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Abstract—Sphingolipids are a diverse family of complex lipids typically composed of a sphingoid base bound to a fatty acid
via amide bond. The metabolism of sphingolipids has long remained out of focus of biochemical studies. Recently, it has
been attracting an increasing interest of researchers because of different and often multidirectional effects demonstrated
by sphingolipids with a similar chemical structure. Sphingosine, ceramides (N-acylsphingosines), and their phosphor-
ylated derivatives (sphingosine-1-phosphate and ceramide-1-phosphates) act as signaling molecules. Ceramides induce
apoptosis and regulate stability of cell membranes and cell response to stress. Ceramides and sphingoid bases slow down
anabolic and accelerate catabolic reactions, thus suppressing cell proliferation. On the contrary, their phosphorylated
derivatives (ceramide-1-phosphate and sphingosine-1-phosphate) stimulate cell proliferation. Involvement of sphingolipids
in the regulation of apoptosis and cell proliferation makes them critically important in tumor progression. Sphingolip-
id metabolism enzymes and sphingolipid receptors can be potential targets for antitumor therapy. This review describes
the main pathways of sphingolipid metabolism in human cells, with special emphasis on the properties of this metabolism

in tumor cells.
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INTRODUCTION

For a long time, sphingolipid metabolism has been
neglected in classical biochemistry and its investigation
has remained secondary to the studies of lipids and lip-
idomics. Unlike triacylglycerols, sphingolipids are not
essential energy sources and produce much less effect
on the organism physiological state compared to lipids
(e.g., cholesterol and steroid hormones), which kept them
“in the shadow” of other lipids. However, understand-
ing the signaling role and effect of sphingolipids on the
assembly of cell membrane lipid rafts has been increas-
ingly growing over recent decades. The studies of sphin-
golipids are primarily focused on their metabolism and

function in neurons because impairments of sphingolipid
metabolism often manifest as neurological symptoms.
Healthy cells maintain a balance between different
sphingolipids, which ensures normal cell growth, divi-
sion, differentiation, as well as death of unnecessary cells.
This balance is created by enzymes involved in sphingo-
lipid synthesis and degradation. Changes in the expression
and activity of specific enzymes can result in the impaired
sphingolipid balance, leading to the stimulation of cell
proliferation, migration, invasion, and emergence of che-
moresistance, or, conversely, to the activation of apoptosis.
Reactions of sphingolipid biosynthesis and catab-
olism are commonly described as the sphingolipid (or
ceramide, Cer) cycle. Most reactions of sphingolipid

Abbreviations: ARS, arylsulfatase; Cer, ceramide; CERase, ceramidase; CERK, ceramide kinase; CERS, ceramide synthase;
CST, cerebroside sulfotransferase; CERT, ceramide transporter; C1P, ceramide-1-phosphate; DEGS, dihydroceramide desat-
urase; dhCer, dihydroceramide; dhS1P, dihydrosphingosine-1-phosphate; ER, endoplasmic reticulum; GalCer, galactosylcer-
amide; GALC, galactosyl ceramidase; GalCERS, galactosylcerebroside synthase; GluCer, glucosylceramide; GluCERase, gluco-
sylceramidase; GIluCERS, glucosylcerebroside synthase; PA, phosphatidic acid; SGPP, sphingosine-1-phosphate phosphatase;
SM, sphingomyelin; SMase, sphingomyelinase; SMS, sphingomyelin synthase; Sph, sphingosine; SPHK, sphingosine kinase;
S1P, sphingosine-1-phosphate; S1PL, sphingosine-1-phosphate lyase, TNF-a, tumor necrosis factor a.
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Fig. 1. Scheme of sphingolipid metabolism.

synthesis are reversible and take place in the endoplas-
mic reticulum (ER), on the ER membrane, and in the
Golgi apparatus and mitochondria. Complex sphingo-
lipids are catabolized in the lysosomes by lysosomal en-
zymes [1]. The scheme of metabolism of major cell sphin-
golipids in human cells and enzymes catalyzing reactions
of sphingolipid synthesis and degradation are shown
in Fig. 1.

A growing body of evidence on the role of sphin-
golipids in the metabolism and functioning of tumor
cells has been reflected in the increasing number of
publications on this topic that can be found in PubMed
using the query “sphingolipids and cancer” (as of Feb-

Sphingosine-1-

|
|
phosphate lyase :

h 4
Gangliosides

C16 aldehyde J

ruary 6, 2023, 8155 scientific publications were found).
The first study appeared in 1958; the number of pub-
lished reports peaked in 2020, 2021, and 2022 (366, 361,
and 367 articles, respectively).

This expanding comprehension of the role of sphin-
golipid metabolism in tumor cells has motivated some
researchers to systematize available data, which resulted
in the publications of several reviews over the past three
years. Most of these articles discuss sphingolipids and
their signaling role as potential targets for the antitumor
therapy in lung cancer [2], breast cancer [3], lympho-
mas [4], multiple myeloma [5], gliomas [6], and tumors
of the gastrointestinal tract [7]).

BIOCHEMISTRY (Moscow) Vol. 88 No. 7 2023



SPHINGOLIPID METABOLISM IN TUMOR CELLS

Some reports assess the role of specific enzymes
(ceramide kinase [8], B-galactosylceramidase [9]) in the
sphingolipid metabolism in tumor cells or are dedicat-
ed to sphingolipid metabolism in a particular cell type,
e.g., hepatocellular carcinoma cells [5]. Several well-
illustrated reviews describe the overall sphingolipid me-
tabolism [1, 10]; however, their focus is shifted mainly
toward discussing individual elements of this metabolism
as potential therapeutic targets.

The goal of our article was to systematize the data
on sphingolipid metabolism with special emphasis of the
features of this metabolism in tumor cells using a classical
biochemical approach. We described the properties of en-
zymes involved in the synthesis and catabolism of major
sphingolipids and their role in the mechanisms underly-
ing survival and death of tumor cell. Because most clas-
sical biochemistry textbooks lack the section on sphin-
golipid metabolism, this review, along with its scientific
message, might be used as a reference and educational
source to provide young investigators with a deeper in-
sight into this complex topic.

RELATIONSHIP BETWEEN THE ACTIVITY
OF SPHINGOLIPID SYNTHESIS ENZYMES
AND TUMOR PROGRESSION

Ceramide synthesis. The three major pathways main-
taining the concentration of ceramide (Cer) in mamma-
lian cells are:

* de novo synthesis from serine and palmitoyl-SCoA
by enzymes located on the cytoplasmic side of the

ER membrane;

+ catabolism of complex sphingolipids, e.g., sphin-
gomyelin (SM), by sphingomyelinases (SMases) or
phospholipase C that takes place on the plasma

Table 1. Human CerSase isoforms [12]
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membrane, inside the Golgi apparatus, and pre-

sumably, in the mitochondria;

+ catabolism of glucocerebrosides (GluCers) and ga-
lactocerebrosides (GalCers) in lysosomes.

Cers generated by de novo synthesis and produced
by catabolism of complex sphingolipids significantly dif-
fer in their chemical composition and biological func-
tions. The fact that these two processes take place in
different cell compartments accounts for the structural
difference between Cers dominating in the correspond-
ing compartment.

De novo synthesis of Cers includes four sequential
reactions (Fig. 1) [11]. Two enzymes of this metabolic
pathway — ceramide synthase (CERS) and dihydrocera-
mide desaturase — have been found to play an important
role in the regulation of cell growth, proliferation, and
development of antitumor response. CERS catalyzes
the synthesis of dihydroceramide (dhCer) and is repre-
sented by six isoforms that add acyl residues differing in
the length of the hydrocarbon chain and the number of
double bonds (Table 1) [12].

Because of the lower tissue concentrations compared
to Cer, dhCers have been long believed to be inert lip-
ids. Technological advances in lipidomics and availabil-
ity of pharmacological inhibitors and transgenic models
have led to the discovery of new properties and functions
of dhCers, many of which were different or even opposite
to the functions of Cers.

Changes in the dhCer content affect the lipid com-
position of organelle membranes, thus provoking a re-
sponse to oxidative and ER stresses. In 2006, it was re-
ported [13] that both short- and long-chain dhCers inhibit
Cer-mediated pore formation in the outer mitochondrial
membrane, a critical step in the apoptosis progression.
As demonstrated in vitro and in vivo, dhCers accumu-
late in an HIF (hypoxia-inducible factor)-independent

Enzyme Gene Substrate Expression
CERSI CERS1 18:0 acyl-SCoA brain, lesser expression in skeletal muscles
and testicles
CERS2 | CERS2 | long-chain acyl-SCoA (20-26 C-atoms) ubiquitously, with the highest expression
in the CNS, hepatocytes, kidney, and lung cells
CERS3 CERS3 | very-long-chain acyl-SCoA (at least 22-32 C-atoms) skin keratinocytes, testicular germ cells
including polyunsaturated and 2-hydroxylated
derivatives
CERS4 | CERS4 | long-chain acyl-SCoA (18-22 C-atoms) skin, myocardium, adipose tissue, leukocytes,
hepatocytes
CERS5 CERS5 | long-chain acyl-SCoA (16-18 C-atoms) ubiquitously, with the highest expression
in the CNS and lung epithelium
CERS6 | CERS6 | middle-chain acyl-SCoA (14-16 C-atoms) enterocytes, kidney cells, lymph nodes
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Table 2. Human DEGS isoforms [15-17]
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Enzyme Gene Substrate Intracellular localization Expression

DEGSI1 DEGS1 dhCer ER and mitochondrial membrane ubiquitously, with the highest expression in liver,
kidneys, and lungs

DEGS2 DEGS?2 dhCer ER membrane skin, intestines, kidneys

manner and suppress cell proliferation. The effect of hy-
poxia on dhCer synthesis was confirmed in vivo. Hypoxia
decreased the content of Cers, but increased the amount
of dhCers. dhCers have been characterized as molecules
with antiproliferative and immunoregulatory proper-
ties. Some dhCer species produce a bidirectional effect:
at high concentration, they elicit oxidative stress, while
their synthesis is induced by the oxidative stress [14].

Cer is formed from dhCer by dihydroceramide de-
saturase (DEGS). In human, two DEGS isoforms have
been identified — DEGS1 and DEGS2 (Table 2).

The data obtained by Guo et al. [18] showed that
DEGS?2 plays an oncogenic role in colorectal cancer,
whereas m6A-dependent changes in DEGS2 promote
tumor progression and metastasis via downregulation of
Cer synthesis. Moreover, DEGS2 expression is marked-
ly increased in colon cancer vs. normal tissues and cor-
relates with tumor response to immunotherapy and poor
prognosis. Hence, DEGS2 can serve as a potential prog-
nostic factor and therapeutic target in colon cancer.

The activity of DEGSI can be affected by the ex-
posure to various modulators resulting in the altered
dhCer/Cer ratio (Fig. 2), which impacts various cellular
processes, such as apoptosis, cell proliferation, autopha-
gy, and insulin resistance.

Herndndez-Tiedra et al. [19] showed that the shift in
the dhCer/Cer ratio toward dhCer activated autophagy
and apoptosis in US7MG cells (human glioma cell line)
and inhibited tumor growth. The authors suggested that
exposure to delta-9-tetrahydrocannabinol can partially
inhibit DEGSI.

Hydrophobic Cer molecules produced by DEGS as-
semble into Cer-rich microdomains that stabilize mem-
brane lipid rafts, which activates signaling cascades by
facilitating protein—protein interactions (including di-
merization of receptor proteins) and lowering the ac-
tivation threshold of signaling pathways. This effect of
Cer can be viewed, at least partially, as a general mecha-
nism for reshaping membrane-embedded signaling mole-
cules [3, 20].

Oxidative stress

Oleate Interleukin-1
Adiponectin all-trans-retinoic acid
Vitamin E Palmitate
Hypoxia Myristate
dhCer/Cer affects: l YVYY Y V l

Q Cell membrane composition

ER stress
' Cell proliferation

Cell migration potential

Fig. 2. Factors affecting the dhCer/Cer balance.

Dihydroceramide

Ceramide
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Excessive accumulation of Cers can be toxic. Nor-
mal cellular concentrations of free Cers are low, except in
skin keratinocytes containing relatively high amounts of
these compounds. Most cells rapidly utilize Cers in the
synthesis of complex sphingolipids. As mentioned above,
de novo Cer generation occurs on the cytoplasmic side
of the ER membrane, whereas the synthesis of complex
sphingolipids takes place in the Golgi apparatus [1, 14].

Cers are transported in the content of vesicles or
by non-vesicular transport in an ATP-dependent or
ATP-independent manner. Non-vesicular transport re-
lies on transport proteins such as the cytosolic 68-kDa
ceramide transporter (CERT) containing the Cer-bind-
ing site. This protein is strictly specific to Cer and does
not interact with other lipids (cholesterol, phospho-
lipids, etc.), although it exhibits a weak affinity toward
diacylglycerols. The efficiency of transfer depends on
the length of acyl radicals. The most efficiently trans-
ported Cers are Cer(C14:0-C20:0), whereas the trans-
port rate for Cer(C22:0) and Cer(C24:1) is ~40% of that
for shorter Cer species. There is almost no transport of
Cer(C24:0). It is believed that the preferential recogni-
tion of Cer acyl radicals by CERT reflects the chemical
composition of radicals in SM and GluCer [21]. Once in
the cytosolic leaflet of the Golgi apparatus membrane,
Cer molecule is transferred to the inner layer, where it
is used as a substrate in the synthesis of complex sphin-
golipids. This process relies mostly on Cers(C16-18) that
are selectively extracted by CERT from cell membranes
and redirected to the Golgi apparatus. Cers with longer
fatty acids [Cer(C20-26)] are retained in the membranes
for longer periods of time. The lack of CERT protein
suppresses the synthesis of SM [22].

The discovery and cloning of CERS1-6 have helped
to understand the role of Cers with acyl chains of vary-
ing length in tumor cell signaling. For instance, CERS1
expression was found to be downregulated by histone
deacetylase 1 (HDAC1) and miR5745p (microRNA, gene
transcription regulation, cell-to-cell communication, ve-
sicular transport) in the head and neck cancer cells,
leading to the decrease in the content of Cer(C18:0).
Cer(C18:0) produced by CERSI1 induced cell death and
suppressed tumor growth in cell cultures and xenografts
of head and neck squamous cell carcinoma. About 50%
mice lacking CERS2 activity necessary for the synthesis
of long-chain Cer(C22-24) developed pheochromocy-
toma, presumably, due to the impaired apoptosis [23].
CERSG6, which generates Cer(C16:0), was identified as a
transcriptional target of p53. CERS6 was elevated in re-
sponse to the transient expression of p53 or folate stress,
which is known to activate p53, thus demonstrating that
CERS6 is a component of the non-genotoxic p53-de-
pendent cellular stress [24]. It also increased the sus-
ceptibility of colon cancer cells to apoptosis elicited by
TRAIL (TNF-related apoptosis-inducing ligand) [25].
It was suggested that Cer(C16:0) influences the active
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transport (translocation) of caspase-3 into the nucleus
or directly affects nuclear membrane permeability by in-
creasing the nuclear pore size [25].

Cer(C16:0) also induced BAX-mediated apoptosis
in irradiated HeLa37 cells. Mitochondrial anti-apoptotic
Bcl2-like protein 13 (BCL2L13) directly inhibited Cer
synthesis in cultured glioblastoma cells and tumor xe-
nografts in mice by binding to CERS2 and CERS6 and
blocking their homo- and heterodimerization [26].

Elevated levels of Cer(C16:0) generated by CERS6
were found in lung and oral cancer cells. Surprisingly,
CERS6-generated Cer(C16:0) protected the integrity of
the ER and Golgi membranes in HNSCC cells. Suppres-
sion of CERS6 affected delivery of the activating tran-
scription factor 6 (ATF6) and caused its aberrant activa-
tion, leading to the ER stress-mediated death of HNSCC
cells. Chen et al. [27] demonstrated a strong correlation
between chemotherapy resistance in triple-negative
breast cancer and upregulation of CERS6 expression.

Overall, these data confirm that CERS-generated
Cers with acyl chains of different length play an import-
ant role in the death and survival of cancer cells, their
exact effect being dependent on the tissue and type of
cells [28, 29].

The total content of endogenous Cers was markedly
elevated in malignant and benign breast tumors (12- and
4-fold, respectively) vs. normal tissues. This increase in
the Cer content was rather unexpected, because it was
demonstrated in in vitro studies that increased Cer levels
were associated with the apoptosis induction, i.e., exhibit-
ed the anticarcinogenic effects [29]. Human head and neck
squamous cell carcinomas were found to have an increased
content of Cer(C16:0), Cer(C24:1), and Cer(C24:1) along
with the decreased content of Cer(C18:0) [30].

Moreover, an increase in the Cer(C16:0) level due to
the activity of CERS5 or CERS6 resulted in telomerase
activation, while an increase in the content of Cer(C18:0)
synthesized by CERS1 led to the inhibition of telomerase
activity [24].

Biosynthesis of sphingomyelin. The ability of SM to
promote tumor growth has been demonstrated in numer-
ous studies. The presence of aberrantly high number of
SM molecules in the apical layer of the surface mem-
brane lowers its fluidity and permeability and increases
membrane rigidity and durability. This interferes with the
cell—cell communication, downregulates expression of
cell surface molecules, and impairs coordination of sig-
naling pathways, resulting in the activation of cell growth
and uncontrolled proliferation, as well increase in the cell
mobility and invasive potential [31]. The major signaling
cascades involved in the intracellular effects of SM are
RhoA/ROCK/LIMK/cofilin, RhoA/ROCK/FAK/pax-
illin [32], TGF-f/Smad, and EMT pathways [33].

Activation of metastasis due to a high SM con-
tent was first demonstrated in experiments with the
metastatic prostate adenocarcinoma cell lines [34].
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Table 3. Human SMS isoforms [35, 36]
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Enzyme Gene Intracellular localization Substrate Expression
SMSI1 SMS1 cis-Golgi apparatus all normal cells
SMS2 SMS2 plasma membrane, both short-chain all normal cells; also expressed

some amounts
in the Golgi apparatus

and long-chain Cers,
phosphatidylcholine

in some cell lines, such as HeLa
cells, Hep-G2 hepatoma cells,
and Caco-2 colon cancer cells

A possible mechanism of this effect might be related to
the SM accumulation in the outer membrane that leads
to the formation of additional hydrogen bonds with
neighboring molecules and molecules of water followed
by disruption of cell interaction with neighboring cells
and extracellular matrix. The capacity to form a network
of intermolecular hydrogen bonds is a feature of SM,
which distinguishes it from, e.g., glycerolipids that con-
tain ester groups that act as hydrogen bond acceptors,
but not as donors [31].

SM generation is catalyzed sphingomyelin synthase
(SMS). SMS exists as two isoforms (Table 3), one of
which, SMSI, localizes to the trans-Golgi membranes,
whereas SMS2 is associated with the plasma membrane.
This distribution pattern accounts for the high SM con-
centration in the outer leaflet of the plasma membrane
and in the trans-Golgi luminal membrane (Cer entering
the cis-Golgi membrane is primarily utilized for the syn-
thesis of GluCer rather than SM) [35].

The impact of these two SMS isoforms on the SM
production and their role in carcinogenesis remain con-
troversial. Numerous studies have shown that prolifera-
tion and metastasis of tumor cell are mostly related to the
activity of SMS2. For instance, Jing et al. [32] showed
that a decline in the SMS2 activity suppressed migra-
tion, growth, and survival of ovarian cancer cells. Zheng
et al. [33] reported upregulated expression of SMS2 in
metastatic breast cancer.

However, SMS1 also plays a role in carcinogenesis.
Van der Luit et al. [37] demonstrated that low SMS1 ac-
tivity in S49 mouse lymphoma cells resulted in the de-
creased SM content in lipid rafts and abrogated cell
apoptosis induced by alkyl-lysophospholipids.

On the other hand, Tafesse et al. [36] showed that
SMS1 and SMS2 were co-expressed in various cell
types, as well as demonstrated that both enzymes were
equally necessary for the SM synthesis in cervical car-
cinoma cells. Downregulation of either SMS1 or SMS2
by RNA interference resulted in a profound decline in
the SM production, Cer accumulation, and inhibition
of cell growth. Moreover, it was observed that although
SMS-deficient cells contained less SM, exposure to ex-
ogenous SM did not restore the growth of cells. Hence,
these data evidence that the biological role of SMS goes
beyond SM formation.

The activity of SMS in tumor cells is closely relat-
ed to the cell sensitivity to chemotherapy. In particular,
SMS2 inhibition substantially potentiated the efficacy of
cisplatin in tumor treatment [32]. Doxorubicin-resistant
vs. non-resistant HL-60/ADR leukemia cells demon-
strated markedly elevated SMS activity [38].

Biosynthesis of cerebrosides. Cerebrosides also pro-
mote tumor growth. Human cells synthesize two types
of cerebrosides (monoglycosylceramides): GalCer and
GluCer.

A shift in the balance between Cers and their glyco-
sylated counterparts towards the latter is caused, among
other factors, by alterations in the activity of enzymes in-
volved in their synthesis, which underlies the rise in the
proliferative and invasive activity of tumor cells [39, 40]
and accounts for their chemoresistance to some drugs
[39]. For instance, the content of GalCer on the surface
of many tumor cells is increased, resulting in the reduced
cell adhesion and inhibition of apoptosis followed by the
activation of cell proliferation and migration, increased
cell survival, and promotion of carcinogenesis [39].

Similar to other sphingolipids, Cers can be involved
in the regulation of tumor cell proliferation and metasta-
sis via the Wnt and (3-catenin pathway [41]. In particular,
GluCer upregulates expression of the multidrug resis-
tance protein 1 (MDR1) by activating nuclear transport
of B-catenin and inhibiting its degradation [42]. Inter-
estingly, GalCer plays a role in the transmembrane sig-
naling by altering intracellular calcium levels. Joshi and
Mishra [43] demonstrated that exposure to anti-GalCer
antibodies resulted in the elevation of the intracellu-
lar calcium concentration caused by the Ca?" influx
through the plasma membrane and release from intracel-
lular depots.

Reactions of GalCer synthesis catalyzed by galacto-
sylcerebroside synthase (GalCERS) proceed in the ER.
The highest expression of GalCERS was found in oligo-
dendrocytes, Schwann cells, kidney epithelial cells, and
testicles. The synthesis of GluCer by glucosylcerebroside
synthase (GluCERS) takes place on the Golgi apparatus
membrane [44].

Cabot et al. [45] demonstrated that the content of
GluCer was elevated in several multidrug-resistant cell
lines (MCF-7-AdrR breast cancer, KB-V-1 vinblastine-
resistant epidermoid carcinoma, and OVCAR-3 ovarian
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adenocarcinoma cells). It was suggested that it was re-
lated to the activation of GluCer synthesis, because the
rate of GluCer degradation remained unaltered. A com-
parable increase in the GluCer content was also reported
for chemotherapy-resistant human tumors [46]. Upreg-
ulation of GIuCERS expression in MCF-7 breast cancer
and leukemia cells made these cells resistant to chemo-
therapy [38, 45]. GalCERS activity is increased in tumor
cells; it is also higher in chemotherapy-resistant vs. che-
motherapy-sensitive cells. Thus, Itoh et al. [38] report-
ed a 2-fold increase in the GalCERS activity in doxo-
rubicin-resistant vs. nonresistant HL-60/ADR leukemia
cells.

Biosynthesis of gangliosides. Some gangliosides reg-
ulate signal transduction mediated by receptor tyrosine
kinases (RTKSs) [47]. Typically, they form complexes
with RTKs in lipid rafts and contribute to the activa-
tion/inhibition of signaling via these receptors. Changes
in the ganglioside levels in the plasma membrane affect
molecular composition and structure of lipid rafts re-
sulting in the RTK reorganization and/or exclusion from
the lipid rafts [48].

Localization of the CD95 death receptor to the
lipid rafts is essential for efficient apoptosis signaling.
The structure and composition of ganglioside-contain-
ing rafts play a decisive role in the regulation of cell
death and survival [48]. Using lymphoid and myeloid
tumor cell models, it was found that gangliosides trigger
apoptosis by activating CD95 and accumulating in the
mitochondrial membrane, which disturbs mitochondri-
al transmembrane potential and induces apoptosis via a
caspase-independent pathway [49].

Veldman et al. [50] showed that multidrug-resistant
tumor cells had a reduced content of lactosylcerebro-
sides and gangliosides together with the elevated levels
of GluCer, GalCer, and SM. It was suggested that the
glycolipid biosynthesis pathway in these cells is arrested
at the level of lactocerebroside formation leading to the
GluCer accumulation.

The role of gangliosides and enzymes involved in
their synthesis/degradation in the regulation of tumor
cell death and survival has been discussed in detail in a
recent review by Sasaki et al. [48], so we will describe it
only briefly.

Biosynthesis of sulfatides. Sulfatides are produced
by cerebroside sulfotransferase (CST) (encoded by the
GAL3ST1 gene) in the lumen of the Golgi apparatus.
De novo synthesized plasma membrane and sulfatides
synthesized in the ER, as well as “aged” sulfatides, are
redistributed within the cell by vesicular transport in-
volving clathrin or carrier proteins, such as glycolipid
transfer protein (GLTP). Besides being directly involved
in sulfatide transport, GLTP acts as a sensor of glycolipid
levels in the cell [51].

Sulfatides are synthesized in many types of cells.
The highest content of these compounds (4-7% of to-
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tal lipids) was found within the myelin sheaths formed
by oligodendrocytes and Schwann cells in the central
and peripheral nervous system, respectively. Sulfati-
des are also found in other glial cells, such as astrocytes
(which produce them in small amounts) and in neurons
(which sulfatides enter by endocytosis). Large amounts
of sulfatides are typical for human kidneys, gastric and
duodenal mucosa, cells of the islet of Langerhans, and
membranes of red blood cells, platelets, and granulo-
cytes [52].

An increase in the sulfatide content and upregula-
tion of CST expression have been found in many tumor
types. For instance, high CST expression and activity in
the absence of changes in the arylsulfatase A (ARSA)
activity resulted in the increased content of sulfated gly-
colipids in kidney cancer vs. normal cells. Moreover, an
increased ARS activity was found in the serum of patients
with renal cell carcinoma and hepatocellular carcinoma
compared to the healthy subjects. However, unlike in re-
nal cell carcinoma, the high levels of CST activity in the
serum of patients with hepatocellular carcinoma did not
correlate with the level of enzyme activity in the tumor
and were similar to those observed in normal tissue.
In the case of gastric cancer, CST expression varied in
both patients and healthy subjects [52, 53]. In SMKT-R3
human kidney cancer cells, the rise in the sulfotrans-
ferase activity was driven by the tumor necrosis factor o
(TNF-a). It was found that the secreted form of TNF-a
binds to the cognate receptor, while membrane-bound
TNF-a provides direct contact between neighboring
cells. The activity of CST in kidney carcinoma cells in-
creased after exposure to the epidermal growth factor
(EGF) [53, 54].

An increase in the content of sulfatides has been de-
tected in low-grade endometrial adenocarcinoma, some
lung tumors, brain and colon tumors, hepatocellular
carcinoma, and ovarian cancer. The use of sulfatides as
early markers in the diagnostics of ovarian cancer has
been suggested in several studies. Thus, mass spectrome-
try analysis of cell metabolites along with the assessment
of gene expression profiles revealed an increase in the
content of sulfatides in ovarian cancer cells vs. normal
tissue. This observation was confirmed by the fact that
ovarian epithelial carcinoma cells demonstrated higher
levels of mRNAs encoding GalCERS and CST neces-
sary for sulfatide synthesis, whereas the levels of ARS,
saposin, and galactosylceramidase (GalCERase) remain
the same [51].

Six human kidney carcinoma cell lines (SMKT-RI1,
SMKT-R2, SMKT-R3, SMKT-R4, TOS-1, and TOS-2)
were found to have a markedly elevated CST activity and
higher content of CST mRNA, whereas the increase in
the content of this mRNA in ACHN renal cancer vs.
normal cells was only modest. At the same time, no rise
in the sulfatide level was observed in the case of Wilms
tumor (nephroblastoma). Hence, overproduction of sul-
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fatides is not necessarily typical for all cancer types. Fur-
thermore, it still remains to be clarified whether elevated
sulfatide levels are an artifact observed in cultured tumor
cells (since lipids can migrate between the cell mem-
brane and serum-containing medium) or they represent
an in vivo phenomenon [54].

Biosynthesis of ceramide-1-phosphate. Ceramide-1-
phosphate (CI1P) is a signaling molecule that acts antag-
onistically to Cer. Similarly to sphingosine-1-phosphate
(S1P), it is a potent apoptosis inhibitor that promotes
cell survival, DNA synthesis, and cell division.

CIP blocks apoptosis by inhibiting either acid-
ic sphingomyelinase (aSMase) or caspase, as well as by
preventing DNA fragmentation in macrophages. It also
inhibits serine palmitoyltransferase, a key regulatory en-
zyme in the biosynthesis of long-chain sphingoid bases
and, therefore, Cers. C1P is released by damaged cells;
it is also found in exosomes exported to the plasma and is
able to interact with the plasma membrane of other cells
at specific sites [55].

The mitogenic effect of C1P is mediated by multi-
ple signaling pathways and enzymes, including MEK/
ERK1-2, NADPH oxidases, protein kinase C, and PI3K/
Akt/mTOR. Beside activating cell proliferation, C1P pro-
motes cell survival by inhibiting apoptosis-related signal-
ing pathways. It stimulates the PI3K/Akt-axis and upreg-
ulates expression of inducible NO synthase (iNOS) [8].

CI1P is synthesized from Cer by ceramide kinase
(CERK). CERK can associate with various membranes,
including those most distant from the nucleus, such as
membranes of frans-Golgi, endosomes, and mitochon-
dria, as well as the plasma membrane. CERK is activated
by interleukin-1f3 and calcium ions. Generated C1P ac-
tivates type IVA phospholipase A2 (cPLA2) in the Golgi
apparatus membrane and promotes release of arachi-
donic acid, thus stimulating the synthesis of pro-inflam-
matory eicosanoids [56].

Different types of cells can differ in the subcellular
CERK distribution and expression. CERK is regulated by
phosphorylation/dephosphorylation and cations (main-
ly Ca?) along with translocation between intracellular
compartments [57].

Multiple studies have demonstrated high CERK ac-
tivity in breast [58] and pancreatic cancer [59]. In breast
tumors, upregulation of CERK expression correlates
with the risk of disease recurrence [60].

Biosynthesis of sphingosine-1-phosphate. S1P regu-
lates cell survival and proliferation [61]. The biological
effects of S1P are realized via two mechanisms: (i) S1P
export from the cell and exertion of its paracrine (or
autocrine) action, or (ii) binding to intracellular tar-
gets [62]. S1P is a charged lipid that cannot freely dif-
fuse across the membrane. It is transported by low-
selective ATP-binding transport proteins of the ABC
family, as well as highly selective SPNS2 protein of the
MFS family [63]. SPNS2 transports both S1P and di-
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hydrosphingosine-1-phosphate (dhS1P), but not their
non-phosphorylated counterparts. The transport of S1P
by SPNS2 increases proportionately to the increase in
the intracellular S1P level, suggesting that SPNS2 acts
as a passive transporter that requires no energy for its
activity, which distinguishes it from the ABC trans-
porters [64].

The concentration of S1P in the blood plasma is
maintained at 0.5-1 uM due to the production by eryth-
rocytes, endothelial cells, and liver cells. Liver cells syn-
thesize ApoM, a physiological S1P carrier that transports
it to the high-density lipoproteins (HDLs). The con-
centration of S1P in the interstitial fluid is maintained
at a low nanomolar level due to high activity of S1P-
degrading enzymes (e.g., sphingosine-1-phosphate lyase
S1PL) [65].

SIP binds to five membrane receptors (S1PRs)
belonging to the GPCR superfamily (Table 4). SIPR-
activated signaling pathways regulate the development of
CNS and cardiovascular system, reproductive function,
migration of immune cells, adhesion, cell survival and
division, stress response, etc. S1P also regulates cellular
response by directly binding to some intracellular targets,
such as HDACs [66]. Similar to the vascular endotheli-
al growth factor, S1P increases vascular permeability by
activating S1P, receptor and Rho/ROCK/PTEN sig-
naling [67]. S1P can also prevent apoptosis by inhibiting
translocation of cytochrome ¢ and Smac/DIABLO from
the mitochondria [68].

S1P affects metastasis, cell migration, angiogene-
sis and lymphogenesis. SIP molecules circulating in the
bloodstream and produced by the tumor are involved
in the activation of angiogenesis and lymphogenesis.
Ponnusamy et al. [69] reported that S1P neutralization
in the bloodstream by specific antibodies suppressed me-
tastasis development in the lungs. S1P induced metasta-
sis of liver carcinoma cells by establishing the MMP-7/
syndecan-1/TGF-31 autocrine loop [1]. By activating
ERK, AKT, and p38, S1P stimulates chemotaxis and re-
ceptor-dependent invasion by ovarian cancer cells [70].
S1P regulates cell migration potential by redistributing
actin from focal junctions to membrane folds (lamellipo-
dia). In MCF-7 cells, S1P stimulated actin redistribution
in membrane folds and promoted cell migration, whereas
a decline in the S1P content restored the contacts in the
actin-containing adhesion foci and prevented cell migra-
tion [66]. S1P stimulated migration of MDA-MB-231
breast cancer cells and potentiated their metastatic
activity [71].

S1P is directly synthesized from sphingosine (Sph)
by sphingosine kinases (SPHKSs) that transfers phosphate
from ATP molecule to the C1 hydroxyl group of Sph.
As described below, Sph is generated in the SM catabo-
lism mostly due to the activity of SMase and ceramidase
(CERase) [44]. Two human genes, SPHKI and SPHK?2,
code for SPHK1 and SPHK2, respectively. Each of these
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Type Gene G-protein

Location and function

S1P; SI1PRI Gipo

S1P; S1PR2 Gijo, G,

Gy

S1P; SIPR3 Gijo, G,

Gy

S1Ps S1PR4 Gijo, Gioyi3

S1Ps S1PRS Gq, Giyis

brain neurons, cells of the myocardium, spleen, kidneys, muscle tissue, leukocytes,
[-cells of pancreatic islets of Langerhans;

activation of S1P; receptors is accompanied by the maturation of T cells and slowing
of B and T cell infiltration into tissues;

S1P; receptors in the CNS stimulate migration of neuronal stem cells;

S1P; activation regulates proliferation of vascular endothelial cells and formation

of the smooth muscle layer in the vascular wall;

S1P; is involved in the regulation of insulin secretion by pancreatic $-cells

brain neurons, myocardial cells, spleen, lungs, liver, kidneys, muscle tissue, thymus;
S1P; receptors regulates proliferation of epithelial cells, promotes survival

of cardiomyocytes after ischemic/reperfusion injury and hepatocyte proliferation,
and stimulates mast cell degranulation;

excessive activation of S1P; receptors elicits aberrant activation of angiogenesis

brain neurons, cells of the myocardium, spleen, lungs, liver, kidneys, muscle tissue,
testicles, and thymus;

activated S1P; receptors stimulate inflammatory reactions and blood coagulation,
promote survival of cardiomyocytes after ischemic/reperfusion injury,

and regulate sensing of acute mechanical pain

leukocytes and lymphoid tissue cells;
activated S1Ps receptors stimulate migration of T cells and cytokine secretion

brain, spleen and skin, NK cells;
activated brain S1Ps receptors inhibit migration of oligodendrocyte progenitor cell
and promote oligodendrocyte survival

Table 5. Human SPHK isoforms [73-76]

Enzyme Gene Isoforms Intracellular location Substrate Expression
SPHK1 | SPHKI SPHKl1a mainly in the cytoplasm (translocated Sph and to all tissues;
SPHK1b to the plasma membrane upon activa- alesser extent | strongly expressed
SPHKI1c tion of proliferative signaling cascades) sphinganine in adult liver, kidney,
heart, and skeletal muscle;
cerebral cortex (protein)
SPHK2 | SPHK2 SPHK?2a, mainly in the nucleus and cytoplasm; Sph, phytoSph, | mainly in adult kidney,
SPHK2-S, translocates to the ER, mitochondria and dhSph liver, and brain;
SPHK2b/-L, | (depending on the cell type); cerebral cortex
SPHK2c, inhibits DNA synthesis and hippocampus (protein)
SPHK2d and regulates HDAC1/2 activity

Note. Enzyme isoforms are designated in accordance with GenBank and Uniprot. The data on the number (5 or 7) of SPHK2 isoforms differ,

as not all of them have been confirmed experimentally.

enzymes has several splice variants. Although SPHKI1
and SPHK2 significantly differ in size, they share a high
degree of sequence similarity. Almost entire SPHKI1
polypeptide is homologous to the fragments of larger
SPHKI1 molecule, but the N-termini of the two proteins
differ. SPHK2 also has a proline-rich segment in the
central portion of the protein that is not found in SPHK1
or any other known protein [72]. The characteristics of
human SPHK isoforms are presented in Table 5.
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An increase in the SPHKI activity accounting for
the elevated S1P level has been observed in many tumors.
For instance, upregulated expression of SPHKI mRNA
and/or SPHKI1 protein was found in gastric, lung, brain,
and colon cancers [77]. Metastatic vs. non-metastatic co-
lon cancer is characterized by the elevated SPHK1 expres-
sion [78]. High levels of SPHK1 expression in tumors also
correlate with poor survival and induced tamoxifen resis-
tance in patients with estrogen-sensitive breast cancer [66].
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Table 6. Human GluCERase isoforms [86]
Enzyme Gene Intraf;elll}lar Substrate Expression
localization
Acidic GBAI lysosomal membrane GluCer; all tissues
GluCERase GluSph
Non-lysosomal GBA2 ER, Golgi apparatus, bile acid conjugates; brain, heart, skeletal muscle,
GluCERase plasma membrane GluCer kidney, placenta
Cytosolic GBA3 cytosol flavonoid glycosides; liver, small intestine, spleen,
GluCERase C6-NBD-GlcCer kidneys

The effect of SPHK2 activity is more complex. Ear-
ly studies have demonstrated that SPHK2 overexpres-
sion results in the suppression of cell growth and apop-
tosis activation, suggesting that although both SPHK2
and SPHKI1 utilize similar physiological substrates and
generate the same final product, SPHK2 plays the op-
posite role to that of SPHKI1. The pro-apoptotic effect
of SPHK2 has been supported by more recent stud-
ies demonstrating that mouse mesangial Sphk2~/- cells
are more resistant to staurosporine-induced apoptosis
compared to the wild-type or Sphk1~/~ cells. Moreover,
downregulation of endogenous SPHK2 expression in
HEK?293 cells led to the arrest of the TNF-a-induced
apoptosis. However, SPHK2 can also play the anti-
apoptotic role, as suppression of SPHK2 expression or
SPHK2 activity with isoform-specific inhibitors promot-
ed apoptosis and increased the sensitivity of tumor cells
to chemotherapy [72].

RELATION BETWEEN THE ACTIVITY
OF SPHINGOLIPID DEGRADATION ENZYMES
AND TUMOR PROGRESSION

Cerebroside degradation. Cerebroside hydrolysis
catalyzed by galactosylceramidase (GalCERase) and
glucosylceramidase (GluCERase), respectively, results
in the formation of ceramides and corresponding mono-
saccharides (galactose or glucose) [44].

Several studies have demonstrated a decline in the
GalCERase activity in tumors, in particular, due to the
decrease in the GALC gene expression. For example,
GALC expression is downregulated in the head and
neck [39, 79], lung [79], and nasopharyngeal [80] can-
cers. Zhao et al. [80] showed that upregulated GALC ex-
pression in CNE-2Z cells suppressed cell proliferation,
migration, and metastatic potential.

Downregulation of GALC transcription can result
from the binding of inhibitory transcription factors to
the gene promoter region. The GALC gene is located
on chromosome 14q3 and contains sequences interact-
ing with the transcription factors SP1 (5'-CCCGCC-3"),

YY1 (5'-AAATGG-3"), and AP2 (5'-GCCTGCAGGC-3")
[81]. Among these transcription factors, the most proba-
ble inhibitor is YY1, whose role in the transcription sup-
pression has been described earlier [39]. For instance,
Sui et al. [82] and Yakovleva et al. [83] demonstrated the
inhibitory effect of YY1 on the transcription of p53 gene.
Another potential mechanism for the suppression of GALC
transcription is hypermethylation of its promoter [79].

Recent studies have shown that GalCERase can ex-
ert the opposite effect on tumor growth and cell differen-
tiation, which casts doubt on its impact on sphingolipid
metabolism in cancer cells, as well as on its role in tu-
mor progression [84, 85]. In particular, Belleri et al. [85]
showed that GalCERase inhibition in mouse B16-F10
and human A2058 melanoma cells resulted in the acti-
vation of the SMPD3 gene coding for SMase, an enzyme
involved in Cer generation. This ultimately increased the
level of Cer and suppressed the growth, motility, and
invasive ability of melanoma cells, as well as inhibited
the metastatic activity of B16-F10 cells grafted in synge-
neic mice or Danio rerio embryos. GalCERase triggered
the opposite effect. These data were corroborated by the
fact that progressively upregulated GALC expression in
human skin samples, ranging from common nevus to
stage IV melanoma, was accompanied by proportional
downregulation of the SMPD3 expression and decrease
in the Cer level.

The impact of GluCERase on tumor cell growth,
proliferation, and metastasis is remarkedly less pro-
nounced than that of GalCERase (Table 6).

It has been noticed that the development of Gaucher
disease caused by the GluCERase deficiency correlates
with the emergence of multiple myeloma, leukemia,
glioblastoma, lung cancer, and hepatocellular carcino-
ma, although the underlying cause for this association
is poorly understood. However, only few researchers be-
lieve that the development of these tumors resulted from
the GIluCERase deficiency; most scientists consider
their emergence to be related to the therapy of Gaucher
disease [86].

Sphingomyelin degradation. The key enzymes in
sphingomyelin catabolism, sphingomyelinases (SMases),
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Table 7. Human SMase isoforms [87-93]
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Enzyme Gene Ilntragellglar Substrate Expression
ocalization
Acidic SMase SMPD1 lysosomes, Sph, phosphatidylcholine, ubiquitously
membrane lipid rafts; phosphatidylglycerol
cytoplasm
(stimulated secretion)
Neutral SMase SMPD2 | plasma membrane, Sph, lysophosphatidylcholine ubiquitously
ER membranes,
Golgi apparatus,
and nucleus
Alkaline SMase | ENPP7 | plasma membrane, Sph, lysophosphatidylcholine, | large intestine (protein);
membranes platelet-activating factor duodenum, jejunum, and liver;
of enterocytes low levels in the ileum;
of the small intestinal very low expression in
the esophagus, stomach, and colon

belong to the family of phosphodiesterases, whose cata-
Iytic mechanism is similar to that of phospholipases C.
SMases transform SM into Cer and phosphocholine.
Several isoforms of human SMase differing in their pH
optimum and, therefore, cellular location have been
characterized. There are also Mg?*- and Zn?*-dependent
forms of the enzyme, as well as the isoform independent
of these ions (Table 7) [44, 87, 88].

The antitumor activity of SMase is related to its role
in the generation of Cer, which suppresses proliferation
of tumor cells. High SMase activity results in the elevat-
ed Cer levels and vice versa. Changes in the SMase activ-
ity also affect the structure and function of membranes.
About 70% total cellular SMase is located in lipid rafts.
Degradation of plasma membrane sphingomyelins by
SMase increases membrane fluidity and affects choles-
terol distribution in the cell, in particular, displacement
of cholesterol with Cer in the membrane lipid rafts [87,
94]. Platelet-derived acidic SMase stimulates cell adhe-
sion and melanoma metastasis. Furthermore, it was as-
sumed that in endothelial cells, SMase plays a key role
in tumor angiogenesis, because the SMase-induced in-
crease in Cer levels was shown to mediate cell sensitivity
to the anti-angiogenic therapy [95].

As early as in 1994, SMase was proven to take part in
the apoptotic death of tumor cells when Jarvis et al. [96]
reported that the TNF-a-induced SMase activation re-
sulted in the Cer-induced apoptosis in HL-60 and U937
human leukemic cells and in L929/LM and WEHI 164/13
mouse fibrosarcoma cells.

The activity of SMase is decreased in tumor cells.
Epigenetic analysis revealed that the gene for neutral
SMase (nSMase) was hypermethylated and, therefore,
its expression was downregulated in breast cancer [89],
MDA-MB-231 triple negative breast cancer [87], and
hepatocellular carcinoma [91] cell lines. In contrast, no
nSMase gene hypermethylation was found in MCF7
cells, but the activity of the enzyme was low, suggesting
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that expression of its gene was regulated by a different
mechanism, e.g., via a direct effect on histone acetyl-
ation [90]. It was also indirectly proven that the activ-
ity SMase is altered in tumor cells. For example, Kim
et al. [92] identified point mutations in the gene en-
coding nSMase?2 in 5 and 6% samples of acute myeloid
leukemia and acute lymphoblastic leukemia, respective-
ly. Although functional implications of the majority of
these mutations remain unclear, two of them were found
to decreased the enzyme stability and cause its aberrant
localization. The authors also discovered a deletion in
the nSMase-encoding gene in mouse osteosarcoma
F4328 cells.

The mechanism of action of some anticancer agents
involves SMase activation. Aslan et al. [97] showed that
thymoquinone induced SMase-mediated apoptosis in
MCF-7 breast cancer and HepG2 cells via activation of
nSMase and the following rise in the Cer levels. Kilkus
et al. [98] suggested a similar mechanism of nSMase ac-
tivation-dependent Cer-induced apoptosis in staurospo-
rine-exposed LA-N-5 human neuroblastoma cells. Rotolo
et al. [99] showed that exposure of Jurkat cells to UV ra-
diation resulted in the translocation of secreted aSMase
to the lipid microdomain and assembly of Cer-rich mem-
brane platforms, resulting in the activation of apoptosis.
Ferranti et al. [100] demonstrated that the UV-induced
aSMase activation and secretion occurred via the calci-
um-dependent fusion of lysosomes and plasma mem-
brane. Clarke et al [101] showed that the antitumor ef-
fect of doxorubicin was associated with the activation of
the SMPD2 gene promoter, which upregulated enzyme
synthesis and increased the content of Cers. SMase ac-
tivity depends on multiple factors and can be potentiated
by TNF-a, 1,25-dihydroxycalciferol, interferon gamma
(IFNYy), nerve growth factor, heat, ionizing radiation,
fenretinide, and arabinosylcytosine [45, 102].

Ceramide degradation. Excessive Cer amounts
pose a threat to the cell, so Cers are rapidly hydrolyzed
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Table 8. Human CERase isoforms [103, 106]

Enzyme Gene Intracellular location Substrate Expression
Acidic ASAH1 lysosomes unsaturated ceramides with mainly in the heart and kidneys
CERase 6-16 carbon atom fatty acid
residues

Neutral ASAH2 Golgi apparatus and inner mainly ceramides with 16-18 mainly epithelial cells of renal
CERase leaflet of the cytoplasmic carbon atom fatty acid residues tubules, small and large

membrane intestine, hepatocytes
Alkaline ACERI-3 ER, Golgi apparatus Cers with unsaturated very long ACER]I — mainly skin;
CERases acyl chain ACER2 — mainly placenta;

ACER3 — ubiquitously

by CERase (Table 8) into free amino alcohols (Sph and
its analogs) and fatty acids. Free intracellular Sph is pro-
duced solely by the CERase-mediated Cer catabolism.
Like other sphingoid bases, Sph can be released from
the lysosomes and reutilized in the CERS-mediated
Cer synthesis or phosphorylated with the formation of
S1P [44, 103, 104].

A decline in the endogenous Cer level and activa-
tion of S1P synthesis due to the high CERase activity
shift the sphingolipid balance towards a state promoting
cell survival [105].

Acidic CERase (aCERase) plays a major role in can-
cer development and progression. It is highly expressed in
solid prostate and breast cancers, melanoma, and leuke-
mia [105]. At the same time, it was shown that the content
of aCERase was decreased in thyroid tumor cells [106].

The high activity of aCERase followed by a decline
in the Cer content may underlie resistance of tumors to
chemotherapy. Thus, a decrease in the Cer level due to
the ASAH1 overexpression was found to be associated
with resistance to cisplatin [107].

Sulfatide degradation is mediated by lysosomal aryl-
sulfatase A (ARSA). Human ARS family includes 11 mem-
bers (A-K isoforms). Human ARSA and ARSB localize
to the lysosomes; ARSC is a microsomal protein, whereas
ARSD, F, H, J, and K are located in the ER membrane.
ARSE is found in the Golgi apparatus. ARSG was de-
tected in both ER and lysosomes. ARSI is typical to the
ER but can also be secreted to the extracellular environ-
ment. All family members share 20-60% sequence ho-
mology [108].

The activity of ARSA depends on saposin B (SapB)
that extracts sulfatide moieties from membranes there-
by making them available to the enzyme. An alternative
sulfatase-independent pathway for sulfatide degradation
was found in neuroblastoma cell line, in which Cer was
directly produced from sulfatide without prior desulfa-
tion [109].

Sulfatides accumulated due to the ARSA deficien-
cy or mutations in the SapB-encoding gene are associ-

ated with demyelination and lethal neurological discase
metachromatic leukodystrophy. Overall, the available
data suggest that impairments in the sulfatide production
have a significant effect on the emergence of neuronal
defects [51].

ARS has been actively used in experiments on the
role of sulfatides in metastasis. In particular, in vitro adhe-
sion of activated platelets expressing P-selectin to MC38
mouse colon cancer cells solely involved sulfatides pro-
duced by the latter cells. Interaction between MC38 cells
and platelets was observed in vivo after transplantation of
MC38 cells into mice; the aggregates of tumor cells with
platelets were found as early as 30 min after intravenous
injection of tumor cells. In contrast, removal of sulfate
groups by ARS resulted in the loss of metastatic poten-
tial of MC38 cells, thus evidencing that sulfatides directly
govern formation of colon cancer cell aggregates [53].

ARSA can be used for desulfation. Thus, metabolic
inhibition of sulfation by treatment of MC38 cells with
ARSA impaired the binding of P-selectin, which, in turn,
suppressed development of metastases in mouse lungs.
Sulfatides that are present in high amounts on the sur-
face of tumor cells can presumably bind ligate P-selectin,
thus promoting the spreading of the tumor. However, the
relationship between the tumor progression and elevated
expression of sulfatides remains unclear [110, 111].

Ceramide 1-phosphate degradation. C1P dephos-
phorylation involves several phosphatases. For example,
the phosphate group clan be cleaved from C1P by CI1P
phosphatase with the formation of Cer. CIP phospha-
tase, which is present in high amounts in the brain syn-
aptosomes and plasma membrane of liver cells, differs
from PA phosphohydrolase that hydrolyzes phosphatidic
acid (PA). Nevertheless, PA phosphohydrolase, which is
located in the plasma membrane, can also convert C1P
into Cer. This enzyme belongs to a family containing at
least three mammalian phosphatases (lipid phosphate
phosphatases, LPPs) that degrade various lipid phos-
phates, LPPs regulate cell survival by controlling the
intracellular levels of PA and S1P, as well as leukocyte
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Table 9. Essential enzymes involved in S1P degradation [44, 116]

Enzyme Gene Intracellular location Substrate Expression
SGPP1 SGPPI ER membrane S1P, dhS1P, ubiquitous
and phytoS1P
SDPP2 SGPP2 ER membrane S1P, dhS1P strongly expressed
in kidneys and heart;
lesser expression in the brain,
large and small intestine, lungs
S1P SGPL1 ER membrane S1P ubiquitously, with high expression
levels in the liver, small intestine
and thymus;
lower expression levels in the kidneys,
lungs, myocardium, spleen and brain;
identified in stomach, testicles,
and skeletal muscle
Lysophospholipid PLPP3 plasma membrane, lysophosphatidic acids, ubiquitously;
phosphatase 3 ER, Golgi apparatus PAs, S1P, C1P, with high expression levels
membrane diacylglycerol in the myocardium and placenta
pyrophosphate, etc.

infiltration and airway inflammation. C1P dephosphory-
lation attenuate/inactivate its regulatory effects, although
the resulting Cer can be harmful to the cells. The bal-
ance between the content of Cer and CIP coordinated
by CERK and CI1P phosphatase in important for the
functioning of metabolic or signaling pathways regulated
by these two sphingolipids [112-115].

Sphingosine 1-phosphate degradation. Intracellular
S1P catabolism is catalyzed by sphingosine 1-phosphate
phosphatases (SGPPs) and S1PLs (Table 9) [116].

Highly homologous SGPPs form the SGPP family,
the members of which display a rather narrow substrate
specificity and dephosphorylate solely S1P, dhS1P, and
phytoS1P. They are integral ER membrane proteins in-
volved in the regulation of intracellular S1P level and can
replenish the cellular pool of free Sph [44, 116].

Excessive blood plasma S1P is cleaved on the he-
patocyte plasma membrane by lysophospholipid phos-
phatase 3, an enzyme of the LPP family [44, 116].

SIPL can also convert S1P into ethanolamine-1-
phosphate and C16 aldehyde (hexadecenal). In live cells,
this reaction is irreversible and therefore, represents
an intracellular mechanism for sphingolipid elimina-
tion [42].

S1PL is involved in the in both GPR55-dependent
and independent pathways of cell proliferation [117].
Although S1PL expression S1Plase is altered in human
tumor tissues, the role of SIPL in cancer pathogenesis
has not yet been fully elucidated [117]. Thus, the activity
of S1PL is increased in many types of tumor cells, e.g.,
in ovarian cancer [118]. However, the levels of SIPL re-
mained unaltered or even decreased in hepatocellular
carcinoma [119] and colon cancer [120] cells, despite
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an increase in the SPHK. Most likely, this was due to
the increase in the S1PL activity involved in S1P utili-
zation [117]. Other studies demonstrated that the S1PL
activity was decreased in colon cancer [121].

CONCLUSION

S1P, CIP, Cer, dhCer, and other sphingolipids are
the major players in sphingolipid cycle, the dysregulation
of which can elicit cell death or uncontrolled cell pro-
liferation (Fig. 3). Typically, Cers cause cell cycle arrest
or cell death in response to cell stress whereas S1P, C1P,
sphingomyelins, cerebrosides, and sulfatides promote
cell survival and proliferation. Interconversion of these
metabolites catalyzed by a set of enzymes provides an op-
portunity for a fine regulation of the cellular processes.

Based on the analyzed data, we can formulate the
following main features of sphingolipid metabolism in
tumor cells.

* Generally, tumor cells are characterized by the de-
creased level of enzymes involved in Cer production,
low activity of these enzymes, and content of phos-
phorylated Cer, Sph, and their derivatives, which
promotes proliferation and survival of tumor cells.

* Increased content of sulfatides on the cell mem-
brane surface contributes to metastasis development
and spread in some tumor cell types.

* The majority of tumor cells is characterized by in-
creased S1P and CI1P levels; high concentrations
of these compounds promote cell proliferation and
metastasis. In the case of S1P, this effect is mediated
largely due to the activation of angiogenesis.
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Fig. 3. Stimulation and suppression of tumor progression by sphingolipids.

* The shift of the dhCer/Cer balance toward dhCer
activates cell proliferation and metastasis in various
tumor types. The shift of the balance toward Cer ex-
erts the opposite effects.

+ Alterations in the cell membrane composition due
to the degradation of common lipids in tumor cells
leads to the rearrangement of membrane fragments,
including lipid rafts, resulting in the “elimination”
of specific membrane receptors, which inhibits
apoptosis and activates cell proliferation.
Sphingolipids have very complex and diverse struc-

tures, as well as different functions. The development
of lipidomics and bioanalytical technologies constant-
ly expands our understanding of this class of biological
compounds and their derivatives, although we still lack
detailed insight into the role of individual molecules
and mechanism of their involvement in tumor progres-
sion. Numerous reports on the sphingolipid synthesis
and degradation have been published, but the complete
understanding of the involved regulatory mechanisms is
still missing. Experiments in this field lead to the discov-
ery of new isoforms of enzymes involved in sphingolipid
metabolism. Thus, identification of sphingolipid trans-
port proteins has been used for the development of the
current model of their non-vesicular transport. These
proteins may represent only the first members of a large
class of sphingolipid carriers regulating sphingolipid traf-
ficking to cellular compartments, and they may be ex-

1 Chemoresis-
tance

‘ ‘ | Metastasis

Suppression of tumor
progression

T Apoptosis

1 Proliferation

tremely important in the regulation of cellular processes.
Further extensive studies of this topic will help to under-
stand how the action of various sphingolipid metabolism
enzymes and transport proteins is coordinated, what
determines the sphingolipid composition of the plasma
membrane and subcellular organelles, what factors cause
the imbalance in the sphingolipid metabolism and cause
tumor development and progression.
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