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Introduction
Sphingolipids are important molecules involved in controlling 

various aspects of normal cell functioning. The objective of this 
review is to explore the elements of sphingolipid metabolism and 
connect its features to cancer biology and development as well as its 
role in current and potential treatments. Due to their wide range of 
action and functioning on cells, sphingolipids have been the target of 
research on the role they might play on cancer biology as well as their 
role in therapeutics against cancer. In this review article, we discuss 
the primary components in sphingolipid metabolism, as well as their 
role in cancer development, chemotherapy and radiation resistance, 
prognostics, and current and potential treatments. We use previously 
published research ranging from molecular biology journals to clinical 
oncology journals in order to broaden the scope of review. Our hope is 
to reach out to and educate both basic researchers as well as practicing 
clinicians on sphingolipid biology and its role in current and potential 
treatments for cancer. 

Ceramide
Structure/Metabolism – regulation of ceramide metabolism

Sphingolipids, while once thought to only play a structural role 
in cell membrane function, are now typically described as effector 
molecules which are involved in controlling various aspects of normal 
cell growth, proliferation, inhibition, apoptosis induction, senescence, 
cell migration, and inflammation. Ceramide acts as a central molecule of 
sphingolipid metabolism, as it is involved in sphingolipid synthesis and 
catabolism. Ceramide is composed of a sphingosine base and amide-
linked acyl chains varying in length from C14 to C26. Ceramide can be 
generated by several separate mechanisms. The first is the generation 
via sphingomyelinases (SMases), which hydrolyze sphingomyelin 
(SM) to yield ceramide. The second mechanism involves formation of 
endogenous ceramide via a de novo pathway. This pathway requires 
condensation of serine and palmitoyl CoA, leading to synthesis of 
dihydroceramide by dihydroceramide synthases. Dihydroceramide 
is then converted to ceramide via desaturase. The third mechanism 
is via the “salvage pathway”. In this pathway, sphingosine serves 
as the product of sphingolipid catabolism, and is salvaged through 
reacylation, resulting in the generation of ceramide or its derivatives 
(Figure 1). This is the same mechanism by which exogenous ceramide is 
recycled, as it is broken down into sphingosine, which is then generated 
into ceramide by ceramide synthase.

Once ceramide is formed, it can be used as a substrate by 
ceramidases to free sphingosine, which can be further metabolized into 

sphingosine-1-phosphate (S1P). Ceramide can also be metabolized 
into glucosylceramide or sphingomyelin in the Golgi. 

Ceramide signaling in cancer – Role in pathogenesis and drug 
resistance

Ceramide has been found to effect pathogenesis in not only normal 
cell functioning, but in cancer as well. Apoptosis and autophagy are 
two important functions by which ceramide is involved in. Apoptosis 
is programmed cell death which is essential for proper development 
and the maintenance of cell homeostasis. It is initiated via an extrinsic 
or intrinsic pathway. Autophagy is a catabolic process in which 
cytoplasmic components are sequestered in autophagosomes, and 
delivered to lysosomes for degradation and recycling. Autophagy 
promotes cell survival during periods of stress, including hypoxia or 
nutrient deprivation, however autophagy can also mediate cell death.

While ceramide was first recognized as a regulator for apoptosis 
in the 1990s, it has more recently been implicated to play a role in the 
induction of autophagy. While the mechanism by which ceramide 
induces autophagy is unclear, there are several methods of treatment 
by which ceramide has been found to induce autophagy. One study 
done showed that treatment of human colon cancer and breast cancer 
cell lines with exogenous C2-ceramide, tamoxifen, or 1-phenyl-
2-palmitoylamino-3-morpholino-1-propanol (PDMP) result in 
accumulation of ceramide, thus suppressing Akt, which is a molecule 
that is normally involved in inhibiting autophagy [1]. Additionally, the 
same study found that C2-ceramide, tamoxifen, and PDMP enhanced 
the expression of Beclin 1. Increased expression of Beclin 1 has been 
found to be a contributing factor in autophagy in human leukemia cell 
lines treated with arsenic trioxide [2]. In malignant glioma cell lines 
treated with C2-ceramide, there is enhanced expression of BNIP3, 
a protein which promotes Beclin 1 dissociation from its inhibitory 
complex, leading to autophagic cell death [3].

As important as ceramide and its metabolites have been shown 
to be in potential treatments of cancer, its pathogenesis is crucial to 
understand as it is also involved in some drug-resistant aspects of cell 
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in liposomes has been shown to be effective against murine breast 
adenocarcinoma models [9].

In studies done at Brown University, the unique anti-cancer 
activity of permeable C6-ceramide was demonstrated by significantly 
increasing apoptosis in aggressive pancreatic cancer cell lines (L3.6, 
PANC-1, and MIA PACA2) in vitro and significantly enhancing 
tumor regression and survival in SCID mice bearing L3.6 transplants. 
C6-ceramide also demonstrated a synergistic effect with cetuximab (an 
anti-EGFR biologic) in spite of common presence of KRAS mutations, 
which render them resistant to cetuximab. At the molecular level, 
C6-ceramide combined with gemcitabine or paclitaxel induced a 
significant time dependent decrease in P13K/AKT pathway (p-GSK-
3a/b), TORC1 pathway (p-S6 and P-4E-BPI), and pERK (RAS/MEK/
ERK) pathway in L3.6 pancreatic cancer cells.  These effects disrupt 
the major cell signaling pathway including inhibition of pro-survival 
(P13K/AKT/mTOR and mutant ERK/MAPK/KRAS) pathways, 
resulting in enhanced cytotoxicity of gemcitabine and paclitaxel cancer 
cell cytotoxicity. This data suggests C6-ceramide can inhibit key survival 
pathways resulting in chemo synergism with gemcitabine, paclitaxel, 
and cetuximab, both in vitro and in vivo, and can potentially pave the 
way for development of C6-ceramide as an anti-cancer biologic [10].

An alternative strategy is to induce ceramide formation by 
inhibiting ceramidase. Inhibition of ceramidase leads to ceramide 
accumulation, thereby causing apoptotic cell death in cancerous cells. 
One of the inhibitors used is B13. B13 inhibits acid ceramidase, which 
has been shown to induce cell death in cultured prostate cancer cells 
[11].

functioning. Some studies have shown that one of the mechanisms 
of resistance that cancer cells develop against chemotherapy is the 
alteration of ceramide accumulation. Since ceramide is rapidly 
metabolized by glucosylceramide synthase (GCS), the cancer cells have 
developed a way to increase expression of this enzyme [4]. Sphingosine-
1-phosphate (S1P) and sphingosine kinase 1 (SK1) have been shown to 
promote proliferation and prevent drug-induced apoptosis. Elevated 
expression of SK1 and the increased levels of S1P have been observed 
in many types of cancer, such as colon, breast, uterus, kidney, and lung, 
among others [5]. S1P is generated from ceramide, and requires SK1. 
S1P has mitogenic effects, both as an extracellular signaling molecule 
and as an intracellular second messenger. S1P can initiate downstream 
G protein mediated signaling pathways, leading to a variety of responses 
including cell proliferation, inhibition of apoptosis and cell migration. 
S1P can also exert its proliferative and survival effects by activating a 
known anti-apoptotic transcription factor, NF-κB [6]. Finally, S1P can 
prevent ceramide-induced mitochondrial events including cytochrome 
c release and caspase activation [7].

Ceramide-based anti-cancer therapeutics

The use of sphingolipid-based anti-cancer therapeutics present 
a promising option for treating cancer in the future. There have 
been several methods proposed and tested on this front. The use 
of ceramide analogues have been shown to promote apoptotic/
autophagic pathways in cancer cells. Liposome-mediated delivery of 
C6-ceramide has been shown to be an effective drug delivery method. 
Use of liposomal C6-ceramide targets nuclear accumulation in MDA 
human breast cancer cells. Moreover these targeted C6- ceramides can 
regulate Akt phosphorylation and activate caspases to induce apoptosis 
[8]. Additionally, the PEGylated form of C6-ceramide encapsulated 

 

Figure 1. Pathways of ceramide synthesis. 
The above figure illustrates the several different pathways with which ceramide can be synthesized. These include the sphingomyelinase pathway, the de novo pathway, the exogenous 
ceramide-recycling pathway, and the salvage pathway. (Kitatani K, et al. The sphingolipid salvage pathway in ceramide metabolism and signaling. Cell Signal. 2008 June; 20(6):1010-8. 
doi: 10.1016/j.cellsig.2007.12.006. Epub 2007 Dec 14).

http://www.ncbi.nlm.nih.gov/pubmed/18191382
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it was demonstrated that ASM levels of expression actually determine 
the malignant phenotype of melanoma cells in terms of pigmentation, 
tumor progression, invasiveness and metastatic ability [20].

Hypoxia-resistance and sphingosine phosphate in 
cancer therapy
Hypoxia inducible factor-family factors – regulation /role in 
cancer therapy

Hypoxia occurs when there is decreased oxygenation to a cell. 
Hypoxia is known to be an important process in solid tumors, and 
is a poor prognostic factor for response to therapeutics and survival 
of patients. As a tumor develops, the diffusion distance from the 
existing vasculature increases resulting in hypoxia, which in turn 
drives the overexpression of angiogenic factors such as VEGF, 
leading to the formation of a new vasculature in an attempt to 
provide adequate supply of oxygen to the tumor.  Hypoxia-inducible 
factors (HIFs)  are  transcription factors  that respond to changes in 
available  oxygen  in the cellular environment. HIF-1α is a specific 
factor that has been specifically focused on in cancer research. HIF-1α 
responds rapidly to states of decreased oxygenation by regulating genes 
that promote neoangiogenesis, glycolysis, and increased tumor growth, 
all of which are essential for tumor growth. In one study, HIF-1α was 
found to be overexpressed in 13 of 19 tumor types compared with the 
respective normal tissues, including colon, breast, gastric, lung, skin, 
ovarian, pancreatic, prostate, and renal carcinomas [21]. Many of the 
novel anticancer drugs work via the targeting of HIF-1α. These drugs 
include BCR-ABL inhibitor imatinib/Gleevec, epidermal growth factor 
receptor inhibitors gefitinib/Iressa, erlotinib/Tarceva and cetuximab/
C225, and HER2neu  inhibitor trastuzumab/Herceptin. Radiation has 
been shown to induce HIF-1α activity, leading to the production of 
VEGF and other angiogenic cytokines that protect the endothelial cells 
of the tumor vasculature from radiation-induced death [22]. Therefore, 
by inhibiting HIF-1α, one can expect to see dramatically increased 
radiation-induced vessel destruction and tumor control. 

Role of sphingosine phosphate signaling as a target for anti-
hypoxia therapy

Sphingosine-1-phosphate (S1P) is a product of ceramide 
metabolism, and it has been shown to lead to cancer cell proliferation 
and antiapoptosis [23]. S1P is generated from sphingosine, in a reaction 
catalyzed by sphingosine kinase 1 (SK1). In numerous studies, SK1/
S1P have been shown to be tumor-promoting molecules, and elevated 
levels of these molecules have been observed in different cancer and 
tumor tissues. More specifically, evidence has linked these molecules 
with adaptation of cancer cells to hypoxia. In a study conducted with 
five distinct tumor models, SK1 was shown to be rapidly stimulated 
under hypoxic conditions. This interaction appeared to be dependent 
on the generation of reactive oxygen species (ROS) production [24]. In 
another study, it was found that in glioblastomas, increased vascularity 
and increased SK1 activity was correlated to aggressive behavior and 
poor survival in patients. In prostate cancer, the study showed that SK1 
activity was strikingly increased in tumor samples and correlated with 
prostate-specific antigen level and tumor grade. Given the importance 
of HIF-1α stimulation in solid tumor neoangiogenesis and metastasis, 
a wide range of pharmacological approaches have been proposed 
including the targeting of the SK1/S1P signaling. A recent study has 
applied the use of an anti-S1P monoclonal antibody called sphingomab. 
The study found that inhibiting extracellular S1P signaling resulted in 
blockage of HIF-1α accumulation and activity in several cancer cell 

Glucosylceramide synthase
Ceramide glycosylation and cancer drug resistance

As stated previously, ceramide can go through several pathways of 
metabolism, and its products can be used for several different roles. 
Glucosylceramide (GC) is one of those breakdown products. Ceramide 
is converted to GC by GCS. Since GCS decreases the amount of ceramide 
in cells, this indirectly acts to protect cancer cells from chemotherapy-
induced apoptosis. This has been seen in several different cancer cell 
types, especially breast cancer cells [12]. Additionally, it has been 
shown that glucosylceramide accumulates in Adriamycin-resistant 
breast carcinoma cells, in vinblastine-resistant epitheliod carcinoma 
cells, and in tumor specimens from patients showing poor response to 
chemotherapy [13].

Targeting ceramide glycosylation to reverse drug resistance 
(ASM)

There have been several methods for targeting ceramide 
glycosylation to reverse drug resistance. Use of GCS inhibitors has 
revealed how decreases in cellular levels of neutral glycosphingolipids 
and gangliosides, and elevations in ceramide, causes cell cycle arrest 
[14]. While there are no currently approved regimens, there has been 
significant research dedicated towards this pathway. For example, 
combinations of fenretinide (4-HPR), which is known to elevate 
ceramide and dihydroceramide, with inhibitors of GCS or SK, such as 
PDMP, were reported to synergistically suppress the growth of various 
cancer cells [15]. PDMP has also been used on human colon cancer and 
breast cell lines. It was shown to increase ceramide levels and stimulate 
autophagy in these cell lines [16].

Use of acid sphingomyelinase in cancer therapy
Use of acid sphingomyelinase as adjunct to cancer therapy

Sphingomyelin can be converted into ceramide via the action 
of sphingomyelinase (SMase). There are several different SMases 
characterized by the pH required for optimal enzymatic activity. While 
acid sphingomyelinase (ASM) is best known for its involvement in 
the lysosomal storage disorder Niemann-Pick disease (NPD), it has 
more recently been implicated in cancer biology. In an analysis of 
the microarray database Oncomine (www.oncomine.org, January 3, 
2008), it was revealed that 12/104 matched cancer  vs. normal tissue 
comparisons under expressed the ASM mRNA. This would predict that 
in at least some cancers ASM may be down-regulated, contributing to 
their reduced ceramide content and perhaps directing the cells away 
from apoptosis and toward proliferation [17]. It has been shown that 
ionizing radiation causes cell death via SMase-mediated production 
of ceramide, which in turn leads to apoptosis of the cell. In a study 
done by researchers using ASM knockout mice as well as lymphoblasts 
from patients with NPD, it was found that these cells failed to respond 
to ionizing radiation with generation of ceramide and apoptosis [18]. 
The use of recombinant ASM has already been produced and is being 
evaluated for the treatment of NPD, and its use as an adjunct to cancer 
therapy is now being examined. Recombinant ASM is known to be 
hepatotropic in nature; because of this, it was used in a study to evaluate 
it as an adjuvant treatment with sorafenib in experimental models 
of hepatocellular carcinoma. The combination therapy exhibited a 
synergistic effect on reducing tumor volume and blood vessel density 
in the effect cells. However, there was not any increase in survival from 
the recombinant ASM/sorafenib treatment, and the study concluded 
that the results merited further investigation [19]. In another study, 

https://en.wikipedia.org/wiki/Transcription_factors
https://en.wikipedia.org/wiki/Oxygen
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models exposed to hypoxia. Additionally, the study demonstrated that 
administration of the antibody for 5 days before chemotherapy is more 
effective at local tumor control and metastatic dissemination than any 
other treatment scheduling [25]. Another well-explored therapeutic is 
sonepcizumab. Sonepcizumab is a humanized monocloncal antibody 
to S1P that acts as a molecular sponge to reduce S1P signaling which, in 
nonclinical models, inhibited tumor growth. In a phase I clinical trial, 
sonepcizumab was well tolerated in 23 patients with advance tumors. 
Phase II trials are planned [26].

Sphingolipid Metabolism and its role in cancer
Sphingosine kinase – regulatory of sphingolipid signals and 
role in cancer

Sphingosine kinase 1 (SK1) is an essential enzyme in the 
sphingolipid pathway that regulates the relative levels of S1P, 
sphingosine, and ceramide. While ceramide and sphingosine have 
been established as antigrowth molecules, S1P offers a progrowth 
message to cells. Elevated levels (around ~2–3 folds increases) in SK1 
expression have been detected in many human cancers, such as breast, 
lung, prostate and colon cancer [27]. SK1 promotes cancer cell survival 
and tumorigenesis, as studies have shown that various hormones, 
cytokines, and growth factors cause a rapid activation of SK1, and that 
inhibition of SK1 in turn leads to inhibition of cell growth. Not only 
does SK1 help promote tumor growth, but it also has an important 
role in prevention of apoptosis (Figure 2). This can be seen particularly 
in tumor cell lines in response to apoptotic stimuli, such as TNF, Fas 
ligand, serum deprivation, ionizing radiation and anti-cancer drugs. 
Increased SK1 activity has been shown to contribute to cancer cells 
being resistant to ionizing radiation and anticancer drugs. Although 
the precise mechanisms remain to be identified, SK1 appears to affect 
apoptosis via both the intrinsic and extrinsic pathways [28,29].

Sphingosine kinase inhibiton – therapeutic potential

Given the oncogenic properties of SK1, use of an SK inhibitor 
offers to be an exciting potential therapeutic agent in certain cancers. 
One of the molecular inhibitors of SK1 that has been published has 
been effective in mice in slowing the growth of murine mammary 
carcinoma without any apparent toxicity [30]. SK2 has also been a 
target for SK inhibitor therapy. A novel SK2 inhibitor, ABC294640, was 
shown to induce non-apoptotic death in kidney carcinoma cells as well 

as autophagic responses in prostate and breast adenocarcinoma cells 
[31]. It has also been found that SK2 was overexpressed in multiple 
myeloma cell lines. Application of ABC294640 was shown to effectively 
limit myeloma cell line proliferation and induced caspase 3-mediated 
apoptosis. It was additionally found to act synergistically with a bcl-
2 inhibitor in inducing myeloma cell death [32]. Another type of 
sphingosine kinase inhibitor is FTY720. FTY720 is a sphingosine-based 
immunosuppressant, initially showed to have successful outcomes 
against multiple sclerosis. It has also been shown to inhibit ceramide 
synthesis via ceramide synthase. It does this via induction of caspase-
independent cell death through the downregulation of nutrient 
transporters and induction of autophagy [33]. Pharmacologic doses 
of FTY720 were shown to induce apoptosis and impair clonogenicity 
in blast crises in chronic myelogenous leukemia and Philadelphia 
chromosome-positive acute lymphocytic leukemia. More recently, 
advances have been made with sphingosine kinase inhibition. Safingol, 
an inhibitor of SKI, has been studied in a phase I clinical trial. In the 
trial, safingol was given alone and in combination with cisplatin in 43 
patients with advanced solid tumors. The study, which is now ready 
for phase II, concluded that safingol can safely be administered with 
cisplatin [34].

Alpha-galactosylceramides and modifications - role in 
cancer therapy

Natural killer T (NKT)  cells  are a heterogeneous group of 
T cells that share properties of both T cells and natural killer cells. NKT 
cells exert strong anti-tumor activity in vivo and in vitro, which has 
made the subject of research for potential cancer therapy. NKT cells 
are activated by a specific glycolipid antigen, α-galactosylceramide, 
which has made it the target of several clinical trials. In one such 
trial, α-galactosylceramide-pulsed antigen presenting cells were 
administered in the submucosa of patients with head and neck cancer. 
This resulted in increased numbers of NKT cells and enhanced natural 
killer activity in these patients [35]. This method was also shown to 
be effective by decreasing tumor growth of pancreatic cancer cells in a 
different trial [36].

Natural products as platforms for design of sphingolipid 
related anti-cancer agents

Research has been conducted to determine if there can be benefit 
from using natural products as anti-cancer agents. Fungal metabolites 
have been one of the natural products that have been studied. One of 
the more well-studied fungal metabolites is myriocin, which is isolated 
from Myriococcum ablomyces, and is a specific inhibitor of serine 
palmitoyltransferase (SPT). SPT is the enzyme that catalyzes the first 
step of the biosynthesis of all sphingolipids. Inhibition of SPT leads to 
a decrease in ceramide, thereby reducing inflammatory responses, and 
in some cases, causing immunosuppression. In a study done in 2011, 
myriocin induced growth inhibition in melanoma cells by inducing 
cell cycle arrest in the G2/M phase. Additionally, expression of 
antiproliferative genes p53 and p21 were increased [37]. In a follow up 
study, myriocin was administered intradermally or intraperitoneally 
into melanoma mice. Tumor formation was significantly inhibited in 
these mice when compared to controls [38]. In another study, it was 
found that myriocin not only induced death of lung cancer cells via 
apoptosis, but synergistically inhibited cancer cell growth when given 
in combination with anti-tumor drugs docetaxel and cisplatin [39].

Jaspine B is an anhydrophytosphingosine which is a derivative 

 
Figure 2. Pro-oncogenic and antiapoptotic effects of SK1 and S1P. 

SK1 increases levels of S1P. S1P encourages proliferation of cells by activating pro-
survival mediators like Akt, nitric oxide, and extracellular signal-regulated kinase (ERK). 
It also inhibits apoptosis by activating known anti-apoptotic transcription factor NF-κB, 
and inhibiting ceramide-mediated apoptosis. (Taha TA, et al. A house divided: ceramide, 
sphingosine, and sphingosine-1-phosphate in programmed cell death. Biochim Biophys 
Acta. 2006 Dec;1758(12):2027-36. Epub 2006 Nov 1).

http://www.ncbi.nlm.nih.gov/pubmed/17161984
http://www.ncbi.nlm.nih.gov/pubmed/17161984
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isolated from the marine sponge Jaspis sp. Jaspine B works by inhibiting 
sphingomyelin synthase, the enzyme which converts ceramide in 
sphingomyelin. This leads to increased concentrations of ceramide 
within the cell. In one study, Jaspine B was able to dose- and time-
dependently decrease the viability of murine B16 and human SK-Mel28 
melanoma cells via triggering of apoptosis [40]. In another study, the 
cytotoxicity of jaspines was examined in A549 human alveolar cells. 
Results of cells culture with Jaspine B revealed significant increases 
in dihydroceramide and eventual cell death. Only slight increases in 
ceramide were noted. 

Conclusion 
Sphingolipids are a diverse group of lipids which serve a variety 

of functions in both mammalian development and physiology. 
While the scope of sphingolipid biology is vast, its role in cancer has 
been highlighted in this review of literature. Clearly, sphingolipid 
metabolism is essential in the cell life cycle. Despite the large number 
of preclinical trials showing promising results, clinical trials utilizing 
sphingolipids in cancer are sparse. However, the development of recent 
phase I and upcoming phase II trials brings to life the promising future 
of the therapeutic potential of sphingolipids in cancer. Understanding 
sphingolipid metabolism in finer detail will help researchers discover 
potential new treatments for malignant, and other pathological 
processes alike. It is our hope that the above review article can help both 
researchers and clinicians gain a better understanding of sphingolipid 
metabolism and its applications in cancer medicine, and eventually use 
it in their daily practice and research. 
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