
Sphingolipids represent the most chemically diverse

class of lipids, which exhibit a wide spectrum of biologi�

cal activity. All members of this class contain one com�

mon structural element, a sphingosine base. Sphingosine

is the trivial name of C18�sphingenine (D�erythro�

(2S,3R,4E)�2�amino�4�octadecene�1,3�diol), the most

common sphingoid widely distributed in human and ani�

mal cells. The scheme below shows metabolic links

between all cellular sphingolipids.

In 1986, it was demonstrated that free sphingosine

(Sph) inhibits protein kinase C in vitro [1]. After that sev�

eral thousand papers appeared on the involvement of var�

ious sphingolipids in cell proliferation, differentiation,

and apoptosis and also in some other biological process�

es.

Good evidence now exists that such sphingolipids as

sphingosine [2] and ceramides, N�acylsphingosines (see

reviews [3, 4], for example) inhibit cell proliferation and

stimulate apoptosis, whereas their metabolites, sphingo�

sine�1�phosphate (S1P) [4�7], sphingosine�1�phospho�

choline [4, 8�10], and ceramide�1�phosphate [4, 9],

stimulate proliferation and inhibit apoptosis. There are

contradictory data on the effect of sphingomyelin (SM)

on the cell cycle.

Results of numerous studies of the effects of glycosy�

lated ceramides, glycosphingolipids, on cell proliferation

and apoptosis revealed that these lipids are actively

involved in cell growth, and their action depends on the

structure of the carbohydrate chain [7].

Biologically active sphingolipids play an important

role in malignant growth. Ten years ago Hannun et al.

suggested that Cer are tumor suppressors [11, 12].

Subsequent studies revealed that almost all types of

sphingolipids influence tumor growth, and the resultant

effect depends on their balance in the cell. Recently pos�

sible use of sphingolipids for chemotherapy of malignant

tumors has been actively discussed [13�20].

In the present review we consider data on the effects

of biologically active sphingolipids on proliferations,

apoptosis, metastases, and invasiveness of tumor cells.

Free sphingosine is the simplest sphingolipid present

in animal and human cells. It was previously shown that

at low concentrations (<10 µM) it stimulates DNA syn�

thesis, but higher concentrations cause cell death [21].

Sphingosine also inhibits proliferation [22] and stimulates

apoptosis [22�27] of various malignant tumor cells. The

anthracycline antibiotic Doxorubicin used for cancer

chemotherapy stimulates apoptosis of breast carcinoma

MCF�7 cells. This is accompanied by significant increase

in sphingosine content, caspase�7 activation, and release

of cytochrome c from mitochondria. Similar effects have

also been observed after treatment of these cells with

exogenous sphingosine. This suggests involvement of

sphingosine in apoptosis mediated by the mitochondrial

pathway [26, 27]. Sphingosine also influences phosphory�

lation of epidermal growth factor receptor in carcinoma

A�431 cells [28].

Ceramides, N�acylated derivatives of sphingosine,

are key intermediates of sphingolipid metabolism

(Scheme); they also inhibit proliferation and stimulate
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apoptosis of cancer cells. This problem has already been

considered in the review by Dyatlovitskaya [29]. Here we

will analyze recent data on the mechanism underlying the

effect of ceramide on tumor growth. Some tumor cells are

characterized by lower content of Cer compared with

cells of normal tissues [30�32]. Ceramide levels were

inversely associated with malignant progression of tumors

[30, 31]. However, in many tumors Cer level is higher

than in normal tissues [33, 34]. This suggests lack of

direct correlation of malignant growth on ceramide con�

tent. Good evidence now exists that the effect of

ceramide depends on localization of this lipid. Various

sphingomyelinases are involved in formation of endoge�

nous Cer. Since acidic sphingomyelinase is mainly local�

ized in lysosomes, and neutral sphingomyelinase is in

cytoplasm and plasma membrane, it is clear that their

action yield different Cer pools.

Apoptosis of human glioma cells induced by Fas

death receptor antibodies was characterized by increased

activity of acidic (but not neutral) sphingomyelinase and

generation of Cer. Both processes depend on caspase�8

activation [35]. Ceramide generation in human colon

cancer HT�29 cells by exogenous neutral and acidic

sphingomyelinase triggered different apoptotic pathways

[36]: neutral sphingomyelinase preferentially activated

complexes of the nuclear factor NF�κB with Rel A/p52�

and Rel A/p50�dimers (within 30 min), whereas activa�

tion of the complexes of the nuclear factor with p50/p50

dimer by acidic sphingomyelinase required a much longer

period (20 h). These HT�29 cells were sensitive to acidic

sphingomyelinase and resistant to neutral sphingomyeli�

nase. Some antitumor preparations increased Cer content

in the tumor cells due to their effect on de novo synthesis

rather than stimulation of sphingomyelinase activity [37].

Exogenous Cer also stimulates apoptosis in various

tumor cells [22, 38�44]. However, it should be noted that

ceramides induce not only apoptosis but also necrosis of

cells [45, 46]. Sometimes exogenous Cer inhibited prolif�

eration without induction of apoptosis [47]. In some cases

exogenous Cer induced sensitivity of tumor cells to anti�

tumor preparations [38] and γ�irradiation [48]. Detailed

study of the mechanism responsible for apoptosis stimu�

lation by ceramide in A�549 lung carcinoma cells revealed

that ceramide inhibited phosphorylation of transcription

factor c�Jun, but promoted proapoptotic Bim protein

phosphorylation and its translocation to mitochondria

[43]. In SKN�SH neuroblastoma cells Cer altered the

content of p53 regulating the ratio of Bcl�2/Bax and cas�

pase activation during apoptosis [40]. In human HCT�

116 colon carcinoma cells Cer stimulated binding of

nuclear factor NF�κB with DNA, caspase�3 activation,

cytochrome c release from mitochondria [42], and also

induction of Bax, a protein product of a proapoptotic

gene [39]. All these data indicate involvement of the

mitochondrial pathway in apoptosis of tumor cells.

However, in human glioma cells, Fas�induced apoptosis

accompanied by stimulation of acidic sphingomyelinase

and accumulation of endogenous Cer depended on acti�

vation of caspase�8 but not p53 [35].

Phosphorylation of sphingosine yielding sphingo�
sine�1�phosphate (S1P) removed suppressor activity of

sphingolipids. S1P formed by sphingosine kinase stimu�

lates proliferation and inhibits apoptosis of tumor cells. In

contrast to ceramide, which exhibits properties of second

messenger, S1P acts as both second messenger and extra�

cellular modulator [49�53]. Now the whole family of G�

protein�coupled receptors, which bind exogenous S1P,

has been identified [5, 49�54].

S1P stimulates proliferation and inhibits apoptosis of

tumor cells and thus promotes tumor cell survival. In

human leukemia Jurkat and U�937 cells, S1P prevented

Cer�induced apoptosis by inhibiting mitochondrial cas�

pase�3 and release of mitochondrial cytochrome c [55].

S1P also promoted mouse melanocyte survival by activa�

tion of Akt and ERK (extracellular signal�activated

kinase) [56]. The role of endogenous S1P in tumor

growth was also evaluated by changes in sphingosine

kinase (SphK) activity. Cells overexpressing this enzyme

had increased SphK activity and acquired the trans�

formed phenotype. The authors of this report reasonably

consider a gene encoding this enzyme as an oncogene

[57]. Survival of PC�12 cells depended on regulation of

caspase and stress�activated protein kinase activation by

SphK [58]; this enzyme also plays an important role in

breast cancer progression [59]. The effects of SphK on

tumor growth have been recently reviewed [60].

It is known that S1P is also present in the blood

stream where it is produced by platelets [7]. This extra�

cellular S1P can bind to specific cellular G�protein cou�

pled receptors influencing motility of tumor cells, their

Sphingolipid metabolism
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metastases, and invasiveness. It was previously shown that

S1P inhibited motility of some tumor cells [61�63].

Recently it has been demonstrated that S1P stimulates

motility of glioblastoma cells and their invasiveness [64].

Regulation of tumor cell motility and invasiveness

depends on the type of S1P receptor [65]: S1P1 receptor

mediates stimulation of motility [66, 67], whereas S1P2

receptor causes inhibition of motility and invasiveness

[67, 68]. “Cross�communication” of these receptors is

also important for the resultant effect [65]. S1P also pro�

motes tumor angiogenesis by stimulating endothelial cell

motility [69, 70], and this process can be blocked by

receptor antagonists [71].

Since Cer and S1P exert opposite effects on cell

processes, the resulting biological effect depends on the

ratio of these metabolites in particular cells. Some

authors even suggest that this ratio determines cell fate [5,

49, 54]. However, besides S1P another intermediate, glu�
cosylceramide (GlcCer), also stimulates proliferation and

inhibits apoptosis. This metabolite contains a glucosyl

residue at C1 of the sphingoid chain (see Scheme).

Recent data suggest that cells sensitive and insensitive to

antitumor preparations are characterized by different

metabolism of sphingolipids [72] and drug resistance of

cells depends on degree of Cer glucosylation [73�75].

Accumulation of GlcCer in tumor cells increased their

resistance [76, 77], whereas blockade of Cer conversion

to GlcCer increases their sensitivity to antitumor prepa�

rations [78, 79]. Degree of Cer glucosylation mainly

depends on expression and catalytic activity of glucosyl�

ceramide synthase [80]. Blockade of this enzyme activity

in leukemic CCRF�CEM cells enhanced vincristine�

induced cytotoxicity [81]. Inhibition of glucosylceramide

synthase in human MCF�7Adr mammary carcinoma

cells resistant to doxorubicin increased sensitivity of these

cells to antitumor preparations [82]. In experiments with

ME�4 melanoma cells inhibitor of this enzyme not only

increased sensitivity of these cells to antitumor prepara�

tions but also decreased tumor progression [83].

Introduction of the glucosylceramide synthase gene into

human MCF�7 breast cancer cells increased expression

of this enzyme, and reduced DNA fragmentation (i.e.,

reduced degree of apoptosis) and increased resistance of

the cells to Cer [84].

However, it should be noted that inhibition of this

enzyme not always increases drug sensitivity of cells.

Studying melanoma cells characterized by different levels

of glucosylceramide synthase, Veldman et al. concluded

that certain care should be taken for interpretation of data

indicating importance of ceramide glucosylation for drug

resistance of tumor cells [85]. Employment of novel glu�

cosylceramide synthase inhibitors in cultured leukemic

U�937 and HL�60 cells revealed that these inhibitors pro�

tected cells against apoptosis and Cer galactosylation

occurred instead of glucosylation [86]. Attempts to use

novel glucosylceramide inhibitors to increase the sensitiv�

ity of drug resistant NCI/Adr and MES�SA/DX�5 cells

were not successful [87].

Sphingomyelin (SM), ceramide�1�phosphocholine,

is a sphingolipid inhibiting progression of gastrointestinal

tract tumors. SM in food was shown to prevent malignant

tumor formation [88]. It also decreases the number of

tumor cells [89] and normalizes cell proliferation, and

this results in suppression of malignant growth [90].

Alkaline sphingomyelinase cleaving SM in the gut also

promoted suppression of tumor growth in an apoptosis�

independent manner [91].

There is evidence that SM not only inhibits tumor

progression in the gut, but also induces apoptosis in other

tumor cells in vitro (e.g., in breast cancer MCF�7 cells),

and this process involves the mitochondrial pathway [92].

Administration of exogenous SM potentiated the effect of

antitumor drugs on colon cancer HT�29, HCT�15, and

GW�39 cells [93]. It is suggested that SM may be

employed for tumor therapy [94, 95]. However, recently it

has been reported that SM isolated from vesicles released

from the surface of tumor cells promoted malignant

growth, metastases, invasiveness, motility of endothelial

cells, and angiogenesis [96]. Purified bovine brain SM

caused a similar effect [96]. Differences in SM effects in

the gut and other cell types may be attributed to different

pathways of its metabolism. In the gut, alkaline sphin�

gomyelinase cleaves SM with formation of Cer, responsi�

ble for manifestation of the suppressor effect. It is possi�

ble that in other tumor cells SM deacylation yields sphin�

gosine�1�phosphocholine (see Scheme), which promotes

metastases by increasing cell elasticity [97].

Gangliosides (sialoglycosphingolipids) can also

influence malignant tumors. The composition of these

biologically active sphingolipids depends on type of

tumor cells and stage of their development. Ganglioside

content on the surface of almost all tumor cells is higher

than in homologous normal cells, and gangliosides nor�

mally appearing at various stages of differentiation are

often identified in tumor cells (in addition to gangliosides

present in normal cells) [98].

Increased formation of such tumor�associated gan�

glioside as GM3 (sialosyllactosyl ceramide), GD3

(disialosyllactosyl ceramide), GM2, or GD2 was

observed in various tumor cells including melanoma,

neuroblastoma, lymphoma, and ovary cancer [99].

Antiganglioside vaccines mainly against GM2 ganglioside

are employed for tumor therapy (especially melanomas)

[100]. In vitro studies have also demonstrated that gan�

glioside antibodies may block proliferation and cause

induction of apoptosis of tumor cells. For example, addi�

tion of monoclonal antibodies to the cultivation medium

resulted in apoptosis of lung cancer small cells containing

GD2 and attenuated MAPK activation [101]. Addition of

antibodies against GD2 to human lung carcinoma cells

caused inhibition of their growth and metastases and also

induction of apoptosis in GD2 positive cells [102].



BIOLOGICALLY ACTIVE SPHINGOLIPIDS IN TUMOR GROWTH 13

BIOCHEMISTRY  (Moscow)   Vol.  71   No.  1   2006

Incubation with monoclonal antibodies against ganglio�

side GD3 caused significant inhibition of proliferation of

all cell lines of human glioma cells [103]. Significant

reduction of malignant growth was also noted after addi�

tion of GT1b�antibodies to Ehrlich ascites carcinoma

cells [104].

Several studies have demonstrated that some gan�

gliosides inhibit the cell cycle and stimulate apoptosis, but

they may also promote survival of cells and their growth.

These biologically active sphingolipids either transduce

signals influencing proliferation or influence functions of

receptors and transducers involved in regulation of the

cell cycle. The resultant effect is determined by both

structure of ganglioside carbohydrate chain and also cell

type.

In vitro studies of the effect of various gangliosides on

growth of human WM�266�4 metastasizing melanoma

revealed that gangliosides GD1b, GT1b, and GQ1b

inhibit cell proliferation, decrease protein kinase A activ�

ity, and neutralize the effect of interleukin IL�8 [105].

Ganglioside GD1a stimulated proliferation of Swiss 3T3

and normal human fibroblasts in the absence of serum

and growth factors [106]. Studies of the inhibitory effect

of gangliosides GT1b, GD1a, and GM3 on cell prolifera�

tion and phosphorylation of epidermal growth factor

receptor in human neuroblastoma NBL�W cell line

revealed that all analyzed gangliosides inhibited prolifer�

ation in a dose�dependent manner. Ganglioside GD1a

was the most potent proliferation suppressor, whereas

GT1b was the most effective inhibitor of phosphorylation

of epidermal growth factor receptor; GM3 exhibited

equal efficacy in inhibition of both receptor phosphoryla�

tion and cell proliferation [107].

Monosialoganglioside GM1 is involved in stimula�

tion of cell survival. Treatment of human U�1242 resting

glioma cells with ganglioside activated MAPK (mitogen�

activated protein kinase) and increased DNA synthesis

[108]. Exogenous ganglioside GM1 mimicked or even

potentiated many functions of nerve growth factor

including maintenance of survival. This ganglioside acti�

vates growth factor receptor tyrosine kinase, and this acti�

vation inhibits apoptosis [109]. Increased formation of

GM1 in rat PC�12 cells increased proliferation [110].

Inhibition of specific sialydase, responsible for shift from

more complex gangliosides towards GM1 and conversion

of GM3 ganglioside to lactosylceramide, stimulated

growth of human neuroblastoma SK�N�MC cells [111].

Treatment of murine neuroblastoma Neuro�2a cells with

ganglioside GM1 increased extracellular signal�regulated

kinase [112].

Sialosyllactosylceramide exhibits proapoptotic effect

with respect to certain cell types especially in the pres�

ence of metastases suppressing the protein product of

CD�82 gene and its CD�9 analog. Their action was pref�

erentially based on inhibition of cell motility and stimula�

tion of apoptosis induced by simultaneously occurring

synthesis and glycosylation of GM3 [113]. In various gut

carcinoma cells this ganglioside stimulated apoptosis and

increase in endogenous sialydase activity resulted in

increased malignancy and tumor metastases by inhibiting

Bcl�2 [114]. Artificial increase in GM3 content in human

carcinoma HCT�116 cells resulted in a loss of tumor

activity of these cells [115]. Treatment of primary cultures

of human glioblastoma and rat 9L gliosarcoma cells with

ganglioside GM3 sharply reduced the number of cells

without any influence on normal brain cells [116].

Various cultures of ependoglioma, glioma, astrocytoma,

oligodendroglioma, and ganglioglioma cells were suscep�

tible to treatment with GM3 [116]. In squamous carcino�

ma cells endogenous accumulation of GM3 inhibited cell

proliferation, whereas cleavage of GM3 significantly

reduced binding of tyrosine phosphorylated integrin�β1
with epidermal growth factor receptor and promoted cell

growth [117]. However, under certain conditions GM3

may promote cell survival: GM3�synthase DNA transfec�

tion of cells of a J5 clone of Lewis lung carcinoma result�

ed in their resistance to apoptosis induced by serum with�

drawal [118].

Ganglioside GD3 stimulates proliferation. For

example, in rat F�11 cells growth suppression was

observed during reduction of GD3�synthase expression

and decrease in GD3 concentration [119�121]. Insertion

of the GD3�synthase gene to the J5 subclone of 3LL cells

(Lewis lung carcinoma) increased proliferation [118]. A

similar effect was observed in hamster melanoma cells

[122].

Although it is suggested that gangliosides act as

extracellular modulators, certain evidence exists that they

may act as intracellular messengers as well [123]. Results

of recent studies indicate that ganglioside GD3 is a regu�

lator of apoptosis; it is involved in regulation of the mito�

chondrial pathway of cell death [124, 125]. Immune elec�

tron and laser confocal microscopy revealed interaction

and accumulation of GD3 in mitochondria of human

lymphoblast CEM cells [126] and HT�29 cells [127] sub�

jected to treatment with N�acetylceramide or tumor

necrosis factor�α. Studies of mechanisms underlying the

effects of this ganglioside revealed that GD3 is involved

into Fas�mediated signal transduction. Activation of Fas

caused downstream activation of acidic sphingomyeli�

nase. GD3 is rapidly synthesized from the forming pool of

Cer. This results in change of membrane potential, per�

meability of mitochondrial membranes, release of

cytochrome c, apoptosis inducing factor, and activation

of mitochondrial caspases involved in transduction of the

apoptotic signal [126�128]. It has recently been found

that ganglioside GD3 can increase sensitivity of human

hepatoblastoma HepG�2 cells to antitumor therapy. The

latter is attributed to the attenuating effect of GD3 on

NF�κB mediated survival signals [129]. Ionizing irradia�

tion and daunorubicin activated NF�κB, whereas prein�

cubation of HepG�2 cells with GD3 attenuated NF�κB
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mediated induction of genes, and this was accompanied

by stimulation of apoptosis [129].

Numerous studies have revealed a correlation

between ganglioside compositions of tumors and their

metastasizing potential; ganglioside composition also dif�

fers in tumor cells and their metastases. Murine

melanoma MEB4 cells synthesize GM3 as the major gan�

glioside. Inhibition of glucosylceramide synthetase was

accompanied by reduction in malignancy and metastasiz�

ing potential of these cells [130]. Treatment of murine

melanoma B16LuF1 cells in vitro with gangliosides GM2

and GM3, which were isolated from melanoma cells

B16LuF5, B16LuF9, and B16LuF10 exhibiting higher

metastases activity, increased metastasizing potential of

the former [131, 132]. The metastasizing potential of kid�

ney sarcoma RCC cells also depended on expression of

ganglioside GM3 [133]. Inhibition of glucosylceramide

synthase decreased endogenous gangliosides in B16 and

MEB4 melanomas and their metastasizing potential

[134].

Human and mouse urinary bladder tumors also

exhibited dependence of invasing properties on ganglio�

side GM3 content: superficial tumors contained more

ganglioside than invasive tumors. Cell clones transfected

with GM3 synthase and producing increased amounts

GM3 were characterized by reduced proliferation, metas�

tases, and invasiveness. Exogenously added GM3 inhibit�

ed invasive potential of human T�24 and KK�47 cell lines.

Thus, the authors believe that ganglioside GM3 amount

may be an indicator of tumor invasiveness [135�137].

Increased synthesis and shedding of large amounts of

gangliosides into the external medium are characteristic

features of tumor cells. Shedding is an important factor

for infiltration and tumor metastases and also for the

inhibition of the immune system. Combined cultivation

of kidney tumor cells SK�RC�45 and human leukemic

Jurkat cells resulted in apoptosis of the Jurkat cells.

Apoptosis was partially or completely prevented by inhi�

bition of ganglioside synthesis in the kidney cells due to

changes in signal transduction including reduced expres�

sion of Blc�2, induction of cytochrome c release from

mitochondria, and activation of caspases 9 and 3 [138].

Consequently, some gangliosides (e.g., GD3) are

mainly associated with cell death, whereas others (e.g.

GM1 and GM3) with cell survival. So the ratio of these

gangliosides is very important in these cells.

Summarizing all the abovementioned data on the

role of biologically active sphingolipids in tumor process,

we can see that these sphingolipids act at intracellular and

extracellular levels. Inside cells some sphingolipids act as

second messengers and inhibit proliferation and stimulate

apoptosis (sphingosine, ceramide, ganglioside GD3).

Others stimulate proliferation and inhibit apoptosis

(sphingosine�1�phosphate, glucosylceramide). Some

sphingolipids (sphingomyelin) can cause suppressor or

stimulating effects depending on tumor type. Extracellu�

lar sphingolipids (sphingosine�1�phosphate, ganglio�

sides) interact with specific receptors and are actively

involved in metastases, invasiveness, and tumor angio�

genesis. Sphingolipids also determine resistance of tumor

cells to antitumor drugs at least in some tumor types.

Since in any cell all sphingolipids are metabolically relat�

ed, the tumor process depends on their ratio.

Impairments of any metabolic component lead to impair�

ments of their dynamic equilibrium, and this determines

subsequent fate of the cell.

Thus, results of recent studies indicate that biologi�

cally active sphingolipids play an important role in patho�

genesis of therapy of tumors. Taking into consideration

the diversity of biological effects of sphingolipids, three

main directions of sphingolipid use in antitumor therapy

have developed: immune therapy by vaccines containing

antibodies against gangliosides GM2, GM3, GD2, GD3

(this is already employed now [100, 139, 140]); adminis�

tration of sphingolipids (Cer, SM) inhibiting proliferation

or stimulating apoptosis; inhibition of enzymes promot�

ing formation of sphingolipids blocking apoptosis and

inducing proliferation of tumor cells.

It is clear that additional studies in this field will have

not only theoretical but also practical importance.
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