman KK, Farese RV.
Dissociation of obesity and impaired glucose disposal

in mice overexpressing acyl coenzyme a:diacylglycer-

ol acyltransferase 1 in white adipose tissue. Diabetes.
2002:51(11):3189-95.

. Liu L. Trent CM, Fang X. Son N-H. Jiang H, Blaner

WS, et al. Cardiomyocyte-specific loss of diacylglycerol
acyltransferase 1 (DGAT1) reproduces the abnormali-
ties in lipids found in severe heart failure. J Biol Chem.
2014:289(43):29881-91.

. Erikci Ertunc M, Hotamisligil GS. Lipid signaling and

lipotoxicity in metabolic inflammation: indications for
metabolic disease pathogenesis and treatment. J Lipid Res.
2016:1-56.

Greenberg AS, Coleman RA, Kraemer FB. Mcmanaman
JL, Obin MS, Puri V, et al. Review scrics The role of lipid
droplets in metabolic discase in rodents and humans. J Clin
Invest. 2011:121(6):2102-10.

. Ong KT, Mashek MT. Davidson NO, Mashek DG. Hepatic

ATGL mediates PPAR-o signaling and fatty acid channel-
ing through an L-FABP independent mechanism. J Lipid
Res. 2014:55(5):808-15.

. Haemmerle G. Lass A. Genetically modified mouse models

to study hepatic neutral lipid mobilization. Biochim Bio-
phys Acta Mol Basis Dis. 2018:1865(5):879-94.

Osumi T, Kuramoto K. Heart lipid droplets and lipid
droplet-binding proteins: Biochemistry. physiology. and
pathology. Exp Cell Res. 2016:340(2):198-204.

Zheng P. Xie Z, Yuan Y. Sui W, Wang C, Gao X. ct al.
Plin5 alleviates myocardial ischacmia/reperfusion injury
by reducing oxidative stress through inhibiting the lipolysis
of lipid droplets. Sci Rep. 2017:7:42574.

. Pollak NM, Schweiger M, Jaeger D, Kolb D, Kumari M,

Schreiber R, et al. Cardiac-specilic overexpression of per-
ilipin 5 provokes severe cardiac steatosis via the formation
of a lipolytic barrier. J Lipid Res. 2013:54(4):1092—-102.

. Wang H, Bell M. Sreenivasan U, Sreenevasan U. Hu H,

Liu J. et al. Unique regulation of adipose triglyceride lipase
(ATGL) by perilipin 5. a lipid droplet-associated protein. J
Biol Chem. 2011:286(18):15707-15.

. Fuchs CD. Claudel T, Kumari P, Haemmerle G. Pollheimer

M. Stojakovic T, et al. Absence of adipose triglyceride
lipase protects from hepatic endoplasmic reticulum stress
in mice. Hepatology. 2012:56(1):270-80.

Kuramoto K, Okamura T. Yamaguchi T. Nakamura TY.
Wakabayashi S, Morinaga H. et al. Perilipin 5. a lipid drop-



450 Jarc and Petan: Lipid droplets and cellular stress

let-binding protein, protects heart from oxidative burden
by sequestering fatty acid from excessive oxidation. J Biol
Chem. 2012:287(28):23852-63.

. Laurens C. Bourlier V, Mairal A, Louche K., Badin P-M.
Mouisel E, et al. Perilipin 5 fine-tunes lipid oxidation to
metabolic demand and protects against lipotoxicity in
skeletal muscle. Sci Rep. 2016:6:38310.

. Aflaki E. Radovi¢ B. Chandak PG. Kolb D. Eisenberg T.
Ring J. et al. Triacylglycerol accumulation activates the
mitochondrial apoptosis pathway in macrophages. J Biol
Chem. 2011:286(9):7418-28.

87. Lodhi 1J. Semenkovich CF. Peroxisomes: a nexus for
lipid metabolism and cellular signaling. Cell Metab.
2014:19(3):380-92.

88. Valm AM. Cohen S, Legant WR, Melunis J. Hershberg

U. Wait E. et al. Applying systems-level spectral imaging
and analysis to reveal the organclle interactome. Nature.
2017:546(7656):162-7.

. Cohen S. Valm AM. Lippincott-Schwartz J. Interacting
organelles. Curr Opin Cell Biol. 2018:53:84-91.

. Schuldiner M. Bohnert M. A different kind of love - lipid
droplet contact sites. Biochim Biophys Acta Mol Cell Biol
Lipids. 2017:1862(10):1188-96.

. Benador IY, Veliova M, Mahdaviani K, Petcherski A.
Wikstrom JD, Assali EA. et al. Mitochondria Bound to
Lipid Droplets Have Unique Bioenergetics. Composition,
and Dynamics that Support Lipid Droplet Expansion. Cell
Metab. 2018:27(4):869-885.

. Benador IY, Veliova M, Liesa M. Shirihai OS. Mitochon-
dria Bound to Lipid Droplets: Where Mitochondrial Dy-

8

I3

8

=3

8

°

Pl

=)

9

9

¥

namics Regulate Lipid Storage and Utilization. Cell Metab.

2019:29(4):827-35.

. Giacomello M. Scorrano L. The INs and OUTs of mito-
fusins. J Cell Biol. 2018:217(2):439-40.

. Boutant M. Kulkarni SS, Joffraud M. Ratajczak J.
Valera-Alberni M. Combe R. etal. Mfn2 is critical for
brown adipose tissue thermogenic function. EMBO J.
2017:36(11):1543-58.

. Wang H. Sreenivasan U, Hu H. Saladino A, Polster BM.
Lund LM, et al. Perilipin 5, a lipid droplet-associated pro-
tein. provides physical and metabolic linkage to mitochon-
dria. J Lipid Res. 2011:52(12):2159-68.

96. Barbosa AD. Savage DB. Siniossoglou S. Lipid droplet-or-
ganelle interactions: emerging roles in lipid metabolism.
Curr Opin Cell Biol. 2015:35:91-7.

. Joshi AS, Nebenfuehr B, Choudhary V. Satpute-Krishnan
P. Levine TP, Golden A. et al. Lipid droplet and peroxi-
some biogenesis occur at the same ER subdomains. Nat
Commun. 2018:9(1):2940.

. Binns D, Januszewski T, Chen Y, Hill J, Markin VS. Zhao
Y. et al. An intimate collaboration between peroxisomes
and lipid bodies. J Cell Biol. 2006;173(5):719-31.

. Van Veldhoven PP. Biochemistry and genetics of inherited
disorders of peroxisomal fatty acid metabolism. J Lipid
Res. 2010:51(10):2863-95.

100. Chang C-L. Weigel AV, Ioannou MS, Pasolli HA. Xu CS,
Peale DR, ct al. Spastin tethers lipid droplets to peroxi-
somes and directs fatty acid trafficking through ESCRT-IIL.
bioRxiv. 2019:544023.

101. Welte MA. Expanding roles for lipid droplets. Curr Biol.

9

<D

9

&

9

Py

9

]

9

®

9

-

2015:25(11):R470-81.

102. Zhang C. Yang L, Ding Y, Wang Y, Lan L. Ma Q. et al.
Bacterial lipid droplets bind to DNA via an intermediary
protein that enhances survival under stress. Nat Commun.
2017:8:15979.

103. Ueno M. Shen W-J. Patel S. Greenberg AS. Azhar S,
Kraemer FB. Fat-specific protein 27 modulates nuclear fac-
tor of activated T cells 5 and the cellular response o stress.
J Lipid Res. 2013:54(3):734-43.

104. Gallardo-Montejano V1. Saxena G, Kusminski CM, Yang
C. McAfee JL. Hahner L. et al. Nuclear Perilipin 5 inte-
grates lipid droplet lipolysis with PGC-10/SIRT I-depen-
dent transcriptional regulation of mitochondrial function,
Nat Commun. 2016:7:12723.

105. Li Z. Thiel K. Thul PJ, Beller M, Kiihnlein RP, Welte
MA. Lipid droplets control the maternal histone supply of
Drosophila embryos. Curr Biol. 2012:22(22):2104-13.

106. Li Z, Johnson MR, Ke Z. Chen L. Welte MA. Drosophila
lipid droplets buffer the H2Av supply to protect carly em-
bryonic development. Curr Biol. 2014:24(13):1485-91.

107. Johnson MR, Stepl n RA, Gt hami S. Welte
MA. Developmentally regulated H2Av buffering via
dynamic sequestration to lipid droplets in Drosophila em-
bryos. Elife. 2018:7:¢36021.

108. Anand P. Cermelli S, Li Z. Kassan A. Bosch M, Sigua
R. et al. A novel role for lipid droplets in the organismal
antibacterial response. Elife. 2012:1:¢00003.

109. Layerenza JP. Gonzalez P, Garcia de Bravo MM,

Polo MP, Sisti MS. Ves-Losada A. Nuclear lipid drop-
lets: a novel nuclear domain. Biochim Biophys Acta.
2013:1831(2):327-40.

110. Uzbekov R, Roingeard P. Nuclear lipid droplets identified
by electron microscopy of serial sections. BMC Res Notes.
2013:6(1):386.

111. Wang L, Wang Y. Liang Y. Li J, Liu Y. Zhang J, et al.
Specific accumulation of lipid droplets in hepatocyte nuclei
of PFOA-exposed BALB/c mice. Sci Rep. 2013:3:2174.

112, Romanauska A, Kohler A. The Inner Nuclear Membrane
Is a Metabolically Active Territory that Generates Nuclear
Lipid Droplets. Cell. 2018:174(3):700-715.

113, Ohsaki Y, Kawai T. Yoshikawa Y, Cheng J, Jokitalo E.
Fujimoto T. PML isoform II plays a critical role in nuclear
lipid droplet formation. J Cell Biol. 2016:212(1):29-38.

114. Soltysik K. Ohsaki Y. Tatematsu T. Cheng J. Fujimoto T.
Nuclear lipid droplets derive from a lipoprotein precursor
and regulate phosphatidylcholine synthesis. Nat Commun.
2019:10(1):1230.

115. Krahmer N, Guo Y, Willling F, Hilger M, Lingrell S.
Heger K. et al. Phosphatidy Icholine synthesis for lipid
droplet expansion is mediated by localized activation of
CTP:phosphocholine cytidylyltransferase. Cell Metab.
2011:14(4):504-15.

116. Ohsaki Y. Suzuki M. Fujimoto T. Open questions in lipid
droplet biology. Chem Biol. 2014:21(1):86-96.

117. Wu H. Carvalho P, Vocltz GK. Here, there. and cvery-
where: The importance of ER membranc contact sites.
Science. 2018:361(6401):caan5835.

118. Hapala I, Marza E. Ferreira T. Is fat so bad? Modulation
of endoplasmic reticulum stress by lipid droplet formation.
Biol Cell. 2011:103(6):271-85.

153



Review Paper "Lipid Droplets and the Management of Cellular Stress'

Jarc and Petan: Lipid droplets and cellular stress

119. Han J, Kaufman RJ. The role of ER stress in lipid metab-
olism and lipotoxicity. J Lipid Res. 2016:57(8):1329-38.

120. Fei W, Wang H, Fu X. Biclby C. Yang H. Conditions
of endoplasmic reticulum stress stimulate lipid drop-
let formation in Saccharomyces cerevisiae. Biochem J.
2009:424(1):61-7.

121. Lee J-S. Mendez R, Heng HH. Yang Z-Q. Zhang K. Phar-
macological ER stress promotes hepatic lipogenesis and
lipid droplet formation. Am J Transl Res. 2012:4(1):102-
13.

122. Chitraju C, Mejhert N. Haas JT. Diaz-Ramirez LG.
Grueter CA, Tmbriglio JE, et al. Triglyceride Synthesis by
DGAT 1 Protects Adipocytes from Lipid-Induced ER Stress
during Lipolysis. Cell Metab. 2017:26(2):407-418.

123. Velazquez AP, Tatsuta T. Ghillebert R, Drescher I. Graef
M. Lipid droplet-mediated ER homeostasis regulates
autophagy and cell survival during starvation. J Cell Biol.
2016:212(6):621-31.

124. Mukhopadhyay S. Schlacpfer IR. Bergman BC. Panda
PK. Praharaj PP, Naik PP, et al. ATG14 facilitated lipoph-
agy in cancer cells induce ER stress mediated mitoptosis
through a ROS dependent pathway. Free Radic Biol Med.
2017:104:199-213.

125, Chen E. Tsai TH, Li L, Saha P, Chan L. Chang BHJ.
PLIN2 is a Key Regulator of the Unfolded Protein Re-
sponse and Endoplasmic Reticulum Stress Resolution in
Pancreatic f§ Cells. Sci Rep. 2017:7:1-12.

126. Puskas LG. Fehér LZ. Vizler C. Ayaydin F, Raso E, Mol-
ndr E, et al. Polyunsaturated fatty acids synergize with lipid
droplet binding thalidomide analogs to induce oxidative
stress in cancer cells. Lipids Health Dis. 2010:9:56.

127. Vevea JD, Garcia EJ, Chan RB. Zhou B, Schultz M,

Di Paolo G. et al. Role for Lipid Droplet Biogenesis and
Microlipophagy in Adaptation to Lipid Imbalance in Yeast.
Dev Cell. 2015:35(5):584-99.

128. Ploegh HL. A lipid-based model for the creation of an
escape hatch from the endoplasmic reticulum. Nature.
2007:448(7152):435-8.

129. Barba I. Chavarria L, Ruiz-Meana M, Mirabet M, Agullo
E. Garcia-Dorado D. Effect of intracellular lipid droplets
on cytosolic Ca2+ and cell death during ischacmia-reper-
fusion injury in cardiomyocytes. J Physiol. 2009:587(Pt
6):1331-41.

130. Greineisen WE. Maactoft-Udsen K. Speck M. Balajadia
J. Shimoda LMN, Sung C. et al. Chronic Insulin Exposure
Induces ER Stress and Lipid Body Accumulation in Mast
Cells at the Expense of Their Secretory Degranulation
Response. PLoS One. 2015:10(8):e0130198.

131. Cnop M, Hannaert JC. Hoorens A, Eizirik DL, Pipeleers
DG. Inverse relationship between cytotoxicity of free fatty
acids in pancreatic islet cells and cellular triglyceride accu-
mulation. Diabetes. 2001:50(8):1771-7.

132. Thém K. Bergsten P. Fatty acid-induced oxidation and
triglyceride formation is higher in insulin-producing MIN6
cells exposed to oleate compared to palmitate. J Cell Bio-
chem. 2010:111(2):497-507.

133. Leamy AK. Hasenour CM. Egnatchik RA. Trenary IA.
Yao C-H. Patti GJ. et al. Knockdown of triglyceride syn-
thesis does not enhance palmitate lipotoxicity or prevent
oleate-mediated rescue in rat hepatocytes. Biochim Bio-

451

phys Acta. 2016:1861(9):1005-14.

134. Robblee MM. Kim CC. Porter Abate J, Valdearcos
M., Sandlund KLM., Shenoy MK, et al. Saturated Fatty
Acids Engage an IRE1o-Dependent Pathway to Activate
the NLRP3 Inflammasome in Myeloid Cells. Cell Rep.
2016:14(11):2611-23.

135. Magtanong L. Ko P-J. To M. Cao JY. Forcina GC. Ta-
rangelo A. et al. Exogenous Monounsaturated Fatty Acids
Promote a Ferroptosis-Resistant Cell State. Cell Chem
Biol. 2019:26(3):420-432.¢9.

136. Feng H. Stockwell BR. Unsolved mysteries: How
does lipid peroxidation cause ferroptosis? PLoS Biol.
2018:16(5):€2006203.

137. Deng J. Liu S, Zou L. Xu C, Geng B, Xu G. Lipolysis
response to endoplasmic reticulum stress in adipose cells. J
Biol Chem. 2012:287(9):6240-9.

138. Stevenson J. Huang EY, Olzmann JA. Endoplasmic
Reticulum-Associated Degradation and Lipid Homeostasis.
Annu Rev Nutr. 2016:36(14):511-42.

139. Ishida Y. Yamamoto A. Kitamura A. Lamand¢ SR.
Yoshimori T, Bateman JF, et al. Autophagic elimination
of misfolded procollagen aggregates in the endoplasmic
reticulum as a means of cell protection. Mol Biol Cell.
2009:20(11):2744-54,

140. Satpute-Krishnan P, Ajinkya M, Bhat S. Itakura E. Hegde
RS, Lippincott-Schwartz J. ER stress-induced clearance of
misfolded GPI-anchored proteins via the secretory path-
way. Cell. 2014:158(3):522-33.

141. Kroemer G, Marifio G, Levine B. Autophagy and the
integrated stress response. Mol Cell. 2010:40(2):280-93.

142. Glick D. Barth S. Macleod KF. Autophagy : cellular and
molecular mechanisms. J Pathol. 2010:221(1):3-12.

143. Galluzzi L, Pietrocola F, Levine B, Kroemer G. Metabolic
control of autophagy. Cell. 2014:159(6):1263-76.

144. Jaishy B. Abel ED. Lipids, lysosomes, and autophagy. J
Lipid Res. 2016:57(9):1619-35.

145. Madeira JB, Masuda CA, Maya-Monteiro CM. Matos
GS, Montero-Lomeli M, Bozaquel-Morais BL. TORC1
Inhibition Induces Lipid Droplet Replenishment in Yeast.
Mol Cell Biol. 2015;35(4):737-46.

146. Couso I. Pérez-Pérez ME, Martinez-Force E, Kim HS, He
Y. Umen JG. et al. Autophagic flux is required for the syn-
thesis of triacylglycerols and ribosomal protein turnover in
Chlamydomonas. J Exp Bot. 2018:69(6):1355-67.

147. Minina EA, Moschou PN, Vetukuri RR. Sanchez-Vera
V. Cardoso C. Liu Q. et al. Transcriptional stimulation of
rate-limiting components of the autophagic pathway im-
proves plant fitness. J Exp Bol. 2018:69(6):1415-32.

148. Singh R. Xiang Y, Wang Y. Baikati K, Cuervo AM. Luu
YK, et al. Autophagy regulates adipose mass and differen-
tiation in mice. J Clin Invest. 2009:119(11):3329-39.

149. Shibata M, Yoshimura K, Furuya N. Koike M. Ueno T,
Komatsu M, et al. The MAP1-LC3 conjugation system is
involved in lipid droplet formation. Biochem Biophys Res
Commun. 2009:382(2):419-23.

150. Shibata M. Yoshimura K. Tamura H. Ueno T. Nishimura
T. Inoue T. et al. LC3, a microtubule-associated pro-
teinl A/B light chain3, is involved in cytoplasmic lipid
droplet formation. Biochem Biophys Res Commun.
2010:393(2):274-9.



452

151. LiY. Chao X. Yang L. Lu Q. Li T, Ding W-X, et al.
Impaired fasting-induced adaptive lipid droplet biogenesis
in liver-specific AtgS-deficient mouse liver is mediated by
persistent nuclear factor-like 2 activation. Am J Pathol.
2018:188(8):1833-1846.

152. Alexaki A. Gupta SD. Majumder S. Kono M. Tuymetova
G. Harmon JM. et al. Autophagy regulates sphingolipid
levels in the liver. J Lipid Res. 2014:55(12):2521-31.

153. Ding W, Li M, Chen X. Ni H, Lin C. Gao W. et al. Auto-
phagy reduces acute ethanol-induced hepatotoxicity and
steatosis in mice. Gastroenterology. 2010:139(5):1740-52.

154, Quimet M, Franklin V, Mak E, Liao X, Tabas I. Marcel
YL. Autophagy 1 chol ol efflux from macro-
phage foam cells via lysosomal acid lipase. Cell Metab.
2011:13(6):655-67.

155. Khaldoun SA, Emond-Boisjoly M-A, Chatcau D. Carricre
V. Lacasa M, Roussct M. ct al. Autophagosomes contribute
to intracellular lipid distribution in enterocytes. Mol Biol
Cell. 2014:25(1):118-32.

156. Kaushik S, Rodriguez-Navarro JA. Arias E. Kiffin R,
Sahu S. Schwartz GJ. et al. Autophagy in hypothalamic
agrp neurons regulates food intake and energy balance.
Cell Metab. 2011:14(2):173-83.

157. Tatsumi T, Takayvama K, Ishii S, Yamamoto A, Hara
T. Minami N, et al. Forced lipophagy reveals that lipid
droplets are required for early embryonic development in
mouse. Development. 2018:145(4):dev161893.

158. Garcia EJ. Vevea JD. Pon LA. Lipid droplet autoph-
agy during energy mobilization, lipid homeostasis and
protein quality control. Front Biosci (Landmark Ed.
2018:23:1552-63.

159. Dupont N. Chauhan S, Arko-Mensah J, Castillo EF,
Masedunskas A. Weigert R. et al. Neutral lipid stores and
lipase PNPLAS contribute Lo autophagosome biogenesis.
Curr Biol. 2014:24(6):609-20.

160. Shpilka T, Welter E, Borovsky N. Amar N, Mari M.
Reggiori F, et al. Lipid droplets and their component
triglycerides and steryl esters regulate autophagosome
biogenesis. EMBO J, 2015;34(16):2117-31.

161. Sathyanarayan A, Mashek MT. Mashek DG. ATGL Pro-
motes Autophagy/Lipophagy via SIRT1 to Control Hepatic
Lipid Droplet Catabolism. Cell Rep. 2017:19(1):1-9.

162. Kracmer FB. Khor VK. Shen WJ, Azhar S. Cholesterol
ester droplets and steroidogenesis. Mol Cell Endocrinol.
2013:371(1-2):15-9.

163. Molenaar MR, Vaandrager AB. Helms JB. Some Lipid
Droplets Are More Equal Than Others: Different Meta-
bolic Lipid Droplet Pools in Hepatic Stellate Cells. Lipid
Insights. 2017:10:1178635317747281.

164. Zechner R, Zimmermann R, Eichmann TO. Kohlwein
SD. Haemmerle G. Lass A, et al. FAT SIGNALS--lipases
and lipolysis in lipid metabolism and signaling. Cell Me-
tab. 2012:15(3):279-91.

165. Chitraju C, Trétzmiiller M, Hartler J. Wolinski H. Thal-
linger GG, Lass A. ct al. Lipidomic analysis of lipid drop-
lets from murine hepatocytes reveals distinct signatures for
nutritional stress. J Lipid Res. 2012:53(10):2141-2153.

166. Tuohetahuntila M. Spee B, Kruitwagen HS. Wubbolts
R. Brouwers JF, van de Lest CH. et al. Role of long-chain
acyl-CoA synthetase 4 in formation of polyunsaturated lip-

155

Jarc and Petan: Lipid droplets and cellular stress

id species in hepatic stellate cells. Biochim Biophys Acta.
2015:1851(2):220-30.

167. Tuohetahuntila M., Molenaar MR, Spee B, Brouw-
crs JF, Houweling M, Vaandrager AB. et al. ATGL and
DGAT1 are involved in the turnover of newly synthesized
triacylglycerols in hepatic stellate cells. J Lipid Res.
2016:57(7):1162-74.

168. Li N, Lizardo DY. Atilla-Gokcumen GE. Specific
Triacylglycerols Accumulate via Increased Lipogene-
sis During 5-FU-Induced Apoptosis. ACS Chem Biol.
2016:11(9):2583-7.

169. Liesenfeld DB. Grapov D. Fahrmann JF, Salou M,
Scherer D, Toth R, et al. Metabolomics and transcriptomics
identify pathway differences between visceral and subcu-
tancous adipose tissue in colorectal cancer patients: The
ColoCare study. Am J Clin Nutr. 2015:102(2):433-43.

170. Schlager S, Goeritzer M. Jandl K. Frei R, Vujic N. Kolb
D. ct al. Adipose triglyceride lipase acts on neutrophil lipid
droplets to regulate substrate availability for lipid mediator
synthesis. J Leukoc Biol. 2015:98(5):837-50.

171. Dichlberger A, Schlager S. Maaninka K. Schneider WJ.
Kovanen PT. Adipose triglyceride lipase regulates eicosa-
noid production in activated human mast cells. J Lipid Res.
2014:55:1-21.

172. Shmarakov 10O, Jiang H. Liu J, Fernandez EJ, Blaner
WS. Hepatic stellate cell activation: A source for bioac-
tive lipids. Biochim Biophys Acta Mol Cell Biol Lipids.
2019:1864(5):629-42.

173. Bobowski-Gerard M. Zummo FP. Stacls B. Lefebvre
P. Ecckhoute J. Retinoids Issued from Hepatic Stellate
Cell Lipid Droplet Loss as Potential Signaling Molecules
Orchestrating a Multicellular Liver Injury Response. Cells.
2018:7(9):137.

174. Gartung A, Zhao J. Chen S. Mottillo E. VanHecke GC.
Ahn YH. et al. Characterization of eicosanoids produced
by adipocyte lipolysis: Implication of cyclooxygenase-2 in
adipose inflammation. J Biol Chem. 2016:291(31):16001—
10.

175. Schlager S, Vujic N. Korbelius M, Duta-Mare M, Dorow
J, Leopold C, et al. Lysosomal lipid hydrolysis provides
substrates for lipid mediator synthesis in murine macro-
phages. Oncotarget. 2017:8(25):40037-51.

176. Umamaheswaran S, Dasari SK. Yang P, Lutgendorf
SK. Sood AK. Stress. inflammation, and cicosanoids: an
emerging perspective. Cancer Metastasis Rev. 2018:37(2—
3):203-11.

177. Wang D. Dubois RN. Eicosanoids and cancer. Nat Rev
Cancer. 2010;10(3):181-93.

178. Bozza PT. Viola JPB. Lipid droplets in inflammation
and cancer. Prostaglandins Leukot Essent Fatty Acids.
2010:82(4-6):243-50.

179. Tuohetahuntila M. Molenaar MR, Spee B, Brouwers JF,
‘Wubbolts R. Houweling M, et al. Lysosome-mediated deg-
radation of a distinct pool of lipid droplets during hepatic
stellate cell activation. J Biol Chem. 2017:292(30):12436—
48.



156 Appendix C.

Appendix C.

Review Paper "A Twist of FATe:
Lipid Droplets and Inflammatory
Lipid Mediators"

The paper “A twist of FATe: Lipid droplets and inflammatory lipid mediators” by Eva
Jarc and Toni Petan was published upon invitation in the special issue of Biochimie
entitled "Biogenesis and fate of lipid droplets". Biochimie is a journal published by Elsevier
on behalf of the Société Frangaise de Biochimie et Biologie Moléculaire and we were
delighted to have the opportunity to contribute to this issue. In this article, we discuss the
principal ways in which lipid droplets regulate the availability of fatty acids for the
activation of inflammatory signaling pathways and for the production of lipid mediators.
On the one hand, lipid droplets sequester lipids and proteins thereby limiting their
availability for participation in signaling pathways. On the other hand, lipids derived from
the neutral lipid core or the phospholipid monolayer of lipid droplets directly act as
signaling mediators or are converted into ones. Lipid droplets thus act as signaling hubs
that integrate metabolic and inflammatory processes. In this work I performed literature
research and fact-checking, drafted parts of the manuscript and contributed to the
preparation of figures.

[Jarc, E. & Petan, T. (2019). A twist of FATe: lipid droplets and inflammatory lipid
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ARTICLE INFO ABSTRACT

Lipid droplets are fat storage organelles present in most eukaryotic cells. They consist of a neutral lipid core con-
taining mostly triglycerides and sterol esters and covered by a monolayer of phospholipid
proteins are embedded. In the cell, lipid droplets have a dynamic life cycle, rapidly altering their size, location,
lipid and protein composition in response to environmental stimuli and cell state. Lipid droplets are primarily
involved in the ¢ of lipid bolism with cellular requirements for energy production, membrane
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Keywords homeostasis and cell growth. However, they are also directly or indirectly engaged in signalling pathways. On
Lipid droplets the one hand, lipid droplets sequester lipids and proteins thereby limiting their availability for participation in
Inflammation signalling pathways. On the other hand, the lipolytic machinery provides a highly regulated, on-demand source
Eicosanoids of signalling lipids: lipids derived from their neutral lipid core, or the phospholipid monolayer, directly act as
Resolvins signalling mediators or are converted into ones. In fact, emerging studies suggest that these organelles are essen-
Phospholipase tial for various cellular stress response mechani including infl ion and i ity, acting as hubs that
Lipase i bolic and infl y processes. Here, we discuss the ways in which lipid droplets regulate the
availability of fatty acids for the activation of signalling pathways and for the production of polyunsaturated fatty
acid-derived lipid mediators. We focus in particular on recent discoveries in immune cells and adipose tissue that
have revealed an intricate relationship between lipid droplets and inflammatory signalling and may also be rele-

vant for other tissues and various human discases.
© 2019
1. Introduction droplets extend beyond lipid metabolism and that they are also an inte-

Lipid droplets are cytosolic fat storage organelles that are dynam-
ically synthesised and broken down in response to environmental sig-
nals and according to cellular requirements [1,2]. They have a unique
structure among organelles consisting of a neutral lipid core that con-
tains mostly triacylglycerols (TAGs) and cholesteryl esters, covered by
a phospholipid monolayer, in which numerous proteins are embedded
[3,4]. Being only recently recognized as fully functional, independent
organelles rather than inert fat depots, they are now emerging as ma-
jor regulators of lipid metabolism, trafficking and signalling [5-8]. They
actively control metabolic fluxes and signalling pathways that coor-
dinate lipid uptake, synthesis and breakdown with cellular needs for
energy production, biosynthesis, membrane and organelle homeosta-
sis. It has become evident in recent years that the functions of lipid

Abbreviations: ATGL, adipose triglyceride lipase; COX, cyclooxygenase; DGAT, diacyl-
glycerol ER, ic reti ; FA, fatty acid; HSL, hormone sensi-
tive lipase; LOX, lipoxygenase; LAL, lysosomal acid lipase; MAGL, monoacylglycerol lipase;
PLIN, perilipin; PLA;, ipase As; PPAR, i tivated recep-
tor; PUFA, polyunsaturated fatty acid; PGEy, prostaglandin Ep; SPMs, specis
solving mediators; TAG, triacylglycerolL
* Corresponding author.

E-mail addresses: eva.jarc@ijs.si (. Jarc); toni. petan@ijs.si (T. Petan)

zed pro-re-

https://doi.org/10.1016/j.biochi.2019.11.016
0300-9084/© 2019.

gral part of the cellular stress response [2,9-11].

Lipid droplet biogenesis is initiated between the two leaflets of
the endoplasmic reticulum (ER) membrane, whereby newly formed
TAGs accumulate in the hydrophobic environment provided by the glyc-
erophospholipid acyl chains [2,12]. Nascent lipid droplets bud from
the ER membrane and are released into the cytosol, where their dy-
namic lifestyle begins: travelling along microtubules, they may be clus-
tered and rather stationary in fed cells, but are rapidly dispersed dur-
ing starvation; they can grow, fuse and shrink through several mecha-
nisms, while all along communicating with other organelles through dy-
namic contacts that enable lipid and protein exchange [2,13-18]. They
are most often broken down by lipolysis, which includes a sequential
and highly regulated removal of fatty acids (FAs) from TAGs by adipose
triglyceride lipase (ATGL), hormone sensitive lipase (HSL) and monoa-
cylglycerol lipase (MAGL) [19-21]. In specific conditions and prefer-
entially in certain cell types, lipid droplet breakdown also occurs by
lipophagy, a selective process of autophagy that delivers parts of or
whole lipid droplets to lysosomes for bulk degradation by hydrolytic
enzymes, including the TAG and cholesteryl ester hydrolase lysoso-
mal acid lipase (LAL) [9,22-25]. Lipid droplet turnover is induced
in cells exposed to nutrient and oxidative stress, whereby they pro-
vide protection against energy and redox imbalances [2,9,10,26]. Lipid
droplets are also formed in various cells exposed to inflammatory stimuli
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and infection, in particular in immune cells during activation and dif-
ferentiation [27-30]. Emerging studies suggest that these fat-laden or-
ganelles regulate various aspects of inflammation and immunity by act-
ing as hubs that coordinate metabolic and inflammatory processes in
various conditions of acute and chronic cellular stress [9,29].

Lipid droplets store different lipids, which upon their release may
directly act as signalling molecules or are converted into ones. The
breakdown of TAGs and other esterified neutral lipids gives rise to free
FAs that may activate numerous signalling pathways in immune and
other cell types by directly binding to cell surface receptors, including
G protein-coupled receptors (GPCRs) and Toll-like receptors (TLRs), in-
tracellular binding/transport proteins and nuclear receptors. The latter
include the peroxisome proliferator-activated receptors (PPARs), sterol
regulatory element-binding proteins (SREBPs) and nuclear factor xB
(NF-kB) transcription factors [6,31,32]. Notably, different FA species
have distinct abilities to activate cellular signalling pathways and dis-
play context-dependent effects that result in diverse (patho)physiologi-
cal outcomes [31,32].

Lipid droplets also store polyunsaturated FAs (PUFAs), which are
precursors for the synthesis of numerous bioactive lipid mediators, such
as eicosanoids and specialized pro-resolving mediators (SPMs). These
mediators are released from various immune and other cell types to
modulate inflammatory and immune responses in their local microen-
vironment by binding to cognate GPCRs ooon target cells [33,34].
Dozens, even hundreds of different eicosanoids, SPMs and related oxy-
genated FA species may be rapidly synthesised and simultaneously re-
leased from activated cells. This mixture of potent lipid mediators in-
duces the initiation of cellular response programs that depend on the
combined effects of the released species, the presence of specific recep-
tors on target cells, the cell types involved and the conditions they are
exposed to. In these rather complex and dynamic ways, FAs and their
oxygenated metabolites control a plethora of signalling pathways and
transcriptional programs that integrate metabolism, immunity and in-
flammation [33,35-39]. However, the contribution of different cellular
FA pools, in particular those derived from lipid droplets, to the activa-
tion of these pathways is poorly understood.

Several recent studies have shown that lipid droplet lipolysis medi-
ated by ATGL and HSL is involved in the production of eicosanoids in
several types of immune cells, adipocytes and endothelial cells [40-44],
thereby challenging the conventional view that membrane glycerophos-
pholipids, and primarily their hydrolysis by phospholipase A (PLA2)
enzymes, are the main sources of PUFAs for eicosanoid production.
The concept that lipid droplets release FAs that in turn regulate im-
portant signalling pathways, most notably the PPAR transcriptional net-
work [6], and also store FAs that may be potentially used for conversion
into eicosanoids [45-47] is not new. However, these new studies using
ATGL-deficient cells and specific inhibitors [40-44] provide the first ev-
idence that TAGs stored in cytosolic lipid droplets are in fact sources
of FA precursors for lipid mediator production and that their availabil-
ity is controlled by neutral lipases. Additionally, the breakdown of cho-
lesteryl esters by LAL in the lysosome has recently been shown to con-
tribute to the production of eicosanoids, further expanding our view that
the turnover of neutral lipids is important for lipid mediator production
[48].

In this review, we provide an overview of the current evidence im-
plicating lipid droplets in the regulation of signalling pathways medi-
ated by FAs and their oxygenated metabolites. We focus on how lipid
droplets contribute to the regulation of the availability of FAs for the
activation of signalling pathways and for the production of lipid medi-
ators, but also discuss recent studies that reveal the intricate, bidirec-
tional relationship between inflammatory signalling pathways and lipid
droplet metabolism.

2. Lipid droplets sequester lipids and proteins and modulate
signalling pathways

Lipid droplets can affect signalling pathways by actively removing
signalling lipids from their bioactive to a storage pool or by regulat-
ing their release and production from stored precursors [6,49]. Besides
FAs, all other major intermediates of TAG synthesis and breakdown,
namely acyl-coenzyme A, lysophosphatidic acid, phosphatidic acid, dia-
cylglycerol (DAG) and monoacylglycerol (MAG), are potential signalling
molecules [49]. In addition, by regulating the storage and release of
sterols, retinoids and ceramides, lipid droplets also affect various sig-
nalling pathways that are directly or indirectly modified by these lipids
and their metabolites [50-53]. The removal of lipids from membrane or
cytosolic pools into the lipid droplet core is one of the major aspects of
lipid droplet biology that is crucial for the regulation of lipid trafficking
and prevention of lipotoxicity [10]. Their conversion into inert neutral
lipids reduces direct cell damage incurred by their excess, which may
be caused by altered membrane composition affecting protein and or-
ganelle function or by activation of specific signalling pathways, but it
also precludes their conversion into other, potentially even more damag-
ing metabolites and/or signalling lipids. Sequestration of these various
lipids into the lipid droplet core thus reduces their availability for the
activation of signalling pathways involved in cellular stress and inflam-
mation (Fig. 1), including the activation of PPAR signalling, TLR and
NF-kB inflammatory pathways by saturated FAs, the conversion of PU-
FAs into eicosanoids, the regulation of SREBP signalling by cholesterol
and FAs, the activation of protein phosphatase 2A (PP2A) by ceramides,
or of protein kinase C by membrane-resident DAG [6,31,32,54-57]. For
instance, channelling of saturated FAs into TAGs reduces their availabil-
ity for conversion into ceramides thus limiting both saturated FA- and
ceramide-induced cell dysfunction and inflammatory signalling [58,59].
In cancer cells exposed to hypoxic stress, blocking lipid droplet bio-
genesis elevates lipid saturation and ceramide levels and activates the
NF-kB signalling pathway [60]. Lipid droplet biogenesis also reduces
macrophage inflammatory activation by palmitate and protects mice
against diet-induced inflammation and insulin resistance in adipose tis-
sue [61]. Similarly, the esterification of ceramides into acylceramides
and their release from lipid droplets may also modulate the activation of
ceramide-induced signalling pathways in the cell [50,62].

Lipid droplets have also been suggested to act as sinks that limit
the availability of arachidonic acid for its conversion into pro-inflam-
matory eicosanoids and thus reduce potential tissue damage associated
with extensive inflammation [63,64]. Similarly, cells exposed to oxida-
tive stress redirect PUFAs from membrane phospholipids into the protec-
tive core of lipid droplets in order to prevent their oxidation and ensuing
lipid peroxidation chain reactions, thereby preserving membrane home-
ostasis, but also limiting signal transduction pathways that regulate cell
proliferation, growth and survival [65,66]. Namely, oxidized membrane
lipids, such as oxygenated PUFA-containing phospholipids and cardi-
olipins are emerging as important signals that trigger various stress and
programmed cell death pathways, including autophagy, apoptosis and
ferroptosis [67,68]. Lipid droplets could thus limit cell damage, prevent
cell death and reduce the inflammatory response by sequestering PUFAs
and reducing their availability for oxygenation and action as danger sig-
nals.

Lipid droplets may also sequester oxidized, damaged lipids, most
likely in order to protect the cell from oxidative damage, but their
excessive accumulation may also disrupt lipid droplet metabolism or
the function of lipid droplet-associated proteins. For example, elevated
lipid accumulation has been associated with the impairment of the
antigen cross-presentation capacity of tumour-associated dendritic cells,
which is necessary for the induction of anti-tumour immune responses
[69]. Intriguingly, oxidatively-damaged, truncated TAGs accu-
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mulate in lipid droplets of tumour-associated dendritic cells and neg-
atively affect dendritic cell function by covalently binding and thus

(pMHC) complexes to the cell surface. Interestingly, representatives of
the HSP70 family of chaperones are consistently found in lipid droplet

“trapping” heat shock protein 70 (HSP70, encoded by HSPAIA) on
the lipid droplet surface (Fig. 2A) [70,71]. The covalent lipidation of
HSP70 is possible because of the highly reactive electrophilic groups
of truncated and oxidized acyl chains that are most likely predomi-
nantly localized at the surface of lipid droplets [71]. This impairs anti-
gen presentation by reducing the trafficking of peptide-MHC class 1

proteomes [72] and some have important roles in lipid droplet metab-
olism. For instance, heat shock cognate protein of 70 kDa (Hsc70; en-
coded by HSPAS) is one such molecular chaperone involved in many
cellular processes [73], including the regulation of chaperone-mediated
autophagy (CMA) [74]. CMA regulates both lipolysis and lipophagy
by removing the lipid droplet-coating protein perilipin 2 (PLIN2) from
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Fig. 2. Lipid droplets alter immune function by and (A) In d dendritic cells, lipid droplets accumulate oxidatively-dam-

aged, truncated triacylglycerols (TAGs), which lipidate and sequester the cytosolic heat shock protein 70 (HSP70) to the lipid droplet surface. This “trapping” of HSP70 prevents its partic-
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2 (LPCAT2) accumulate large amounts of lipid droplets upon exposure to chemotherapeutics. Lipid droplet

reticulum (ER) stress and drives the sequestration of the ER luminal chaperone calreticulin (CALR) to lipid droplets, thereby inhibiting its ER stress-induced translocation to the cell surface,

where it serves as an “cat-me” signal for recognition by immature dendritic cels. This leads to supressed removal of dying cancer cells due to impaired dendritc cell maturation and T-cell
TAP, for antigen p: CD91, cluster of differentiation 91 (also known as low density lipoprotein receptor-related protein 1, LRP1).
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the lipid droplet surface [75]. The lipidation of HSP70 by the oxida-
tively-truncated electrophilic TAG acyl chains may only be one repre-
sentative example of a more general mechanism of protein lipidation
and retention on the lipid droplet surface and disruption of lipid droplet
and/or protein function. It will be interesting to see whether other pro-
teins may be regulated by similar mechanisms in other pathophysio-
logical settings. Interestingly, the sequestration of another chaperone,
the Ca® ' -binding protein calreticulin, on lipid droplets also impairs im-
mune function [76] (Fig. 2B). Calreticulin serves as a phagocytic sig-
nal for immunogenic cell death and is also involved in antigen pre-
sentation [77]. In cancer cells treated with chemotherapeutics, calreti-
culin is sequestered to lipid droplets, thereby reducing the exposure
of this “eat-me” signal on the plasma membrane, which leads to su-
pressed removal of dying cancer cells, most likely due to impaired den-
dritic cell maturation and T-cell activation [76]. Cytosolic lipid droplets
are also involved in the exchange of proteins with the nucleus, includ-
ing histones [11,78,79], perilipin 5 (PLIN5) (see text below) [80] and
the transcription factor nuclear factor of activated T cells 5 (NFAT5)
[81], thereby affecting chromatin assembly, regulation of gene expres-
sion and even anti-bacterial defence. Intriguingly, emerging studies have
shown that lipid droplets are also present in the nucleus [11,26,82,83],
where they regulate various aspects of nuclear function, including phos-
phatidylcholine synthesis by affecting the recruitment of CTP:phospho-
choline cytidylyltransferase o (CCTa) [84]. For a more detailed discus-
sion on the emerging roles of lipid droplets in protein trafficking and
quality control the reader is advised to turn to several recent excellent
reviews [2,3,11,85-87].

3. Lipolysis 1 fatty acid-mediated signalling pathways
3.1. Lipolytic signalling couples fatty acid supply with oxidative metabolism

and lipogenesis

In principle, lipid droplets could only act as storage facilities that
are not involved in signalling per se, merely providing a temporary
repository for lipids that act in downstream signalling pathways occur-
ring at other cellular locations, where key rate-limiting and regulating
steps occur (Fig. 1). The most convincing evidence that lipid droplet
turnover is essential for the regulation of intracellular FA-mediated sig-
nalling pathways have emerged from studies on the pathophysiological
roles of ATGL [24,88,89]. Namely, it is now clear that lipolytic prod-
ucts are required for the regulation of both lipogenesis and oxidative
lipid metabolism mediated by the PPAR family of transcription factors
in a number of tissues (Fig. 1) [24,89]. The three members of the
PPAR family of ligand-activated nuclear receptors control the transcrip-
tion of genes involved in metabolism, cell proliferation, differentiation
and inflammation [90]. PPARs are activated by FAs and their deriv-
atives, including endocannabinoids and eicosanoids, and act as major
lipid sensors and master regulators of lipid metabolism. The products of
ATGL-mediated lipolysis are necessary for the activation of PPAR-o and
the stimulation of mitochondrial oxidative metabolism in several tissues,
including the heart, liver and brown adipose tissue (BAT) [54,91,92].
For instance, this activity is essential for proper cardiac function and
thermogenesis in BAT. Importantly, although exogenous FAs could en-
ter the cell and bind to PPAR transcription factors directly or after in-
corporation and release from membrane phospholipids, lipid droplet
turnover seems to be necessary for the activation of PPAR signalling
by exogenously-derived FAs. In cardiomyocytes, the incorporation of
exogenous FAs and their subsequent release by ATGL-mediated lipoly-
sis produces ligands that are required for PPAR-mediated stimulation
of mitochondrial gene expression and oxidative metabolism [54]. The
importance of this mechanism is evident from the fact that ATGL-de-
ficient mice display lethal cardiomyopathy, which can be prevented
by pharmacological activation of PPAR-« [54]. Therefore, rerouting of
exogenous FAs into lipid droplets is essential for their signalling ef-

fects, likely in order to precisely match FA supply from the circulation
with mitochondrial capacity for oxidative metabolism and avoid lipo-
toxic cell damage [10,17,18]. It can be envisaged that a similar mecha-
nism operates in other cell types as well, particularly in oxidative tissues
and in those exposed to large amounts of circulating lipids.

Lipolysis also signals through PPAR transcription factors in order to
regulate lipogenesis. Namely, ATGL activity exerts a feedback regulation
on lipogenesis by activating PPAR-y and sterol regulatory element-bind-
ing protein lc (SREBP-1c¢) signalling in white adipose tissue, reveal-
ing an important interdependence between lipolysis and TAG synthesis
[93,94]. The coordination of lipolysis and lipogenesis likely serves to
optimize FA composition and enable glycerolipid acyl chain remodelling
among different cellular lipid pools, thereby maintaining membrane and
organelle homeostasis and reducing lipotoxicity [10,60,66]. In accor-
dance, diacylglycerol acyltransferase 1 (DGAT1)-mediated FA re-esteri-
fication into TAG is required in adipose tissue during lipolysis to reduce
lipotoxic cell damage and ER stress [95]. In fact, the coordination be-
tween lipolysis and lipogenesis is emerging as an important factor for
the regulation of insulin signalling, obesity and adipose tissue inflamma-
tion [89]. However, the lipolytic ligands and signal transduction path-
ways involved in the coordination of the two processes are still poorly
understood [24].

3.2. Lipolytic signals integrate metabolic and inflammatory transcriptional
responses

Emerging studies suggest that lipolysis also activates other signalling
pathways that regulate energy metabolism, cellular stress responses
and inflammation, which may participate in or complement PPAR sig-
nalling. In the liver, Sirtuin 1 (SIRT1) is activated by ATGL to promote
PPAR- activation in response to f-adrenergic signalling [96]. SIRT1 is
a NAD*-dependent deacetylase that acts as a metabolic sensor and in-
tegrates metabolic stress and inflammatory responses [97]. It deacety-
lates and activates the transcriptional coregulator PPAR-y coactivator-1a
(PGC-1a) that binds to PPAR-« to promote mitochondrial biogenesis and
oxidative metabolism. On the other hand, SIRT1 inactivates the tran-
seription factor NF-kB and suppresses inflammatory responses [98]. The
SIRT1-mediated activation of the PGC-1a/PPAR-« pathway by ATGL in-
dicates that lipolysis may also activate PPAR-a through a ligand-inde-
pendent mechanism [96]. In accordance, PPAR-« agonists cannot re-
store PPAR target gene expression in ATGL deficient hepatocytes and
ATGL-mediated PPAR-« activation does not require fatty acid-binding
protein 1 (FABP1), the major liver FA transporter [91,99]. In addition,
it has recently been suggested that rather than being responsible for bulk
TAG lipolysis in the liver, ATGL acts as a signalling node that activates
lipophagy, which in turn performs the majority of lipid droplet break-
down [23,100]. This activity of ATGL was also dependent on SIRT1,
but the mechanism of ATGL-mediated activation of SIRT1 remains un-
known.

Moreover, recent evidence suggests that ATGL is in fact engaged in a
feedback regulatory loop with SIRT1, FOXO1 and PGC-1a/PPAR signal
transduction pathways that may coordinate lipid metabolism, inflam-
mation and autophagy/lipophagy [24]. Namely, both acid (LAL) and
neutral (ATGL) lipolysis are transcriptionally regulated by SIRT1-medi-
ated activation of forkhead homeobox type protein O1 (FOXO1) and
by PGC-1a/PPAR signalling. The FOXO1 transcription factor regulates
adipogenesis, lipid droplet metabolism, autophagy and inflammation
[24,101,102]. Accordingly, a recent study has shown that the innate
immune transcription factor NF-xB/Relish represses FOXO-dependent
ATGL/Brummer lipase gene expression to limit fasting-induced lipoly-
sis and conserve triglyceride levels in the Drosophila fat body [103]. In
addition, the elevated levels of lipid droplets in immune and colonic
epithelial cells observed in inflamed intestinal tissue have been as-
sociated with repression of FOXO3 and increased NF-xkB
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and prostaglandin E; (PGE;) signalling [104]. Finally, the lipid
droplet-associated protein PLINS, which regulates lipase activity at the
lipid droplet surface and mediates lipid droplet contacts with mitochon-
dria [105-107], is translocated to the nucleus upon catecholamine-in-
duced activation of the protein kinase A pathway. In the nucleus, PLINS
binds to SIRT1/PGC-1a complexes and stimulates mitochondrial oxida-
tive gene expression [80]. PLIN5 thereby provides another mechanism
that couples lipolytic events at the lipid droplet surface with mitochon-
drial oxidative metabolism, inflammatory signalling and corresponding
transcriptional activation in the nucleus. Collectively, these studies re-
veal the multiple layers of complexity in the regulation of lipid droplet
breakdown and its coupling with signalling pathways that regulate me-
tabolism, cellular stress responses and inflammation.

4. Lipid mediator production is controlled by the availability of
polyunsaturated fatty acid precursors

4.1. Eicosanoids and specialized pro-resolving mediators (SPMs) are potent
lipid medi involved in infl ion and i ity

Lipid mediators are bioactive lipids that are rapidly synthesised and
secreted in response to diverse stimuli and act locally on target cells in
their microenvironment. These are short-lived autocrine and paracrine
signalling agents that bind to their cognate GPCRs and activate intracel-
lular signalling cascades to elicit cellular responses. Several lipid classes
have been classified as lipid mediators and are grouped according to
their structure, primary source and biological function [33,38,108].
Eicosanoids are derivatives of arachidonic acid, an ©-6 PUFA, and are
most often recognized for their role in the initiation and perpetuation
of the inflammatory response, but they may also have anti-inflamma-
tory activities [33]. There are hundreds of different eicosanoid lipid
species that are formed by oxygenation of arachidonic acid and related
PUFAs by a series of cyclooxygenase (COX), lipoxygenase (LOX) and
cytochrome P450 epoxygenase enzymes, giving rise to prostaglandins,
leukotrienes, thromboxanes, lipoxins and other related oxygenated lipid
species [33]. Remarkably, the same biosynthetic machinery is employed
for the conversion of w-3 PUFAs, such as eicosapentaenoic (EPA) and
docosahexaenoic (DHA) acids, into protectins, resolvins and maresins,
collectively termed specialized pro-resolving mediators (SPMs) [34].
These relatively recently discovered lipid mediators predominantly dis-
play anti-inflammatory effects and are essential for the proper execution
of the resolution phase of inflammation. Notably, lipoxins are arachi-
donic acid-derived LOX-produced eicosanoids that have been classified
as SPMs due to their potent anti-inflammatory and pro-resolving activi-
ties [33,34]. Eicosanoids and SPMs have important roles in homeostatic
tissue function, including vascular biology and mucosal integrity, and
have been implicated in numerous chronic inflammatory and immune
disorders, including asthma, rheumatoid arthritis, atherosclerosis, neu-
rodegeneration, obesity, diabetes, cancer, metabolic and autoimmune
diseases [33,34,39,108-111].

Cell activation at the onset of an inflammatory or immune response
typically results in the synthesis of numerous lipid mediators that col-
lectively act on target cells to elicit the desired response. The nature of
this lipid mediator “storm™ largely depends on the availability of par-
ticular PUFA precursors, the set of biosynthetic enzymes and specific
receptors that are present in a given cell type [33]. The balance be-
tween @-6 and @-3 PUFAs that are available for the synthesis of lipid
mediators strongly affects the composition of the lipid mediator pool
that is produced and determines the short- and long-term outcome of
the response. The coordinated action of pro- and anti-inflammatory lipid
mediators defines the proper initiation, progression and resolution of
acute inflammatory responses and any dysregulation in these processes
may underlie the development of chronic inflammatory states associ-
ated with numerous diseases [33,34,108,109]. The initiation of in-
flammation is controlled by pro-inflammatory eicosanoids, which pro-

mote neutrophil migration and infiltration, however, they also regulate
the resolution phase of inflammation by activating a temporal lipid class
switch that activates the production of SPMs and limits neutrophil in-
filtration. SPMs act as endogenous immunoresolvents that enhance the
clearance of microbes, inflammatory debris and apoptotic neutrophils
through macrophage phagocytosis and efferocytosis, thereby actively
shortening the resolution phase of inflammation, promoting
wound-healing and preventing collateral tissue damage [112,113].

4.2. Glycerophospholipid hydrolysis by phospholipases A, is a major source
of fatty acids for lipid mediator production

The production of lipid mediators is intrinsically linked to the avail-
ability of PUFA precursors required for their synthesis, which depends
on the activities of numerous enzymes and proteins that regulate FA up-
take, transport, hydrolysis, storage, remodelling and trafficking among
the different cellular and extracellular lipid pools [114,115]. Tradi-
tionally, eicosanoid production has been associated with the activity of
phospholipase As (PLA3) enzymes, which have access to one of the ma-
jor reservoirs of readily mobilizable PUFAs — the sn-2 position of glyc-
erophospholipids. In particular, the cytosolic PLAsx (cPLAxx) enzyme
has been widely recognized as the primary source of arachidonic acid for
eicosanoid production, but other members of the PLA, superfamily have
also been implicated in the provision of arachidonic acid and other PU-
FAs for lipid mediator production. Moreover, as described in more detail
in the following sections, recent studies have revealed additional phys-
iologically relevant sources of arachidonic acid for eicosanoid produc-
tion (Fig. 3), including the hydrolysis of endocannabinoids by MAGL
[21,116-118] and of neutral lipids by lipases, such as ATGL and LAL
[40,41,48].

The PLA; superfamily consists of more than 30 enzymes that ex-
hibit different selectivity and specificity for membrane phospholipids
[119-121]. They all release FAs and lysophospholipids from the sn-2
position of the glycerophospholipid backbone and have been classi-
cally divided into at least three major families, including secreted phos-
pholipases A (sPLAs), intracellular, Ca®*-independent (iPLA,s) and
Ca?*-dependent cytosolic phospholipases Ay (cPLAss). Moreover, the
iPLA» enzymes also belong to the PNPLA family of lipid hydrolases,
which comprises both phospholipases (PNPLA6-9) and lipases (PN-
PLA1-5) and also includes the major lipid droplet TAG lipase, ATGL
(PNPLA2). For more details on the classification, biochemistry, cellu-
lar and pathophysiological roles of the PLA; and PNPLA protein fam-
ilies the reader is referred to several excellent comprehensive reviews
[119-123].

Although many members of the PLA, superfamily may provide
arachidonic acid for eicosanoid production, the group IVA PLA, en-
zyme, or cPLAoq, is the only one that displays a significant speci-
ficity for the hydrolysis of arachidonic acid-containing membrane phos-
pholipids [120,122,124]. Upon cell activation by diverse inflamma-
tory stimuli, the enzyme is translocated in a Ca®'-dependent manner
from the cytosol to perinuclear membranes of the Golgi, ER and the
nuclear envelope membrane, an event that is essential for the initi-
ation of eicosanoid production [120,124,125]. This allows its posi-
tioning in the immediate proximity of the COX/LOX enzymatic ma-
chinery, thereby optimizing the provision of arachidonic acid for rapid
eicosanoid production (Fig. 3). The COX enzymes are primarily local-
ized at the ER, but also the Golgi, while leukotriene synthesis most
likely occurs at the nuclear envelope [120,124]. However, while be-
ing preferential, the perinuclear localization of cPLAs« is not obligatory
for its functional coupling with COX/LOX enzymes [126]. Importantly,
studies in cPLAsa-deficient mice have confirmed that the enzyme is es-
sential for stimulus-induced eicosanoid production in various cells and
tissues [120,124,127-129]. Accordingly, numerous studies have sug-
gested its involvement in inflammatory diseases, including asthma, ul-
ceration, cystic fibrosis, Alzheimer's disease, rheumatoid arthritis, neu-
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duced eicosanoid production in most cell types (route I). Upon cell activation ¢PLA; translocates from the cytosol to perinuclear membrane locations, where it is positioned in close prox-
imity to cycl (COXs) and li (LOXs), thereby spatially and temporally coupling AA release with cicosanoid production. Triacylglycerol (TAG) and diacylglycerol
(DAG) hydrolysis by adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL), respectively, are also potential sources of PUFA precursors for lipid mediator synthesis in
several types of cells (route 1I). cPLA; has also been found at the lipid droplet surface (route 111), along with COX and LOX enzymes, suggesting that it may release AA from the lipid
droplet i it i of ATGL activity. In principle, PUFAs released by ATGL from lipid droplets may be either directly converted into bioactive lipids by the
COX/LOX machinery (route II), or reacylated into phospholipids (route 1V) and then released by the activity of cPLA; (or other PLAs). (B) Secreted phospholipases As (sPLAs) release
PUFAs from i ins, the plasma b and other ular phospholipids, and in lipid mediator production in different cells and tissues (route V). These PUFAs
may be direetly taken up by COX/LOX enzymes, they may be re-esterified into phospholipids and released by cPLA; (via route I) and/or incorporated into neutral lipids and released
by neutral lipases from lipid droplets (via routes Il and IV). The importance of these remodelling pathways for lipid mediator production remains to be confirmed in different cell types
and diti may occur at other subcellular locations, whereby the depmed roles of sPLA;/cPLA; enzymes in route V are played by other members
of the PLA superfamily. (C) Endocytosis of cholesteryl ester (CE)-rich lipop and their by acid lipase (LAL) is also a potential source of PUFAs for
eicosanoid and SPM synthesis (route VI). LAL may also contribute to lipid droplet breakdown via lipophagy, which is another possible route for the provision of lipid droplet-derived PUFA
precursors that remains to be tested. (D) Mononcylglyreml lupase (MAGL) is an important source of AA for lipid mediator production in several tissues, whereby it controls the availability
of AA for ei id synthesis by ng the id 2- i glycerol (2-AG) (l’oute VID). The sequential actions of phospholipase C (PLC) and diacylglycerol lipase
(DAGL) from i isc the main source of 2-AG and other id: may also be derived from extracellular lipoprotein lipolysis,

similar delli

Endo

whereas the possible contribution of lipid droplets and neutral lipases as sources of 2-AG has not been demonstrated yet.

ronal injury, metabolic diseases and cancer [120,124,130]. Further-
more, many of the phenotypes observed in cPLAja-deficient mice are
recapitulated in mice lacking one or more eicosanoid biosynthetic en-
zymes or receptors, including PGE, synthase (mPGES-1), PGE, receptors
(EP1-4), LTC,4 synthase (LTC4S) and several leukotriene receptors, re-
inforcing the concept that cPLAs«x is a major and pathophysiologically
relevant regulator of eicosanoid production [122].

Although cPLAsx plays a central role in arachidonic acid release
for eicosanoid production, its ablation does not fully suppress the lat-
ter [131]. Indeed, other PLA; enzymes, which likely act at different
subcellular sites to mobilise their respective FA pools and stimulate
eicosanoid production under distinct conditions, have been implicated
in the process, including cPLA( (encoded by PLA2G4F) [132] and
iPLAy (encoded by PNPLA8) [133]. Interestingly, iPLA,y has recently
been shown to provide 2-arachidonoyl lysophospholipids for the pro-
duction of novel, previously unrecognized eicosanoid-lysolipids derived
from direct lysophospholipid oxygenation by COX-2 [134]. The proto-
typical iPLA; enzyme, iPLAop (PNPLA9; group VIA PLA,; encoded by the
PLA2G6 gene), displays poor sn-2 acyl chain selectivity, but it may also
contribute to eicosanoid production in certain situations and its involve-
ment in the production of »-3 PUFA-derived SPMs has been suggested
[120,135,136].

Besides the intracellular enzymes, there is another important group
of PLAs that participates in lipid mediator production, the sPLA; family
[123,137]. sPLAys are secreted from immune and other cells and pri-
marily act on extracellular substrates, such as lipoproteins, microparti-
cles, bacteria and viruses, and the external leaflet of the plasma mem-
brane of mammalian cells (Fig. 3B). In particular, the groups IID, IIF,
III and X sPLA; enzymes (encoded by PLA2G2D, PLA2G2F, PLA2G3
and PLA2G10, respectively) have shown a preference for the release
of PUFAs, including arachidonic acid and -3 PUFAs, when acting on
their respective target membranes in physiologically relevant contexts
[122,138]. The group IID sPLA, is expressed in lymphoid dendritic cells
and displays an anti-inflammatory role by releasing -3 PUFAs and pro-
moting resolvin D1 production [139,140]. The group X sPLA; is the
most potent mammalian sPLA; in hydrolysing phosphatidylcholine-rich
membranes [66,122,123,141-143]. It releases a mixture of unsatu-
rated FAs, including w-3 PUFAs, from different cells in vitro and murine
tissues in vivo and protects against inflammation, atherosclerosis and
obesity [66,144-146]. In the lung, it affects allergen response and
asthma by stimulating the production of cysteinyl leukotrienes [147].
In the intestines, the group X sPLA, modulates inflammation and tu-
mourigenesis by regulating Wnt signalling and eicosanoid production
[142,148]. Additionally, although the major physiological role of the
most well-studied group IIA enzyme, the prototypical “inflammatory”
sPLA,, is now accepted to be anti-microbial defence, this sPLA; also
acts on microparticles, including externalized mitochondria, thereby
promoting the production of pro-inflammatory eicosanoids and exacer-
bating inflammation [149]. In summary, besides cPLAq, at least sev-
eral other intracellular ¢cPLA, and iPLA; enzymes, as well as mem-
bers of the primarily extracellularly-acting sPLA, fam-

ily, contribute to the production of lipid mediators in various settings.
Clearly, we are still far from understanding the complexity of the regu-
lation and the variety of sources of PUFA precursor availability for lipid
mediator production by different PLAys. Given that the biological func-
tions of many PLAs are still unknown, and, as discussed in the follow-
ing section, a number of PLAs have recently been associated with lipid
droplet metabolism, it will not be surprising to discover that many of the
PLA-mediated pathways of lipid mediator production also include lipid
droplet turnover and various forms of trafficking between phospholipid
and TAG pools.

4.3. PLAys and lipid droplet metabolism

Numerous PLAs have also been implicated in the regulation of lipid
droplet metabolism [150]. sPLAs may provide FAs for TAG synthesis
by hydrolysing lipoprotein phospholipids and the plasma membrane of
different cells [143,151-155], while some intracellular PLAs, such as
iPLAo$ [156], may support TAG synthesis by releasing FAs from intra-
cellular membranes. cPLAyy (encoded by the PLA2G4C gene) promotes
lipid droplet formation via its enzymatic activity in hepatocytes exposed
to exogenous FAs and to hepatitis C virus infection [157]. cPLAs« plays
a regulatory role in the formation of lipid droplets in nutrient deprived
cells, likely by regulating ER membrane curvature at the lipid droplet
nucleation site [150,158,159]. cPLAxx is also involved in lipid droplet
accumulation in cell exposed to excess exogenous FAs and oxidized
lipoproteins and during viral infection [150,160,161]. cPLAja-deficient
mice are resistant to high-fat diet induced hepatosteatosis, and have re-
duced levels of PGE,, suggesting that cPLAsx-mediated eicosanoid pro-
duction may be responsible for excessive lipid droplet biogenesis and
liver damage [162,163]. These mice are also resistant to obesity when
fed a high-fat diet, which may be associated with the proposed role of
cPLAs« in adipogenesis [164].

The group X sPLA; has also been implicated in the regulation of
lipid droplet biogenesis, adipogenesis and other aspects of metabolism
[66,122,143,146,150,165-168]. Its activity on breast cancer cells
leads to the release of a mixture of unsaturated and polyunsaturated
FAs, which are incorporated into newly formed lipid droplets that in
turn provide long-term protection against nutrient and oxidative stress
(Fig. 3B) [66,143]. The group X sPLAj-induced lipid droplet biogen-
esis is also associated with the activation of metabolic and inflamma-
tory pathways, including AMP-activated protein kinase (AMPK) and
COX-2 signalling [143]. Interestingly, visceral adipose tissue inflamma-
tion has been associated with an elevated expression of the group X
sPLA; and of eicosanoid synthesis enzymes, along with increased levels
of arachidonic acid and long-chain PUFA-containing TAGs (PUFA-TAGs)
[169]. It is thus possible that the enzyme is involved in the traffick-
ing between membrane phospholipids and TAGs, thereby modulating
the acyl composition of both lipid pools and controlling the availabil-
ity of PUFAs for lipid mediator production. Intriguingly, the ability
of the group X sPLA; to promote eicosanoid production in peripheral
blood eosinophils has been associated with translocation of the enzyme
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to lipid droplets upon cell activation and with the activation of cPLAx
[170]. Therefore, PLAss contribute to lipid droplet metabolism in nu-
merous ways and play important roles as moderators of metabolic fluxes
and lipid mediator signalling.

4.4. Endocannabinoids as sources of arachidonic acid for lipid mediator
production

Endocannabinoids, such as 2-arachidonoylglycerol (2-AG), are a po-
tent group of signalling lipids derived from membrane lipid precursors,
which act through their cell surface cannabinoid (CB) receptors, affect
various physiological processes and generally display anti-inflammatory
properties [171]. The bioactive pool of endocannabinoids is regulated
by their removal through hydrolysis by MAGL [21,114,118,172]. In-
triguingly, the breakdown of the anti-inflammatory 2-AG by MAGL also
regulates the cellular levels of free arachidonic acid available for the
synthesis of pro-inflammatory eicosanoids. In fact, in the brain and sev-
eral other tissues, MAGL, but not cPLAsa, was found to be responsible
for the production of various bioactive lipids, including lysophospho-
lipids and eicosanoids, thereby exacerbating inflammation and tumouri-
genesis [116-118]. Through this dual function, MAGL finely tunes the
inflammatory response by simultaneously affecting two major lipid me-
diator pathways with opposing physiological roles. Intriguingly, a tis-
sue-specific segregation of function was found for MAGL and cPLAxx,
whereby the former plays a predominant role in eicosanoid production
in the brain, liver and lung, whereas the latter seems to be important
in the gut and spleen [117]. However, in the heart and kidney, nei-
ther enzyme was responsible for eicosanoid production, suggesting the
involvement of other (phospho)lipases. Although MAGL is also the ter-
minal enzyme in the TAG lipolysis pathway, current evidence does not
support a role of TAGs as sources for 2-AG and other endocannabinoids,
which are predominantly derived from membrane glycerophospholipids
and extracellular lipoprotein lipolysis [6,21]. The major pathway for
the production of 2-AG seems to be the sequential membrane phos-
pholipid hydrolysis by phospholipase C (PLC) and DAG lipase (DAGL)
(Fig. 3D) [21,173]. Accordingly, DAGLP has been shown to promote
eicosanoid production and complement the activity of cPLAsa in im-
mune cells [173,174]. Thus, the availability of arachidonic acid for the
production of eicosanoids is controlled by distinct and complementary
pathways involving various lipases and phospholipases, whose contribu-
tion to the process may be stimulus-, cell- and tissue-specific.

1S in i cells

5. Lipid droplets as of lipid

5.1. Lipid droplets are formed during immune cell activation and maturation

Lipid droplets were observed by electron microscopy in immune
cells already in the 1970s [175,176], but they first came into focus in
1983 when Dvorak et al. [177] studied lipid droplets in macrophages
and mast cells. Later, they were also found in eosinophils, basophils,
neutrophils and other immune cells under a variety of inflammatory
conditions and diseases, including rheumatoid arthritis, atherosclero-
sis, allergies, lung disease, intestinal inflammation, obesity and cancer
[27,69,104,178,179]. Lipid droplet biogenesis is rapidly induced in im-
mune cells in response to various inflammatory stimuli and infection
with viruses, bacteria and intracellular parasites [27-30,180-183].
Several major characteristics of lipid droplets, including number, size,
lipid and protein composition are dynamically altered during immune
cell activation and maturation [27-29,45,71,184]. The functions of
lipid droplets in immune cells are expanding in recent years, ranging
from energy supply for pathogen survival, viral assembly and interferon
responses, to immunometabolic regulation, antigen cross-presentation,
immune evasion and lipid mediator production [29,47,182,184-186].

5.2. Lipid droplets are often enriched with arachidonic acid and contain
eicosanoid synthesis enzymes

Lipid droplets have long been known to dynamically respond to in-
flammatory stimuli, to store arachidonic acid, in both phospholipid and
triglyceride pools, and harbour important elements of the eicosanoid
synthesis machinery, thereby suggesting that they act as specialized sites
for the synthesis of eicosanoids during the inflammatory response. The
association between lipid droplets and arachidonic acid metabolism in
immune cells was recognized early on, when exogenous radiolabelled
arachidonic acid was found predominantly incorporated in lipid droplets
in several types of immune cells and conditions [63,177,187]. A remod-
elling of arachidonic acid from phospholipid to triglyceride pools was
observed in inflammatory cells migrating into tissue or reaching matura-
tion, which suggested a dynamic, stimuli-dependent enrichment of lipid
droplets with arachidonic acid that is likely important for lipid media-
tor production in activated inflammatory cells [45]. The emerging hy-
pothesis that lipid droplets participate in the production of eicosanoids
[46,188] was strengthened with reports suggesting that numerous en-
zymes involved in eicosanoid production, including ¢cPLAsx and several
COXs and LOXs, localize to lipid droplets in macrophages and other im-
mune, epithelial and cancer cells [47,178,179,189-192]. Immunolo-
calization of endogenous cPLAsx and visualization of ectopically ex-
pressed cPLA,« fused with fluorescent proteins have suggested that the
protein is dynamically translocated to lipid droplets following stimula-
tion with ionophores, arachidonic acid or other unsaturated FAs, but
also that some cancer cells contain lipid droplet-localized cPLAsx under
unstimulated conditions [189,191,192]. In situ immunolocalization of
PGE; and other eicosanoids further suggested that lipid droplets are sites
of intracellular eicosanoid production in immune and other cell types
(reviewed in Ref. [47]).

5.3. Is the lipid droplet phospholipid pool a source of arachidonic acid?

These studies indicated, on the basis of inhibitor and localization
studies, that cPLAsa is likely responsible for the release of arachidonic
acid from lipid droplet phospholipid pools (Fig. 3A). However, the abil-
ity of cPLAzx to hydrolyse phospholipid molecules at the lipid droplet
surface has not been demonstrated yet. In this scenario, triglycerides
could serve merely as reservoirs for replenishment of the phospholipid
pool with arachidonic acid [47]. The enrichment of triglycerides with
arachidonic acid in immune cells has also been suggested to serve as a
sink to limit the phospholipid-resident pool of arachidonic acid in or-
der to reduce the inflammatory response [45,63,64]. However, the en-
zymatic pathways and regulatory mechanisms governing the remodel-
ling of the phospholipid and triglyceride pools have not been identified
and the possible functional consequences of lipid mediator production
at the lipid droplet surface have not been delineated. Moreover, given
that cPLAox and other ¢PLA; isoforms, such as cPLA.y, are also involved
in lipid droplet biogenesis, their localization to lipid droplets may also
be associated with other functions not related to eicosanoid production
[157,158]. A series of studies have shown that the activation of cPLAz«
is necessary for lipid droplet biogenesis in stressed cells, whereby it most
likely participates in the remodelling of the ER phospholipid membrane
to facilitate lipid droplet expansion [150,156,158,180]. It is also pos-
sible that the translocation of ¢cPLAs«x to the lipid droplet surface and
its involvement in phospholipid deacylation/reacylation reactions en-
ables its participation in both lipid droplet biogenesis and arachidonic
release for lipid mediator production [150]. Finally, the contribution of
the triglyceride pool and neutral lipases to eicosanoid production has
not been investigated until recently, as described in the next section.
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5.4. ATGL-mediated lipolysis drives eicosanoid production in mast cells

In comparison with various circulating inflammatory cells (mono-
cytes, neutrophils, eosinophils and platelets), mast cells, along with
macrophages, contain a large portion of their arachidonic acid esteri-
fied in the TAG lipid droplet pool [45]. Mast cells are known as ma-
jor effector cells in the acute allergic immune response, but are also
involved in tissue remodelling and long-term changes that accompany
chronic inflammatory conditions, including asthma, rheumatoid arthri-
tis, obesity, atherosclerosis and cancer [193]. Along with dendritic cells,
they form the primary defence line close to external body surfaces and
guard against invading pathogens and allergens. Their immature pre-
cursors, derived from hematopoietic stem cells, circulate the blood and
undergo terminal differentiation upon migration to target peripheral tis-
sues. Mast cells reside in tissues in their quiescent form and store secre-
tory granules filled with histamine, cytokines and growth factors. These
are released within seconds of cell activation, which is most commonly
triggered by antigen binding to IgE and cross-linking of its cell surface
receptor FeeRI, and may promote or reduce inflammation and affect tis-
sue function in a variety of ways [193] Activated mast cells also ini-
tiate de novo synthesis of lipid mediators, including eicosanoids, which
requires a regulated supply of precursors and activation of the synthe-
sis machinery. Eicosanoids may be released in the immediate or delayed
phase of the response to further modulate the allergic and inflammatory
reaction. The most common bioactive lipid mediators in mast cells in-
clude prostaglandin Do, leukotrienes B4 and C4, which complement and
even significantly surpass the potency of histamine under certain condi-
tions [194].

During maturation of human peripheral blood-derived CD34 " prog-
enitors into connective-tissue mast cells, the number and size of lipid
droplets increases significantly [28]. The addition of exogenous arachi-
donic acid further elevates lipid droplet levels and they incorporate the
exogenous FA predominantly into their TAG pool. Dichlberger et al.
[40] analysed the contribution of TAG lipolysis to the production of
eicosanoids in activated human primary mast cells. Silencing of ATGL
led to lipid droplet accumulation and a significant reduction in the pro-
duction of prostaglandin D, and leukotriene C4 in the acute phase of the
response immediately following cell activation, suggesting that the en-
zyme provides TAG-derived FAs for downstream oxidative reactions by
COX and LOX enzymes. Interestingly, this activity was reduced to sim-
ilar levels by silencing either ATGL, cPLAxa, or both, suggesting that
both enzymes contribute to eicosanoid production [40]. This also indi-
cates that the role of the TAG pool as a source of arachidonic acid is of a
comparatively similar importance as the various phospholipid pools that
may be targeted by cPLAxa. It also opens the possibility that ATGL and
cPLAsx cooperate in the provision of arachidonic acid in various ways
(Fig. 3). Arachidonic acid could be first released from TAGs by ATGL
and 1) directly used by COX/LOX enzymes or 2) reacylated into phos-
pholipids, either at the lipid droplet monolayer or other membranes,
only to be subsequently released by cPLAsx [194]. Both enzymes may
also work independently on their own respective target lipids and feed-
ing arachidonic acid to their respective proximal eicosanoid synthesis
machineries. The role of the TAG pool in eicosanoid production as a di-
rect source or as a reservoir of precursors for phospholipid reacylation
in immune (and other) cells has yet to be firmly established.

5.5. ATGL enables eicosanoid production in neutrophils

Moving closer to understanding the role of TAGs as sources of pre-
cursors for lipid mediator production, a recent study by Schlager et al.
[41] employed both global and myeloid-specific ATGL-deficient mice
to study the role of TAG lipolysis in immune cell function

and eicosanoid production. They found that ATGL-deficient mice display
a pronounced increase in lipid droplet accumulation in neutrophils iso-
lated from peripheral blood, bone marrow and naive lavages. Under in-
flammatory conditions, there was also an increased abundance of lipid
droplets and elevated TAG accumulation in neutrophils, macrophages
and monocytes isolated from peritoneal lavages of ATGL-deficient mice.
ATGL is thus important for TAG lipolysis in several types of blood
and tissue-resident immune cell types in mice. Furthermore, ATGL-defi-
cient neutrophils contained increased levels of PUFA-containing TAGs,
whereas the levels of TAG species containing predominantly saturated
and monounsaturated FAs were reduced. Notably, pharmacological in-
hibition of ATGL by Atglistatin in neutrophils collected under inflam-
matory conditions from wild-type mice, resulted in a significantly re-
duced release of several PUFAs, including linoleic and arachidonic acid,
and a reduced production of a number of lipid mediators derived from
COX, LOX and cytochrome P450 pathways. Importantly, the impact
of ATGL deficiency on eicosanoid production was also shown in vivo.
Namely, peritoneal exudates collected under inflammatory conditions
from ATGL-deficient mice contained reduced levels of most major PUFA
species and of eicosanoids derived from all three enzymatic pathways
in comparison with wild-type littermates. Although this study did not
address the involvement of PLAjs in eicosanoid production, the fact
that ATGL-deficient neutrophils contained elevated levels of PUFA-TAG
species, while no significant changes in PUFA acyl chain composition in
phospholipids were observed, speaks in favour of a direct ATGL-medi-
ated provision of TAG-derived PUFAs into eicosanoid production path-
ways [41]. These results suggest that ATGL-mediated TAG hydroly-
sis is a major and physiologically relevant source of arachidonic acid
and other PUFAs that feed into all three enzymatic pathways of lipid
mediator synthesis in murine neutrophils and probably other immune
cells [41]. Nevertheless, the possibility that phospholipid pools along
with cPLAs« (or other PLA, isoforms) complement or contribute to the
ATGL-mediated precursor release for eicosanoid production still remains
andand requires further examination. Interestingly, Schlager et al. [41]
observed that not all lipid mediators were affected by inhibition or de-
pletion of ATGL, suggesting that these lipid mediators are produced in
an ATGL-independent manner, likely from other subcellular compart-
ments. It could also be envisaged that the relative importance of the
PUFA-TAG pool and ATGL in lipid mediator production depends on the
cell type and state, specific environmental conditions and the tissue in
question.

5.6. Lysosomal lipolysis is a source of fatty acids for eicosanoid production

Lysosomal neutral lipid lipolysis has been recently found to drive
the synthesis of lipid mediators in immune cells. Neutral lipid hydrol-
ysis by LAL is involved in the catabolism of endocytosed lipoproteins
and in the breakdown of lipid droplets by lipophagy (Fig. 3C) [24].
LAL displays a broad substrate specificity and it hydrolyses various
neutral lipids, including TAGs, DAGs and cholesteryl esters. Its defi-
ciency leads to severe lysosomal storage disorders in humans associ-
ated with elevated accumulation of lipids in multiple tissues, dyslipi-
demia, liver dysfunction and atherosclerosis. LAL-deficient mice accu-
mulate neutral lipids in various immune cells under basal and inflam-
matory conditions [48]. Macrophages depleted in LAL were found to
accumulate neutral lipids within lysosomes, predominantly cholesteryl
esters, which were enriched with arachidonic and linoleic acids, both
precursors of pro-inflammatory lipid mediators [48]. The levels and
lipidomic profile of triglycerides, activities of neutral lipases and expres-
sion of the lipid droplet marker perilipin 2 remained unchanged, sug-
gesting that LAL-deficiency does not affect triglyceride and lipid droplet
metabolism under these conditions. Importantly, specific pharmacolog-
ical inhibition of LAL in wild-type macrophages reduced the release
of numerous lipid mediators derived from COX, LOX and CYP biosyn-
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thetic pathways, without affecting neutral TAG or cholesteryl ester hy-
drolase activity in the cells [48]. Thus, lysosomal cholesteryl ester ca-
tabolism by LAL is an additional source of precursors for bioactive lipid
synthesis in macrophages. It remains to be investigated whether lysoso-
mal lipolysis contributes to lipid mediator generation in other immune
and non-immune cells and to examine the relative contributions of the
endosomal vs. autophagosomal pathways of lipid delivery to lysosomes
in the process. It will be interesting to find out whether lipophagy has a
role in supplying neutral lipids for LAL-mediated eicosanoid production
under certain conditions.

T

6. Lipid dropl.
tissue

and infl y lipid in adipose

6.1. Lipid mediators and inflammation in adipose tissue

Lipid droplet metabolism, lipid mediators and inflammatory sig-
nalling are also intricately linked in adipose tissue. This is particu-
larly important in obesity, which has been characterized as a low-grade
chronic inflammatory state fuelled by the continuous nutrient surplus
and metabolic imbalance [35,36]. This chronic state of inflammation is
initiated by metabolic cells, which release increasing levels of inflamma-
tory cytokines that regulate both inflammatory responses and metabolic
processes, and is further amplified and sustained in the long-term by the
recruitment of immune cells and their impaired clearance. Besides the
release of cytokines and adipokines, adipose tissue has long been recog-
nized for its ability to generate bioactive lipid mediators that affect both
metabolic and immune function [35,36,39,195]. In fact, being derived
from nutrient FA precursors that are frequently dysregulated in obesity
and other metabolic diseases, lipid mediators are likely essential for the
development of chronic inflammation. Elevated saturated FA concentra-
tions in obesity lead to activation of multiple inflammatory signalling
pathways, including the production of prostaglandins, which promote
immune cell recruitment and function, but they also disrupt neutrophil
clearance and macrophage phagocytosis thereby impairing the resolu-
tion of inflammation [36,196,197]. Eicosanoids affect major aspects of
adipose tissue biology by overstimulating or inhibiting their cognate cell
surface GPCRs, TLRs and nuclear PPAR receptors [35,198]. Eicosanoid
production via the COX-2 pathway has been implicated in adipogenesis,
cold-induced browning, adipose tissue inflammation, obesity and insulin
resistance [199-202]. Lipid mediators generated by the 5-LOX and 12/
15-LOX pathways also play an important role in adipose tissue inflam-
mation and insulin resistance associated with obesity [197,203,204].
In addition to the elevated and continued generation of pro-inflamma-
tory lipid mediators driven by nutrient excess in obese adipose tissue,
the low-grade chronic inflammatory state is also perpetuated by the de-
creased synthesis of anti-inflammatory and pro-resolving lipid mediators
leading to a reduced resolution capacity [197,205].

6.2. Lipid mediators affect lipid droplet metabolism in adipose tissue

Although it is clear that PUFAs and their oxygenated metabolites are
important for both metabolic and inflammatory aspects of adipose tis-
sue biology, there are many contrasting reports and controversy regard-
ing the effects of particular lipid mediator species/pathways on lipo-
genesis and lipolysis [35,206-209]. Arachidonic acid has been shown
to inhibit adipogenesis in vitro via COX-dependent prostaglandin sig-
nalling leading to suppression of de novo FA synthesis and DGAT ac-
tivity [208]. However, arachidonic acid signalling has also been sug-
gested to promote adipogenesis [210] and restrict the phenotypic con-
version of white into brite adipocytes [207]. Moreover, the proto-
typical arachidonic acid-releasing enzyme cPLAx is involved in early
adipocyte differentiation [164]. The adipose-specific group XVI PLA,
(also called AdPLA and PLA2G16; encoded by PLA2G16) regulates adi-

pose tissue lipolysis through the production of PGE, [209]. The dele-
tion of AdPLA; in mice led to a reduction in adipose PGE; levels, an in-
crease in lipolysis, fat oxidation and resistance to diet-induced obesity.
The increase in lipolysis was dependent on elevated levels of cAMP and
phosphorylation of HSL, suggesting that PGE, inhibits lipolysis by re-
ducing signalling through the cAMP/PKA/HSL cascade (Fig. 4) [209].
Among the four PGE; receptors, EP2 and EP4 activate cAMP signalling
via Ga, protein-coupled receptor signalling pathways, while the EP3 re-
ceptor, which is the most abundant EP receptor in adipose tissue, pri-
marily acts via Go;-proteins to inhibit adenylyl cyclase and reduce cAMP
levels. A specific antagonist of EP3 inhibited the antilipolytic effect of
PGE,, suggesting that PGE, acts via the inhibitory Gaj-coupled EP3 re-
ceptor to decrease cAMP levels and inhibit lipolysis [209]. Intriguingly,
studies in EP3-deficient mice suggest that the EP3 receptor may regu-
late both adipogenesis and lipolysis in adipose tissue [201]. The lack
of EP3 signalling was associated with the facilitation of adipogenesis
via cAMP/PKA-dependent activation of the major adipogenic transcrip-
tion factor PPAR-y and stimulation of lipolysis via the cAMP/PKA/HSL
pathway [201]. Interestingly, the prostaglandin EP4 receptor has re-
cently been implicated in the regulation of lipid droplet remodelling and
mitochondrial metabolism in subcutaneous white adipose tissue [211].
Its depletion in mice resulted in the appearance of smaller, multiloc-
ular lipid droplets and elevated mitochondrial biogenesis and respira-
tion following p-adrenergic stimulation. These effects were independent
of uncoupling protein 1 (UCP1), but were rather associated with ele-
vated AMPK signalling and reduced expression of fat-specific protein of
27 kDa (FSP27; also called CIDEC), which is essential for lipid droplet
growth and fusion [212]. This study thus suggests that prostaglandin
signaling via EP4 maintains lipid droplet size, reduces TAG remodelling
and mitochondrial activity by suppressing AMPK-dependent FSP27 pro-
tein clearance in white adipose tissue (Fig. 4) [211]. Clearly, the path-
ways of bioactive lipid-mediated regulation of lipid droplet metabolism,
adipogenesis, inflammation and obesity require further investigation.

6.3. Adipose tissue lipolysis regulates local and distant inflammation

The findings presented above suggest the importance of eicosanoid
signalling for adipose tissue function, but do not reveal much regard-
ing the sources and regulation of their production and, in particu-
lar, how elevated lipid accumulation leads to increased lipid mediator
production. In fact, despite the well-accepted concept that obesity-re-
lated inflammation is initiated by the dysregulated function of meta-
bolic cells [35,213], we know surprisingly little about the mechanisms
promoting bioactive lipid mediator production and the possibility that
lipid droplets are sources of lipid mediators in these cells. Recent stud-
ies have reinforced the idea that lipolysis promotes inflammation and
have also provided evidence that it stimulates the production of bioac-
tive lipid mediators in adipose tissue [42,89,214,215]. Adipose tis-
sue lipolysis by both ATGL and HSL has been implicated in the acti-
vation of inflammatory pathways in adipose and other tissues. For in-
stance, acute activation of p-adrenergic signalling triggers the expres-
sion of pro-inflammatory genes, including IL-6, through a HSL-depen-
dent activation of sphingosine kinase 1 and JNK signalling [214,215].
Since adipose tissue ATGL regulates the provision of FAs for other tis-
sues, dysregulation of its activity may affect both local and distant tis-
sue inflammation. In accordance, ATGL activity is elevated in inflamed
adipose tissue and strongly affects hepatic insulin resistance and in-
flammation through the regulation of hepatic acetyl-CoA levels [216].
Moreover, adipocyte-specific deletion of ATGL protects against hepatic
inflammation and insulin resistance, and reduces immune cell recruit-
ment in adipose tissue; however, it does not ameliorate chronic adi-
pose tissue inflammation due to diet-induced obesity [89,217,218]. On
the other hand, pharmacological inhibition of ATGL in mice, which
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(1) In adipocytes, ging evidence suggests that adipose triglyceride

lipase (ATGL)- and hormone sensitive lipase (HSL)-mediated hpolysns are both involved in the produmon of lipid mediators. ATGI and HSL likely provnde pre(-ursors for elcosmlmd
synthesis by releasing polyunsaturated fatty acids (PUFAs) from lipid droplets. The lipid droplet protein perilipin 1 (PLIN1) limits the ion of ci by
ATGIL- and HSL-mediated lipolysis. HSL activity may also activate the c-Jun N-terminal kinase (JNK)/nuclear factor kB (NF-B) inflammatory pathway leading to elevated expression of
cyclooxygenase-2 (COX-2) and in E; (PGEy) i are released from the cell and bind to cell surface in and manner or directly
bind to peroxisome proliferator-activated receptor (PPAR) transcription factors. Elevated eicosanoid slgna.llmg in adipocytes thmugh their cognale cell surface G pm[em{oup]ed receplcrs
(GPCRs), such as the PGE, receptors 3 and 4 (EP3/4), or through their effects on Toll-like receptor (TLR) signalling, leads to or inhibition of major d i

luding those mediated by AMP-activated protein kinase (AMPK), protein kinase A (PKA) and the NF-xB transeription factor, which together with PPAR receptors modulate
lipid droplet i ij fl; 'y and insulin (I The adipose-specific group XVI ij A (AdPLA) lipolysis through the
production of PGEy, which acts via its EP3 receptor to reduce cAMP/PKA signalling and inhibit HSL-mediated lipolysis. (I1) EP3 receptors, which signal via inhibitory Ga; proteins, may
also supress adipogenesis by reducing cAMP/PKA/PPAR-y signalling. (IV) In cells exposed to f-adrenergic stimulation, EP4 receptors, which typically act via Go(, pmtems to increase cAMP
levels, supress AMPK-mediated clearance of fat-specific protein 27 (FSP27; CIDEC), thereby leading to lipid droplet and elevated boli LOX,

lipoxygenase.

likely targets both adipocyte and immune cell ATGL, leads to reduced
FA release, inflammatory marker gene expression and cytokine produc-
tion in adipose tissue [94]. In line with the possibility that some of these
effects are mediated by inhibition of ATGL in immune cells, deletion of
ATGL in macrophages restricts the ATP supply for efficient phagocyto-
sis, leads to reduced expression of pro-inflammatory cytokines and im-
pairs cell migration, thereby effectively reducing the immune response
[219,220]. Since ATGL integrates numerous metabolic processes and
signalling pathways that affect metabolism, inflammation and immunity
in a variety of cells, its role as a promotor or suppressor of inflammation
in particular pathophysiological contexts likely depends on the balance
between its expression and activity in multiple cell types and tissues.

6.4. ATGL/HSL lipolytic activity drives lipid mediator production in
adipocytes

Apart from several recent studies, the potential connection between
lipolysis and the production of bioactive lipid mediators in adipose tis-
sue has been poorly investigated. Stimulation of cAMP-mediated lipol-
ysis in adipocytes leads to arachidonic acid release, cPLAsx activation
and production of PGE,, which has been suggested to promote the accu-
mulation of anti-inflammatory macrophages in adipose tissue of fasted
mice [221]. Conditioned media from adipocytes induced macrophage
migration, which was blocked by inhibition of COX-2 and an EP4 an-
tagonist. However, this study did not address the possibility that TAG
lipolysis may be the source of arachidonic acid for the production
of PGE,. More recently, it was shown in 3T3-L1 adipocytes

that p-adrenergic stimulation of lipolysis activates JNK/NF-kB signalling
leading to upregulation of COX-2 expression, elevated cytokine and
eicosanoid synthesis [42]. Interestingly, the observed increase in the
production of numerous eicosanoid species, including COX, LOX and
epoxygenase products, was abrogated in cells pre-treated with a selec-
tive HSL inhibitor. Pharmacological inhibition of HSL also prevented
the elevation of COX-2 activity in response to f-adrenergic stimulation
in vivo, suggesting that lipolysis activates COX-2-mediated eicosanoid
production. Furthermore, COX-2 inhibitors reduced macrophage/mono-
cyte cell infiltration into adipose tissue under lipolytic conditions, in-
dicating that its products may be involved in immune cell recruitment
and exacerbation of inflammation [42]. This study thus suggests that
HSL-mediated lipolysis provides signals and/or FA precursors for lipid
mediator production and provoke an inflammatory response in adipose
tissue. Recently, the regulation of lipolysis by perilipins has been im-
plicated in adipose tissue inflammation. Perilipin 1 (PLIN1) is a lipid
droplet-coating protein highly expressed in adipocytes and one of the
principal negative regulators of ATGL activity in these cells [24]. A re-
cent study using PLIN1-deficient mice has shown that its ability to re-
strict lipolysis is required to limit the production of pro-inflammatory
eicosanoids, reduce macrophage infiltration and prevent the develop-
ment of insulin resistance in adipose tissue [43]. The effect was de-
pendent on ATGL- and HSL-mediated lipolysis and COX-2 activity. In-
triguingly, adipose tissue inflammation in obesity has been recently as-
sociated with the activation of autophagy leading to selective degra-
dation of PLIN1 and elevated lipolysis [222]. These studies suggest
a positive feedback regulatory loop between adipose tissue inflamma-
tion and ATGL/HSL lipolysis, whereby elevated cytokine production in
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obese adipose tissue leads to increased PLIN1 clearance and elevated
lipid mobilization, which in turn promotes the production of eicosanoids
that may further exacerbate inflammation. Therefore, adipose tissue
lipolysis via both ATGL and HSL provides signals or precursors for the
production of bioactive lipid mediators that modulate adipose tissue in-
flammation. The nature of these signals and precursors and the molecu-
lar mechanisms involved remain to be discovered in future studies.

7. Lipolysis contributes to the production of eicosanoids in
endothelial cells

Ficosanoids have an important role in the regulation of vascular
physiology, inflammation and atherogenesis [33,223]. Recent studies
have revealed that lipid droplets are actively involved in the regula-
tion of FA metabolism and transport in endothelial cells [224]. It was
shown that endothelial lipid droplet turnover is dynamically regulated
by DGAT1 and ATGL to control postprandial nutrient metabolism, re-
duce lipotoxicity and provide FAs to neighbouring cells [224]. In ac-
cordance, mice deficient in ATGL display a severe endothelial dysfunc-
tion [225]. Silencing of the PNPLA2 gene in human aortic endothelial
cells exacerbates inflammatory signalling and induces monocyte recruit-
ment, suggesting that ATGL activity may be necessary for anti-inflam-
matory signalling and prevention of atherogenesis [226]. Namely, ATGL
loss led to an increase in TNFu-induced expression of intercellular ad-
hesion molecule-1 (ICAM-1), which was associated with elevated lev-
els of NF-kB and PKC signalling. Recently, endothelial ATGL activity
has been linked to the production of prostaglandin I, (PGIy, or prosta-
cyclin), which is the principal anti-inflammatory and anti-thrombotic
product of arachidonic acid metabolism in the endothelium [44,227].
Endothelial cells deficient in caveolin 1 (Cav-1), a caveolae coat protein
that has been implicated in lipid droplet metabolism, display increased
lipid droplet breakdown, which was attributed to elevated cAMP/pro-
tein kinase A signalling, HSL phosphorylation and enhanced lipolysis
[44]. Atglistatin restored lipid droplet levels, suggesting that enhanced
ATGL/HSL-mediated lipolysis is responsible for the observed elevated
lipid droplet breakdown. Interestingly, Cav-1-depleted endothelial cells
also produced more PGl,, which acted in an autocrine manner through
its cognate GPCR to stimulate cAMP-mediated lipolysis, indicating that
Cav-1 deficiency upregulates lipolysis at least in part via the production
of PGI,. Furthermore, a recent analysis of the effects of ATGL silencing
on the subcellular distribution of radiolabelled arachidonic acid in hu-
man aortic endothelial cells found a decrease in the amounts of arachi-
donic acid in phospholipid pools, which coincided with a decrease in the
production and release of PGI, [227]. This suggests that ATGL-mediated
TAG lipolysis provides arachidonic acid for membrane phospholipid syn-
thesis and PGI, production in endothelial cells. Thus, ATGL may be in-
volved in an autocrine feedback regulatory mechanisms that includes
ATGL-mediated PGl, production that in turn affects cAMP-mediated reg-
ulation of lipolysis in endothelial cells. It still remains to be determined
whether endothelial ATGL contributes to eicosanoid synthesis by pro-
viding TAG-derived arachidonic acid directly to COX/LOX enzymes or
instead acts to replenish phospholipid pools for subsequent release by
PLAs, such as cPLAsa [228].

8. Conclusions

Despite the well-accepted concept that elevated lipid accumulation
and chronic inflammation in adipose and non-adipose tissues are hall-
marks of many metabolic disorders and diseases, we know surpris-
ingly little about the mechanisms that connect neutral lipids with the
production of inflammatory lipid mediators. Recent studies have rein-
forced the idea that lipolysis modulates inflammation at least in part
via the production of bioactive lipid mediators in several tissues, but
much remains to be elucidated in future studies. We are only begin-
ning to unveil the contribution of lipid droplet-associated lipases and
the neutral lipid pool to the regulation of the availability of FA precur-

sors for lipid mediator production. The potential roles of neutral lipids in
lipid mediator production as a direct source or as a reservoir of precur-
sors for phospholipid reacylation has to be established. Emerging stud-
ies suggest that depending on the stimuli, cell and tissue type in ques-
tion numerous phospholipases and lipases acting on different cellular
compartments may contribute to lipid mediator production. Currently,
we know very little about the possible cooperative and/or complemen-
tary roles of lipid droplet-associated lipases and phospholipases in lipid
droplet function and lipid mediator production. The involvement of an
increasing number of phospholipase A, enzymes in the generation of
lipid mediators and their emerging roles in lipid droplet metabolism pro-
vides exciting prospects for new discoveries integrating metabolism, in-
flammation and immunity. Moreover, it will be fascinating to discover
how lipid droplets fit into the bigger picture of the regulation of FA
trafficking and lipid mediator production in different cells and tissues.
Future studies will provide answers to whether and how different lipid
sources that drive lipid droplet biogenesis (e.g., exogenous lipid uptake,
de novo synthesis, autophagy) contribute to lipid droplet-dependent lipid
mediator generation. They will also uncover the mechanisms and condi-
tions in which lipid droplet biogenesis serves as a sequestration mecha-
nism that disrupts cellular signalling pathways. Furthermore, it remains
to be understood how the regulation of lipolysis at the cellular level
and at the lipid droplet surface is coordinated with lipolytic signalling
and lipid mediator production and whether lipid droplet breakdown via
lipophagy also contributes to the process. It is also paramount to aim
at elucidating how the dynamic lipid composition and protein ensemble
of these organelles affects their function in the context of various cellu-
lar stress responses. The pleiotropic roles of lipid droplets in managing
the trafficking of specific lipid species, cellular stress mechanisms and
inflammatory signalling will surely expand in the future as new func-
tions and mechanistic details are elucidated. Their roles in immune cell
function and inflammatory signalling in various tissues and in different
pathologies will be an exciting field of discovery that may help us un-
derstand, prevent and fight disease.
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