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Highlights

- PUFAs can both promote or reduce the survival of starved triple-negative breast cancer cells
- sPLA, augments PUFA-induced lipid droplet biogenesis and reduces PUFA lipotoxicity

- Suppression of lipolysis by ATGL depletion protects against PUFA lipotoxicity

- Sequestration of PUFAs in lipid droplets protects from oxidative stress and cell death

- Lipid droplets reduce nutrient and lipotoxic stress by balancing PUFA storage and use
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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 ®w-3 and w-6
polyunsaturated FAs (PUFAs), from TNBC cells. Starvation-induced breakdown of LDs induced by low
micromolar concentrations of unsaturated FAs, including PUFAs, was associated 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-induced cell damage. On the contrary, stimulation of LD biogenesis by hGX sPLA, and
suppression of LD breakdown 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.

Keywords: unsaturated fatty acids, secreted phospholipase Ay, lipid droplets, adipose triglyceride

lipase, breast cancer, lipotoxicity.



1. Introduction

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 promote 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 nutrient acquisition to
reduce stress and maintain growth and proliferation in nutrient- and oxygen-poor environments [1,7].
They increase 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 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 development is dependent on
FA uptake, lipid droplet formation and B-oxidation 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 exogenous 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 acquisition from their microenvironment and the
cellular processes that are crucial for their utilization [8].

Lipid droplets (LDs), long regarded as inert storage depots of metabolic 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 different stressful conditions, including nutrient excess and deprivation, hypoxia
and oxidative stress [4]. In most cells exposed to excess exogenous 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 isoforms 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 metabolism and enable cell survival
during nutrient deprivation [17,18]. Bailey et al. [19] have recently shown that LDs can also act as
antioxidant organelles that protect Drosophila neural stem cells from oxidative 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],
suggesting 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 reprogramming 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 invasiveness in the presence of adipocytes [29]. However, a tumour suppressor role for
ATGL has also been suggested, since its expression is reduced in several human cancers, including
breast invasive adenocarcinoma, and it correlates with reduced patient survival [30]. Furthermore, mice
lacking ATGL spontaneously develop lung tumours [30], and adipose tissue-specific combined deletion
of ATGL and hormone-sensitive lipase (HSL) genes leads to the development of liposarcoma [31]. While
its role in cancer is still controversial, the importance 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 -
oxidation with FA mobilization from LDs in several tissues [22,34,35]. The absence of ATGL-mediated
lipolysis protects hepatic cells from FA-induced ER stress [36], while stimulation of lipolysis by ATGL
overexpression in cardiomyocytes 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 metabolism and the cellular
response to stress, and the role of ATGL in regulating 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 lysophospholipids. Several intracellular PLA.s,
including the Ca2+-dependent cytosolic group IVA PLA, (cPLA.a) and the Ca2+-independent group VIA
PLA, (iPLA2B) have been implicated in the regulation of LD formation and TAG synthesis during stress,
respectively [40—-42]. Secreted phospholipase A, (sPLA,) enzymes act in the extracellular environment
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
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tumorigenesis [48]. The enzyme is overexpressed in several cancers in humans, 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 proliferation 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 though 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 between different unsaturated and polyunsaturated FA species, LD metabolism 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 DGAT1, 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, docosahexaenoic,
eicosapentaenoic, linoleic and arachidonic acids were from Cayman Chemical (USA), 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)
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were from Novus Biologicals (UK). The recombinant 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/l Na,EDTA, 0.4
g/l KCI, 0.6 g/l NaHCO3, 1.1 g/l glucose, 8 g/l 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 1 h 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 transfected 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 generated using 1 pl/well of Lipofectamine RNAIMAX in 24-well plates,
7.5 pliwell 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 manufacturer'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 generated from 1 pyg of RNA using High Capacity
cDNA Reverse Transfection kit with RNase inhibitor (Life Technologies, USA) and random primers
according to the manufacturer's instructions. gPCR 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
normalization to two reference genes, corrected for primer-specific PCR efficiency 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 containing 0.02% EFAF-BSA. Cell
lysates were prepared by scraping 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 g 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 (1:10000
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
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concentration as described above. NEFAs were extracted using ice-cold acidic Folch solution (1% (v/v)
acetic acid in chloroform/methanol 2/1, v/iv) with 1 yM 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 2500 g 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 yM, 2 uM and 4 yM) and containing 1 yM iSTD were extracted as described above and
used for final data normalisation. Chromatographic separation was modified after Knittelfelder et al. [56]
using an AQUITY-UPLC system (Waters Corporation, USA), equipped with a Kinetex C18 column (2.1
x 50 mm, 1.7 ym; 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 analyzed by
selected reaction monitoring (FA: [M-H]- to [M-H]-, 0 eV). Data acquisition was done by MS Workstation
(Bruker, USA). Data were normalized 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 yM 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-HCI, pH 7.4,
2 mM EDTA, 2 ul Halt Protease Inhibitor Cocktail), centrifuged at 4 °C (1000 g, 10 min), the pellet
resuspended in 150 pul 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 1,000 x g 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 described above. Combined organic phases of the double extraction were dried under a
stream of nitrogen and disolved 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
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 analyzed with the “Lipid Data Analyzer 1.6.2”

software [57]. Data were normalized for recovery and extraction- and ionization efficacy using ISTDs.
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2.8. Nile red staining of lipid droplets

Cellular neutral lipids were quantified by flow cytometry as described previously [18]. Briefly, the cells
were harvested, centrifuged at 300 g for 10 min and the pellet resuspended in 500 pl of 1 yg/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 described previously [18,58]. Briefly, floating and adherent cells
were collected and centrifuged at 300 g for 10 min, the pellet resuspended in 100 yl 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 yl DPBS
containing 0.1% FAF-BSA and analysed by flow cytometry. 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.
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 g for 10
min, the pellet resuspended in 25 nM TMRM in DPBS and incubated 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 yl 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 uM CM-H,DCFDA for 30 min in HBSS at 37 °C, in a humidified
atmosphere containing 5% CO,, with a subsequent recovery period of 2 h 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 yM 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.
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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 concentration 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 MM OA or 100 uM DHA in
complete medium for 48 h. Cell lysates were prepared and used for lipid quantification 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 yg/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 CO; incubator before live imaging on a Zeiss Axio Observer Z1 inverted

microscope (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 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.
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3. Results

3.1. Exogenous hGX sPLA, releases unsaturated FAs, including w-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 analysis (Fig. 1B and Supp. Table 2), using OA (18:1, w-9),
linoleic acid (LA; 18:2, w-6), arachidonic acid (AA; 20:4, w-6), eicosapentaenoic (EPA; 20:5, w-3) and
docosahexaenoic acid (DHA; 22:6, w-3) as external standards, revealed that OA and LA are the most
abundant species 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 enzymatic
activity also on T-47D cells (Supp. Fig. 1B), releasing a mixture of unsaturated FA products (Supp. Fig.
1C and Supp. Table 1). Supernatants 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 (Figs. 1B and 1C 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 w-3 and w-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 extracellular PC species in the cell supernatant (data not
shown), but there were also reductions in the amounts of several cellular PC and phosphatidylinositol
(PI) species, evident already after 3 h (data not shown) and most prominent after 6 h of treatment (Figs.

1D and 1E). Furthermore, we observed an increase in total lysophosphatidylcholine (LPC) in cell lysates
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and in cell supernatants (Fig. 1F), with similar changes in the profile of individual LPC species in both
cases (Supp. Figs. 1D and 1E). There was a significant reduction in total Pl in cells treated with hGX
sPLA,, while the apparent decrease of total PC amount was not statistically 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 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 Pl per mg protein in supernatants of untreated cells was more than 2 orders of magnitude
lower than that of cellular PI (data not shown), suggesting that lipoprotein Pl 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.
Moreover, while lipoprotein and cellular PC hydrolysis likely provide the bulk of unsaturated FAs
released by enzyme, cellular Pl phospholipids emerge as important sources of PUFAs in breast cancer
cells treated with hGX sPLA..
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Figure 1. hGX sPLA, releases unsaturated FAs, including w-3 and w-6 PUFAs, from breast cancer cells. MDA-MB-231 (A,
B) and T-47D (C) cells were serum-starved for 24 h and incubated with 10 nM hGX sPLA; in the presence of 1% EFAF-BSA for
6 h; non-esterified FAs were extracted from supernatants and analysed by LC-MS. (A) The relative changes in the amounts of FA
species released from MDA-MB-231 cells treated with hGX sPLA, were corrected for extraction recovery and normalised to total
cellular protein. (B, C) Quantification was performed using standard FA solutions containing OA (18:1), LA (18:2), AA (20:4), EPA
(20:5) and DHA (22:6). (D—G) MDA-MB-231 cells were grown in complete media (10% FBS in RPMI-1640) and treated with 50
nM hGX sPLA, for 6 h. Lipids were extracted separately from cell lysates and cell supernatants. Lysophospholipids and
phospholipids were analysed by LC-MS and values normalised to total protein. Values on the graphs are means + SEM of two
(C) or three (A, B, D-G) independent experiments; statistically significant differences 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.
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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 deprivation-induced cell death. We found that low micromolar
concentrations (10 uM) of exogenously added OA, LA, DHA, EPA and AA induce LD formation in MDA-
MB-231 cells grown in nutrient-rich conditions (Figs. 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 conditions increased resistance to starvation-induced cell death (Fig. 2C). A
similar effect was observed when cells were pre-treated with unsaturated FAs (Fig. 2C), suggesting that
starvation-induced LD breakdown 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
observed 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 sPLA,-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 individual unsaturated FAs differ in
their ability to alter the expression of selected genes 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 CPT1A, encoding the rate-limiting
B-oxidation enzyme carnitine palmitoyltransferase 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
DGATT1 (encoding diacylglycerol acyliransferase 1, DGAT1), ACADVL (encoding the B-oxidation
enzyme very long-chain acyl-CoA dehydrogenase, VLCAD), FASN (encoding fatty acid synthase, FAS),
nor in the expression of the PPARA and PPARG genes, encoding the transcription factors peroxisome
proliferator-activated receptors a and y, PPARa and PPARYy, respectively (Fig. 2E and Supp. Fig. 2C).

Collectively, these results are consistent with the notion of a similar action of hGX sPLA, and
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unsaturated FAs. Thus, unsaturated FAs, the products of sPLA, enzymatic activity, induce changes in

lipid metabolism, thereby mediating its effects on TNBC cell survival.
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Figure 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 M 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 gPCR (E). Values on the graphs
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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; two-way ANOVA with Bonferroni adjustment).

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 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 B-oxidation is important 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 expression 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 (Figs. 3A and B). ATGL depletion resulted in an increase
in LD accumulation (Fig. 3C) and a reduction in the amount of 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).
Furthermore, we found that ATGL depletion, though significantly increasing the total amount of neutral
lipids, did not block LD breakdown during the starvation period in sPLA,-treated cells (Fig. 3E).
Accordingly, 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 (Figs. 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 cells were exposed to harsher conditions
of nutrient deprivation (prolonged starvation in HBSS or PBS), ATGL depletion did not significantly affect
cell survival (data not shown). Similarly, although ATGL knockdown 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 (Figs. 3H and | and Supp. Figs. 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.
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Figure 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, 1) 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
statistically significant are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001; two-way ANOVA with Tukey’s (G) or Bonferroni
adjustment (D, E, F, H, 1)).

We have previously shown 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-mediated 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 mitochondria
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 CPT1A inhibitor etomoxir in addition to ATGL depletion in cells containing sPLA,-
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 effect 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 control, hGX sPLA,-treated
and ATGL-depleted cells (Supp. Fig. 4), indicating 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 sPLAg-induced LDs.
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Figure 4. B-oxidation is important for cell survival during starvation. MDA-MB-231 cells were reverse transfected with ATGL-
targeting siRNAs (siATGL) or non-targeting scrambled siRNA (SCR), treated with 10 nM hGX sPLA; for 48 h in complete medium,
forward transfected for the second time and serum-starved for 120 h in the presence or absence of the CPT1A inhibitor etomoxir
(50 puM). Cell death was determined using the TMRM/YO-PRO-1 assay (B) and LD content using Nile Red staining (A). 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).

3.4. 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 yM 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 uM OA and DHA displayed a significant increase in the amount of cholesteryl
esters, but the corresponding 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 potentiated LD formation and reduced

FA-induced lipotoxicity.
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Figure 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 yM
FAs for 48 h. (B, C) Cells were grown in complete medium and treated with 10 nM hGX sPLA, or 100 yM 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 yM FAs and either 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).
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We next asked 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. 5E). 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 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 that LDs containing OA and LA
are more readily degraded than those containing the potentially toxic PUFAs, EPA, DHA and AA.
Furthermore, 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-supplementation 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-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 individual FAs augments LD biogenesis and reduces PUFA
toxicity during prolonged serum deprivation.

We next asked if serum deprivation prior to the addition of exogenous 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 concentration of 50 yM.
Similarly, DHA, AA and EPA were toxic at concentrations above 30—40 uM (Supp. Fig. 5D). Importantly,
the addition of hGX sPLA, augmented FA-induced LD formation, it efficiently suppressed the toxicity of
LA, EPA, DHA and AA and it even further potentiated the strong anti-apoptotic effect of OA (Supp. Figs.
5C and 5D). 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 lipotoxicity.

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
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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 prolonged starvation, but OA was cytotoxic
(Supp. Fig. 5E). This suggests that the effects of hGX sPLA, on T-47D cells are mediated predominantly
by PUFAs and that different breast cancer cells have different 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 oxidative 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 simultaneous 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 H,O,-treated MDA-MB-231 cells confirmed that
NAC acts as a potent antioxidant (Supp. Figs. 6A and B). Furthermore, prolonged starvation of cells
loaded with DHA resulted in a marked elevation of ROS and cell death (Figs. 6D and E). When hGX
sPLA, was added along with DHA in the pre-incubation mixture in nutrient-rich conditions, or when NAC
was present during the starvation phase, both cell death and the levels of ROS were reduced (Figs. 6D
and E). These results suggest that starvation-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 sPLA..
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Figure 6. Breakdown of DHA-induced LDs is associated with elevated lipotoxicity and oxidative stress, which are both
suppressed by hGX sPLA.. (A, B, C) MDA-MB-231 cells were treated with combinations of 10 nM hGX sPLA,, 100 yM DHA
and 5 mM NAC in complete medium for 48 h. (D, E) Cells treated with 10 nM hGX sPLA, and 100 M DHA for 48 h in complete
medium were serum-starved for 96 h in the presence of 5 mM NAC. Cellular ROS and cell death were determined using CM-
H,DCFDA and 7-AAD double staining. Dot plots and histograms (A) were taken from a representative experimental analysis and
depict the percentage of dead cells (7-AAD positive) and the geometric mean value of CM-H,DCFDA fluorescence in the
remaining live cell population (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).

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. Figs. 6C and D). LA displayed a similar potency in reducing DHA
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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 conditions. 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-induced 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 (Figs. 7A and B) and a decrease in cell death and
oxidative stress in comparison with cells transfected with control siRNA and treated with DHA (Figs. 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 reducing 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 potentiation of DHA-induced cell death (Figs. 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 (Figs. 8A and B). Thus, stimulating LD biogenesis by hGX sPLA, or
inhibiting lipolysis by ATGL depletion reduces DHA lipotoxicity. 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.
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two-way ANOVA with Bonferroni adjustment).

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 depletion 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 highly unsaturated TAG species (PUFA-TAGSs) (Fig. 9A). In particular, there was a striking
increase in the proportion of PUFA-TAGs containing more than 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 (Figs. 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 less than 3 and with 3-7 double bonds (including 54:2, 56:6, 56:7 and 58:7) and
reduces PUFA-TAG species with more than 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% (Figs. 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
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species, such as PC 38:6, thus lowering the fraction of highly unsaturated PC species from 32% to 26%

(Figs. 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 proportion of highly unsaturated fatty acyl chains in the PC and TAG profile.
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Figure 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 10 nM
hGX sPLA, and/or 100 uM DHA for 48 h in complete medium. Cells were lysed and lipids extracted for UPLC/qToF-MS analysis.
Values on the graphs are means + SEM of three 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).

On the other hand, ATGL depletion resulted in minor changes in the 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. Figs. 7A and B). Similarly, ATGL depletion did not significantly
alter the TAG profile of cells treated with both DHA and hGX sPLA,, although it did result in a minor
increase of average PC unsaturation (Figs. 9E and F, and Supp. Fig. 7C). Therefore, ATGL depletion
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

lipolysis.

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 controlling 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 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 PUFA-induced lipotoxicity (Fig. 10). This segregation of PUFAs in cytoplasmic 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

nutrient and lipotoxic stress.
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Ras-driven TNBC cells exposed to excess PUFAs accumulate LDs containing highly unsaturated PUFA-TAG species. (a)
Starvation-induced breakdown of these LDs is associated with ATGL-dependent increase in oxidative stress and cell death. (b)
PUFA toxicity may be reduced by two complementary mechanisms that lower PUFA-induced oxidative stress: (1) hGX sPLA;
membrane phospholipid hydrolysis leads predominantly 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 unsaturation level of membrane phospholipids; (2)
suppression 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.

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 previous 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 (Figs. 1A—C) suggests a direct phospholipolytic 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
provides the bulk of unsaturated FAs. However, our results strongly suggest that plasma membrane Pl
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-survival 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
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tested mono- and polyunsaturated FA products of hGX sPLA, activity 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 sPLA.-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 actions.

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 lysophospholipids, whose roles in cancer are
emerging [2]. It is possible that lysophospholipids also contribute to the effects of sSPLA, 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], c) 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 oxidative 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 particular 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 w-3
and w-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 generally accepted notion of an anti-cancer activity of w-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
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nutrient availability or studied cell survival during starvation. Although it is difficult to estimate the local,
physiological concentrations of exogenous FAs available in the tumour microenvironment or to correlate
those with in vitro experimental settings [7], recent lipidomic studies have provided some clues. The
total free (non-esterified) FA concentration in human plasma is approximately 200 yM after overnight
fasting, but the concentrations of individual FA species differ significantly [75]. OA is the most abundant
FA in human plasma (80 yM), followed by LA (15 uM), AA (3 uM), DHA (1 uM) and EPA (0.4 uM). OA
is also one of the most abundant FAs incorporated into membrane phospholipids, including those of
MDA-MB-231 cells [61]. Thus, the low micromolar and cytoprotective concentrations of PUFAs used in
the present study are likely near or slightly above their plasma levels, while the high micromolar,
cytotoxic concentrations of EPA, DHA and AA used here (100 yM) are roughly 30—250-fold higher than
their respective concentrations in plasma. Therefore, starvation-induced breakdown of LDs induced by
physiologically relevant concentrations of unsaturated FAs and hGX sPLA; is associated with the
prevention of cell death in aggressive Ras-driven breast cancer cells. It remains to be established
whether this is also true for other cancer cells with activating Ras mutations, but given their propensity
for opportunistic modes of nutrient acquisition and metabolic plasticity such a scenario seems highly
likely [1,7-9]. Finally, our results suggest that the dual, concentration-dependent effects of w-3 and w-
6 PUFAs described here must be taken into account when designing and interpreting experiments or

clinical trials in various chemopreventive or therapeutic settings.

4.3. ATGL-mediated TAG lipolysis is not necessary for cell survival during prolonged serum deprivation

Our results suggest that ATGL-mediated TAG lipolysis contributes to, but is not essential for
cell survival during prolonged serum starvation of Ras-driven MDA-MB-231 TNBC cells. ATGL
deficiency clearly reduced TAG lipolysis and LD breakdown and compromised cell survival, but it did
not result in massive cell death during starvation. Intriguingly, although ATGL depletion significantly
increased the total amount of neutral lipids remaining after starvation in cells pre-treated with sPLA, or
unsaturated FAs, it did not abolish their pro-survival activity. These findings together with the facts that
1) hGX sPLA; retained its ability to induce glycerol release in ATGL depleted cells and that 2) ATGL
depletion did not significantly reduce the fraction of sPLA.-induced LDs broken down during the
starvation period (Fig. 3E), strongly suggest the involvement of other lipases and/or other processes
(e.g. lipophagy/autophagy) in serum starvation-induced LD breakdown and cell survival in TNBC cells.
Indeed, the role of lipolysis, 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]. Furthermore, it is conceivable that the relative contribution of
autophagy/lipophagy vs. lipolysis may be altered depending on the availability of exogenous lipids and
the amount and composition of pre-existing LDs at the onset of starvation. Notably, in acutely starved
mouse embryonic fibroblasts (e.g. hours in HBSS) autophagic digestion of cellular membranes provides
FAs for DGAT1-dependent LD synthesis [33,76]. Although ATGL is indispensable for the delivery of FAs
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from LDs to mitochondria under these conditions [33], the primary role of LDs may be the prevention of
lipotoxicity of autophagy-derived FAs rather than delivery of LD-derived FAs to mitochondria for cell
survival [76]. On the other hand, during milder, but prolonged starvation (e.g. days of serum deprivation)
lipophagy and other forms of autophagy may also be induced and become dominant [13,63,77].
Intriguingly, a recent study in MDA-MB-231 cells has shown that during prolonged low glucose starvation
in the absence of exogenous lipids, autophagy of bulk membrane phospholipids may be critical for
supplying FAs to mitochondria and cell survival [63]. Finally, our results are in agreement with a recent
study showing that ATGL-mediated LD breakdown in breast cancer cells exposed to adipose-derived
FAs is important for cancer invasiveness, but not for cell growth or survival [29]. The authors suggest
that ATGL is critical for the ability of cancer cells to progressively release FAs from LDs and use them
when needed to sustain the invasiveness of circulating tumour cells. Clearly, the relative 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 studies.
Interestingly, suppression of both p-oxidation and ATGL-mediated lipolysis was more
detrimental to the cells than inhibiting either process alone. Of note, a low, non-toxic concentration of
etomoxir was used (50 pM), which is sufficient to reduce the effects of sPLA,, both on LD formation and
cell survival [18], but presumably does not fully block B-oxidation during prolonged serum starvation. In
fact, it has been shown that a 5-10-fold higher concentration of etomoxir is necessary to cause LD build-
up and cell death in starved MDA-MB-231 cells [18]. A partial inhibition of B-oxidation in ATGL-depleted
cells may lead to a compensatory increase in LD breakdown by other lipases [17,33], or by lipophagy
[13]. This may explain the reduction of LD content caused by etomoxir both in sPLA,-treated and in
ATGL-depleted cells. It is also possible that CPT1A activity is in fact necessary for the ability of sPLA,
to induce LD formation, as suggested previously [18]. Indeed, reducing CPT1A activity or mitochondrial
fusion has been shown to reduce FA uptake or activate a mechanism of FA expulsion from cells to

prevent FA lipotoxicity [33,78].

4.4. Lipid droplets are antioxidant and pro-survival organelles

Cells protect themselves from FA lipotoxicity by upregulating B-oxidation and neutral lipid storage in LDs
[15,79]. Directing FAs to LDs protects against lipid-induced cell damage in different cells and tissues.
For example, reducing TAG synthesis by DGAT1 depletion leads to cell death in fibroblasts exposed to
exogenous OA, while sequestration of palmitate into LDs by co-supplementation with OA protects from
palmitate-induced cell death [15]. DGAT1-dependent LD biogenesis also reduces the lipotoxicity of
excess endogenous FAs, liberated by starvation-induced autophagic degradation of membranous
organelles [76]. In the same study, DGAT1-depletion led to a concomitant reduction 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],
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and high acyl-CoA:cholesterol acyliransferase 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 (SOATT) gene expression
(Pucer, 2013), hGX sPLA, did not affect cholesteryl ester content, suggesting that its effects on TNBC
cells mostly depend on changes in TAG storage. However, high concentrations 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 exposed to high levels of
exogenous unsaturated FAs.

The results of the current study indicate that sequestration of exogenous 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 suppression of TAG synthesis by inhibition of DGAT1. Furthermore, the protection from
PUFA toxicity by hGX sPLA, was associated with extensive 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 lipotoxicity, suggesting that the effects of
hGX sPLA, are mediated by these abundant FAs with the lowest degree of unsaturation among its
products 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 -oxidation and cell survival during starvation. It
is thus possible that hGX sPLA,-induced 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
unsaturation in membrane PC species, suggesting that membrane phospholipid 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 lipotoxicity. 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 specificity reported for the enzyme [84]. Thus, the reduced
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PUFA toxicity in ATGL-deficient cells is most likely a consequence of an overall reduction 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 increasing the
pool of cytosolic FAs and stimulating B-oxidation and ROS production [86,87]. Namely, stimulation of
lipolysis by overexpression 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 (3-oxidation and
FA peroxidation [86,89]. In summary, our results demonstrate 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 survival during stressful
conditions. Our results suggest that LDs coordinate unsaturated FA uptake, storage and use with cell
survival mechanisms during nutrient and lipotoxic stress in TNBC cells. LDs transiently store
unsaturated FAs, including w-3 and w-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 remodelling or by inhibition of ATGL-mediated TAG lipolysis. The capacity of cells
to balance unsaturated FA sequestration and release from LDs is thus important for their ability to
balance FA-induced cell survival 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 promotion of lipolysis are thus potential therapeutic strategies in TNBC and likely in other

aggressive Ras-driven cancers.

Acknowledgements

We are grateful to Dr. Achim Lass for careful and critical reading of the manuscript. We thank Marusa

Rajh for preparation of recombinant hGX, Toni Nagode, Ema Gustin and Uro§ Malavasi¢ for their

36



technical help. This work was supported by grants P1-0207 and J3-0386 from the Slovenian Research

Agency.

References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

N.N. Pavlova, C.B. Thompson, The Emerging Hallmarks of Cancer Metabolism, Cell Metab., 23
(2016) 27-47.

F. Roéhrig, A. Schulze, The multifaceted roles of fatty acid synthesis in cancer, Nat. Rev. Cancer,
16 (2016) 732—49.

A. Carracedo, L.C. Cantley, P.P. Pandolfi, Cancer metabolism: fatty acid oxidation in the
limelight, Nat. Rev. Cancer, 13 (2013) 227-32.

S. Koizume, Y. Miyagi, Lipid Droplets: A Key Cellular Organelle Associated with Cancer Cell
Survival under Normoxia and Hypoxia, Int. J. Mol. Sci., 17 (2016) 1430.

N. Zaidi, L. Lupien, N.B. Kuemmerle, W.B. Kinlaw, J. V. Swinnen, K. Smans, Lipogenesis and
lipolysis: the pathways exploited by the cancer cells to acquire fatty acids, Prog. Lipid Res., 52
(2013) 585-9.

E. Currie, A. Schulze, R. Zechner, T.C. Walther, R. V. Farese, Cellular fatty acid metabolism and
cancer, Cell Metab., 18 (2013) 153-61.

E. Michalopoulou, V. Bulusu, J.J. Kamphorst, Metabolic scavenging by cancer cells: when the

going gets tough, the tough keep eating, Br. J. Cancer, 115 (2016) 635—40.

D. Ackerman, M.C. Simon, Hypoxia, lipids, and cancer: surviving the harsh tumor
microenvironment, Trends Cell Biol., 24 (2014) 472-8.

J.J. Kamphorst, J.R. Cross, J. Fan, E. de Stanchina, R. Mathew, E.P. White, C.B. Thompson,
J.D. Rabinowitz, Hypoxic and Ras-transformed cells support growth by scavenging unsaturated
fatty acids from lysophospholipids, Proc. Natl. Acad. Sci. U. S. A., 110 (2013) 8882-7.

R.M. Young, D. Ackerman, Z.L. Quinn, A. Mancuso, M. Gruber, L. Liu, D.N. Giannoukos, E.
Bobrovnikova-Marjon, J.A. Diehl, B. Keith, M.C. Simon, Dysregulated mTORC1 renders cells
critically dependent on desaturated lipids for survival under tumor-like stress, Genes Dev., 27
(2013) 1115-31.

K. Bensaad, E. Favaro, C.A. Lewis, B. Peck, S. Lord, J.M. Collins, K.E. Pinnick, S. Wigfield, F.M.
Buffa, J.-L. Li, Q. Zhang, M.J.O. Wakelam, F. Karpe, A. Schulze, A.L. Harris, Fatty acid uptake

37



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

and lipid storage induced by HIF-1a contribute to cell growth and survival after hypoxia-
reoxygenation, Cell Rep., 9 (2014) 349-65.

M.S. Padanad, G. Konstantinidou, N. Venkateswaran, M. Melegari, S. Rindhe, M. Mitsche, C.
Yang, K. Batten, K.E. Huffman, J. Liu, X. Tang, J. Rodriguez-Canales, N. Kalhor, J.W. Shay,
J.D. Minna, J. McDonald, I.I. Wistuba, R.J. DeBerardinis, P.P. Scaglioni, Fatty Acid Oxidation
Mediated by Acyl-CoA Synthetase Long Chain 3 Is Required for Mutant KRAS Lung
Tumorigenesis, Cell Rep., 16 (2016) 1614-28.

C.-W. Wang, Lipid droplets, lipophagy, and beyond, Biochim. Biophys. Acta, 1861 (2016) 793—
805.

P.T. Bozza, J.P.B. Viola, Lipid droplets in inflammation and cancer, Prostaglandins. Leukot.
Essent. Fatty Acids, 82 (2010) 243-50.

L.L. Listenberger, X. Han, S.E. Lewis, S. Cases, R. V. Farese, D.S. Ory, J.E. Schaffer,
Triglyceride accumulation protects against fatty acid-induced lipotoxicity, Proc. Natl. Acad. Sci.
U. S. A., 100 (2003) 3077-82.

F. Wilfling, J.T. Haas, T.C. Walther, R. V Farese, Lipid droplet biogenesis, Curr. Opin. Cell Biol.,
29 (2014) 39-45.

A.G. Cabodevilla, L. Sanchez-Caballero, E. Nintou, V.G. Boiadjieva, F. Picatoste, A. Gubern, E.
Claro, Cell survival during complete nutrient deprivation depends on lipid droplet-fueled -
oxidation of fatty acids, J. Biol. Chem., 288 (2013) 27777-88.

A. Pucer, V. Brglez, C. Payré, J. PungerCar, G. Lambeau, T. Petan, Group X secreted
phospholipase A2 induces lipid droplet formation and prolongs breast cancer cell survival, Mol.
Cancer, 12 (2013) 111.

A.P. Bailey, G. Koster, C. Guillermier, E.M.A. Hirst, J.I. MacRae, C.P. Lechene, A.D. Postle, A.P.
Gould, Antioxidant Role for Lipid Droplets in a Stem Cell Niche of Drosophila, Cell, 163 (2015)
340-53.

S.G. Young, R. Zechner, Biochemistry and pathophysiology of intravascular and intracellular
lipolysis, Genes Dev., 27 (2013) 459-84.

R. Zimmermann, J.G. Strauss, G. Haemmerle, G. Schoiswohl, R. Birner-Gruenberger, M.
Riederer, A. Lass, G. Neuberger, F. Eisenhaber, A. Hermetter, R. Zechner, Fat mobilization in

adipose tissue is promoted by adipose triglyceride lipase, Science, 306 (2004) 1383—6.

K.T. Ong, M.T. Mashek, S.Y. Bu, A.S. Greenberg, D.G. Mashek, Adipose triglyceride lipase is a

38



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

major hepatic lipase that regulates triacylglycerol turnover and fatty acid signaling and
partitioning, Hepatology, 53 (2011) 116-26.

T. Fujimoto, R.G. Parton, Not just fat: the structure and function of the lipid droplet, Cold Spring
Harb. Perspect. Biol., 3 (2011).

R. Zagani, W. El-Assaad, |. Gamache, J.G. Teodoro, Inhibition of adipose triglyceride lipase
(ATGL) by the putative tumor suppressor GOS2 or a small molecule inhibitor attenuates the
growth of cancer cells, Oncotarget, 6 (2015) 28282-95.

J. Ou, H. Miao, Y. Ma, F. Guo, J. Deng, X. Wei, J. Zhou, G. Xie, H. Shi, B. Xue, H. Liang, L. Yu,
Loss of abhd5 promotes colorectal tumor development and progression by inducing aerobic

glycolysis and epithelial-mesenchymal transition, Cell Rep., 9 (2014) 1798-811.

S. Balaban, R.F. Shearer, L.S. Lee, M. van Geldermalsen, M. Schreuder, H.C. Shtein, R. Cairns,
K.C. Thomas, D.J. Fazakerley, T. Grewal, J. Holst, D.N. Saunders, A.J. Hoy, Adipocyte lipolysis
links obesity to breast cancer growth: adipocyte-derived fatty acids drive breast cancer cell

proliferation and migration, Cancer Metab., 5 (2017) 1.

S.A. Grace, M.W. Meeks, Y. Chen, M. Cornwell, X. Ding, P. Hou, J.K. Rutgers, S.E. Crawford,
J.-P. Lai, Adipose Triglyceride Lipase (ATGL) Expression Is Associated with Adiposity and
Tumor Stromal Proliferation in Patients with Pancreatic Ductal Adenocarcinoma, Anticancer
Res., 37 (2017) 699-703.

K.M. Nieman, H.A. Kenny, C. V Penicka, A. Ladanyi, R. Buell-Gutbrod, M.R. Zillhardt, I.L.
Romero, M.S. Carey, G.B. Mills, G.S. Hotamisligil, S.D. Yamada, M.E. Peter, K. Gwin, E.
Lengyel, Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor
growth, Nat. Med., 17 (2011) 1498—1503.

Y.Y. Wang, C. Attané, D. Milhas, B. Dirat, S. Dauvillier, A. Guerard, J. Gilhodes, I. Lazar, N. Alet,
V. Laurent, S. Le Gonidec, D. Biard, C. Hervé, F. Bost, G.S. Ren, F. Bono, G. Escourrou, M.
Prentki, L. Nieto, P. Valet, et al., Mammary adipocytes stimulate breast cancer invasion through

metabolic remodeling of tumor cells, JCI Insight, 2 (2017) e87489.

W. Al-Zoughbi, M. Pichler, G. Gorkiewicz, B. Guertl-Lackner, J. Haybaeck, S.W. Jahn, C.
Lackner, B. Liegl-Atzwanger, H. Popper, S. Schauer, E. Nusshold, A.S.D. Kindt, Z. Trajanoski,
M.R. Speicher, G. Haemmerle, R. Zimmermann, R. Zechner, P.W. Vesely, G. Hoefler, Loss of
adipose triglyceride lipase is associated with human cancer and induces mouse pulmonary
neoplasia, Oncotarget, 7 (2016) 33832—40.

X. Wang, A.Q. Fu, M.E. McNerney, K.P. White, Widespread genetic epistasis among cancer
genes, Nat. Commun., 5 (2014) 4828.

39



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

G. Schoiswohl, M. Schweiger, R. Schreiber, G. Gorkiewicz, K. Preiss-Landl, U. Taschler, K. a
Zierler, F.P.W. Radner, T.O. Eichmann, P.C. Kienesberger, S. Eder, A. Lass, G. Haemmerle,
T.J. Alsted, B. Kiens, G. Hoefler, R. Zechner, R. Zimmermann, Adipose triglyceride lipase plays

a key role in the supply of the working muscle with fatty acids, J. Lipid Res., 51 (2010) 490-9.

A.S. Rambold, S. Cohen, J. Lippincott-Schwartz, Fatty acid trafficking in starved cells: regulation
by lipid droplet lipolysis, autophagy, and mitochondrial fusion dynamics, Dev. Cell, 32 (2015)
678-92.

G. Haemmerle, T. Moustafa, G. Woelkart, S. Buttner, A. Schmidt, T. van de Weijer, M. Hesselink,
D. Jaeger, P.C. Kienesberger, K. Zierler, R. Schreiber, T. Eichmann, D. Kolb, P. Kotzbeck, M.
Schweiger, M. Kumari, S. Eder, G. Schoiswohl, N. Wongsiriroj, N.M. Pollak, et al., ATGL-
mediated fat catabolism regulates cardiac mitochondrial function via PPAR-a and PGC-1, Nat.
Med., 17 (2011) 1076-85.

E.P. Mottillo, A.E. Bloch, T. Leff, J.G. Granneman, Lipolytic products activate peroxisome
proliferator-activated receptor (PPAR) a and & in brown adipocytes to match fatty acid oxidation
with supply, J. Biol. Chem., 287 (2012) 25038-48.

C.D. Fuchs, T. Claudel, P. Kumari, G. Haemmerle, M.J. Pollheimer, T. Stojakovic, H. Scharnag|,
E. Halilbasic, J. Gumhold, D. Silbert, H. Koefeler, M. Trauner, Absence of adipose triglyceride
lipase protects from hepatic endoplasmic reticulum stress in mice, Hepatology, 56 (2012) 270—
80.

M. Bosma, D.H. Dapito, Z. Drosatos-Tampakaki, N. Huiping-Son, L.-S. Huang, S. Kersten, K.
Drosatos, I.J. Goldberg, Sequestration of fatty acids in triglycerides prevents endoplasmic
reticulum stress in an in vitro model of cardiomyocyte lipotoxicity, Biochim. Biophys. Acta, 1841
(2014) 1648-55.

E. Aflaki, B. Radovic, P.G. Chandak, D. Kolb, T. Eisenberg, J. Ring, I. Fertschai, A. Uellen, H.
Wolinski, S.-D. Kohlwein, R. Zechner, S. Levak-Frank, W. Sattler, W.F. Graier, R. Malli, F.
Madeo, D. Kratky, Triacylglycerol accumulation activates the mitochondrial apoptosis pathway
in macrophages, J. Biol. Chem., 286 (2011) 7418-28.

E.A. Dennis, J. Cao, Y.-H. Hsu, V. Magrioti, G. Kokotos, Phospholipase A2 enzymes: physical
structure, biological function, disease implication, chemical inhibition, and therapeutic
intervention, Chem. Rev., 111 (2011) 6130-85.

A. Gubern, J. Casas, M. Barcel6-Torns, D. Barneda, X. de la Rosa, R. Masgrau, F. Picatoste, J.
Balsinde, M.A. Balboa, E. Claro, Group IVA phospholipase A2 is necessary for the biogenesis
of lipid droplets, J. Biol. Chem., 283 (2008) 27369-82.

40



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

A. Gubern, M. Barcel6-Torns, J. Casas, D. Barneda, R. Masgrau, F. Picatoste, J. Balsinde, M.A.
Balboa, E. Claro, Lipid droplet biogenesis induced by stress involves triacylglycerol synthesis
that depends on group VIA phospholipase A2, J. Biol. Chem., 284 (2009) 5697-708.

C. Guijas, J.P. Rodriguez, J.M. Rubio, M.A. Balboa, J. Balsinde, Phospholipase A2 regulation of
lipid droplet formation, Biochim. Biophys. Acta, 1841 (2014) 1661-71.

G. Lambeau, M.H. Gelb, Biochemistry and physiology of mammalian secreted phospholipases
A2, Annu. Rev. Biochem., 77 (2008) 495-520.

M. Murakami, H. Sato, Y. Miki, K. Yamamoto, Y. Taketomi, A new era of secreted phospholipase
A,, J. Lipid Res., 56 (2015) 1248-61.

R. Murase, H. Sato, K. Yamamoto, A. Ushida, Y. Nishito, K. Ikeda, T. Kobayashi, T. Yamamoto,
Y. Taketomi, M. Murakami, Group X Secreted Phospholipase A2 Releases w3 Polyunsaturated
Fatty Acids, Suppresses Colitis, and Promotes Sperm Fertility, J. Biol. Chem., 291 (2016) 6895—
911.

H. Ait-Oufella, O. Herbin, C. Lahoute, C. Coatrieux, X. Loyer, J. Joffre, L. Laurans, B.
Ramkhelawon, O. Blanc-Brude, S. Karabina, C.A. Girard, C. Payré, K. Yamamoto, C.J. Binder,
M. Murakami, A. Tedgui, G. Lambeau, Z. Mallat, Group X secreted phospholipase A2 limits the
development of atherosclerosis in LDL receptor-null mice, Arterioscler. Thromb. Vasc. Biol., 33
(2013) 466-73.

X. Li, P. Shridas, K. Forrest, W. Bailey, N.R. Webb, Group X secretory phospholipase A2
negatively regulates adipogenesis in murine models, FASEB J., 24 (2010) 4313-24.

M. Schewe, P.F. Franken, A. Sacchetti, M. Schmitt, R. Joosten, R. Béttcher, M.E. van Royen, L.
Jeammet, C. Payré, P.M. Scott, N.R. Webb, M. Gelb, R.T. Cormier, G. Lambeau, R. Fodde,
Secreted Phospholipases A2 Are Intestinal Stem Cell Niche Factors with Distinct Roles in

Homeostasis, Inflammation, and Cancer, Cell Stem Cell, 19 (2016) 38-51.

V. Brglez, A. Pucer, J. Pungeréar, G. Lambeau, T. Petan, Secreted phospholipases A2 are
differentially expressed and epigenetically silenced in human breast cancer cells, Biochem.
Biophys. Res. Commun., 445 (2014) 230-235.

V. Brglez, G. Lambeau, T. Petan, Secreted phospholipases A2 in cancer: diverse mechanisms
of action, Biochimie, 107 Pt A (2014) 114-23.

N. Degousee, D.J. Kelvin, G. Geisslinger, D.M. Hwang, E. Stefanski, X.-H. Wang, A. Danesh, C.
Angioni, H. Schmidt, T.F. Lindsay, M.H. Gelb, J. Bollinger, C. Payré, G. Lambeau, J.P. Arm, A.

Keating, B.B. Rubin, Group V phospholipase A2 in bone marrow-derived myeloid cells and

41



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

bronchial epithelial cells promotes bacterial clearance after Escherichia coli pneumonia, J. Biol.
Chem., 286 (2011) 35650-62.

M. Triggiani, F. Granata, A. Frattini, G. Marone, Activation of human inflammatory cells by
secreted phospholipases A2, Biochim. Biophys. Acta, 1761 (2006) 1289-300.

F. Surrel, I. Jemel, E. Boilard, J.G. Bollinger, C. Payré, C.M. Mounier, K.A. Talvinen, V.J.O.
Laine, T.J. Nevalainen, M.H. Gelb, G. Lambeau, Group X phospholipase A2 stimulates the
proliferation of colon cancer cells by producing various lipid mediators, Mol. Pharmacol., 76
(2009) 778-90.

A.G. Singer, F. Ghomashchi, C. Le Calvez, J. Bollinger, S. Bezzine, M. Rouault, M. Sadilek, E.
Nguyen, M. Lazdunski, G. Lambeau, M.H. Gelb, Interfacial kinetic and binding properties of the
complete set of human and mouse groups |, 1l, V, X, and Xl secreted phospholipases A2, J.
Biol. Chem., 277 (2002) 48535-49.

T. Petan, I. Krizaj, M.H. Gelb, J. Pungeréar, Ammodytoxins, potent presynaptic neurotoxins, are

also highly efficient phospholipase A2 enzymes, Biochemistry, 44 (2005) 12535—45.

O.L. Knittelfelder, B.P. Weberhofer, T.O. Eichmann, S.D. Kohlwein, G.N. Rechberger, A versatile
ultra-high performance LC-MS method for lipid profiling, J. Chromatogr. B. Analyt. Technol.
Biomed. Life Sci., 951-952 (2014) 119-28.

J. Hartler, M. Trétzmiller, C. Chitraju, F. Spener, H.C. Kéfeler, G.G. Thallinger, Lipid Data
Analyzer: unattended identification and quantitation of lipids in LC-MS data, Bioinformatics, 27
(2011) 572-7.

N.A. Ducharme, P.E. Bickel, Lipid droplets in lipogenesis and lipolysis, Endocrinology, 149
(2008) 942-9.

S.W. Perry, J.P. Norman, J. Barbieri, E.B. Brown, H.A. Gelbard, Mitochondrial membrane
potential probes and the proton gradient: a practical usage guide, Biotechniques, 50 (2011) 98—
115.

W. Pruzanski, L. Lambeau, M. Lazdunsky, W. Cho, J. Kopilov, A. Kuksis, Differential hydrolysis
of molecular species of lipoprotein phosphatidylcholine by groups IIA, V and X secretory
phospholipases A2, Biochim. Biophys. Acta, 1736 (2005) 38-50.

M.L. Déria, C.Z. Cotrim, C. Simdes, B. Macedo, P. Domingues, M.R. Domingues, L.A. Helguero,
Lipidomic analysis of phospholipids from human mammary epithelial and breast cancer cell lines,
J. Cell. Physiol., 228 (2013) 457—-68.

42



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

A. Herms, M. Bosch, B.J.N. Reddy, N.L. Schieber, A. Fajardo, C. Rupérez, A. Fernandez-Vidal,
C. Ferguson, C. Rentero, F. Tebar, C. Enrich, R.G. Parton, S.P. Gross, A. Pol, AMPK activation
promotes lipid droplet dispersion on detyrosinated microtubules to increase mitochondrial fatty
acid oxidation, Nat. Commun., 6 (2015) 7176.

M. Cai, J. He, J. Xiong, L.W.R. Tay, Z. Wang, C. Rog, J. Wang, Y. Xie, G. Wang, Y. Banno, F.
Li, M. Zhu, G. Du, Phospholipase D1-regulated autophagy supplies free fatty acids to counter

nutrient stress in cancer cells, Cell Death Dis., 7 (2016) e2448.

D. D’Eliseo, F. Velotti, Omega-3 Fatty Acids and Cancer Cell Cytotoxicity: Implications for Multi-
Targeted Cancer Therapy, J. Clin. Med., 5 (2016) 15.

B. Chénais, V. Blanckaert, The janus face of lipids in human breast cancer: how polyunsaturated
Fatty acids affect tumor cell hallmarks, Int. J. Breast Cancer, 2012 (2012) 712536.

S.A. Forbes, D. Beare, P. Gunasekaran, K. Leung, N. Bindal, H. Boutselakis, M. Ding, S.
Bamford, C. Cole, S. Ward, C.Y. Kok, M. Jia, T. De, J.W. Teague, M.R. Stratton, U. McDermott,
P.J. Campbell, COSMIC: exploring the world’s knowledge of somatic mutations in human cancer,
Nucleic Acids Res., 43 (2015) D805-11.

A.K. Hauck, D.A. Bernlohr, Oxidative stress and lipotoxicity, J. Lipid Res., 57 (2016) 1976—86.

G. Zhao, A.J. Souers, M. Voorbach, H.D. Falls, B. Droz, S. Brodjian, Y.Y. Lau, R.R. lyengar, J.
Gao, A.S. Judd, S.H. Wagaw, M.M. Ravn, K.M. Engstrom, J.K. Lynch, M.M. Mulhern, J.
Freeman, B.D. Dayton, X. Wang, N. Grihalde, D. Fry, et al., Validation of diacyl
glycerolacyltransferase | as a novel target for the treatment of obesity and dyslipidemia using a

potent and selective small molecule inhibitor, J. Med. Chem., 51 (2008) 380-3.

H. Sato, R. Kato, Y. Isogai, G. Saka, M. Ohtsuki, Y. Taketomi, K. Yamamoto, K. Tsutsumi, J.
Yamada, S. Masuda, Y. Ishikawa, T. Ishii, T. Kobayashi, K. lkeda, R. Taguchi, S. Hatakeyama,
S. Hara, I. Kudo, H. ltabe, M. Murakami, Analyses of group Il secreted phospholipase A2
transgenic mice reveal potential participation of this enzyme in plasma lipoprotein modification,

macrophage foam cell formation, and atherosclerosis, J. Biol. Chem., 283 (2008) 33483-97.

W. Pruzanski, G. Lambeau, M. Lazdunski, W. Cho, J. Kopilov, A. Kuksis, Hydrolysis of minor
glycerophospholipids of plasma lipoproteins by human group IIA, V and X secretory
phospholipases A2, Biochim. Biophys. Acta, 1771 (2007) 5-19.

P. Shridas, W.M. Bailey, B.B. Boyanovsky, R.C. Oslund, M.H. Gelb, N.R. Webb, Group X
secretory phospholipase A2 regulates the expression of steroidogenic acute regulatory protein
(StAR) in mouse adrenal glands, J. Biol. Chem., 285 (2010) 20031-9.

43



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

P.D. Schley, H.B. Jijon, L.E. Robinson, C.J. Field, Mechanisms of omega-3 fatty acid-induced
growth inhibition in MDA-MB-231 human breast cancer cells, Breast Cancer Res. Treat., 92
(2005) 187-95.

Z. Chen, Y. Zhang, C. Jia, Y. Wang, P. Lai, X. Zhou, Y. Wang, Q. Song, J. Lin, Z. Ren, Q. Gao,
Z. Zhao, H. Zheng, Z. Wan, T. Gao, A. Zhao, Y. Dai, X. Bai, mTORC1/2 targeted by n-3
polyunsaturated fatty acids in the prevention of mammary tumorigenesis and tumor progression,

Oncogene, 33 (2014) 4548-57.

M. Mouradian, K.D. Kikawa, B.P. Dranka, S.M. Komas, B. Kalyanaraman, R.S. Pardini,
Docosahexaenoic acid attenuates breast cancer cell metabolism and the Warburg phenotype by

targeting bioenergetic function, Mol. Carcinog., 54 (2015) 810-20.

O. Quehenberger, A.M. Armando, A.H. Brown, S.B. Milne, D.S. Myers, A.H. Merrill, S.
Bandyopadhyay, K.N. Jones, S. Kelly, R.L. Shaner, C.M. Sullards, E. Wang, R.C. Murphy, R.M.
Barkley, T.J. Leiker, C.R.H. Raetz, Z. Guan, G.M. Laird, D.A. Six, D.W. Russell, et al., Lipidomics
reveals a remarkable diversity of lipids in human plasma, J. Lipid Res., 51 (2010) 3299-305.

T.B. Nguyen, S.M. Louie, J.R. Daniele, Q. Tran, A. Dillin, R. Zoncu, D.K. Nomura, J.A. Olzmann,
DGAT1-Dependent Lipid Droplet Biogenesis Protects Mitochondrial Function during Starvation-
Induced Autophagy, Dev. Cell, 42 (2017) 9-21.e5.

R. Singh, S. Kaushik, Y. Wang, Y. Xiang, |. Novak, M. Komatsu, K. Tanaka, A.M. Cuervo, M.J.
Czaja, Autophagy regulates lipid metabolism, Nature, 458 (2009) 1131-5.

X. Gao, K. Li, X. Hui, X. Kong, G. Sweeney, Y. Wang, A. Xu, M. Teng, P. Liu, D. Wu, Carnitine
palmitoyltransferase 1A prevents fatty acid-induced adipocyte dysfunction through suppression
of c-Jun N-terminal kinase, Biochem. J., 435 (2011) 723-32.

J.E. Schaffer, Lipotoxicity: when tissues overeat, Curr. Opin. Lipidol., 14 (2003) 281-7.

S. Yue, J. Li, S.-Y. Lee, H.J. Lee, T. Shao, B. Song, L. Cheng, T.A. Masterson, X. Liu, T.L. Ratliff,
J.-X. Cheng, Cholesteryl ester accumulation induced by PTEN loss and PIBK/AKT activation

underlies human prostate cancer aggressiveness, Cell Metab., 19 (2014) 393-406.

D. de Gonzalo-Calvo, L. Lopez-Vilaro, L. Nasarre, M. Perez-Olabarria, T. Vazquez, D. Escuin,
L. Badimon, A. Barnadas, E. Lerma, V. Llorente-Cortés, Intratumor cholesteryl ester
accumulation is associated with human breast cancer proliferation and aggressive potential: a

molecular and clinicopathological study, BMC Cancer, 15 (2015) 460.

C.J. Antalis, T. Arnold, T. Rasool, B. Lee, K.K. Buhman, R.A. Siddiqui, High ACAT1 expression

in estrogen receptor negative basal-like breast cancer cells is associated with LDL-induced

44



[83]

[84]

[85]

[86]

[87]

[88]

[89]

proliferation, Breast Cancer Res. Treat., 122 (2010) 661-70.

E. Rysman, K. Brusselmans, K. Scheys, L. Timmermans, R. Derua, S. Munck, P.P. Van
Veldhoven, D. Waltregny, V.W. Daniéls, J. Machiels, F. Vanderhoydonc, K. Smans, E.
Waelkens, G. Verhoeven, J. V. Swinnen, De novo lipogenesis protects cancer cells from free
radicals and chemotherapeutics by promoting membrane lipid saturation, Cancer Res., 70
(2010) 8117-26.

T.0. Eichmann, M. Kumari, J.T. Haas, R. V. Farese, R. Zimmermann, A. Lass, R. Zechner,
Studies on the substrate and stereo/regioselectivity of adipose triglyceride lipase, hormone-

sensitive lipase, and diacylglycerol-O-acyltransferases, J. Biol. Chem., 287 (2012) 41446-57.

M. Tuohetahuntila, M.R. Molenaar, B. Spee, J.F. Brouwers, M. Houweling, A.B. Vaandrager, J.B.
Helms, ATGL and DGAT1 are involved in the turnover of newly synthesized triacylglycerols in
hepatic stellate cells, J. Lipid Res., 57 (2016) 1162-74.

K. Kuramoto, T. Okamura, T. Yamaguchi, T.Y. Nakamura, S. Wakabayashi, H. Morinaga, M.
Nomura, T. Yanase, K. Otsu, N. Usuda, S. Matsumura, K. Inoue, T. Fushiki, Y. Kojima, T.
Hashimoto, F. Sakai, F. Hirose, T. Osumi, Perilipin 5, a lipid droplet-binding protein, protects
heart from oxidative burden by sequestering fatty acid from excessive oxidation, J. Biol. Chem.,
287 (2012) 23852-63.

R.S. Balaban, S. Nemoto, T. Finkel, Mitochondria, oxidants, and aging, Cell, 120 (2005) 483—
95.

C. Wang, Y. Zhao, X. Gao, L. Li, Y. Yuan, F. Liu, L. Zhang, J. Wu, P. Hu, X. Zhang, Y. Gu, Y.
Xu, Z. Wang, Z. Li, H. Zhang, J. Ye, Perilipin 5 improves hepatic lipotoxicity by inhibiting lipolysis,
Hepatology, 61 (2015) 870-82.

P. Zheng, Z. Xie, Y. Yuan, W. Sui, C. Wang, X. Gao, Y. Zhao, F. Zhang, Y. Gu, P. Hu, J. Ye, X.
Feng, L. Zhang, Plin5 alleviates myocardial ischaemia/reperfusion injury by reducing oxidative

stress through inhibiting the lipolysis of lipid droplets, Sci. Rep., 7 (2017) 42574.

45



