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Altered cellular metabolism is a well-established hallmark of cancer. Although most studies have focused on the
metabolism of glucose and glutamine, the upregulation of lipid metabolism is also frequent in cells undergoing
oncogenic transformation. In fact, cancer cells need to meet the enhanced demand of plasma membrane synthesis
and energy production to support their proliferation. Moreover, lipids are precursors of signaling molecules, termed

lipid mediators, which play a role in shaping the tumor microenvironment.
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| 1. Introduction

Altered cellular metabolism is a well-established hallmark of cancer L. The first observation of cancer metabolic
alterations was made in the 1920s by Otto Warburg. He noticed that cancer cells use large amounts of glucose to
generate lactate, even in the presence of oxygen, a phenomenon termed aerobic glycolysis or the Warburg effect
2, Since then, our understanding of tumor-associated metabolic alterations, underlying molecular mechanisms and
functional consequences in tumorigenesis has expanded. A variety of well-known oncogenes, such as c-myc, AKT,
MTOR, hypoxia-inducible factors and RAS, have been shown to contribute to the metabolic adaptations of cancer
cells B, Multiple studies have uncovered how glycolysis and the tricarboxylic acid cycle generate metabolic
intermediates that sustain the de novo synthesis of nucleotides, lipids and amino acids, supporting cancer cell
proliferation 4. Moreover, some metabolites, known as oncometabolites, accumulate in cancer cells in response to
an altered expression of metabolic enzymes and have been directly linked to tumor growth. A canonical example is
the cancer-associated mutations in isocitrate dehydrogenase 1 and 2, which result in the aberrant production of the
oncometabolite 2-hydroxyglutarate (2HG). The cellular accumulation of 2HG inhibits enzymes controlling histone
and DNA demethylation, thus altering the chromatin landscape and gene expression B, The majority of studies so
far have focused on the metabolism of glucose and glutamine, but it is becoming clear that lipid metabolism is also
frequently altered in cells undergoing oncogenic transformation 8. Cancer cells often up-regulate de novo
lipogenesis, fatty acid (FA) uptake, FA oxidation (FAO) and lipid accumulation to support cellular proliferation and
the consequent higher demand of plasma membrane synthesis and energy production . Improved lipid analysis
techniques based on liquid/gas chromatography coupled with mass spectrometry (MS) have enabled quantitative
profiling of lipids as individual molecular species from minute amounts of samples, allowing the in-depth
characterization of the lipidome [l. These technologies allow for obtaining cancer-specific lipid profiles, which

reflect, at a phenotypic level, molecular alterations and environmental factors (such as exposure to high-fat diets).
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These profiles may help in unraveling novel therapeutic targets and biomarkers for the early detection of cancer,

possibly leading to improvements in the clinical strategy to treat the disease.

| 2. Lipidic Metabolism in Cancer

Lipids represent a complex group of biomolecules that vary in structure and perform three main functions: energy
storage, membrane formation and signaling. The majority of lipids derivates from FAs, molecules consisting of
hydrocarbon chains varying in length and saturation.

Triglycerides (TAGSs) are formed by a glycerol moiety esterified with three FAs and, in cells, are localized within lipid
droplets. They represent the main storage form of lipids for energetic purposes, as TAG-derived FAs in
mitochondria can be catabolized by FAO for ATP production. Overexpression of FAO enzymes, such as the rate-
limiting enzyme carnitine palmitoyltransferase 1 and acyl-CoA synthetase long-chain 3 (ACSL3), has been found in
numerous malignancies and has been correlated to tumor growth, especially in adverse environmental conditions,
such as glucose deprivation (2. In some cancers, FAO is activated by specific oncogenes, such as c-Myc or mutant
K-Ras [,

Lipids organized in lamellar bilayers form the architecture of biological membranes. The main membrane
constituents in mammals are phospholipids and cholesterol. Phospholipids can be further classified according to
their structure into glycerophospholipids (consisting of glycerol bound to two fatty acyl chains and a polar head
formed by a phosphate group linked to a polar group) and sphingolipids (consisting of ceramide and a polar head
formed by a phosphate group linked to choline or ethanolamine) (Figure 1). Glycerophospholipids carry different
polar groups, giving rise to various lipid classes: phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and phosphatidylinositol (PI).
Although most glycerophospholipids contain ester-bound FAs, ether-linked fatty acyl chains are also common 19,
Sphingolipids also can have different head groups and are therefore classified into ceramide (Cer, consisting of a
long-chain base, often sphingosine, linked to a FA via the amino group) and complex sphingolipids such as
sphingomyelin (SM) and glycosphingolipids (glucosylceramides, GlcCer; galactosylceramides, GalCer; sulfatides,
Sulf; lactosylceramides, LacCer; gangliosides, GM). The lipid bilayer of the plasma membrane has an asymmetric
distribution of lipids. Its outer leaflet contains mostly PC and sphingolipids, and the inner leaflet contains PE, PS,
and PI, whereas cholesterol is more evenly distributed between the two leaflets. Similar asymmetry is also often
found in other organelle membranes. The fatty acyl chains in glycerophospholipids mostly contain 16 or 18 carbon
atoms and zero or few double bonds in the cis configuration. Nevertheless, longer polyunsaturated FAs (PUFAS),
such as arachidonic acid (AA, C20:4), eicosapentaenoic acid (EPA, C22:5) and docosahexanoic acid (DHA,
C22:6), are frequently bound to the sn-2 position . In sphingolipids, instead, a marked difference in acyl chain
length, often with C16:0 as the shortest species and C22-C24 as the longest species, is common 1. The
saturation degree of membrane lipids regulates membrane fluidity and cell homeostasis. Consistently, the
accumulation of lipids containing saturated FAs can lead to endoplasmic reticulum stress and apoptosis 2, while
high amounts of PUFAs sensitize cells to lipid peroxidation and ferroptosis, a non-apoptotic iron-dependent form of

cell death 18, The relative abundance of saturated and unsaturated FAs in membrane phospholipids primarily
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depends on FA availability and can be regulated by FA remodeling. In particular, the Lands’ cycle consists of a
series of deacylation at the sn-2 position of glycerophospholipids by phospholipase A2 followed by reacylation by
lysophospholipid acyltransferases (LPLATs) [14. As different LPLAT isoforms differ in their affinity for FAs and

lysophospholipids, this process generates diverse phospholipid species.
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Figure 1. Schematic illustration of membrane lipids. In the upper box, example of glycerophospholipids:
phosphatidylserine (PS) 18:0/20:5, phosphatidylinositol (Pl) 16:0/16:1, alkenyl ether (plasmalogen)
phosphatidylethanolamine (PE) p20:0/22:2, lysophosphatidylcholine (LPC) 18:3 and lysophosphatidic acid (LPA)
16:0. The glycerol moiety is marked in light blue, and the polar head is marked in yellow. In the lower box,
examples of sphingolipids: ceramide (Cer) d18:1/20:0, sphingomyelin (SM) d18:2/16:0 and lactosylceramide
(LacCer) d18:1/20:0. The pink box highlights the long-chain base (LCB), sphingosine, and the yellow one highlights

the polar head. Structures have been made using the Structure Drawing Tools available at Lipid Maps 13,

The de novo synthesis of FAs is low in normal adult cells (except for lipogenic tissues, such as liver and adipose
tissue). In contrast, increased lipogenesis is well documented in cancer cells, making them less dependent on the

availability of nutrients and enabling the building of a cell membrane enriched in phospholipids containing oxidative
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damage-resistant saturated FAs 18, The biosynthesis of FAs begins with the carboxylation of cytosolic acetyl-CoA
by acetyl-CoA carboxylase (ACC) to produce malonyl-CoA, which becomes the substrate of FA synthase (FASN),
forming palmitic acid (C16:0). Palmitate can be further elongated by FA elongases (ELOVL1-7) and desaturated by
stearoyl-CoA desaturases (SCD) and FA desaturases (FADS1-3), to generate a cellular pool of non-essential FAs,
such as palmitoleate (C16:1), stearate (C18:0) and oleate (C18:1). All three enzyme families involved in FA
synthesis (ACC, FASN, SCD) are frequently up-regulated in several cancer types, including glioblastoma, breast,
ovarian, lung, prostate and liver cancer; furthermore, their expression correlates with poorer prognosis and high
cancer grade . To be incorporated into membrane lipids, free FAs need to be activated to their corresponding
acyl-CoA by acyl-CoA synthetases (ACS). Among ACS family members, characterized by different lengths of fatty
acyl chains used as substrates, a relevant role in cancer cells has been assigned to long-chain ACS (ACSL), which
activates FAs formed by 12 to 20 carbon atoms. ACSLs exhibit distinct substrate preferences, e.g., ACSL4 has a
strong preference for PUFAs, and ACSL3 conjugates both PUFAs and monounsaturated FAs (MUFAS). Therefore,
by regulating the activity of ACSLs, cancer cells can control the saturation degree of their membrane 2. Various
oncogenic signals, such as the PISK/AKT/mMTORC1 axis, BRAF and c-Myc, have been implicated in the
upregulation of lipogenesis by activating sterol regulatory element-binding protein 1 (SREBP1), the major regulator
of genes involved in FA synthesis 18191201 Moreover, in some cases, cancer cells may increase the availability of
free FAs by increasing TAG degradation. Hence, a higher level of monoacylglycerol lipase has been detected

across various aggressive cancer types 211,

Mammals can only produce certain FAs, whereas others, such as linoleic acid (C18:2 n6) and alpha-linolenic acid
(C18:3 n3), are essential and must be taken up from the diet. Cells can uptake FAs through multiple routes,
including receptor-mediated endocytosis of low-density lipoproteins (LDLs) or free FA import via membrane FA
transporters, such as the FA translocase CD36. In particular, elevated CD36 levels and the increased uptake of
free FAs have been correlated with enhanced metastasis formation and aggressiveness in oral cancer [22],
Moreover, tumor cells can increase the availability of Fas by inducing, in neighboring adipocytes, lipolysis and
mobilization of Fas via the overexpression on their surface of the FA-binding protein FABP4 [23. Metastatic
cancers, including ovarian, breast and colorectal cancer [, are also able to promote systemic adipose tissue

atrophy in a TNF-a- and IL-6-dependent manner, which may result in cancer-associated cachexia 241,

Apart from their structural and energetic functions, lipids are important for cell signaling and protein trafficking. For
instance, the peculiar composition of lipid rafts (i.e., sphingolipid- and cholesterol-rich plasma membrane
microdomains) can aid the clustering of receptors, such as tyrosine kinase receptors, and their downstream
signaling 221281, Moreover, membrane lipids can act as precursors for signaling molecules. Phosphoinositides
(PIPs) are phosphorylated derivates of Pl that help in specifying organelle identity and intracellular transport by
recruiting cytosolic proteins containing specific recognition domains 7. Phospholipase C-mediated hydrolysis of
PIPs generates two important second messengers, diacylglycerol (DAG) and inositol trisphosphate, which are
implicated in multiple signal cascades 28!, PLAs release free FAs from the sn-1 and sn-2 position of phospholipids,
creating lysophospholipids that can be converted into lysoPA (LPA) via cleavage of the polar group by
lysophospholipase D. LPAs might bind to G protein-coupled receptors, triggering the activation of different signaling

axes, such as AKT signaling, to promote cell migration and survival 22, Interestingly, the lysophospholipase D
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autotaxin has recently been shown to activate a stroma-cancer signaling axis that promotes tumor progression in
pancreatic cancer B9 Moreover, phospholipid-derived free FAs may serve as precursors for lipid mediators
themselves, such as in the case of AA, the substrate for the synthesis of proinflammatory eicosanoids via the
cyclooxygenase pathway. One of these, prostaglandin E2 has been implicated in the establishment of a tumor-

promoting microenvironment by inducing cancer cell proliferation, migration and angiogenesis 311,

In summary, lipids play an important role in tumor development, sustaining cell proliferation and metastasis
formation. Dysregulated lipid metabolism is not only a key component in cancer metabolic adaptation but also
creates an altered lipid profile that can distinguish tumors from normal tissues. For this reason, lipidomics may add
an additional layer of information to proteomics and genomics, expanding our knowledge of lipid functions and

opening the path to new opportunities for drug and biomarker development.
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