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Sphingolipids are both structural molecules that are essential for cell architecture and second messengers that are
involved in numerous cell functions. Ceramide is the central hub of sphingolipid metabolism. In addition to being the
precursor of complex sphingolipids, ceramides induce cell cycle arrest and promote cell death and inflammation. At least
some of the enzymes involved in the regulation of sphingolipid metabolism are altered in carcinogenesis, and some are
targets for anticancer drugs.
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| 1. Introduction

Sphingolipids are fundamental components of cell membranes. They were discovered in brain extracts by J. L. W.
Thudichum in 1876 and were considered merely as structural molecules of cell architecture. It was not until 1986 when
Hannun and co-workers demonstrated that some sphingolipids were bioactive molecules, showing that sphingosine was
capable of inhibiting protein kinase C (PKC) . Since then, many sphingolipids have been shown to play critical roles in
cell activation and the control of cell and tissue homeostasis B4, Among all of the sphingolipids that are present in the
organism, sphingosine and ceramide, together with their phosphorylated forms sphingosine-1-phosphate (S1P) and
ceramide-1-phosphate (C1P), are crucial regulators of cell physiology and pathology =],

So far, more than 30 enzymes involved in sphingolipid metabolism have been characterized. These enzymes are highly
regulated and are involved in the regulation of relevant pathophysiologic processes. Dysfunction of these enzymes may
cause decompensation of the concentrations of their sphingolipid products, leading to a loss of cellular homeostasis. An
important aspect that demonstrates the specificity and importance of sphingolipids in cell physiology is that small
variations in sphingolipid concentrations can lead to or be a consequence of disease 4. Among the most important
sphingolipids are ceramide (Cer), sphingosine (Sph) and their phosphorylated forms, C1P and S1P. The intracellular
concentrations of these metabolites define a precise balance that eventually determines cellular actions and fate. Whilst
Cer and Sph are proapoptotic, C1P and S1P are proliferative and anti-apoptotic signals 4. Sph is the precursor of S1P
through phosphorylation by sphingosine kinases 1 and 2 (SphK1 and SphK2) I8 whereas C1P is produced by the
action of CerK. Whether CerK exists as a sole gene product or as a family of different isoforms awaits further
investigation. CerK resides in the Golgi apparatus, where it can phosphorylate ceramide that is transported by ceramide
transfer protein (CERT) from the ER to the Golgi. Noteworthily, CerK-generated C1P can be transported by a recently
identified C1P transfer protein (CPTP) from the Golgi to the plasma membrane, where it might participate in signal
transduction processes [, Although CerK has also been identified in plants 19, it is the only enzyme capable of
generating C1P in mammalian cells 1. As mentioned above, an appropriate equilibrium between sphingosine and
ceramide, versus their phosphorylated forms, can determine cell function and fate (Figure 1). When this balance is
disturbed or altered, disease may arise. In particular, many inflammatory processes and pathologies, including
cardiovascular diseases, neurodegenerative disorders, lung inflammatory disorders (such as chronic obstructive
pulmonary disease (COPD) or asthma) type 2 diabetes or cancer, are characterized by disruption of sphingolipid
homeostasis [L2I13I14]LSI16IL71819[20121] \Moreover, it has been reported that treatment with short-chain Cer anologs is

an effective treatment against certain cancers 22231241 |n addition, deoxy-sphingolipids have been shown to be of great
importance when observing their potential as regulators of sphingolipid metabolism.
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Figure 1. Schematic representation of sphingolipid ratio and their relationship with cancer. Sphingosine 1-phosphate
(S1P) and ceramide 1-phosphate (C1P).

| 2. Enzymes of Ceramide Metabolism
2.1. The De Novo Pathway of Ceramide Synthesis
2.1.1. Serine Palmitoyl Transferase (SPT)

Serine palmitoyl transferase (SPT) is a heteromeric enzyme, composed of three subunits, that catalyzes the first step of
the de novo ceramide synthesis pathway. The protein is localized to the endoplasmic reticulum. It catalyzes the
condensation of L-serine and palmitoyl-coenzyme A to generate 3-keto-sphinganine (Figure 1). Several studies have
described an increase in SPT activity in response to chemotherapy and radiotherapy in various types of cancer. So far,
some SPT inhibitors that block tumor growth have been described. In particular, myriocin (also known as ISP-1) is a
potent SPT inhibitor 22, It was discovered as an antifungal antibiotic from Myriococcum albomyces 28] and later it was
shown to block SPT &, Treatment with myriocin caused growth inhibition of breast cancer 12 and B16F10 melanoma
cells through G2/M phase arrest 28, In addition, there is a positive correlation between SPT enzyme inhibition and growth
suppression of a human lung adenocarcinoma cell line (HCC4006) 29, Furthermore, inhibition of SPT with myriocin or
knocking down the enzyme expression with a specific SiRNA inhibited the proliferation of human U87MG glioblastoma
cells, an action that was associated with suppression of intracellular S1P levels BY. Synthetic molecules of
imidazopyridine and pyrazolopiperidine derivatives also showed high affinity and inhibitory capacity for SPT, decreasing
ceramides levels in serum by 50% in mice that were treated orally for one week, and they were proposed as potential
treatments for diabetes [BU. The authors of the latter report also designed two new inhibitors of SPT,
tetrahydropyrazolopyridine and 3-phenylpiperidine. Both of these compounds were able to reduce ceramide concentration

in the blood, and they inhibited the proliferation of HCC4006 and PL-21 cells derived from an acute promyelocytic
leukemia 321331,

It has been proposed that the antitumor activity of SPT is caused by increasing the levels of proapoptotic ceramides. In
fact, some anticancer drugs exert at least part of their therapeutic effects through the activation of SPT. In particular,
fenretinide, a synthetic retinoid and cytotoxic molecule to a variety of cancer cells, increased the concentration of dhCer
and Cer, leading to neuroblastoma cell apoptosis, an action that was associated with the interaction of this drug with SPT
and DeS1 B4, Furthermore, a fenretinide metabolite, 4-oxo-fenretinide, markedly induced G2-M cell cycle arrest and
apoptosis in ovarian, breast and neuroblastoma tumor cells 2!, Interestingly, naturally occurring resveratrol, a phytoalexin
present in grapes and red wine, potently induced growth inhibition and apoptosis in metastatic breast cancer cells via the
activation of SPT and accumulation of ceramide 281,

Recently, it has been shown that the SPTLC2 and SPTLC3 subunits have a different affinity for Acyl-CoA in the function of
the chain, giving rise to Cer of different lengths, while SPTLC1 is essential to produce an active enzyme B8] ssSPT
subunits have been described as important regulators of SPT activity. Recently, it has been observed that in patients with
prostate cancer treated with anti-androgens treatment, an increase in the expression of SPTSSB was detected B2,
Moreover, administration of exogenous Cer nanoliposomes was determined as an efficient treatment in cancer cells B2, |n
addition to ssSPT subunits, the Tsc3 subunit was found to be a potent regulatory protein of SPT, increasing its activity by
up to 50-fold [2Q41],

2.1.2. Ceramide Synthase (CerS)

CerS takes part in both the de novo pathway and the salvage pathway of ceramide synthesis. CerS is a family of six
different isoforms, each of which synthesizes ceramides with different chain lengths of fatty acyl-CoA, resulting in a
specific activity. This fact is important, since, for example, CerS1 generates 18-carbon Cer (C1g.o-Ceramide) that inhibits
tumor growth 2 whereas CerS5/6 produces Cigo-Ceramide, an anti-apoptotic metabolite in human head and neck



squamous cell carcinomas 43 that is also involved in type Il diabetes [LA[44l145] ang that has proinflammatory properties
48] |nterestingly, a specific inhibitor of CerS1, called P053, has been described to reduce the levels of C1g.o-Ceramide in
renal HEK 293 cancer cells 44, Overexpression of CerS2 or CerS4 increases very long chain ceramides (Cpa.o-
Ceramide), which have a protective effect on human breast and colon cancer 48l Recently, increased levels of Cya.o-
Ceramide in gallbladder cancer was observed due to the overexpression of SPT and CerS2 and related to the
progression of the tumor [24],

Interestingly, analogs derived from Fingolimod (FTY720) specifically inhibit isoforms of CerS in HCT-106 and HelLa cells.
Specifically, the ST1058 and ST1074 inhibitors preferentially inhibit CerS2 and CerS4, whereas ST1072 blocks the
activities of CerS4 and CerS6, and ST1060 inhibits CerS2 [49],

It has also been shown that overexpression of CerS in certain types of cancer confers resistance to chemotherapy 59,
Concerning anticancer drugs, anthracyclines have been shown to increase the content of pro-apoptotic ceramides by
stimulating CerS B4 In particular, vinblastine activated CerS, increasing ceramide content in the liver 22: paclitaxel (taxol)
is an antitumor molecule that led to Cer-induced apoptosis in human breast cancer cells by activation of both SPT and
CerS 58l and antifolate methotrexate (MTX) increased the levels of Cyg.0-Ceramide to reduce proliferation in a p53-
dependet manner in human lung adenocarcinoma cells 24, In addition, a recent study showed that the activity of CerS6,
giving rise to Cer, increases the inhibitory capacity of p53 to block progeny formation in polyploid cancer cells B3, By
contrast, fumonisin B1, a fungal metabolite that potently inhibits CerS, was shown to reduce apoptotic cell death in a
variety of cell types, including SCC17B human head and neck squamous carcinoma cells 58],

2.1.3. Dihydroceramide Desaturase (Des1, also Known as DEGS1)

Desl is the last enzyme in the de novo synthesis pathway of ceramide. This enzyme catalyzes the conversion of dhCer to
Cer by insertion of a trans double bond in position 4-5. Experiments using heterozygous DES1-null mice showed higher
dhCer/Cer ratios in multiple organs, rendering cells resistant to apoptosis 4. Furthermore, knockdown of Des1 using
siRNA 58 |ed to cell cycle arrest in human neuroblastoma cells B8l. However, accumulation of dhCer in cells can stimulate
autophagy. Although autophagy is a mechanism of cancer cell survival, it can also lead to cell death BEAEL g far,
several compounds with the ability to inhibit Des1l have been described. For example, resveratrol, which is a dietary
polyphenol with well recognized antioxidant and health beneficial properties, was shown to inhibit Desl, causing
autophagy in gastric cancer HGC27 cells 2, Other Des1 inhibitors, including y-tocotrienol, phenoxodiol or celecoxib,
induce autophagy by dhCer accumulation in T98G and U87MG glioblastoma cell lines by inhibition of Desl 59,
Furthermore, 3-ketosphinganine and its dideuterated analog at C4 (d2KSa) are metabolized to produce high levels of
dihydrosphingolipids (dhSLs) in HGC27, T98G and U87MG cancer cells. d2KSa provokes the accumulation of dhCer and
other dhSLs by inhibition of Des1 and induces autophagy in cancer cells [3]. Fenretinide, which is an agonist of SPT, also
inhibits Des1 and, combined with Foscan-mediated photodynamic therapy, enhances apoptosis in SCC19 cells, a human
head and neck squamous cell carcinoma [€4],

N-[(1R,2Shttpo)-2-hydroxy-1-hydroxymethyl-2-(2-tridecyl-1-cyclopropenyl)ethylloctanamide (GT11) is a specific inhibitor
of Desl that efficiently activates autophagy and apoptosis of the human U87MG glioma cell line. In addition, treatment
with tetrahydrocannabinol (THC) produces an alteration of the lipid composition in the endoplasmic reticulum and, along
with it, the accumulation of dhCer due to the reduction of Desl expression, leading to a stimulation of autophagy and
apoptosis in human U87MG glioma cells 89, Moreover, THC treatment or selective inhibition of Des1 by GT11 efficiently
activates autophagy and apoptosis and inhibits tumor growth in mice €9,

2.2. Enzymes of the Sphingomyelinase Pathway
2.2.1. Sphingomyelinases (SMase)

Based on their optimal pH for activity and their location, there are three major types of SMases: aSMase, nSMase and
Alk-SMase. SMases catalyze the breakdown of membrane SM to ceramide and phosphocholine. Stimulation of SMase
activity is related to oxidative stress 62 cell death signals such as TNF Receptor (TNFR) and Fas (81671 or anticancer
drugs €8, Experiments where SMase activity was knocked down showed inhibition of tumor growth in non-small cell lung
carcinomas 9. Furthermore, aSMase-null mice (smpd1”) were protected from pulmonary tumor metastasis 9.
Contrarily, resveratrol was described to inhibit cell proliferation of human leukemia (K562 cell line) and cancer cells
(HCT116 cell line) by up-regulation of aSMase and the consequent Cer accumulation (4],

The term FIASMA (Functional Inhibitor of Acid SphingoMyelinAse) encompasses a family of drugs, many of them
approved for use in humans, which have been shown to indirectly inhibit the activity of aSMase 72, Interestingly, recent
studies have shown that inhibition of lysosomal SMase via these inhibitors prevents infection of the SARS-CoV-2 virus [



473 |n Niemann—Pick disease, it has been observed that aSMase dysfunction leads to a dysregulation of lysosomes,
causing a disruption of cholesterol transport 8. This process can lead to cell dysfunction and death. Perphenazine and
fluphenazine, both FIASMA members, were found to inhibit xenografted tumor growth by disruption of intracellular
cholesterol transport [41,

Recently, a small molecule called ARC39 was synthetized and characterized. ARC39 was found to inhibit both lysosomal
and secretory aSMase in vitro with L929, HepG2 and B16F10 cells (78] However, ARC39 inhibition in vivo could not be
confirmed; therefore, more studies should be carried out. Moreover, a potent light-inducible photocaged ASM inhibitor
(PCAI) with the ability to inhibit aSMase has been developed. Furthermore, being inducible by light, it is addressable 2,

Most studies on the implication of SMase activity in cancer are related to the acidic form of the enzyme, although nSMase
may also play an important role in cancer biology 4. nSMase has also been observed to be involved in the activation and
migration of T cells, responsible for the detection and elimination of cancer cells Y. Doxorubicin is an antibiotic of the
anthracycline family widely used in chemotherapy treatment. Interestingly, doxorubicin-induced growth arrest in breast
cancer cells is due to a p53-dependent upregulation of nSMase-2 (€8], As seen above, chemotherapy treatments are
highly linked to the metabolism of sphingolipids, sometimes in a good way and others in the opposite direction. Recently, it
has been observed that doxorubicin treatment stimulated the activity of aSMase, leading to an increase in Cer and
reactive oxygen species (ROS), promoting apoptosis Bl. As a side effect, the release of ROS into the bloodstream
damaged the vascular endothelium . Exosomes are vesicles between 40—-160 nm that can be secreted by a variety of
cells. They carry nucleic acids, proteins and metabolites. Their function is that of intercellular communication between
nearby and distant cells, both in physiological conditions and in certain diseases. In recent years, their involvement as a
biomarker and therapeutic target has gained great interest 8283l Exosomes have been found to be crucial for the
formation and maintenance of microenvironments in tumors. The need for nSMase activity for the release of exosomes
has been described 82184 Therefore, certain studies in tumors have focused on the inhibition of this enzyme. In
particular, the nSMase isoform, nSMase2, was involved in exosome miRNA secretion and contributed to cancer cell
metastasis through the induction of angiogenesis 3. Specific inhibition of nSMase by GW4869 showed a potential target
to block the metastasis. In addition, low expression of nSMase was found in exosomes from hepatocellular carcinoma
patients, related with a poor outcome [88l. Similarly, exosomes have been shown to be signaling systems for the immune
system, allowing the fight against tumors. Recently, it has been observed that the treatment with platinium nanoparticles
enhanced exosomes secretion in A549 lung cancer cells 84,

2.2.2. Sphingomyelin Synthase (SMS)

The sphingomyelin synthase (SMS) family consists of three members, SMS1, SMS2 and SMS-related protein (SMSr) (€8],
This enzyme activity catalyzes the synthesis of SM from Cer and phosphatidylcholine, thereby releasing diacylglicerol. It
was demonstrated that selective inhibition of SMS by D609 induces an increase in the concentration of ceramide in the
ER, and it triggers autophagy in hippocampal neurons 2. However, in glioblastoma, it was observed that treatment with
the 2-hydroxyoleic acid (20HOA), an anticancer drug, caused an increase in SMS activity. Furthermore, the inhibition with
D609 diminishes the anticancer effect 24, Recently, SMS2 was found to be upregulated in different cancers, such as
breast 21 and ovarian [22. High infiltration of M2-polarized macrophages in primary tumors is related with poor outcomes
in patients. Zheng and co-workers demonstrated the disruption of apoptotic pathways by activation of SMS2 in breast
cancer 23], Activation of SMS2 causes a reduction in Cer levels and stimulates cell proliferation through activation of the
transforming growth factor-B (TGF-B)/Smad signaling pathway. By contrast, inhibition of SMS2 by specific SiRNA led to
accumulation of Cer and the promotion of cell death 23], In addition, recent works observed that SMS2 is upregulated in
breast cancer and induces macrophages polarization and tumor progression 1. Moreover, SMS2 inhibition by 15w or
knockdown reduced the release of cytokines that stimulate macrophage polarization, reducing tumor growth R, |n
addition, SMS1 down regulation was found in metastatic melanoma patients and was associated with worse prognosis
due to an imbalance between SM and glucosyl-ceramide levels [24],

2.3. Enzymes of the Salvage Pathway
2.3.1. Glucosylceramide Synthase (GCS)

Glucosylceramide synthase (GCS) is a lysosomal enzyme that introduces a glycosylation on the ceramide to produce
glucosylceramide. GCS has been observed to be upregulated in different types of cancer, being associated with
resistance to anticancer treatments [2SI98I97198I99] - Glycosylceramide plasma levels have recently been described as a
promised biomarker for prostate cancer status 199, A recent study has demonstrated that a GCS inhibitor, called 1-
phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP), caused a lysosomal lipid accumulation and inactivation of
mMTOR in Hela cells, leading to apoptotic stimulation 1911,



2.3.2. Acid B-Glucosidase (B-GCase)

Mutations in the GBA1 gene that codes for 3-GCase is one of the main causes of the development of Parkinson’s disease
[202]103] pifferent studies have associated the deficiency of this gene with the possibility of suffering from certain types of
cancer 20411051 Recently, it was reported that B-GCase was overexpressed in chemotherapy-resistant gastric cancer cells
[208] | addition, it was observed that its inhibition with specific SIRNAs produced a lysosomal dysfunction that, together
with anticancer treatment, caused cell death [198],

2.3.3. Ceramidase

As seen above, ceramidases catalyze the degradation of ceramide to sphingosine. Ceramidases have been described as
important regulators of the processes of cellular autophagy and resistance to chemotherapy. Therefore, inhibition of the
different ceramidase isoforms has been shown to be beneficial for the treatment of different types of cancer [L9ZI108]109] |
recent years, different inhibitors have been developed that have shown their potential as an anticancer therapy (19,

Acid ceramidase (ASAH1) has been detected to be overexpressed in melanomas, conferring resistance to chemotherapy.
The involvement of ASAH1 in mitochondrial function and cellular autophagy in melanoma cells has been observed 11,
Furthermore, a recent study has shown that deletion of the ASAH1 gene blocks the induction of apoptosis mediated by
doxorubicin 12, These results may be due to the high adaptive capacity of melanoma cells. However, inhibition of ASAH1
with siRNA or pharmacologically with LCL521 in colorectal cancer cell lines (HT29, HCT116 and LIM1215) enhanced X-
ray radiosensitivity 1131, Moreover, tamoxifen has shown its ability to inhibit ASAH1 in polyploid giant cancer cells by
reducing their division 224, Recently, the synthesis of N-metallocenoylsphingosines has been described, demonstrating its
cytotoxic capacity and inhibition of the cell cycle in cancer cells (1131,

Alkaline ceramidase (ACER) has been described as being highly related to the growth, migration and invasion of tumor
cells [L16ILI7ILI8] | this sense, incubation of HepG2 and Huh-7 human liver cancer cells with the ACER2 inhibitor, called
D-erythro-MAPP (D-e-MAPP), has been shown to reduce cell growth 128 Structural analogues of ceramides have
demonstrated their efficacy as selective ACER inhibitors, blocking cell growth and being suitable candidates for anticancer
treatment 11911201 More specifically, deoxy-sphingolipid analogs have recently been described as highly selective
molecules and potent ACER3 inhibitors, with the ability to inhibit the cell cycle 221, Of interest, the structure of ACER3 has
recently been described, allowing structural and computational studies for the development of new specific inhibitors (1221,
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