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  Pref ace    

 This volume presents and discusses the evidence regarding the roles and functions 
of various sphingolipids (SLs), including ceramides and sphingoid bases and their 
phosphorylated derivatives, and more complex SLs in the development, progres-
sion, and treatment of various cancers. (Gangliosides, a class of complex SLs com-
prising hundreds of different molecules, and of undisputed relevance in cancer 
biology, are not discussed in depth in this volume.) 

 The modern revolution of molecular biology and biochemistry has brought us 
the era of genomics and proteomics, and the rediscovered importance of cellular 
metabolism and energetics in various diseases, including cancer. In turn, these have 
led to the integrated study of metabolic pathways and the novel metabolomic 
approach. More recently, the understanding of the bioactive functions of lipids in 
pathophysiology has propelled the study of this class of molecules, historically 
somewhat unrecognized, into the limelight. The appreciation of the metabolic inter-
connections among different lipid pathways has led us to the current era of lipido-
mics. Indeed, lipidomics has become the new frontier in the effort to uncover the 
global imprint of each specifi c patho/physiological condition. Among the various 
classes of lipids, SLs represent the youngest, but quite prolifi c, research domain. 

 The delay in the recognition of the functional signifi cance of lipids, in general, 
and of sphingolipids, in particular, is largely due to the conceptual and technical 
challenges that face researchers involved in SLs, challenges brought by the intrinsic 
nature of these molecules, and of their metabolic pathways. 

 At the conceptual level, fi rst, it is clear that bioactive SLs form a network of inter-
convertible metabolites. Thus, unlike “dedicated” signaling pathways such as the 
paradigmatic cAMP pathway, bioactive SLs are metabolically interconnected so that 
one lipid (e.g., ceramide) can be further metabolized to another lipid (e.g., S1P) which 
often exerts opposing effects. Second, pathways of lipid metabolism are compart-
mentally, and often topologically, constrained. Therefore, understanding how they 
function requires a careful determination of where they function. Third, the belated 
molecular identifi cation of enzymes of SL metabolism has disclosed the existence 
of a multiplicity of pathways involving these lipids (e.g., ceramide) that may show 
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distinct regulation and distinct functions. Fourth, the chemico-physical  properties of 
lipids impose several barriers to their study. They are poorly soluble, which hinders 
in vitro and cell studies. This also coerces their existence to specifi c subcellular mem-
branes. Moreover, accurately analyzing their levels requires sophisticated technolo-
gies, such as tandem mass spectrometry. Even their synthetic chemistry tends to be 
an order of magnitude more complicated than other “soluble” molecules and, as such, 
requires specifi c expertise. This is important not only for creating standards, but also 
for generating cellular probes and lead enzyme inhibitors. 

 Research in the SL fi eld has overcome these challenges by adopting ever- 
evolving experimental approaches and analytical methods that have proven invalu-
able to uncover a critical role for many of these lipids in physiology and 
pathophysiology. Indeed, different SLs have been linked to the development of sev-
eral diseases such as diabetes, neurodegenerative diseases, emphysema, and infec-
tions, to mention a few. Notably, different bioactive SLs have also been linked to 
initiation and/or progression of various cancers. 

 Indeed, a large body of work has suggested that certain bioactive SLs, such as 
ceramide and sphingosine, constitute  tumor-suppressor lipids , whereas others, like 
S1P, function as  tumor-promoting lipids . This general hypothesis is buttressed by 
increasing evidence that enzymes that attenuate ceramide and sphingosine or 
increase S1P are increased in cancers, whereas those that increase ceramide or atten-
uate S1P are decreased in cancers. Many emerging studies show that interfering 
with these pathways can exert profound effects on cancer cells (such as induction of 
apoptosis, differentiation, tumor senescence, and regulation of angiogenesis). 

 In addition to an introductory overview that illustrates the key concepts of sphin-
golipid metabolism and SL-mediated signaling, and that serves as reference for all 
other chapters, the book is divided into three main parts. The fi rst part addresses 
how the SLs mentioned above are involved in the development of specifi c cancers, 
each of which is treated in a stand‐alone chapter. Each chapter in this part covers 
basic as well as clinical aspects of SLs or SL‐metabolizing enzymes in the context 
of each different cancer. The discussion that centers on the basic experimental evi-
dence systematically addresses the specifi c involvement of the aforementioned SLs 
in key cellular functions known to be altered in the complex processes that lead to 
cancer (e.g., proliferation, the various forms of cell death, differentiation, senes-
cence, adhesion/migration, and multidrug resistance). 

 The second part focuses on the most innovative techniques/approaches for quan-
titative analysis and imaging of SLs and SL-metabolizing enzymes, including the 
use of novel chemical probes. 

 The third and fi nal part discusses the potential diagnostic and/or prognostic value 
of SL and/or SL-metabolizing enzymes and the potential benefi t of targeting SL 
metabolism to develop novel cancer therapeutics for de novo treatment or to 
overcome resistance to already-established regiments.  

  Stony Brook, NY, USA     Yusuf     A.     Hannun      
     Chiara     Luberto      
     Cungui     Mao      
     Lina     Marie     Obeid     
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      Basics of Sphingolipid Metabolism 
and Signalling       

       Céline     Colacios    ,     Frédérique     Sabourdy    ,     Nathalie     Andrieu-Abadie    , 
    Bruno     Ségui    , and     Thierry     Levade     

    Abstract     The term sphingolipid was coined by J.L.W. Thudichum before the turn of 
the nineteenth century, referring to the enigmatic (related to the Sphinx myth) nature 
of this class of molecules. One hundred thirty years later, the enigma is not yet com-
pletely solved. Nevertheless, much progress has been made, shedding light on the 
numerous roles these lipids play in eukaryotes. How sphingolipids are synthesized, 
transformed and degraded in mammalian cells, and how some of them transduce 
signals and regulate biological functions is reviewed in this chapter. Special attention 
is given to those sphingolipid species which regulate key aspects of the development 
of malignancies in humans, and therefore represent potential targets for therapy.  

  Keywords     Ceramide   •   Sphingosine 1-phosphate   •   Sphingomyelin   •   Receptor   
•   Oncometabolite   •   Membrane   •   Glycolipid  
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  Cer    Ceramide   
  Cer1P    Ceramide 1-phosphate   
  DAG    Diacylglycerol   

        C.   Colacios    •    N.   Andrieu-Abadie    •    B.   Ségui   
  Institut National de la Santé et de la Recherche Médicale (INSERM) UMR1037 , 
 Centre de Recherches en Cancérologie de Toulouse (CRCT), Oncopole de Toulouse, 
2 Avenue Hubert Curien, CS 53717 ,   31037   Toulouse ,  Cedex 1 ,  France    

  Equipe Labellisée Ligue Nationale Contre le Cancer 2013, Centre de Recherches en 
Cancérologie de Toulouse (CRCT) ,  Université Paul Sabatier Toulouse III ,   Toulouse ,  France   
 e-mail: thierry.levade@inserm.fr   

    F.   Sabourdy    •    T.   Levade ,  M.D., Ph.D.      (*)
  Institut National de la Santé et de la Recherche Médicale (INSERM) UMR1037 , 
 Centre de Recherches en Cancérologie de Toulouse (CRCT), Oncopole de Toulouse, 
2 Avenue Hubert Curien, CS 53717 ,   31037   Toulouse ,  Cedex 1 ,  France    

  Equipe Labellisée Ligue Nationale Contre le Cancer 2013, Centre de Recherches en 
Cancérologie de Toulouse (CRCT) ,  Université Paul Sabatier Toulouse III ,   Toulouse ,  France    

  Laboratoire de Biochimie Métabolique, Institut Fédératif de Biologie ,  CHU Purpan , 
  Toulouse ,  France    

mailto:thierry.levade@inserm.fr


2

  ER    Endoplasmic reticulum   
  GalCer    Galactosylceramide   
  GlcCer    Glucosylceramide   
  GSL    Glycosphingolipid   
  S1P    Sphingosine 1-phosphate   
  SL    Sphingolipid   
  SM    Sphingomyelin   
  SPC    Sphingosylphosphocholine   

1           Introduction: Sphingolipids Are Bioactive Metabolites 

 Sphingolipids (SLs) are found in all eukaryotes and represent a class of lipids with 
considerable structural diversity. In mammals, there are likely tens of thousands of 
SL molecular species [ 1 ]. Because of their amphiphilic nature, most of them are 
membrane components; some are present in biological fl uids, being constituents of 
circulating lipoproteins or transported by other proteins. 

 The smallest molecule common to all SLs is an aliphatic amino-alcohol, also 
known as long chain base, the most frequent one being 4-sphingenine (also termed 
sphingosine). Its condensation to a fatty acid, through an amide bond rather unusual 
in the lipid world, forms the core of most SLs, ceramide (Cer). This structural ana-
logue of diacylglycerol (DAG) constitutes the hydrophobic anchor of all complex 
SLs, determining the membrane location of both, glycosphingolipids (GSLs) and 
sphingomyelin (SM), the two major classes of complex SLs. The analogy between 
DAG and Cer extends to their common ability to convey signals; these signals, how-
ever, often are of diverging nature (see Sect.  3 ). With regard to the signalling proper-
ties of SLs, the best documented roles are undoubtedly attributed to sphingosine 
1-phosphate (S1P), the phosphorylated derivative of sphingosine, which is abundant 
in plasma while one of the least represented SLs within the cells. Nevertheless, Cer 
and S1P are not the only SLs that behave as SL signalling intermediates or second 
messengers. Glycosylated or  N -methylated forms of sphingoid bases, sphingo-
sylphosphocholine (SPC), phosphorylated Cer, as well as some GSLs can transduce 
signals and/or modulate biological functions. 

 The last 2–3 decades have witnessed an enormous improvement in our knowl-
edge of the structural diversity, metabolism, cell biology and pathology of SLs. Such 
a progress has been facilitated thanks to (1) the development of new technologies for 
analyzing the sphingolipidome (see Part II of this book), (2) the cloning of most 
enzymes of SL metabolism, (3) the synthesis and use of SL analogues for studying 
their metabolism, location, targets (or interacting partners) and mechanism of action, 
(4) the generation of animal models harboring alterations of SL metabolism [ 2 ,  3 ], 
and (5) the identifi cation of new human genetic disorders characterized by disturbed 
homeostasis of SLs [ 4 ]. Moreover, the involvement of SLs in the pathophysiology of 
numerous conditions, including multiple types of solid cancers and hematological 
malignancies, has been explored. The intent of this overview is not to cover in a 

C. Colacios et al.
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comprehensive manner the many effects and modes of actions of SLs, but to  highlight 
some important aspects of SL metabolism and signalling in mammalian organisms. 
The reader is also referred to recent excellent reviews [ 5 – 9 ]. In the fi eld of cancer 
biology and treatment, SLs are currently viewed as multifaceted mediators and, as a 
consequence, potentially new therapeutic targets. The biological and physiological 
effects modulated by SLs include cancer (and cancer stem) cell death, survival, dif-
ferentiation, cell cycle arrest, cell motility, autophagy, epithelial– mesenchymal tran-
sition, but also effects on the tumor microenvironment through angiogenesis, 
recruitment of infl ammatory and immune cells, or phenotypic changes of adjacent 
fi broblasts. This astounding variety is SL-dependent, sometimes SL species- 
dependent (underscoring the importance of the metabolic source of SLs) [ 10 ], and 
cellular context-dependent. Figure  1  illustrates some of these diverse effects.
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  Fig. 1    Sphingolipid-mediated biological effects in cancer. The fi gure summarizes how SLs affect 
hallmarks of cancer (adapted from [ 95 ]). Note that not all bioactive SLs are indicated in this 
scheme. SLs written in red promote tumor development whereas those written in green have anti-
tumor effects. Numbers in brackets indicate some key references.  Cer  ceramide,  Cer1P  ceramide 
1-phosphate, 2′-OHCer, 2′-hydroxyceramide,  DMS N,N -dimethyl-sphingosine,  GalCer  galacto-
sylceramide,  GlcCer  glucosylceramide,  S1P  sphingosine 1-phosphate,  So  sphingosine,  SPC  sphin-
gosylphosphocholine,  TMS N,N,N -trimethyl-sphingosine. References cited: (1) [ 96 ], (2) [ 97 ], (3) 
[ 8 ], (4) [ 98 ], (5) [ 99 ], (6) [ 54 ], (7) [ 100 ], (8) [ 101 ], (9) [ 102 ], (10) [ 103 ], (11) [ 104 ], (12) [ 56 ], (13) 
[ 105 ], (14) [ 106 ], (15) [ 107 ], (16) [ 108 ], (17) [ 109 ], (18) [ 110 ], (19) [ 111 ], (20) [ 112 ], (21) [ 113 ], 
(22) [ 114 ], (23) [ 115 ], (24) [ 116 ], (25) [ 117 ], (26) [ 118 ], (27) [ 119 ], (28) [ 120 ], (29) [ 121 ], (30) 
[ 122 ], (31) [ 52 ], (32) [ 123 ]       
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2        How Are Sphingolipids Formed, Transformed 
and Degraded? 

 The astonishing variety of biological effects of SLs is not only related to their struc-
tural diversity but also their tissue and subcellular distribution [thanks to the newly 
developed imaging mass spectrometry methods, subtle differences in tissue distri-
bution of particular molecular species of SLs begin to be appreciated; see Part II of 
this book]. Understanding which, where (in the cell or in the body) and how a given 
SL can exert a biological effect requires prior knowledge of SL metabolism and 
transport. Although there are still a few gaps, the picture of SL biosynthesis and 
catabolism is almost complete. Figures  2  and  3  depict the pathways of SL synthesis 
and turnover in humans (for details, the reader is referred to   www.sphingomap.org    ).

    SL biosynthesis starts in the endoplasmic reticulum (ER) with the condensation 
of  L -serine and a fatty acyl-CoA, usually palmitoyl-CoA, by serine- palmitoyl
transferase (note that instead of  L -serine,  L -alanine or  L -glycine can be used under 
some pathological conditions, leading to the formation of 1- deoxysphingolipids 
[ 11 ,  12 ]). The resultant 3-keto-sphinganine is then reduced to sphinganine (also 
named dihydrosphingosine) before  N -acylation by Cer synthases. In the  de novo  
pathway, these enzymes form dihydroceramides. They are encoded by six different 
genes that exhibit distinct tissue expression and produce enzymes with different 
acyl-CoA (or 2-hydroxyacyl-CoA) chain length specifi cities, leading to numerous 
non-hydroxy and 2-hydroxy-dihydroceramide species with possibly distinct prop-
erties [ 5 ]. The  de novo  synthesis of Cer is completed by a desaturase that introduces 
a  trans -Δ4 double bond in the sphingoid backbone. 

 Newly synthesized Cer can be transformed to fi ve different lipids: (1) ceramide 
1-phosphate (Cer1P), by Cer kinase; (2) sphingomyelin, one of the most abundant 
SL, by sphingomyelin synthases; (3) ceramide phosphoethanolamine, by sphingo-
myelin synthase 2 or sphingomyelin synthase-related protein; (4) galactosylce-
ramide, a myelin lipid, by galactosylceramide synthase; and (5) glucosylceramide 
(GlcCer), the precursor of most GSLs, by glucosylceramide synthase. As shown in 
Fig.  2 , these reactions occur in the ER or in discrete compartments of the Golgi 
apparatus, either on the cytosolic or luminal side. Selection of one of these path-
ways may be dictated by the expression of the corresponding enzymes. Nevertheless, 
it implies some sophisticated regulation of Cer channelling to these distinct loca-
tions in order to serve specifi c metabolic needs. Although this issue is imperfectly 
solved, recent progress has been made regarding SL transport. Cer can be trans-
ported from the ER to the Golgi either by a vesicular process [ 13 ] or by a 
 CERT- mediated non-vesicular mechanism [ 14 ]. Once synthesized, GlcCer might be 
retrogradely transported to the ER by FAPP2 [ 15 ], and Cer1P carried from the trans- 
Golgi to other membrane destinations by CPTP [ 16 ]. Besides Cer-metabolizing 
enzymes, these transporters represent additional targets to manipulate SL metabo-
lism and biological effects, as illustrated by the role of CERT in modulating the 
sensitivity of cancer cells to chemotherapeutic drugs [ 17 ]. 

C. Colacios et al.
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  Fig. 2    Subcellular compartmentalization of sphingolipid biosynthesis. For each enzymatic reac-
tion or transport event, the names of the corresponding protein (in  boxes ) and gene are indicated. 
 Cer  ceramide,  Cer1P  ceramide 1-phosphate,  CERK  ceramide kinase,  CERPase  ceramide 
1- phosphate phosphatase,  CerpE  ceramide phosphoethanolamine,  CERS  ceramide synthase, 
 CERT  ceramide transport protein,  CGT  UDP-galactose: ceramide galactosyltransferase,  CPTP  
ceramide 1-phosphate transfer protein,  DES  dihydroceramide desaturase,  DHCer  dihydrocer-
amide,  FAPP  four-phosphate-adaptor protein,  GalCer  galactosylceramide,  GBA  beta-glucosidase, 
 GCS  glucosylceramide synthase,  GlcCer  glucosylceramide,  GSLs  glycosphingolipids,  KSa  
3- ketosphinganine,  KDSR  ketosphinganine reductase,  LacCer  lactosylceramide,  LCS  lactosylce-
ramide synthase,  Palm-CoA  palmitoyl-CoA,  Sa  sphinganine,  SM  sphingomyelin,  SMS  sphingomy-
elin synthase,  SMSr  sphingomyelin synthase-related protein,  SPT  serine palmitoyltransferase       
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 Most of the GSLs are synthesized from GlcCer at the luminal face of Golgi 
vesicles (as this part of SL metabolism is beyond the topic of the present chapter, the 
reader is referred to recent reviews, e.g., [ 18 ,  19 ]). Because of their luminal orienta-
tion and vesicular transport to the cell surface, GSLs and SM become constituents 
of the extracellular leafl et of the plasma membrane, and concentrate, along with 
cholesterol, within the so-called microdomains. A fraction of these complex SLs is 
incorporated in the circulating lipoproteins. 

 Constitutive turnover of plasma membrane elements, endocytosis of extracellu-
lar lipoproteins as well as (macro)autophagy result in the entry of SLs into the 
endosomal/lysosomal compartment where the bulk of SL catabolism takes place 
(Fig.  3 ). Stepwise degradation of GSLs occurs through a unique sequence of reac-
tions catalyzed by exoglycosidases that ends by the release of Cer [ 20 ]. Formation 
of Cer in endosomes/lysosomes also results from the action of acid sphingomyelin-
ase. Eventually, Cer is cleaved by acid ceramidase, which releases a fatty acid and 
sphingosine. How these end-products exit the lysosome is still unclear. 

  Fig. 3    Subcellular compartmentalization of sphingolipid catabolism and interconversion. For 
each enzymatic reaction, the names of the corresponding protein (in  boxes ) and gene are indicated. 
 ACDase  acid ceramidase,  AlkCDase  alkaline ceramidase,  ASMase  acid sphingomyelinase,  Cer  
ceramide,  CerpE  ceramide phosphoethanolamine,  CERS  ceramide synthase,  EP  ethanolamine 
1-phosphate,  FA  fatty acid,  GALC  galactosylceramidase,  GalCer  galactosylceramide,  GBA  beta- 
glucosidase,  GCase  glucosylceramidase,  GlcCer  glucosylceramide,  GSLs  glycosphingolipids, 
 LacCer  lactosylceramide,  NCDase  neutral ceramidase,  NSMase  neutral sphingomyelinase,  SM  
sphingomyelin,  So  sphingosine,  S1P  sphingosine 1-phosphate,  SK  sphingosine kinase,  SPL  sphin-
gosine 1-phosphate lyase       
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 Whether protein-mediated or not, the effl ux out of the acidic compartments of 
the sphingoid base initiates the SL ‘salvage’ pathway that allows re-use of the 
sphingoid moiety for SL synthesis. Unless sphingosine gets access to the ER 
because of close vicinity with lysosomal membranes, a prerequisite for this recy-
cling pathway might be the phosphorylation of sphingosine by sphingosine 
kinase(s). The transient formation of S1P, a much less hydrophobic molecule than 
sphingosine, would represent a way to transport the sphingoid base to the ER, where 
S1P is dephosphorylated prior to  N -acylation by Cer synthases. An alternative des-
tination for S1P is its irreversible degradation by a single enzyme, S1P lyase, which 
produces phosphoethanolamine and a fatty aldehyde, two molecules that connect 
SL and glycerophospholipid metabolisms [ 21 ]. What directs S1P either to be recy-
cled (after dephosphorylation) or broken down is still unknown; clarifying this issue 
is, however, critical for understanding the bioactive properties of S1P and manipu-
lating its levels for therapeutic purposes. 

 Of note, turnover of GSLs and SM is not restricted to the acidic compartments, 
and it can occur at the plasma membrane level, both—at least for SM—on the extra-
cellular side and the cytosolic side [ 22 ]. This location has long been envisioned as 
the starting point for the generation, or modulation, of bioactive signals. As a matter 
of fact, cleavage of SM and Cer, followed by phosphorylation of sphingosine can 
occur at the level of the plasma membrane. These reactions can be catalyzed by 
plasma membrane-located enzymes but also by secreted or translocated enzymes 
such as acid sphingomyelinase [ 23 ]. In addition, secreted hydrolases or ectoen-
zymes ensure SL degradation in the intestinal lumen to digest dietary lipids [ 24 ], 
providing not only nutrients but also potential bioactive lipids to prevent colon car-
cinogenesis. Moreover, although information remains scarce, GSL, SM and Cer 
turnover likely exists at the level of mitochondria, the nucleus, Golgi and ER mem-
branes that are closely associated with mitochondria [ 25 – 27 ]. For instance, neutral 
and alkaline ceramidases localize to mitochondria, ER and Golgi [ 28 ]. 

 Finally, the pathway that leads to the generation of some minor SLs, including 
sphingosylphosphocholine (SPC), psychosine or glucosylsphingosine, remains to 
be unambiguously identifi ed. These lysosphingolipids are normally present in trace 
amounts but they mediate biological effects and underlie the molecular pathogene-
sis of some inherited disorders [ 29 ]. 

 In summary, SL metabolism starts from structurally simple molecules, i.e., an 
amino acid and an acyl-CoA, produces thousands of distinct lipids, and ends by the 
release of small metabolites that are recycled into glycerophospholipids. Complex 
SLs are abundant membrane constituents that act as reservoirs for the production of 
simple, bioactive lipids. Transformations occur in multiple subcellular compart-
ments, serving different functions and possibly also spatially restricting the biologi-
cal effects of these lipids. Such a sophisticated metabolism is undoubtedly regulated 
to comply with the cell’s demand and to control the levels of highly bioactive 
metabolites. However, how this metabolism is regulated and how the many  pathways 
aforementioned are coordinated is still poorly understood [ 30 ]. These are key issues 
to appreciate the importance of the dysregulated expression of SL-metabolizing 
enzymes seen in tumor cells [ 8 ].  
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3      How Do Sphingolipids Signal and Mediate 
Biological Effects? 

 SLs are no longer considered just as inert membrane components. Some of them 
behave as intracellular second messengers to transduce extracellular signals; some 
elicit cellular outcomes through binding to cell surface receptors; some others alter 
the cell’s responses by changing the physicochemical properties of membranes. Here, 
we will not describe the numerous physiological effects that can be modulated by 
SLs (see Fig.  1 ) but will emphasize their mode of action at the cellular level through 
some selected examples that are particularly relevant to cancer biology or therapy. 

3.1     History of Signalling Sphingolipids: Where Are 
We One Generation Later? 

 Perhaps, the fi rst SL recognized to mediate pathological changes is psychosine (i.e., 
galactosylsphingosine). While almost undetectable in normal brain, this lysolipid 
was found to accumulate in the cerebral white matter of patients affected with 
Krabbe disease (globoid cell leukodystrophy) [ 31 ,  32 ], a lysosomal disorder due to 
defi cient activity of beta-galactosylceramidase. Psychosine was already known to 
be a cytotoxic substance; later studies suggested that this lysolipid, like sphingo-
sine, inhibits protein kinase C (PKC) [ 29 ]. It also disturbs cytokinesis (thus explain-
ing the formation of globoid, multinucleated cells) through binding to the G-protein 
coupled receptor TDAG8 [ 33 ]. However, whether psychosine regulates cytokinesis 
via TDAG8 [ 34 ] or antagonizes the proton-sensing properties of TDAG8 [ 35 ] is still 
debated. 

 Further indication that SLs could act as signal transducers was provided 25 years 
ago by the demonstration that the effects of vitamin D3 on leukemic cell differentia-
tion were preceded by an increased activity of a neutral sphingomyelinase, transient 
hydrolysis of SM and concomitant production of Cer, and recapitulated by treat-
ment with an exogenous sphingomyelinase [ 36 ]. This report immediately followed 
the observation that the phenothiazine trifl uoroperazine stimulated SM breakdown 
and Cer generation in pituitary cells [ 37 ]. These data were the fi rst of a series docu-
menting the “sphingomyelin cycle”, that is the transient formation of Cer from SM 
via activation of a sphingomyelinase by a wide variety of physiological or patho-
logical agents [ 38 ,  39 ]. This pathway was viewed as a means to serve the production 
of bioactive SLs mediating the biological outcome triggered by the applied stimu-
lus. However, it soon appeared that SM turnover is not the only source of signalling 
Cer. Activation of the Cer biosynthetic ( de novo ) pathway was reported as an alter-
native mechanism, especially in mediating cell death [ 40 ,  41 ]. Other mechanisms, 
such as the inhibition of SM synthesis [ 42 ,  43 ] or of ceramidase activity [ 44 ], likely 
contribute to stress-induced Cer generation. In addition, more recently production 
of bioactive Cer from glycolipids has been reported [ 45 ,  46 ]. 
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 Of note, whatever its metabolic source, Cer may not be necessarily the 
 “signalling” SL that directly transduces the observed effect. Other SLs display bio-
logical roles, including in cancer (see Fig.  1 ). For instance, bioactive S1P, some 
effects of which were already described in 1990–1991 [ 47 ,  48 ], can originate from 
the metabolic cascade starting with SM breakdown [ 49 ]. Even products of S1P 
catabolism appear to be biologically active [ 50 ,  51 ]. 

 Studies reported in the beginning of the 90s disclosed opposite effects of some 
SLs. Such a dichotomy is typically illustrated by the antagonistic actions of Cer and 
S1P on cell growth/death and survival, which led to the “rheostat” concept [ 52 ]. 
This concept initially proposed that the balance between Cer and S1P levels con-
trols the cell fate via distinct effects on members of the MAPK family. However, 
such an equilibrium is presumably not maintained by the overall intracellular con-
centrations of these two SLs, which differ by about two orders of magnitude. One 
can imagine that the subcellular location (and thus, the accessibility to the protein 
target) and/or the nature of the molecular species are key determinants in the action 
of these lipid mediators. Accordingly, even a minute amount of a given Cer species 
may counteract the action of S1P if appropriately located. 

 To substantiate such hypotheses, considerable technological progress has been 
made during the last two decades that allowed a “higher-resolution view” of SL 
metabolism and signalling (see Part II of this book). In particular, mass spectrometry- 
based techniques for analysis of individual SL molecular species have permitted to 
reveal the specifi c role of particular SL molecules. Examples of the diversity/diver-
gence of biological outcomes include differences due to the acyl chain-length, 
unsaturation or hydroxylation of Cer [ 10 ,  53 ]. Thus, current questions in the SL 
signalling fi eld include which precise SL molecule is bioactive, in which subcellular 
compartment or even in which cell membrane domain it is formed or transported to, 
and which protein it targets. The answer to these questions is linked to the identifi -
cation of the pathway that generates the candidate SL molecule. However, one 
should not forget that SL metabolism is a very dynamic process involving multiple 
reactions occurring in different compartments (and likely regulated by mechanisms 
that we have yet to discover). This implies that changes in the local concentration of 
one SL bioactive molecule may be accompanied by changes in the content of 
another bioactive SL, in the same or another subcellular location, indicating the 
need for a full spatiotemporal picture of SLs in order to accurately appreciate any 
variation of potential biological signifi cance.  

3.2     Sphingosine 1-Phosphate: A Paradigmatic 
Signalling Molecule 

 S1P meets the criteria that defi ne a lipid mediator, coupling cell stimulation and 
functional activation, with regulation of cell proliferation being one of the fi rst 
examples of its role as second messenger [ 54 ]. Not only is this small lipid, charac-
terized by very low intracellular levels, able to activate specifi c cell surface 
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receptors but also some intracellular targets (see Figs.  4  and  5 ). For detailed 
 information regarding S1P signalling, the reader is referred to some recent reviews 
[ 6 ,  7 ,  9 ,  55 ,  56 ].

    Upon activation of sphingosine kinase(s), for instance in response to cytokines or 
growth factors, S1P can be transported out of the cell (possibly by SPNS2) to acti-
vate its cognate G-protein coupled receptors. These receptors belong to a family of 
proteins, initially described as products of endothelial differentiation genes, some of 
which can bind the S1P-related lipid lysophosphatidic acid [ 57 ]. Engagement of 
S1P receptors modulates cell growth, migration, angiogenesis, lymphangiogenesis 
and the immune response [ 58 ]. Distinct outcomes arise from differential coupling of 
these fi ve receptors to heterotrimeric G proteins and their downstream effectors 
(Fig.  5 ). Whereas no  bona fi de  intracellular receptor of S1P has been reported, S1P 

  Fig. 4    Signalling cascades regulated by sphingosine 1-phosphate. Upon stimulation by growth 
factors and cytokines, sphingosine kinase 1 (SK1) gets activated by ERK1/2 and phosphorylates 
sphingosine (So) to sphingosine 1 phosphate (S1P). S1P controls cell fate by regulation of Bcl-2 
members [ 124 – 127 ]. In the nucleus S1P, produced by sphingosine kinase 2 (SK2), binds and inhib-
its histone deacetylases (HDACs) that regulates gene transcription [ 60 ]. S1P can function as an 
intracellular messenger or is secreted out of the cell by SPNS2 or ATP-binding cassette (ABC) 
transporters to signal through G-protein-coupled receptors (S1PR) in an autocrine and/or paracrine 
manner to regulate proliferation, migration, angiogenesis or autophagy in cancer cells and tumor 
microenvironment. Activation of S1P1 receptor leads to the activation of signal transducer and 
activator of transcription 3 (STAT3) [ 128 ]. STAT3 is a transcription factor for S1P1, which then 
reciprocally activates STAT3, resulting in its persistent activation and interleukin-6 production, a 
pro-infl ammatory cytokine. S1P binds to and activates TNF receptor-associated factor 2 (TRAF2) 
that is implicated in activation of NF-κB in response to TNF. Activation of NF-κB and STAT3 
induce chronic infl ammation that promotes cancer cell progression       
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can physically interact with and regulate some intracellular proteins. Indeed, S1P 
can function as a cofactor for the E3 ubiquitin ligase activity of the adaptor protein 
tumor necrosis factor receptor-associated factor 2 (TRAF2), regulating NF-κB acti-
vation [ 59 ] and thus explaining, among other processes, the cytoprotective function 
of S1P. In the nucleus, S1P binds to and inhibits HDAC1 and HDAC2, leading to 
increased levels of histone acetylation and gene transcription [ 60 ]. At the level of 
mitochondria, S1P is able to bind prohibitin-2 [ 61 ] and BAK [ 51 ], providing links 
with mitochondrial respiration and apoptosis, respectively. Finally, interaction of 
S1P with Cer synthase 2 provides a potential regulatory mechanism of the func-
tional crosstalk between Cer and S1P [ 62 ].  

3.3     How Are Other Sphingolipids Bioactive? 

 Early reports demonstrated that free sphingoid bases can inhibit PKC by preventing 
its interaction with DAG/phorbol esters [ 63 – 65 ]. Subsequent studies indicated that 
sphingosine regulates the function of many additional proteins, including members of 
the MAPK pathway, the sphingosine-dependent protein kinase 1, Akt and caspases 
(for a review see [ 66 ]). Modulation of these effectors by long-chain bases or sphingoid 
base analogues (i.e.,  N,N -dimethylsphingosine or  N,N,N - trimethylsphingosine ) has 

  Fig. 5    Receptor-mediated effects of sphingosine 1-phosphate. S1P receptors couple to various 
heterotrimeric G proteins ( a ), activate partially overlapping downstream signalling pathways, and 
regulate several functions such as angiogenesis, proliferation, migration and autophagy ( b )       

 

Basics of Sphingolipid Metabolism and Signalling



12

been classically associated with induction of cell death. Interestingly, natural 
unusual sphingoid bases called sphingadienes (because of the presence of an addi-
tional double bond at the C6 or C8 position) were found to inhibit colon tumorigen-
esis in animal models [ 67 ]. These sphingadienes, which derive from the catabolism 
of SLs present in food sources, inhibit the phosphoinositide 3-kinase/Akt and Wnt 
signalling pathways and promote apoptosis [ 68 ,  69 ]. They may also suppress intes-
tinal tumorigenesis by inducing S1P lyase expression and reducing S1P colonic 
levels [ 70 ]. 

 The way Cer mediates biological effects has attracted much attention. However, 
unlike DAG—a structurally similar lipid—the answer is not univocal and remains 
unclear. The search for potential Cer-binding proteins has faced technical diffi cul-
ties [ 71 ] and has not yet provided unambiguous targets that could transduce all Cer 
actions. Nevertheless, diverse cellular proteins have been identifi ed that relay the 
anti-mitogenic effects of Cer (Fig.  6 ; see also reviews by [ 8 ,  72 – 74 ]). Indeed, 
through modulation of cell cycle effectors, caspase-dependent and independent 
pathways and macroautophagy, Cer-activated cascades converge to antiproliferative 
signals. Some of them appear to be initiated by direct interaction of Cer with kinases 
such as PKC isoforms [ 75 ,  76 ], KSR1 [ 77 ], or the inhibitor 2 of protein phosphatase 
2A [ 78 ]. Because of its rather hydrophobic nature, this membrane-localized SL may 
interact with proteins in distinct subcellular compartments, including the plasma 
membrane, ER, mitochondria or mitochondria-associated membranes. Of note, 
however, Cer may also modulate signalling pathways by changing the properties of 
membranes (i.e., membrane fl uidity and curvature) or microdomains. For instance, 
ceramide synthase 6 expression is down-regulated during the epithelial-to- 
mesenchymal transition process, increasing plasma membrane fl uidity as a conse-
quence of reduced C16-Cer levels, and enhancing breast cancer cell motility [ 79 ]. 
Even modest variations (a few percent) in overall Cer levels largely exceed total S1P 
levels, suggesting that some actions of Cer might be related to membrane alterations 
that in turn infl uence the recruitment of key protein effectors or the activation of 
membrane receptors or channels [ 10 ,  80 – 82 ].

   What about glycolipids? Although this topic is not discussed in this book, it is 
important to note that, because they localize in the extracellular leafl et of the plasma 
membrane, these SLs not only can affect membrane processes but also actively 
interact with the environment [ 83 – 85 ]. Hence, gangliosides, whose expression is 
altered in many tumors, can modulate the proliferation of malignant cells as well as 
cell–cell and cell–matrix adhesion. The biological effects of GSLs are likely 
 mediated by interactions of their carbohydrate moieties, either on the same cell 
surface or between two different cells [ 86 ]. Perturbations of the membrane proper-
ties, the subsequent binding of ligands to membrane receptors, as well as the activ-
ity of multidrug resistance transporters could also be implicated [ 87 ]. In addition, 
shedding of tumor gangliosides provides both immunosuppressive and angiogenic 
signals [ 88 ,  89 ].   
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4     Current and Future Challenges 

 A renewed interest in SLs manifested 25 years ago with the discovery of specifi c 
biological functions mediated by members of this class. Since then, not only has 
our knowledge of metabolic pathways, enzymes and transport proteins greatly 
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  Fig. 6    Signalling cascades regulated by ceramides. Various stress stimuli, such as chemotherapy, 
radiotherapy and death receptor (DR) ligands, trigger the accumulation of Cer as a consequence of 
(1) increased  de novo  Cer synthesis, (2) inhibition of Cer conversion to complex SLs, (3) hydroly-
sis of SM or GlcCer and/or (4) inhibition of ceramidase. Cer behaves as an anti-oncometabolite, 
inhibiting cancer cell motility and proliferation or inducing cancer cell death. For the sake of clar-
ity, not all signalling pathways modulated by Cer are depicted. The anti-proliferative signalling 
pathway triggered by Cer involves the activation of both Kinase Suppressor of Ras/Cer-Activated 
Protein Kinase (KSR/CAPK) and p53, inhibiting the cdk-dependent phosphorylation of Rb, which 
sequesters E2F. Cer can activate the extrinsic apoptotic signalling pathway by facilitating DR 
oligomerization and subsequent caspase cascade activation. Alternatively, Cer stimulates the mito-
chondrial (i.e., intrinsic) apoptotic signalling pathway as a consequence of (1) PKCζ and PP2a- 
dependent Akt inhibition and subsequent Bad activation, (2) PP2a-dependent Bcl-2 inhibition, (3) 
cathepsins and/or caspase-8-dependent Bid cleavage. All these events lead to the mitochondrial 
outer membrane permeabilization followed by cytochrome c (Cyto c) release and caspase-9 activa-
tion. Both initiator caspases-8 and -9 cleave and activate effector caspases, such as caspase-3. AIF 
release from the mitochondria and ROS production are involved in Cer-induced caspase- 
independent cell death. Cer-triggered cell death can be amplifi ed by ER stress and macroautoph-
agy. Whereas p8 is involved in Cer-induced ER stress, the inhibition of mTOR and nutrient 
transporters, as well as the JNK-dependent Beclin-1 up-regulation and activation, facilitate the 
macroautophagy process       
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improved but also the way some SL molecules exert their regulatory roles has been 
 molecularly characterized. Their abilities to modulate critical events in cancer 
development and progression (Fig.  1 ) suggest that certain SLs (e.g., S1P) behave as 
“oncometabolites” while some others (e.g., Cer) as “anti-oncometabolites”. Even 
though mutations in the genes encoding SL-metabolizing enzymes that would con-
fer neomorphic activity (as mutations in the  IDH1  gene do) have not—yet—been 
identifi ed in tumors or leukemic cells, some SL molecules share properties with 
known oncometabolites such as 2-hydroxyglutarate [ 90 ]. For instance, levels of 
S1P-forming enzymes (mRNA and/or protein) are higher in tumor vs. normal tis-
sues, and S1P acts as a pro-oncogenic signal, infl uencing the epigenome [ 60 ], tran-
scriptional programs (e.g., [ 91 ]), hypoxia-inducible factor biology [ 92 ], tumor 
development [ 93 ] (see also numerous examples of reduced tumor growth upon 
treatment with inhibitors of the sphingosine kinase/S1P/S1P receptors axis) and 
sensitivity to anticancer regimens (for a review see [ 6 ]). 

 That said, despite considerable advances in our understanding, the world of SLs-
and- cancer still faces a number of challenges. First, the metabolism of some SLs 
needs to be unequivocally elucidated. This includes the way: (1) some minor sphin-
goid bases (i.e., sphingadiene), omega-esterifi ed Cer species and other unusual SLs 
are produced; (2) some lysosphingolipids, e.g., SPC, glucosylsphingosine and psy-
chosine, are synthesized; (3) free sphingoid bases are transported into the cell, (4) 
S1P gets out of the cell; (5) Cer is oriented to spatially distinct compartments for the 
biosynthesis of SM, GlcCer, GalCer or Cer1P. Enzymes and transport proteins/
transporters for such pathways are to be identifi ed. Equally important is the need to 
fully understand how SL metabolism is regulated (little is known about transcrip-
tional regulation of the genes encoding SL-metabolizing enzymes, regulation by 
microRNAs, or possible sensors of SL levels). 

 Second, the mode of action of bioactive SLs has to be further deciphered, imply-
ing the identifi cation of direct protein targets and receptors [ 71 ]. In this regard, one 
should consider the possibility that changes in SL metabolism and composition in a 
given cell (e.g., the cancer cell) impact surrounding cells (i.e., the tumor microenvi-
ronment) through exosomes [ 94 ]. Third, efforts to characterize alterations in the 
sphingolipidome of tumor cells (or even plasma from patients with cancer) as well 
as (epi)genomic and transcriptomic changes in the genes of SL metabolism will 
hopefully defi ne novel markers. They could serve as diagnostic, prognostic and/or 
predictive biomarkers, useful for the stratifi cation of cancers or the tumor response 
to therapy. It is anticipated that advances in the above directions will help under-
stand the roles of SLs in cancer and develop targeted therapies based on the manipu-
lation of SL metabolism.     
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regulation have been investigated in regard to induction of cell death of many types 
of cancers. Recently not only ceramide but also sphingosine-1-phosphate (S1P), 
sphingomyelin (SM) and ceramide-1-phosphate are being appreciated to act as 
 biological lipid regulators of many cell functions. It is critical to understand the role 
of sphingolipids in the regulation of the balance between proliferation and cell 
death for developing novel therapies for hematological malignant diseases. 
Programmed cell death is mainly classifi ed into four categories: apoptosis, regu-
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1         Introduction 

 Sphingolipids have emerged as lipid mediators to regulate many cell functions 
including cell death, proliferation/survival, migration and immunity. Among sphin-
golipids, ceramide was fi rst reported to induce cell differentiation and death in 
human leukemia cells [ 1 ]. The localization of signaling ceramide, the putative dif-
ferent functions of ceramide species, and their metabolic regulation have been 
investigated in regard to induction of cell death of many types of cancers. Recently 
not only ceramide but also sphingosine-1-phosphate (S1P), sphingomyelin (SM) 
and ceramide-1-phosphate are being appreciated to act as biological lipid regulators 
of many cell functions. It is critical to understand the role of sphingolipids in the 
regulation of the balance between proliferation and cell death for developing novel 
therapies for hematological malignant diseases. Programmed cell death is mainly 
classifi ed into four categories: apoptosis, regulated necrosis/necroptosis, pyroptosis 
and autophagic cell death. In this chapter, we summarize the role of ceramide and 
other sphingolipids in programmed cell death, proliferation/survival, differentiation, 
migration and secretion of lymphoid lineage cells to discuss potential applications 
of sphingolipid-based treatment for lymphoproliferative disorders such as acute and 
chronic lymphoid leukemia, malignant lymphoma and multiple myeloma (Fig.  1 ).

  Fig. 1    Role of bioactive sphingolipids such as sphingomyelin (SM), ceramide (Cer) and sphingo-
sine-1-phosphate (S1P) in lymphoproliferative disorders. The balance between SM, Cer and S1P 
plays an important role in the maintenance of homeostasis in cell function. The decrease of SM and 
the increase of Cer in the cells induce cell death whereas the increase of S1P and SM enhances cell 
survival and proliferation. In terms of cell migration and adhesion S1P has a strong chemo-attrac-
tant function, and the decrease of SM in the plasma membrane of lymphoid cells shows higher 
extent of migration than the control cells       
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1.1       Sphingolipids in Lymphoid Cell Functions 

1.1.1     Apoptosis and the Mechanisms by Which Ceramide Induces 
Apoptosis 

 The involvement of ceramide in apoptosis was fi rst reported in 1993. Obeid et al. 
reported that DNA fragmentation, a hallmark of apoptosis, was induced in response 
to N-acetyl sphingosine (C 2 -ceramide) in various cells including the human T cell 
line CEM as well as primary mouse thymocytes [ 2 ]. Thereafter, the role for ceramide 
in apoptosis has been intensively investigated. 

 C2-ceramide induced apoptosis in WEHI 231 murine B-cell lymphoma cells. 
Furthermore, intracellular accumulation of ceramide was detected in WEHI 231 
cells exposed to apoptosis inducers, including irradiation and dexamethazone [ 3 ]. 
Ceramide was shown to accumulate following cross-linking with anti-IgM on 
parental WEHI-231 cells, whereas only a minor increase of ceramide was detected 
in WEHI-231 sublines resistant to anti-IgM-induced apoptosis [ 4 ]. Exposure of 
SKW6.4 B-lymphoblastoid cells to anti-Fas antibody induced apoptosis and a 
 200–300 % elevation in endogenous levels of ceramide. In contrast, similar treat-
ment of Fas-resistant MUTU-BL Burkitt lymphoma cells caused insignifi cant 
changes in ceramide levels. Exposure of the resistant cells to exogenous ceramide 
induced apoptosis. These results provided evidence for ceramide as a necessary and 
suffi cient lipid mediator of Fas-mediated apoptosis [ 5 ]. A subline of WEHI-231 
lymphoma cells defi cient in ceramide production was found to be resistant to 
 radiation-induced apoptosis compared with the parental cells, suggesting that loss 
of ceramide production represented an extranuclear mechanism for the develop-
ment of resistance [ 6 ]. 

 Several downstream effectors and other mechanisms have been implicated in 
ceramide-induced apoptosis and in the following sections we will discuss them in 
detail.  

1.1.2     Rb 

 In Molt-4 cells, growth arrest induced by serum withdrawal was associated with 
dephosphorylation of Rb and elevation of endogenous ceramide. The addition of 
short-chain ceramide resulted in dephosphorylation of Rb and growth arrest, 
 indicating Rb as a downstream target of ceramide [ 7 ].  

1.1.3     Ras and Raf-1 

 Ligation of Fas induced SM consumption and concomitant ceramide production 
in Jurkat T leukemia cells. Exogenous ceramide stimulated the activation of Ras 
and MAP kinases, as did Fas ligation. These results implicated that ceramide 
acted as a second messenger in Fas signaling via Ras [ 8 ]. In murine pre-B 70Z/3 
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cells, TNF- induced activation of Raf-1 kinase was not inhibited by 
 tricyclodecan-9-yl- xanthogenate (D609), an inhibitor of ASMase signaling  pathway, 
implicating the involvement of neutral sphingomyelinase (NSMase) rather than 
ASMase in Raf-1 activation [ 9 ]. However, these conclusions may not be completely 
convincing since the specifi c target of D609 is unknown, as D609 has been shown 
to inhibit phosphatidylcholine- specifi c phospholipase C (PC-PLC), sphingomyelin 
synthase (SMS) as well as acid sphingomyelinase (ASMase) [ 10 ].  

1.1.4     Protein Kinase C 

 In Molt-4 acute T-lymphoblastic leukemia cells, PMA induced Rb phosphorylation, 
and ceramide inhibited this effect. Although ceramide did not directly inhibit PKCα 
in vitro, exposure of Molt-4 cells to ceramide inhibited PKCα activity. Furthermore, 
ceramide inhibited basal and PMA-induced phosphorylation of PKCα, and okadaic 
acid blocked these effects suggesting that ceramide action may be mediated by a pro-
tein phosphatase [ 11 ]. In human T-lymphoblastic leukemia HPB-ALL cells, treatment 
with short-chain ceramide induced translocation of PKC-δ and -ε from the membrane 
to the cytosol within 5 min. Similarly, anti-Fas antibody induced cytosolic transloca-
tion of PKC-δ and -ε in HPB-ALL cells but not in the  Fas- resistant subline [ 12 ].  

1.1.5    Bcl-2 and Bcl-x L  

 WEHI 231 murine B-cell lymphoma cells transfected with Bcl-2 or Bcl-x L  were resis-
tant to C 2 -ceramide-induced apoptosis [ 13 ]. Treatment of Molt-4 cells with exoge-
nous ceramide induced proteolytic cleavage of PARP, which was blocked by caspases 
inhibitors or overexpression of  bcl-2  [ 14 ]. In ALL-697 human pre-B leukemia cells 
and Molt-4 cells, vincristine induced apoptosis in association with a prolonged and 
sustained accumulation of ceramide. Although overexpression of  bcl-2  resulted in 
complete protection of apoptosis in response to vincristine, ceramide formation was 
not affected by  bcl-2  overexpression. On the other hand, ceramide-induced apoptosis 
was prevented by overexpression of  bcl-2 , suggesting that Bcl-2 may act downstream 
of ceramide in vincristine-induced apoptosis. In contrast, Bcl-2 did not interfere with 
the ability of ceramide to activate Rb by dephosphorylation or to induce cell cycle 
arrest. These results suggest that the effect of ceramide on cell cycle arrest can be 
 dissociated from that on Bcl-2-dependent inhibition of apoptosis [ 15 ].  

1.1.6    ROS 

 In WEHI 231 cells, treatment with C 2 -ceramide elevated intracellular peroxide 
 production, which was not prevented by overexpression of  bcl-x   L  . Since 
 C 2 -ceramide- induced apoptosis was blocked by overexpression of  bcl-x   L  , these 
results suggested that Bcl-x L  may function downstream of ROS production [ 13 ]. 
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Short-chain ceramide-induced apoptosis in Jurkat T cells was preceded by a rise in 
mitochondrial peroxide production and loss of cellular glutathione, suggesting the 
involvement of reactive oxygen species in ceramide-induced apoptosis [ 16 ].  

1.1.7    Caspase 

 Treatment of Molt-4 cells with exogenous ceramide induced proteolytic cleavage of 
PARP, suggesting that ceramide induced activation of caspase [ 14 ]. In Jurkat T 
cells, DEVD-CHO, a specifi c inhibitor of caspase-3, blocked anti-Fas-induced 
apoptosis and ceramide accumulation, suggesting the requirement of caspase-3 
 activation for ceramide generation in Fas-induced apoptosis [ 17 ]. In another report, 
C 2 -ceramide induced cleavage and activation of caspase-3 in Jurkat T cells. 
 C 2 -ceramide- induced apoptosis was blocked by a caspase-3-specifi c inhibitor 
DEVD- CHO. Furthermore, Jurkat cells resistant to anti-Fas-induced apoptosis were 
also resistant to C 2 -ceramide. These results suggested that ceramide functioned 
upstream of caspase-3 activation [ 18 ]. In the human acute lymphoblastic T-cell line 
CEM- C7H2, short-chain ceramide-induced apoptosis was prevented by Bcl-2, but 
not by CrmA, suggesting that CrmA-inhibitable proteases such as Interleukin-
1(IL-1) beta converting enzyme and related proteases were involved in ceramide 
generation by TNF-α but not in ceramide-induced apoptosis [ 19 ]. 

 In Jurkat T cells, ceramide formation induced by CD95, etoposide, or irradiation 
was abrogated by Z-VAD-fmk, but only partially inhibited by DEVD-CHO. CD95- 
induced ceramide accumulation was completely blocked in FLIP L -transfectant, 
whereas ceramide production in response to etoposide or irradiation was unaffected 
by FLIP L . CD95, but not etoposide or irradiation, required caspase-8 to signal to 
mitochondrial apoptotic pathway. Although  bcl-2  overexpression abrogated 
ceramide accumulation in response to etoposide or irradiation, it only partially 
inhibited anti-Fas-induced ceramide formation. These results suggested that 
ceramide response to DNA damage fully depended on mitochondrial 
 caspase- dependent pathway, whereas the response to CD95 only partially relied on 
these caspases [ 20 ]. Moreover, in wild-type Jurkat cells and their clones mutated in 
caspase- 8 or FADD, both daunorubicin (DNR) and Ara-C similarly induced early 
ceramide generation (within 5–15 min) and interphasic apoptosis, while cleavage of 
caspase-8 was observed only in DNR-treated cells and after several hours in 
 wild- type or FADD-mutant. These results suggested that caspase-8 activation was 
not a requisite for the interphasic apoptotic pathway mediated by drug-induced 
early generation of ceramide [ 21 ].  

1.1.8    p53 

 Treatment of Molt-4 acute T-lymphoblastic leukemia cells with actinomycin D or 
gamma-irradiation induced p53-dependent apoptosis. Activation of p53 was 
 followed by an increase in endogenous ceramide levels which was not observed in 
cells lacking functional p53. In contrast, serum deprivation accumulated ceramide 
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irrespective of p53 status. Exogenous ceramide induced growth suppression without 
an increase in p53 levels. Furthermore, exogenous ceramide induced dephosphory-
lation of Rb irrespective of p53 status. These results suggest that p53 functions 
upstream of ceramide [ 22 ].  

1.1.9    Lipid Rafts 

 In Jurkat T-cell leukemia cells, ceramide elevation was detected as early as 15–30 s 
after anti-Fas antibody treatment and peaked at 1 min. Capping of Fas was also 
detected 30 s after Fas ligation and peaked at 2 min. Pretreatment with natural 
 N -palmitoyl sphingosine (C16-ceramide) enabled soluble Fas ligand to cap and kill 
without forced cross-linking of FasL. The presence of sphingolipid-enriched mem-
brane domains may be essential for Fas capping since their disruption with cholesterol- 
depleting agents abrogated capping and prevented apoptosis [ 23 ]. Application of 
C16-ceramide at the cell surface triggered clustering of CD95 in JY B lymphocytes. 
Neutralization of surface ceramide by GST-CRDs almost  completely inhibited CD95 
clustering and apoptosis, and CD95 clustering was not observed in B lymphocytes 
from a patient with Niemann–Pick disease. Exogenous ASMase or transfection with 
a plasmid for ASMase expression restored CD95 clustering and apoptosis in ASMase-
defi cient cells. These results suggested that surface ceramide generated by ASMase 
may mediate CD95 clustering and initiation of apoptosis [ 24 ]. CD95 triggered trans-
location of ASMase to the outer surface of the plasma membrane, leading to the 
generation of extracellularly orientated ceramide, which enabled CD95 clustering in 
sphingolipid-rich membrane rafts and induction of apoptosis. ASMase defi ciency, 
destruction of lipid rafts, or neutralization of surface ceramide by anti-ceramide 
 antibody prevented CD95 clustering and apoptosis, whereas natural ceramide restored 
it in ASMase-defi cient cells [ 23 ]. Comparing differences between ASMase-defi cient 
versus wild type B lymphocytes, it was concluded that CD95 ligation induced a fi rst 
circumscribed activation of caspase 8 which in turn was suffi cient to trigger translo-
cation of ASMase onto the outer leafl et of the plasma membrane. The  ASMase-induced 
ceramide accumulation at the plasma membrane then mediated CD95 clustering and 
amplifi ed the CD95  signaling inducing apoptosis [ 25 ]. 

 In comparison between SMS-defective WR19L mouse lymphoid cells and those 
that was functionally restored by transfection with  SMS1 , expression of membrane 
SM enhanced Fas-mediated apoptosis through ceramide generation within lipid 
rafts, translocation of Fas into lipid rafts, increased DISC formation, and caspase 
activation [ 26 ].  

1.1.10    Autophagy 

 Autophagy was fi rst described as a “self-eating” system to protect the cells from 
starvation-induced death by recycling proteins and organelles, such as mitochon-
dria. It is divided into three classes: macroautophagy, chaperon-dependent 
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autophagy and microautophagy [ 27 ]. In macroautophagy, cytosolic components 
including mitochondria are separated by the double-membrane wall and seques-
tered into autophagosomes, which fi nally fuse with lysosomes to digest the  contents. 
In microautophagy, vesicles are transferred into lysosomes with the intact plasma 
membrane. In mammalian cells, the role of macroautophagy (referred to as 
 autophagy) in cancer cells has been investigated vigorously because cancer cells 
showed longer survival in starved conditions. Autophagy plays a role in various 
lymphocytic functions such as T cell activation and homeostasis, generation of T 
cell repertoire and B cell development [ 28 ]. NK cell-mediated autophagy was 
reported to induce autophagy of T cells to promote cancer cell survival [ 29 ], while, 
as a cause of immunodefi ciency, autophagy induced by HIV-1 envelope glycopro-
teins (Env) was reported to cause apoptosis of CD4+ cells [ 30 ]. 

 However, since a large body of literature suggests the role of autophagy in cell 
survival and differentiation of T cells and plasma cells, the role of autophagy in cell 
death of lymphocytes is controversial. We recently reported that ceramide induced 
autophagy in amino acids deprivation through mTOR suppression while S1P inhib-
ited autophagy through the activation of the Akt pathway [ 31 ]. Dysregulation of 
autophagy may be involved in the induction of apoptosis, but the precise mechanism 
by which ceramide is involved in autophagy and how it is induced by a certain stress 
for cell survival or apoptosis remains unclear [ 32 ,  33 ]. Cell death by autophagy 
induced by amino acids deprivation was enhanced in SMS1 and 2 defective-T lym-
phocytes (WR19L/Fas-SM(−)). These cells are characterized by little SM on the 
cell surface as measured by LC-MS/MS and SM-binding lysenin staining, as 
 compared to wild type WR19l/Fas-SM(+) cells and SMS1-overexpressing WR19l/
Fas-SM(−) cells (WR19L/Fas-SMS1) (Fig.  2 ).

   When the levels of sphingolipids were measured by LC-MS/MS after amino 
acids deprivation for 1 h, ceramide content in the cellular compartments, including 
autophagosomes, was signifi cantly increased in WR19L/Fas-SM(−) cells (data not 
shown). These fi ndings may point to a role for ceramide in autophagosomes in 
inducing apoptosis after the merge of the autophagosomes with lysosomes.  

1.1.11    Regulated Necrosis/Necroptosis 

 TNF/zVAD induced caspase-independent cell death in Jurkat T, and this cytotoxic 
effect was signifi cantly blocked by loss of Rip-1, suggesting the role of ceramide in 
necroptosis [ 34 ]. Smac mimetic BV6, which inhibits the function of the inhibitor of 
apoptosis (IAP), enhanced AraC-induced cell death through Rip-1 or the 
 MLKL- dependent necroptosis pathway in drug-resistant AML cells [ 35 ]. U-937 
monocytic leukemia cells showed that TNF, which is a well-known inducer of 
ceramide generation, caused cell death in a caspase-independent manner, suggesting 
the induction of necroptosis by ceramide pathway [ 36 ]. Previously, ceramide was 
reported to increase degradation of XIAP by the proteasome and TNF induced an 
increase of ceramide [ 37 ], strongly suggesting the relationship between ceramide 
and the necroptosis pathway even in lymphoid malignancies. Since the inhibition of 
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necroptosis in CD4+ cells in the double KO mice of caspase8 and RIP-1 showed the 
increase of B220 and CD3 positive cells with a similar phenotype to Fas-defective 
lpr mice, necroptosis may play an important role in lymphoproliferative disorders 
[ 38 ]. In terms of the relationship between necroptosis and sphingolipids in lymphoid 
cells, it was reported that the selective inhibition of the glycolytic pathway in chronic 
lymphoid leukemia (CLL) cells induced caspase-independent necrotic cell death fol-
lowing treatment with nanoliposomal  N -hexanoyl sphingosine (C6-ceramide) [ 39 ]. 
In addition to apoptosis and autophagic cell death, regulated necrosis/necroptosis 
through sphingolipid regulation may become a novel mechanism of cell death that 
could be exploited in apoptosis-resistant lymphoproliferative disorders.  

1.1.12    Migration 

 We recently showed that SMS1-defective T cells and SMS-double KO mouse- 
derived embryonic fi broblasts (MEFs), which contain little SM in the plasma 
 membrane, showed signifi cant increase of migration following the CXCL12 
 concentration gradient [ 40 ]. A similar increase of migration to fetal bovine serum 
was detected in T lymphoid WR19L/Fas-SM(−) cells (Fig.  3 ).

   Since CXCR4, a CXCL12 receptor, was dimerized and concentrated in microdo-
main of plasma membrane in WR19l/Fas-SM(−) cells as compared to WR19L/
Fas-SM(+) cells, the regulation of SM in the microdomain by SMS is critical to 
migration induced by chemokine such as CXCL12 [ 41 ] (Fig.  4 ).
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  Fig. 2    SMS1 expression rescued WR19L/Fas-SM(−) cells from autophagic cell death. ( a ,  b ) Cell 
sensitivity to amino acid deprivation (AA(−)) on WR19L/Fas-SM(+) and WR19L/Fas-SM(−) cells 
( a ) and WR19L/Fas-SMS1, WR19L/Fas-hSMS2 cells ( b ). Cells were incubated for amino acid 
free RPMI1640 supplemented with 5 μg/mL linsulin and 5 μg/mL transferrin for indicated time. 
Cell viability was quantifi ed by MTS assay. Values reported are the mean ± SD of three indepen-
dent experiments       
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  Fig. 3    SMS defi ciency promotes FBS-induced cell migration. WR cells migration was measured 
by transwell migration assay. DMEM containing 10 % FBS was added to lower chamber of the 
vessel used to measure cell migration. Cells were added to upper chamber and incubated for 6 h at 
34 °C. The migrant cells moved to the far side of the upper chamber were stained with DAPI, and 
counted. The number of cells migrating in response to the agonist relative to the basal level of cell, 
divided by that of SM(+)and FBS(−) cells and represented as migration index. Values are 
mean ± SD ( n  = 3). **,  P  < 0.01       

     Fig. 4    The regulation of cell migration through CXCL12/CXCR4 axis by SMS-generated SM. 

Generally, CXCL12 binds to its receptor CXCR4 on non-raft region of plasma membrane, and then 

move to lipid rafts and form the dimer to induce migration through ERK phosphorylation and 

protrusion formation. SMS-generated SM controls migration via regulation of CXCL12/CXCR4 

transfer to lipid raft and dimerization       
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   In macrophages and monocytes, C1P induced migration through the release of 
the monocyte chemoattractant protein-1 (MCP-1), although this was not the case for 
migration of lymphocytes [ 42 ]. 

 S1P has been studied as a strong inducer of T and B cell egress from lymph 
nodes and bone marrow under normal physiological conditions [ 43 ]. S1P binds to 
S1P receptors (S1P 1 –S1P 5 ) transducing its signal via small G proteins. In terms of 
cell traffi cking by S1P, S1P 1  showed a chemotactic action while S1P 2  showed a 
negative effect on chemotaxis [ 44 ]. In fact, overexpression of S1P 2  induced B cell 
confi nement in germinal center niche, suggesting the inhibition of egress of B cells 
from germinal center of lymph nodes by S1P 2  [ 45 ]. NK cells express S1P 5 , and S1P 5  
defi cient mice showed abnormality in NK cell distribution, suggesting each 
 lymphocyte utilizes different traffi cking systems involving specifi c S1P receptors 
[ 46 ]. It is still unclear whether the regulation of migration, attachment and egress by 
S1P plays a role in the proliferation and infi ltration of lymphoid malignant cells.  

1.1.13    Differentiation 

 Recently, the differentiation of mouse ES cells was guided towards neuronal and 
glial lineage by the balance of ceramide and S1P [ 47 ]. In the lymphoid cells, the 
combination of short-chain ceramide, including C6- and  N -octanoyl sphingosine 
(C8-ceramide), with TGF-β induced a long-term expression of FoxP3 in regulatory 
T cells (Treg) as compared to TGF-β alone. Surprisingly, other ceramides, such as 
C2-, C16- and C24-ceramide did not show the same effect [ 48 ]. These results 
 suggested the role of ceramide in physiological differentiation of lymphoid cells.  

1.1.14    Proliferation 

 In human T-lymphocytes and Jurkat cells, an inverse relationship between the 
 cellular levels of ceramide and the proliferative capacity was observed by treatment 
with either IL-2 or phorbol ester plus ionomycin. Moreover, treatment with exoge-
nous cell-permeable ceramide decreased DNA synthesis. These results suggested 
the role of ceramide in the regulation of T cell proliferation [ 49 ]. In the  IL-2- dependent 
mouse T cell line CTLL-2, addition of short-chain ceramide blocked IL-2-induced 
cell cycle entry, as well as apoptosis triggered by IL-2 deprivation. The protective 
effect of short-chain ceramide towards apoptosis was achieved only at the early 
stage of IL-2 deprivation [ 50 ]. We showed that SM in the microdomain of the 
plasma membrane played a critical role in Transferrin (Tf)-induced T cell prolifera-
tion in a clathrin-dependent manner as SMS-defective T cells proliferated much 
slower than wild type. This was because of the deterioration of Tf traffi cking into 
the recycle pathway [ 51 ]. 

 Thus, it is suggested that SM, which was previously mainly considered solely as 
a source for ceramide production, it now begins to be considered as a regulator of 
cell function through the modulation of the integrity of microdomains.  
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1.1.15    Secretion 

 In splenocytes of ASMase defi cient mice, stimulation with a combination of  anti- CD3 
and anti-CD28 antibodies induced IL-2 expression. However, secretion of IL-2 was 
signifi cantly reduced and the intracellular IL-2 levels were elevated. Proliferation of 
ASMase-defi cient splenocytes stimulated with anti-CD3/anti-CD28 was reduced by 
50 % in comparison to cells with intact ASMase. These results  suggested that 
ceramide generated by ASMase was not involved in CD28 signal transduction per se 
but rather in the secretion of cytokines [ 52 ]. Moreover CD8 +  T cells from ASMase-
defi cient mice were defective in exocytosis of cytolytic effector molecules and 
showed attenuated cytotoxic activity, and a delayed elimination of lymphocytic cho-
riomeningitis virus was observed in ASMase-KO mice. Secretory granules under-
went shrinkage after fusion with the plasma membrane in wild-type CD8 +  T cells, 
whereas the contraction of secretory granules was markedly impaired in ASMase-KO 
CD8 +  T cells. It was postulated that an increase in the tension of the lipid bilayer of 
the vesicle following cleavage of SM by ASMase would add  contractile force facili-
tating the extrusion of the contents from cytotoxic granules [ 53 ]. 

 S1P generated by sphingosine kinase 1 (SphK1) increased IL12p70 through 
S1P 1  in splenocytes [ 54 ]. On the other hand, S1P was reported to decrease the 
 secretion of IL-12 and -23 and to increase that of IL-27 through S1P 1  in LPS-
stimulated dendritic cells, suggesting the importance of further investigation of the 
involvement of S1P/S1P receptors in cytokine secretion [ 55 ].   

1.2     Mechanisms of Ceramide Generation 

1.2.1    Acid Sphingomyelinase (ASMase) 

 TNF treatment of Jurkat cells resulted in rapid hydrolysis of SM with a concomitant 
production of ceramide [ 56 ]. Exogenous addition of SMase or ceramide mediated 
NF-κB activation in permeabilized Jurkat cells. D609 pretreatment of Jurkat cells 
resulted in a dose-dependent inhibition of TNF-induced NF-κB activation. DAGs 
stimulated SM hydrolysis at pH 5.0 in a cell-free system. These results suggested 
that TNF-responsive PC-PLC activated ASMase via DAG, resulting in ceramide 
generation, which triggered NF-κB activation. In murine 70Z/3 pre-B cells, TNF 
treatment of a clone overexpressing wild-type TNF-R55 simultaneously elicited 
NSMase and ASMase activity, whereas TNF-R55 mutants truncated in the 
C-terminus were defective in ASMase activation but retained NSMase activation. 
These results suggested that both NSMase and ASMase were independently acti-
vated by distinct cytoplasmic domains of TNF-R55 [ 57 ]. In human T cell lym-
phoma HuT78 cells, CD95 cross-linking resulted in SM hydrolysis and ceramide 
generation by the action of both NSMase and ASMase. On the other hand, CD95 
cross-linking failed to activate ASMase in HuT78 mutants expressing death domain- 
defective CD95, while NSMase, ERK-2 and PLA2 activities were induced. These 
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results suggested that ASMase-mediated pathway contributed to CD95-induced 
apoptotic signal [ 58 ]. Inhibition of caspases by Ac-YVAD-cmk or transient CrmA 
transfection prevented stimulation of ASMase, release of ceramide and activation of 
JNK and p38 MAPK upon Fas-receptor crosslinking [ 59 ]. 

 Lymphoblasts from Niemann–Pick patients, which have an inherited defi ciency 
of ASMase activity, failed to accumulate ceramide generation and induce apoptosis 
in response to ionizing radiations. These abnormalities were reversible upon 
 restoration of ASMase activity by overexpression of human ASMase cDNA. ASMase 
knockout mice expressed defects in radiation-induced ceramide generation and 
apoptosis in vivo. These results directly addressed the role of ceramide generation 
via ASMase in radiation-induced apoptosis [ 60 ]. Intravenous injection of anti-CD4 
antibodies induced apoptosis of peripheral blood lymphocytes from normal mice 
via CD95/CD95 ligand, whereas ASMase knock-out mice failed to immunodeplete 
T cells. Furthermore, ASMase-defi cient mice or lymphocytes ex vivo manifested 
resistance to anti-CD95 treatment. However, if a strong stimulus was applied, 
ASMase was dispensable for CD95-induced apoptosis [ 61 ]. In another report, 
ASMase −/−  mice were completely resistant to the lethal effect of intravenous injec-
tion of low dose anti-Fas antibody, whereas both ASMase +/+  and ASMase −/−  mice 
were similarly susceptible to high dose anti-Fas. These results indicated a role for 
ASMase in some but not all forms of Fas-induced apoptosis [ 62 ]. The CD28 
costimulatory signaling triggered the activation of ASMase (but not NSMase) 
resulting in the generation of ceramide in resting as well as in activated primary T 
cells or Jurkat cells. In contrast, ligation of CD3 or CD2 did not induce ASMase 
activation [ 63 ].  

1.2.2    Neutral Sphingomyelinase (NSMase) 

 Exogenously applied bacterial NSMase in Molt-4 cells was unable to induce 
 apoptosis, whereas transfection and induction of bacterial NSMase gene induced 
PARP cleavage and cell death, supporting the existence of a signal transducing pool 
of SM distinct from the pool accessible to exogenous SMase [ 64 ]. Treatment of 
Molt-4 cells with BSO, an inhibitor of GSH synthesis, resulted in a time-dependent 
depletion of GSH, accompanied by increased SM hydrolysis and ceramide genera-
tion, consistent with the notion that GSH inhibited NSMase [ 65 ]. In apoptosis 
induced by TCR cross-linking in the T cell hybridoma 3DO, NSMase activation and 
production of ceramide were elicited. Pharmacological inhibition of ceramide 
 production by fumonisin B1 impaired TCR-induced IL-2 production and apoptosis. 
Moreover, specifi c inactivation of NSMase by antisense cDNA reduced IL-2 
 production and ERK activation after TCR cross-linking in Jurkat cells [ 66 ]. 
Treatment of WEHI- 231 murine B-cell lymphoma cells with  N -oleoylethanolamine 
(OE) activated NSMase, induced ceramide production, and apoptosis. OE-resistant 
cells were also resistant to ionizing radiation-induced apoptosis [ 67 ]. 

 Although Jurkat cells overexpressing NSMase1 showed dramatically elevated 
NSMase activity, steady-state levels of SM and ceramide were not altered. 
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Moreover, Fas-induced ceramide response and apoptosis in NSMase1-transfectant 
was  identical to vector-transfectant, suggesting that NSMase1 was not involved in 
CD95- induced ceramide generation and apoptosis [ 68 ]. Accordingly, it was 
 demonstrated that NSMase1 does not act as a NSMase in cells but it is rather a lyso-
platelet activating factor-phospholipase C [ 69 ].  

1.2.3    De Novo Ceramide Synthesis 

 The anticancer drug DNR stimulated ceramide elevation and apoptosis in P388 
murine lymphocytic leukemia cells. DNR-induced ceramide elevation did not 
result from SM hydrolysis, but rather from activation of ceramide synthase, since 
 fumonisin B1, a ceramide synthase inhibitor, blocked DNR-induced ceramide 
 elevation and apoptosis [ 70 ]. In Molt-4 cells, accumulation of ceramide mass by 
the chemotherapeutic agent etoposide was found to occur primarily due to activa-
tion of the de novo pathway through activation of serine palmitoyltransferase. 
Ceramide generated from de novo synthesis was not involved in caspase-induced 
PARP cleavage but rather played a role in disrupting membrane integrity [ 71 ]. 
Treatment with either anti-Fas IgM (CH-11) or exogenous ceramide induced the 
dephosphorylation of SR (serine/arginine-rich) proteins in Jurkat acute leukemia 
T-cells. Caliculin A, an inhibitor of both PP1 and PP2A, but not okadaic acid, a 
PP2A-specifi c inhibitor, inhibited dephosphorylation of SR proteins, indicating 
that PP1 was responsible for it. Pretreatment with myriocin or fumonisin B1 
blocked Fas-induced SR protein dephosphorylation. These results suggested that 
ceramide generated from de novo synthesis activated PP1, leading to the dephos-
phorylation of SR proteins in Fas- induced apoptosis [ 72 ]. An increase in ceramide 
mass was also observed in response to heat-shock in Molt-4 acute leukemic lym-
phocytes. The de novo sphingolipid biosynthesis  pathway was rapidly induced 
upon heat-shock and it also induced dephosphorylation of SR proteins. Similarly to 
Fas treatment, heat-shock-induced dephosphorylation of SR proteins was  dependent 
upon de novo-generated ceramide [ 73 ]. 

 In Ramos B-cells, induction of apoptosis by B-cell receptor cross-linking was 
associated with an early rise of C16-ceramide derived from the de novo ceramide 
synthesis. Fumonisin B1 but not Z-VAD-fmk inhibited BcR-induced loss of mito-
chondrial transmembrane potential, implicating de novo-generated C 16 -ceramide in 
mitochondrial damage upstream of caspase activation [ 74 ]. Furthermore, in BcR- 
induced apoptosis, an early increase in long-chain (predominantly C16-) ceramide 
was caspase-independent, whereas very long-chain (mainly C24) ceramide was 
generated later in a caspase-dependent manner. BcR-induced formation of 
 long- chain ceramide species resulted in proteasomal activation, leading to degrada-
tion of XIAP and subsequent activation of effector caspases. These results demon-
strated that de novo-generated long-chain ceramide species were involved in the 
activation of effector caspases and subsequent formation of very long-chain 
ceramide species [ 37 ].  
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1.2.4    Sphingomyelin Synthase (SMS) 

 WR19L/Fas-SM(−) mouse lymphoid cells showed a defect of SM at the plasma 
membrane due to the lack of SM synthase activity. WR19L/Fas-SM(−) cells 
expressing SMS1 restored the accumulation of SM at the plasma membrane. The 
growth of WR19L/Fas-SM(−) cells was severely inhibited under transferrin and 
insulin-containing, serum-free conditions, whereas WR19L/Fas-SMS1 cells 
restored growth [ 75 ]. In Jurkat T cells overexpressing SMS1, the increase of 
 ceramides following photodynamic therapy (PDT) was lower than in 
 vector-transfected cells. PDT-induced DEVDase activation was substantially 
reduced in SMS- overexpressors. Furthermore, in SMS1 siRNA-transfected cells the 
increase of ceramides was higher than in control siRNA-transfectants after PDT, 
and PDT- induced DEVDase activation was enhanced in SMS1 siRNA-transfec-
tants. These results suggested that SMS1 played a pivotal role in ceramide response 
and apoptosis induced by photodamage [ 76 ,  77 ]. 

 In Jurkat cells, Fas ligand treatment inhibited SMS activity before nuclear 
 fragmentation. SMS1 was cleaved by active caspase-8, and the subsequently 
 accumulated ceramide enhanced apoptotic cell death. Conversely, overexpression 
of SMS1 protected cells from FasL-induced ceramide generation and cell death 
[ 78 ]. Fas ligand was also shown to regulate caspase-9 dependent apoptosis through 
modulation of ceramide via SMS1, because Fas-induced apoptosis was enhanced by 
knock down of SMS1 [ 79 ].  

1.2.5    Glucosylceramide Synthase (GCS) 

 In Jurkat cells overexpressing GCS, ceramide induced by CD95 cross-linking, 
 etoposide, or irradiation was not glycosylated. In contrast, de novo synthesized 
ceramide as well as exogenous short-chain ceramide were effi ciently glycosylated. 
These results suggested that GCS may convert de novo synthesized but not 
SM-derived ceramide [ 80 ]. 

 IL-2 rescued KHYG-1 human NK cell line from apoptosis along with a  reduction 
of ceramide accumulation. Conversely, IL-2 deprivation induced an increase in 
ceramide due to activation of ASMase and inhibition of GCS and SMS. LY294002, 
a PI-3 kinase inhibitor, inhibited IL-2-rescued survival concomitantly with the 
increase in ceramide due to activation of ASMase and inhibition of GCS and 
SMS. These results suggested the involvement of PI-3 kinase in the regulation of 
ceramide [ 81 ]. 

 GalCer-enriched lymphoblasts from patients with Krabbe’s disease were 
 signifi cantly more resistant to DNR- and cytosine arabinoside-induced apoptosis 
than normal lymphoblasts, whereas GluCer-enriched cells from patients with 
Gaucher’s disease were more sensitive, suggesting that GalCer may be a “protector” 
of apoptosis [ 82 ].   
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1.3     Sphingolipids Other than Ceramide in Lymphoid Cell 
Functions 

1.3.1    Sphingosine (Sph) 

 Besides its inhibitory effect on PKC [ 83 ], several other roles for Sph have been 
reported. Sph was found to cause prominent phosphorylation of a number of 
 cytosolic proteins in Jurkat T cells. It was suggested that Sph activated more than 
one protein kinase. Activation of kinases showed a very specifi c requirement for 
 D -erythro-sphingoid bases. Furthermore, other related molecules including 
C2-ceramide and SM were not active [ 84 ]. Sph potently induced early dephosphor-
ylation of the retinoblastoma gene product (Rb), hypophosphorylated forms of 
which were observed in the G 0 /G 1  phase of the cell cycle. Induction of Rb dephos-
phorylation by Sph preceded inhibition of growth and a specifi c arrest in the G 0 /G 1  
phase of the cell cycle [ 85 ]. Cotreatment of Molt-4 cells with Sph and fumonisin B1 
demonstrated that the growth inhibitory effects of Sph were potentiated by  fumonisin 
B1. Fumonisin B1 also potentiated Sph-induced dephosphorylation of Rb protein. 
These results suggested that Sph itself (without conversion into ceramide) induced 
dephosphorylation of Rb and growth arrest [ 86 ]. Sph potently inhibited growth of 
Molt-4 lymphoblastic leukemia cells through the activation of Rb through its 
dephosphorylation, the loss of the interaction of E2F and its specifi c DNA sequence 
element, and subsequent c-myc down-regulation. These results suggested that 
 activation of Rb by Sph induced sequestration of E2F with the resultant loss of its 
DNA-binding and gene-transcribing abilities [ 87 ]. 

 ISP-1 (or myriocin), an inhibitor of serine palmitoyltransferase, induced apopto-
sis in an IL-2-dependent cytotoxic T cell line, CTLL-2. The addition of a low dose 
of Sph inhibited ISP-1-induced apoptosis, while a high dose of Sph itself induced 
apoptosis in CTLL-2 cells, suggesting dual roles of Sph in pro- and anti-apoptotic 
signaling [ 88 ].  

1.3.2    Sphingosine 1-Phosphate (S1P) 

 The role for S1P in cell proliferation and survival has been also proposed. In Jurkat 
cells, cotreatment with S1P attenuated apoptosis induced by agonistic anti-Fas 
 antibody [ 89 ], and Fas ligation or exogenous short-chain ceramide induced caspase 
activation followed by PARP cleavage, which was suppressed by S1P [ 90 ]. In Jurkat 
T cells, overexpression of SK1 suppressed serum deprivation and ceramide-induced 
apoptosis, and, to a lesser extent, Fas-induced apoptosis [ 91 ]. S1P prevented 
 apoptosis by inhibiting the translocation of cytochrome c and Smac/DIABLO from 
mitochondria to the cytosol induced by anti-Fas, TNF, serum deprivation, and short-
chain ceramide [ 92 ]. 

 DNA damaging agents including actinomycin D, doxorubicin, etoposide, and 
γ-irradiation caused a reduction in the protein levels of SK1 with a concomitant 

Role of Sphingolipids in Hematological Malignancies: Lymphoproliferative Disorders



38

decrease in SK1 activity in Molt-4 cells. Z-VAD-fmk and CA-074-Me inhibited this 
down-regulation of SK1, implicating the involvement of cysteine proteases. When 
p53 up-regulation was inhibited, SK1 down-regulation was rescued, indicating p53 
dependence of SK1 modulation. Exogenous S1P partially attenuated Act D-induced 
cell death. These results suggested the signifi cance of SK1 and S1P in maintaining 
cell growth [ 93 ].  

1.3.3    Sphingomyelin (SM) 

 While ceramide is well known as a lipid mediator for many cell functions, 
 sphingomyelin (SM) has been mainly regarded as a lipid with structural functions 
for the membranes. However, recently the roles of SM in cell proliferation and 
migration were reported. In fact SM regulates the organization of microdomains in 
the plasma membrane, which act as platforms for the membrane receptors [ 41 ]. 
Recently SM production in membrane microdomains was reported to play a role in 
the resistance to Fas ligand-induced cell death by regulating Fas expression on the 
plasma membrane [ 94 ]. It is proposed that SMS1 engages in the regulation of SM 
in the plasma membrane after its production in the Golgi apparatus while SMS2 in 
the plasma membrane may intervene in SM depletion when it is not recovered by 
the compensation of SMS1 [ 41 ]. Dysfunction of membrane microdomains caused 
by defi ciency of SM in SMS1-KO conditions impaired the secretion of cytokines 
such as IL-2, IL-6 and IFN-gamma, resulting in the dysfunction of CD4+ lympho-
cytes in vivo and in vitro [ 95 ]. SM defi ciency in the clathrin-dependent pathway due 
to loss of SMS1 also caused the inhibition of T cell proliferation by impairing the 
recycle of transferrin/transferrin receptor in the vesicular traffi cking (Fig.  5 ) [ 51 ]. 
SM regulated by both SMS1 and 2 has been shown to be an important lipid to keep 
the integrity and homeostasis of membrane microdomains, which affects the 
 function of pro- and anti-apoptotic signaling through trans-membrane receptors in 
hematological malignancies [ 96 ].

1.3.4       GD3/GM3 

 Cross-linking of CD95 in human cutaneous T cell lymphoma HuT78 cells triggered 
transient accumulation of GD3, which was dependent on the death domain of CD95 
protein and caspase activation. GD3 disrupted mitochondrial transmembrane 
 potential and induced apoptosis in a caspase-independent manner. Transient overex-
pression of GD3 synthase directly induced apoptosis, while either pharmacological 
inhibition of GD3 synthesis by PDMP or exposure to GD3 synthase antisense 
 oligodeoxynucleotides prevented CD95-induced apoptosis [ 97 ]. Furthermore, NPD 
lymphoblasts failed to accumulate GD3 and displayed substantially ineffi cient 
apoptosis after CD95 cross-linking. Apoptosis could be effi ciently triggered by 
either exogenous short-chain ceramide or mannose-receptor-mediated transfer of 
ASMase into NPD lymphoblasts [ 98 ]. 
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 The  N -glycosylated variant of GM3 ganglioside (NGcGM3) induced 
 anti- infl ammatory cytokines such as IL-4 and IL-10 in CD4+CD25− cells, resulting 
in tumor growth. Reduction of NGcGM3 in myeloma cells showed the deterioration 
of in vivo tumor growth [ 99 ]. Gangliosides seem to play a role in hematological 
malignancies by affecting not only the immune surveillance system against the 
tumor progression but also proliferation of tumor cells.   

1.4     Clinical Aspects of Sphingolipids 

1.4.1    Leukemia [Acute Lymphoid Leukemia (ALL) and Chronic 
Lymphoid Leukemia (CLL)] 

 The levels of ceramide were lower in chemo-resistant leukemia (including both 
myeloid and lymphoid) patients than in chemo-sensitive patients, and the activities 
of GCS and SMS were higher in chemo-resistant leukemia cells than in chemo- 
sensitive cells. The results suggested that the mechanism by which ceramide is 
metabolized to SM and GC to reduce the apoptotic effects is enhanced for survival 
of leukemia cells [ 100 ]. In another report, mutations in NSMase gene  SMPD3  were 
found in 5 % of acute myeloid leukemias and 6 % of acute lymphoid leukemias but 
not in other tumor types, suggesting the existence in a small fraction of these 
 leukemias of a block of ceramide generation [ 101 ]. In addition to the involvement 
of SMS, GCS and NSMase, an increase of de novo synthesis of ceramide was 
reported in Arsenic trioxide (ATO)-treated adult T cell leukemia (ATL) cells [ 102 ]. 

  Fig. 5    The traffi cking pathway of internalized Tf/TfR in SM-rich or SM-defi cient conditions. In 
SM-rich condition, Tf/TfR goes to recycling endosome through early/sorting endosome and 
returns to plasma membrane. On the other hand, Tf/TfR proceeds to lysosome via early/sorting 
endosome and degradation pathway in SM-defi cient condition induced by SMS1 defi ciency       
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 In Jurkat T leukemia cells, gamma-ray exposure induced progressive 
 accumulation of ceramide with time by activation of different ceramide metaboliz-
ing pathways while, in Molt-4T acute leukemia cells, 7.5 Gy X-ray irradiation did 
not induce ceramide generation even though apoptosis occurred [ 103 ,  104 ]. 
However, in general, an increase of ceramide levels after irradiation correlated to 
the radiation- induced cell death in many cell types including prostate, pancreatic, 
colorectal, and breast [ 105 ]. 

 In B CLL cells, WSU and JVM-2 anti-cancer agent fl udarabine induced the 
 activation of caspases and the increase of ceramide through ceramide synthase, as 
fumonisin B1 inhibited ceramide generation [ 106 ]. The SM surface content in B 
lymphocytes from 36 patients with CLL and 13 patients with non-Hodgkin’s lym-
phoma was lower in CD-20 antibody-resistant group as compared to the sensitive 
group, suggesting the involvement of SM in the plasma membrane in the diversity 
of B cell immunotherapy-sensitivity through the regulation of CD-20 function in 
microdomain [ 107 ]. C6-ceramide nanoliposomes induced a decrease of GAPDH 
expression and protein in CLL cell line in an caspase-independent manner, suggest-
ing that ceramide may be involved in necrosis by targeting the Warburg effect. In 
fact, C6-ceramide liposomes were effective to inhibit tumor growth of CLL cells 
through energy depletion by the suppression of glycolysis in a mouse xenograft 
model [ 39 ]. Expression of S1P receptors such as S1P 1  and S1P 2  were reduced in 
CLL B cells. It was suggested that S1P 1  expression was controlled by p66Shc 
through its pro-oxidant activity [ 108 ]. 

 In leukemia cells isolated from a mouse model of p185 BCR/ABL-expressing 
acute lymphoid Leukemia (ALL), loss of SK2 reduced MYC expression and hin-
dered their proliferation. A xenograft model of human ALL cells in NOD/SCIDγc −/−  
mice showed prolonged survival upon treatment with an SK2 inhibitor, suggesting 
a role for S1P inhibition or ceramide increase in the suppression of human ALL 
progression [ 109 ]. Treatment of primary ALL leukemia cells with withanolide D, a 
pure herbal compound isolated from  Withania somnifera , induced an increase of 
ceramide through activation of NSMase2 and it induced apoptosis through the 
 activation of JNK and p38MAPK [ 110 ]. 

 FTY720 is a synthetic analogue of ISP-1 and an agonist of S1P receptors; its 
phosphorylation by SK2 results in the inhibition of the immune system through 
the modulation of T cell trafficking. In primary B cells from CLL patients, 
FTY720 induced caspase-independent cell death probably through the  activation 
of PP2A [ 111 ,  112 ]. In human ALL xenografts in NOD/SCIDγc(−/−) mice, 
FTY720 was effective towards Ph(+) ALL but not Ph(−) ALL, suggesting 
 activation of PP2A by FTY720 to induce cell death [ 113 ]. In the syngeneic 
Fischer rat model of NK-cell leukemia, FTY720 increased caspase-dependent 
apoptosis with an increase of Sph and a decrease of Mcl-1 due to cathepsin 
B-induced degradation [ 114 ]. FTY720 also induced cell death in Jurkat T cells 
and multiple myeloma cells by inhibiting proproliferative signaling, such as 
Akt and NF-κB, but the mechanism by which FTY720 induces cell death is 
unclear in terms of the involvement of S1P receptors and S1P-induced survival 
signal [ 115 ,  116 ]. 
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 When the gene expression signature of peripheral blood mononuclear cells was 
investigated in 30 LGL leukemia patients, acid ceramidase was overexpressed and 
S1P 5  was increased, suggesting that alteration of the balance between ceramide and 
S1P signal is a possible strategy for the treatment of LGL leukemia [ 117 ]. 
Nanoliposomal C6-ceramide induced caspase-dependent apoptosis through the 
suppression of survival in NK-LGL leukemia cells. Similar effects by C 6 -ceramide 
were observed in Fischer F344 rat xenograft model of aggressive NK-LGL  leukemia 
[ 118 ]. Co-administration of C6-ceramide nanoliposomes and an inhibitor of GCS, 
PPMP elicited an increase in endogenous long-chain ceramide species, which led to 
cellular apoptosis in a synergistic manner via the mitochondrial intrinsic cell death 
pathway in leukemic NK cells [ 119 ].  

1.4.2    Malignant Lymphoma 

 The treatment of malignant B cell lymphoma has been improved after the develop-
ment of the anti-CD20 antibody, rituximab. Treatment of Daudi and RLB-lymphoma 
cells with rituximab induced a rapid and transient increase in ASMase activity and 
concomitant ceramide generation in raft microdomains, resulting in accumulation 
in G1 phase and growth inhibition (but no apoptosis) [ 120 ]. It was recently reported 
that responsiveness of rituximab is dependent on the microdomain structure 
 regulated by sphingolipids, such as GM1. Marginal zone lymphoma showed much 
higher levels of GM1 than CLL and effectiveness of rituximab seemed to correlate 
with the level of GM1 in microdomains [ 121 ]. The relationship between cell death 
induced by rituximab with sphingolipids is still ambiguous, and the cytotoxic mech-
anism of rituximab remains to be clarifi ed. 

 In clinical tissue samples from patients with non-Hodgkin lymphomas, SK1 was 
overexpressed and increased with progressing clinical grade [ 122 ]. In mantle cell 
lymphoma, cannabinoid induced cell death with the generation of ceramide through 
de novo ceramide synthesis with involvement of ceramide synthase 3 and 6 
[ 123 ,  124 ]. Like leukemia cells, irradiation caused cell death of Burkitt’s lymphoma 
cells with an increase of ceramide, and abrogation of ceramide generation with 
12- O -tetradecanoylphorbol 13-acetate (TPA) treatment conferred resistance to 
radiation- induced apoptosis [ 125 ]. Malignant cells from primary effusion lym-
phoma (PEL), which is a very deadly tumor, etiologically linked to the Kaposi’s 
sarcoma-associated herpes virus (KSHV), were treated with the SK2 inhibitor 
ABC294640, and they subsided to cell death with accumulation of ceramide and 
decrease of S1P. Furthermore, its effectiveness in inhibiting tumor growth was 
 evident in a PEL xenograft mouse (NOD/SCID) model [ 126 ]. 

 Hodgkin lymphoma (HL) cells showed the expression of S1P 1  in cell lines as 
well as patient samples. Immunohistochemical assessment of the tissues from 
 classical Hodgkin lymphoma patients revealed that a subset of cases (12 %) showed 
strong, membranous staining for S1P 1  in Hodgkin-Reed-Sternberg cells. Antagonist 
of S1P 1  inhibited S1P-induced migration of HL cells, suggesting S1P 1  as a novel 
target for HL treatment [ 127 ]. 
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 The usefulness of S1P 1  expression for the diagnosis of lymphoma was also 
 investigated. Strong expression of S1P 1  was observed in all classical mantle cell 
lymphoma cases, but in no cases of follicular lymphoma, marginal zone 
 lymphoma, B lymphoblastic leukemia/lymphoma, or Burkitt’s lymphoma. Also 
small fractions of chronic lymphocytic leukemia (CLL) in bone marrow, 
 lymphoplasmacytic lymphomas in the lymph node, and diffuse large B-cell 
lymphomas exhibited positive staining. In the case of mantle cell lymphoma 
expressing low level of cyclin D1, the examination for S1P 1  may be valuable for 
the assistance of precise diagnosis [ 128 ]. Interestingly, S1P 2 -KO mice  developed 
germinal center (GC)-derived diffuse large B-cell lymphoma (DLBCL) by 
1.5–2 years and in humans, 28 of 106 (26 %) DLBCL samples showed to harbor 
multiple somatic mutations in the 5′ sequences of the S1P 2  gene. These results 
strongly suggest the importance of S1P 2  to protect the patients from DLBCL 
progression [ 129 ]. 

 In murine Gaucher’s disease, sporadic fatal B cell lymphomas developed in 11 of 
21 mice (6–24 months) but only two of eight control animals developed tumors by 
age 24 months. Unexpectedly, most mice with overt lymphoma had no or few 
Gaucher cells, but local infl ammatory macrophages were present. Eleven of 39 of 
Gaucher mice developed monoclonal gammopathy, but in the control group only 1 
animal of 25 had clonal immunoglobulin abnormalities. Although the positive 
 relation of Gaucher disease with progression of lymphoma is well known, the impli-
cations of sphingolipids such as ceramide and glycolipids in B cell malignancies 
remains to be elucidated in the future [ 130 ].  

1.4.3    Multiple Myeloma 

 There are limited data to show a relationship between sphingolipids and multiple 
myeloma (MM), so far. Treatment of MM cells with prokinetucin1 caused a  
time- and dose-dependent phosphorylation of MAPK, AKT and STAT3 and 
induced cell survival with up-regulation of SK1 expression and cellular activity 
[ 131 ]. In addition, it was shown in vitro and in vivo that S1P up-regulated myeloma 
cell adhesion mediated by α4β1 and transendothelial migration stimulated by 
CXCL12, suggesting that the cooperation of S1P and CXCL12 plays a role in MM 
cell  progression [ 132 ]. IL-6 increased SK, and IL-6 or overexpression of SK 
induced Mcl-1. Treatment with S1P inhibited dexamethasone-induced MM cell 
death by up- regulating Mcl-1. MM cells express SIP 1 , S1P 2  and S1P 3 , but it 
remains unclear which S1P receptor is most involved in Mcl-1-induced anti-apop-
totic effect in MM cells [ 133 ,  134 ]. FTY720 induced potent cytotoxicity against 
drug-sensitive and drug-resistant multiple myeloma cell lines as well as freshly 
isolated tumor cells from multiple myeloma patients, who do not respond to 
 conventional agents. FTY720 may overcome drug resistance in multiple myeloma 
cells and provide the rationale for its clinical evaluation to improve patient 
 outcome in multiple myeloma [ 116 ].    
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2     Concluding Remarks 

 Firstly, it was reported that Sph inhibited PKC [ 83 ] and subsequently ceramide was 
shown to play a role in cell differentiation and programmed cell death of hematopoi-
etic cells [ 1 ,  2 ]. Since then sphingolipids have been described as bioactive lipids able 
to regulate a diversity of cell functions including cell death, proliferation, differentia-
tion, migration, senescence and secretion. Based on the great research progress it is 
well accepted now that ceramide acts as a lipid mediator, and SM works as a platform 
for trans-membrane signals not only in in vitro systems but also in in vivo models. In 
this manuscript the recent progress of the role of sphingolipids such as ceramide, 
S1P, Sph and SM and their metabolizing enzymes was summarized in terms of the 
functions of normal and malignant lymphoid cells. We provided key piece of  evidence 
to understand the involvement of sphingolipids in the etiology of lymphoprolifera-
tive disorders such as lymphoid leukemia, malignant lymphoma and multiple 
myeloma and the mechanism by which sphingolipids mainly regulate cell death and 
proliferation. It must be acknowledged that our present knowledge seems to be far 
from the research goal to develop novel medication for lymphoproliferative disorders 
through the regulation of active sphingolipids. The following research challenges 
should be resolved in the future: (1) whether ceramides carrying different fatty acids 
exert different and specifi c actions in diverse cell functions, (2) which cell 
 compartment or tissue is regulated by different species of ceramide and S1P for exe-
cution of cell death and other cell functions, and (3) what biochemical manipulations 
through sphingolipid metabolizing enzymes will be effi cient to achieve the targeted 
balance among ceramide, SM, Sph and S1P. Thus, to develop a novel medication for 
lymphoproliferative disorders, the investigation of the implication for cell death and 
proliferation of the different sphingolipid molecular species and of the intracellular 
localization as well as the precise way of regulation of sphingolipid metabolism is 
required in not only in vitro but also in vivo pathophysiological conditions.     
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 From an historical point of view, hematological malignancies have been 
 instrumental in the discovery of the fi rst link between sphingolipids and their bioac-
tive role in apoptosis and differentiation. Molt-4 and HL-60 cell lines were in fact 
the experimental models used in those fi rst seminal reports [ 1 ,  2 ]. 

 In the present chapter, we will discuss the role of sphingolipids in hematological 
malignancies of myeloid origins, following the World Health Organization (WHO) 
classifi cation of myeloid neoplasms and acute leukemias revised in 2008 [ 3 ]. As of 
today, most of the published studies addressing the role of sphingolipids in hemato-
logical malignancies of myeloid origins have been performed in cell culture using 
cell lines derived from patients with either chronic myelogenous leukemia or acute 
myelogenous leukemia, thus the majority of the observations discussed in this 
 chapter will address these conditions. 

1.1     Myeloproliferative Neoplasms (MPNs) 

1.1.1     Chronic Myelogenous Leukemia,  BCR-ABL1  Positive (CML) 

 Chronic myelogenous (or Myelocytic/Myeloid/Granulocytic) Leukemia (CML) is a 
myeloproliferative disorder of the hematopoietic stem cells (HSC) and accounts for 
11 % of all leukemia’s affecting adults [ 4 ]. It is characterized by a consistent 
 chromosomal abnormality, which involves the reciprocal translocation between 
chromosome 9 and 22 [t(9;22)(q34;q11)] resulting in a shortened chromosome 22, 
known as the Philadelphia Chromosome [ 5 ,  6 ]. This translocation results in the 
fusion gene,  BCR-ABL  that is translated into an abnormal protein kinase, which is 
constitutively active and is responsible for CML pathology [ 7 ,  8 ]. CML progresses 
through three clinical stages, each characterized by specifi c hematological and 
molecular features. Several reviews have extensively discussed the details of these 
different clinical stages [ 9 – 12 ] and briefl y these are: (1) the Chronic Phase (CP) 
characterized by the expansion of the granulocytic cell lineage with a median 
 duration of 3-4 years, if left untreated; (2) the Accelerated Phase (AP) which 
involves the acquisition of additional cytogenetic aberrations and is characterized 
by the presence of 10–20 % blast cells in blood and bone marrow; and (3) the Blast 
Phase (BP) characterized by a block in differentiation of HSC and increased prolif-
eration of immature myeloid or lymphoid (blast) cells in the bone marrow and 
peripheral blood which account for more than 30 % of cells. Apart from distin-
guished clinical characteristics, CML presents certain molecular features unique to 
this BCR-ABL- driven disorder. The BCR-ABL onco-protein prolongs cell survival 
and inhibits cell death rather than solely promoting cellular proliferation [ 13 – 16 ]. In 
fact it has been shown that CML cells, precursors and progenitors display prolifera-
tion characteristics (mitotic indices, rate and maturation) similar to their normal 
counterparts, yet there is an accumulation of cells at disease initiation (CP) [ 17 – 19 ]. 
Additionally, the prolonged cell survival of CML cells fosters the acquisition of 
secondary genetic aberrations that promote the progression from the CP to the BP 
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of the disease [ 20 ,  21 ]. This mitotic “immortality” is characteristic of cancer cells 
and it is elicited by alterations in molecular pathways that govern normal cellular 
turnover. These include (not limited to) expression of growth factor ligands and/or 
of their receptors, hyper-responsiveness to limiting proliferative signals and 
 stimulation of stromal cells to supplement available growth factor repertoire, in 
other words cancer cells become ‘growth factor-independent’. In CML, BCR-ABL 
constitutively activates signaling pathways that normally mediate growth factor-
dependent hematopoietic signaling and these pathways are key drivers of neoplastic 
transformation in CML [ 22 ]. Studies have shown that CML cells from CP are still 
partially dependent on extracellular supplemented factors whereas cells from BP 
acquire total independence from such factors through the acquisition of secondary 
genetic changes [ 23 ]. 

 The role of sphingolipids in the regulation of BCR-ABL-mediated cellular 
 processes has been investigated mainly in regard to the ability to resist cell death 
and to sustain cell survival. 

   Role of Sphingolipids in CML 

     1.    To sustain cell proliferation. 
 The role of the sphingolipid pathway in sustaining proliferation of CML cells 
has only been recently explored, and the link is  via  the sphingomyelin synthase 
enzyme (SMS) [ 24 ]. SMS catalyzes the transfer of phosphocholine from 
 phosphatidylcholine (PC) to ceramide to generate diacylglycerol (DAG) [ 25 ] 
and sphingomyelin (SM) [ 26 ,  27 ]. Thus SMS is at a critical juncture in the regu-
lation of the levels of two bioactive lipids, ceramide and DAG, with opposing 
effects on cell growth (Reviewed here: [ 28 ]). Additionally, this suggests that the 
deregulation of SMS may potentially play a role in pro-proliferative pathologies. 
Burns et al. have shown that BCR-ABL specifi cally up-regulated the  SMS1  iso-
form in K562 cells (a human cell line derived from a patient in BC). 
Pharmacological inhibition or silencing of  SMS1  caused a clear block in cell 
growth, with minimal effect on cell death, highlighting SMS1 specifi c role in 
sustaining cellular proliferation of BCR-ABL positive CML cells. Importantly, 
inhibition of SMS1 in these cells caused an accumulation of ceramide (substrate) 
and a drastic reduction of DAG (product), suggesting that the effect of SMS1 on 
cell proliferation may be elicited through the regulation of either or both these 
bioactive lipids [ 24 ]. A possible mechanism by which ceramide may exert an 
anti-proliferative effect is  via  stimulation of the tumor suppressor protein 
 phosphatase PP2A, an established ceramide target with a well documented role 
in regulating cell cycle and apoptosis also in CML cells [ 29 ,  30 ]. In fact, it has 
been reported that BCR- ABL up-regulates SET, a physiological inhibitor of 
PP2A, resulting in the repression of PP2A, and that reactivation of PP2A has 
detrimental effects on CML cells [ 31 ,  32 ]. All together these observations sug-
gest that BCR-ABL may employ at least two different mechanisms to keep the 
activity of PP2A under- check, and the up-regulation of  SMS1  by quenching the 
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“PP2A-activating pool of ceramides” could potentially be one such contributing 
arm. Additionally, given the profound effects that inhibition of SMS1 exerts on 
DAG levels in K562 cells and the recent work on the role of DAG-responsive 
classical and novel PKCs and PKDs in cell proliferation (including work in 
BCR-ABL positive cells), a DAG-mediated mechanism by which  SMS1  may 
contribute to sustaining proliferation of CML cells can also potentially take 
place [ 33 – 45 ]. All together, these results and their potential implications in the 
regulation of important signaling pathways warrant further investigations.   

   2.    To resist cell death. 
 The sphingolipid pathway is known to regulate cell death in different cell types 
[ 46 ]. In the context of CML, the major breadth of research focuses on under-
standing the role of ceramides and its metabolizing enzymes in: 1)  mediating 
apoptosis and 2) mechanisms involved to keep ceramide levels in check and 
promote survival. Ceramides are known to mediate apoptosis [ 47 – 50 ] but we are 
just beginning to understand their role and regulation in the context of 
CML. Initial studies tested the effects of exogenous synthetic ceramide 
 treatments. However, reports on the sensitivity of CML cells to treatment with 
such exogenous analogues (C2-, C6- and C8-ceramide) have been inconsistent. 
For instance, Maguer-Satta et al. showed that primary CML progenitor cells and 
BCR-ABL transformed cell lines (BAF3-BCR-ABL+) were more sensitive than 
their ‘normal’ or non-transformed counterparts to apoptosis by exogenous treat-
ment with C2-ceramide. In fact such a treatment resulted in a transient increase 
of BCR- ABL phosphorylation, which appeared to surprisingly accelerate the 
rate of apoptosis in these cells [ 51 ,  52 ]. However in contrast to this study, 
Amarante- Mendes et al., showed that exogenous C2-ceramide treatment of CML 
cell lines (K562 and BCR-ABL transformed HL60 cells) did not result in 
 apoptosis [ 53 ]. This treatment in these cell lines failed to induce release of cyto-
chrome C from the mitochondria (possibly due to the high levels of anti-apop-
totic Bcl-xl in these cells), and to activate caspase 3, which instead occurred in 
control cells (HL60). Moreover, Nica and colleagues showed that, in BCR-ABL 
positive K562 and KBM5 cells, C6-ceramide induced apoptosis in a  caspase 
8-dependent manner. This was shown to occur via activation of the JNK/SAPK 
cascade, which in turn led to phosphorylation and inhibition of the anti-apoptotic 
protein, Mcl-1 (a member of the Bcl-2 family of proteins) [ 54 ,  55 ]. Additionally, 
the authors describe that ceramide treatment did not affect Bcl-xl levels in K562 
cells nor did it activate PP2A, thus eliminating two other possible mechanisms 
of induction of apoptosis [ 56 ]. In contrast to these investigations, McGahon and 
co-workers showed that K562 cells were protected from apoptosis induced by 
C6-ceramide [ 57 ]. 

 Thus studies based on treatment with exogenous analogues do not provide 
clear insights into the role of ceramides in cell death of CML cells. However 
studies looking at endogenous ceramides have shed light upon the possible 
 pro- apoptotic roles of specifi c ceramide species and re-directed our understand-
ing on how endogenous ceramide levels are regulated in CML cells in order to 
resist cell death. Baran et al., for instance, have shown that, in K562 cells, upon 
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induction of apoptosis by pharmacological inhibition of the kinase activity of 
BCR- ABL with Imatinib [tyrosine kinase inhibitor (TKI)] [ 58 ], there was an 
increase in endogenous C18-ceramide generated via the activation of the 
ceramide synthase 1 enzyme (CerS1). This increase in C18-ceramide preceded 
apoptosis and it was not observed in imatinib-resistant cells [ 59 ]. Accumulation 
of ceramide following Imatinib treatment was also observed in the other CML-
derived cell line, LAMA84 [ 60 ]. 

 While there seems to be a consensus on the accumulation of ceramide in 
response to inhibition of the kinase activity of BCR-ABL [ 24 ,  59 ,  60 ], the role of 
Sphingosine-1-Phosphate (S1P) in Imatinib-induced cell death is still not clear. 
In fact, while in LAMA84 cells Imatinib treatment caused a decrease of S1P 
possibly due to inhibition of Sphingosine kinase 1 (SK1) [ 60 ], in K562 cells the 
drug caused an increase of S1P; thus the contribution of Imatinib-induced S1P 
changes to the overall functional effects of Imatinib needs further investigation. 

 Changes in sphingolipid-metabolizing enzymes consistent with elevation of 
ceramide levels were also reported upon treatment of K562 cells with dasatinib 
and nilotinib, second generation TKIs.[ 61 ,  62 ] In fact both TKIs caused an 
 up- regulation of the expression of ceramide synthase genes, mainly CerS1 and an 
inhibition of  SK1 . Therefore, all together these results describe that ceramide gen-
eration precedes and signals TKI-mediated programmed cell death in CML cells. 

 In addition to these observations, Beverly et al. showed that, in K562 cells, 
pharmacological inhibition of anti-apoptotic Bcl-2 by ABT-263 activated 
 pro- apoptotic BAK and BAX, causing an increase in the activity of CerS and 
resulted in the accumulation of C16-ceramide, which possibly drove forward the 
pro- apoptotic response [ 63 ]. This study implicates the activation of pro-apop-
totic molecules along with ceramide generation in the induction of apoptosis 
thus perhaps providing an explanation for why exogenous ceramide alone could 
not consistently induce apoptosis in CML cells. 

 Thus, all together these observations point to an important role for ceramides 
as effectors of apoptotic cell death of CML cells, and the studies that employed 
TKIs suggest that BCR-ABL activity contributes to keep ceramide levels in 
check in these cells. 

 These conclusions are further corroborated by studies investigating the role of 
other sphingolipid metabolic pathways in CML. For instance, Hu et al. have 
shown that Acid Ceramidase (A-CDase), the enzyme that cleaves ceramide and 
produces sphingosine, is overexpressed in CML cells through a mechanism 
involving regulation of its transcription [ 64 ]. In particular, while A-CDase is 
normally transcriptionally repressed by IFN regulatory factor 8 (IRF8),  activation 
of STAT5 by BCR-ABL leads to IRF-8 down-regulation and consequent lift of 
the A-CDase transcriptional repression [ 65 ]. In line with the functional signifi -
cance of these observations, IRF8 is frequently lost in myeloid leukemias [ 66 ]. 
Accordingly, restoration of IRF8 expression in CML cells caused repression of 
A-CDase expression, accumulation of C16-ceramide and restored susceptibility 
of myelogenous leukemia cells to Fas L-induced apoptosis [ 64 ]. Thus all together 
these results suggest that CML cells have in place a fi ne mechanism to keep 
ceramide levels in check via elevation of A-CDase expression. 
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 Another enzyme whose regulation is also affected by BCR-ABL is the SK, 
which catalyzes the phosphorylation of sphingosine to S1P and it is known to 
promote cell proliferation and to inhibit apoptosis [ 67 ]. Li et al. have shown that 
BCR-ABL is capable of up- regulating SK1 expression and its cellular activity 
[ 68 ]. Moreover, it was also shown that SK1 and S1P up-regulated the antiapop-
totic protein and pro-survival factor of early hematopoietic progenitors, Mcl-1 
[ 69 ,  70 ] implicating an  anti- apoptotic function of SK1/S1P in CML. This con-
clusion is also supported by the fact that pharmacological inhibition of SK with 
dimethylsphingosine (DMS) in CML cell lines and blast cells derived from 
patients was shown to be cytotoxic [ 71 ]. 

 An additional mechanism employed by CML cells to regulate ceramide 
 levels may be represented by inactivation of the fi rst step of sphingolipid 
 de novo   synthesis regulated by the serine palmitoyltransferase (SPT). In Taouji 
et al., data are provided to show that BCR-ABL inactivates SPT through phos-
phorylation of the SPTLC-1 subunit at Tyr164 in K562 and LAMA84 cells 
[ 72 ]. Additionally the authors showed that the inhibition of BCR-ABL by 
Imatinib reversed the phosphorylation on SPTLC-1, activated the enzyme, and 
resulted in an increase in ceramide levels preceding apoptosis. All these events 
were also accompanied by the unexpected re-localization of SPTLC-1 from the 
ER to the Golgi. 

 Importantly, all together these studies illustrate how expression of BCR-ABL 
causes the re-programming of the sphingolipid pathway with the net effect of 
keeping ceramide levels in check.   

   3.    TKI resistance and therapeutic strategies. 
 The completion of phase III clinical trial of Imatinib, has established this drug as 
the fi rst line of therapy for CP, with the best cytological response of 82 % (as 
determined by IRIS - International Randomized Study of Interferon and STI571) 
[ 73 – 75 ]. While the patient outcome for CP patients on Imatinib is very success-
ful, its inability to kill BCR-ABL positive stem cells necessitates lifelong 
 treatment [ 76 ,  77 ]. A problem associated with this long-term usage of Imatinib 
has been the insurgence of resistance to the drug, which, if not bypassed with 
alternative therapies, can lead to the clinical progression from CP to the resilient 
BP [ 78 – 83 ]. The development of second and third generation TKIs has tackled 
in part this problem, however resistance to TKIs remains an obstacle in CML 
therapy [ 84 ]. Thus the understanding of the molecular mechanisms that lead to 
TKI resistance has become one of the most studied aspect of CML research 
[ 85 ,  86 ]. As discussed, the sphingolipid pathway is signifi cantly altered in CML 
cells and evidence has suggested that regulation of ceramide is central to its 
pathogenesis (Fig.  1 ). Thus targeting ceramide metabolism poses as an attractive 
clinical strategy and several approaches for inducing ceramide accumulation in 
CML cells have been explored as potential novel therapeutic means, mainly to 
 overcome TKI resistance. For instance, it has been reported that, in Imatinib-
resistant K562 CML cells, there is an increased expression of glucosylceramide 
synthase (GCS) and the over-expression of GCS in Imatinib-sensitive K562 
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cells conferred resistance to Imatinib [ 87 ]. While the levels of ceramide don’t 
 dramatically differ between the resistant and sensitive sublines, inhibition of 
GCS with PDMP (a GCS inhibitor) in the resistant cells dramatically elevated 
ceramide accumulation and enhanced apoptosis. All together these results 
 suggest that GCS may have a role to play in mediating imatinib resistance by 
preventing the accumulation of C18-ceramide and that GCS could represent a 
viable target to re-sensitize TKI resistant cells.

   Although the precise mechanism by which ceramide exerts its cytotoxic 
effects in CML cells is not entirely clear, one possible mechanism may be 
through reactivation of the glycogen synthase kinase 3 (GSK3) [ 88 ]. GSK3 is a 
well-described tumor suppressor with a wide array of targets [ 89 – 91 ] and, in 
CML cells, GSK- 3B is inactivated by BCR-ABL [ 92 ]. On the other hand, GSK3 
is potently activated by ceramide [ 93 ]. Interestingly, Huang et al. have shown 
that Imatinib resistant patient samples harboring the BCR-ABL mutation T315I 
or cells transformed with mutant BCR-ABL could be re-sensitized to TKIs by 
forced accumulation of ceramide following inhibition of GCS, and they demon-
strated that this combined cytotoxic effect occurred through reactivation of 
GSK3 [ 88 ]. 

 In the context of re-sensitization to TKI, the natural phenol resveratrol has 
also been shown to cause an increase in the intracellular ceramide level in K562 
cells and to promote apoptosis, and along with inhibitors of GCS has been 
 proposed as a potential combinatorial option for CML [ 94 ]. Thus all together 
these observations support the idea that increasing intracellular levels of ceramide 
represents an intervention that could sensitize TKI resistant CML cells. 

 SK1 up-regulation has also been implicated in TKI resistance in CML. In 
 imatinib resistant-K562 cells, Baran et al. have observed that there is an 

  Fig. 1    Reprogramming of sphingolipid-metabolizing enzymes in CML cells. Expression of BCR- 
ABL induces the reprogramming of some sphingolipid metabolizing enzymes ultimately favoring 
a proliferative and antiapoptotic phenotype in CML cells. The reprogramming results in the overall 
control of ceramide production through reduced SPT activity and increased SMS1 and A-CDase 
expression, and it feeds into the formation of S1P through the combination of the increased 
A-CDase and SK1 activities       
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increased expression of SK1 and a concomitant shift of the ceramide to S1P 
ratio, in favor of S1P [ 59 ]. Additionally, upon SK1 silencing in resistant K562 
cells, sensitivity to Imatinib was signifi cantly increased. This was also the case 
in Imatinib-resistant LAMA84 cells [ 60 ]. These data point to a role of SK1 in 
contributing to TKI resistance in CML cells. Moreover, overexpression of SK1 
and  production of S1P in parent K562 or LAMA84 cells was suffi cient to 
induce resistance  suggesting an active role of SK1 in this process, indepen-
dently from the regulation of ceramide levels [ 59 ,  60 ]. In line with these obser-
vations, Salas et al. have shown that engagement of the S1P2 receptor  via  S1P 
promoted the stabilization of BCR-ABL through inhibition of PP2A. In fact, 
PP2A causes the dephosphorylation and subsequent proteosomal degradation 
of BCR-ABL, thus SK1   signaling, by blocking PP2A, promotes TKI-resistance 
[ 95 ]. All together these observations strongly support a link between resistance 
to TKI and expression of SK1. 

 Recently, resistance to nilotinib, a second generation TKI, has been  associated 
with increased GCS and SK1, and decreased CerS1. Down-regulation of GCS 
and SK-1 restored nilotinib sensitivity [ 96 ] reinforcing the concept that targeting 
the sphingolipid pathway might represent a viable strategy to overcome TKI 
resistance. 

 In terms of viable drugs, FTY720 is interesting since it can reactivate the 
tumor suppressor PP2A [ 31 ,  97 – 99 ] and, once converted into its phosphory-
lated form, FTY720-P, it can also downregulate S1P receptors (except S1PR2), 
factually inhibiting S1P-receptor mediated signaling. Unexpectedly, FTY720 
has also been reported to induce ceramide accumulation in cells [ 100 ]. Thus 
these multifactorial functions of FTY720, all converging towards a proapop-
totic phenotype, make it an attractive candidate for an alternative CML thera-
peutic strategy.       

1.1.2     Sphingolipids and Other MPNs 

 Involvement of SK1/S1P has been also shown to play a role in the oncogenic 
 function of mutant Jak2 (V617F) [ 101 ]. In fact, mutant Jak2 (V617F) has been 
shown to utilize also an SK1-mediated pathway to inhibit the activity of the tumor 
suppressor PP2A. Since constitutively active Jak2 (V617F) is a characteristic 
 feature of almost all polycythemia vera and approximately 60 % of essential throm-
bocythemia (ET) and primary myelofi brosis, a protumorigenic function for SK1 is 
likely to exist in these myeloproliferative neoplasms. Additionally, in serum of 
patients with ET, the levels of S1P and dihydro-S1P were signifi cantly elevated and 
they strictly correlated with the number of platelets (and not red blood cells), sug-
gesting that these sphingoid bases may derive from the platelet fraction and their 
increased levels may have signifi cant implications in atherogenic complications 
linked to this condition [ 102 ].   
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1.2     Myelodysplastic Syndrome (MDS) 

 Little is known about dysregulation of sphingolipids in MDS and the only available 
observation in this regard is the overall increased  SK1  expression in patients with 
MDS and the fact that  SK1  expression seems to increase with the severity of the 
disease [ 103 ]. A number of other sphingolipid-metabolizing enzymes were also 
analyzed in the same MDS samples and the only other one that showed some 
changes was neutral sphingomyelinase 2 ( NSMase2 ) which was decreased in 
 samples collected from patients in the early phases of the disease. None of the other 
sphingolipid genes showed signifi cant changes. Since no follow up was carried out 
to study the potential functional role of SK1 and NSMase2 in MDS, the functional 
signifi cance of these observations remains unknown.  

1.3     Acute Myeloid Leukemia (AML) and Other Related 
Neoplasms 

 AML is the most common acute leukemia affecting adults; nevertheless, it is a rare 
disease and in the United States, it accounts for 1.2 % of all cancer-related deaths. 
AML arises from the combination of a block of differentiation and additional 
genetic alterations that promote unchecked proliferation of immature cells. 
Differently from CML, AML is characterized by great heterogeneity because 
genetic alterations can occur in myeloid cells at different stages of differentiation. 
These alterations often consist of recurrent chromosomal translocations leading to 
the generation of fusion proteins with oncogenic functions, and specifi c genetic 
alterations are often associated with different prognosis. Progression of the disease 
occurs rapidly and, depending on the AML subtype, the 5 years survival rates ranges 
from 15 to 70 %. The most current classifi cation of AML has been revised by the 
WHO and takes into consideration differences in morphology,  cytochemistry, 
immunophenotype, genetic and clinical features to group disease entities. On the 
other hand, few older manuscripts refer to the French-American-British (FAB) clas-
sifi cation of AML which instead consists of 8 subtypes (M0 to M7), organized by 
the type of cell from which the leukemia developed and its level of maturity. 

 Chemotherapy is the treatment of choice for AML, and most commonly it 
 consists in the combination of cytarabine and anthracycline. This fi rst intervention 
(induction phase of therapy) aims to bring the patients in complete remission (no 
detectable leukemic cells) and it is followed by the consolidation therapy that aims 
at the eradication of any residual leukemic cell. The consolidation therapy varies 
depending on the specifi c prognostic factors of the patient, and can range from high 
dose of cytarabine to allogeneic hematopoietic stem cell transplantation for patients 
at high risk of relapse, with a 5-year overall survival rate of 40–45 % in younger 
patients [ 104 ]. Generally, the relapse rate varies from 33 to 78 % depending on the 
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subtype of AML, and once AML relapses or does not initially respond to induction 
phase therapy, treatment options are almost non existent. Thus  alternative therapies 
targeting resilient AML or relapsed disease are warranted. 

 The sphingolipid metabolic pathway has been implicated in the regulation of 
differentiation, cell cycle progression, apoptosis, and autophagy of AML cells and 
SPLs have been linked to the response and/or resistance to treatment of AML. Hence 
regulation of SPL metabolism may represent a way to trigger therapeutic response 
of AML. 

1.3.1     Sphingolipids and Regulation of Differentiation of AML Cells 
and Other Cell Models of Related Neoplasms 

 Most of the studies addressing the roles of SPLs in differentiation of AML cells 
were performed in cell culture models mainly employing HL-60 or U937 cells. 
HL-60 cells are a valuable model to study the molecular mechanisms leading to 
maturation since they retain the ability to differentiate either towards the monocytic 
or the granulocytic lineages. Retinoic acid (RA) induces differentiation of HL-60 
cells towards the granulocytic lineage and during the differentiation process 
 accumulation of ceramide has been reported. Indeed treatment with all trans RA 
(ATRA) in HL-60 cells induced accumulation of ceramide in the nucleus whereas 
treatment of promyelocytic NB4 cells induced elevation of ceramide levels poten-
tially via increased expression of acid sphingomyelinase [ 105 ,  106 ]. Since, at the 
time of these reports, very limited molecular tools were available to dissect and 
study the SPL metabolism, the causative link between these observations and the 
differentiation pathway was not established. 

 Moreover it has been also shown that the addition of sphinganine enhanced the 
differentiating activity of RA, possibly through inhibition of Protein kinase C (PKC) 
and it blocked proliferation [ 104 ,  107 ]. Similarly, sphinganine enhanced the 
 granulocytic differentiation of HL-60 cells also induced by Adriamycin, Daunomycin 
and DMSO [ 108 ,  109 ]. Thus treatments that would increase sphinganine levels in 
combination with inducers of granulocytic differentiation might have clinical 
 benefi ts. On the other hand, C2-ceramide was shown to inhibit the granulocytic dif-
ferentiation induced by ATRA [ 106 ], highlighting the potential counteracting 
effects of the interconversion of sphinganine into ceramide and raising the question 
whether the accumulation of ceramide in response to ATRA is the actual effector in 
induction of differentiation or it is a step for the formation of other active 
intermediate(s), like sphinganine. 

 Contrary to granulocytic differentiation, low concentrations of sphinganine and 
sphingosine or treatment with exogenously added sphingomyelinase (which also 
caused an increase of sphingoid bases) were found to inhibit the monocytic 
 differentiation of HL-60 cells induced by the phorbol ester, PMA and thus activa-
tion of PKC [ 110 ,  111 ]. On the other hand, glucosylceramide and GM3 were shown 
to specifi cally favor adherence of HL-60 cells undergoing monocytic differentiation 
in response to PMA as the GCS inhibitor, PDMP hindered attachment of these cells 
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to the plates without affecting other morphological aspects characteristic of 
 monocytic differentiation or growth inhibition [ 112 ,  113 ]. Interestingly, the effect of 
sphinganine on monocytic differentiation depends specifi cally on the inducer. In 
fact sphinganine was unable to block monocytic differentiation of HL-60 cells 
induced by 1 alpha-25-dihydroxyvitamin D3 (Vit D3). These results suggest that, in 
the case of PMA treatment, it is the inhibitory effect of sphinganine on PKC 
 responsible for the effects and that PKC may not play a role in differentiation to Vit 
D3 [ 114 ]. 

 Furthermore, sphingolipids have been implicated in the regulation of the mono-
cytic differentiation process itself. Indeed a role for ceramide generated from hydro-
lysis of sphingomyelin (SM) was proposed to be critical for monocytic differentiation 
of HL-60 cells induced by Vit D3, TNFα and IFNγ [ 2 ,  115 ]. These were among the 
fi rst reports on the existence of a SM cycle that, in the interval of few hours (2–4 h), 
caused the generation of ceramide from SM and SM resynthesis thereafter. 
Interestingly, the activation of the SM cycle seemed to be inducer-specifi c since it 
did not occur during granulocytic differentiation or upon monocytic differentiation 
promoted by PMA. The activation of a neutral sphingomyelinase enzyme, respon-
sible for SM hydrolysis, was described and the involvement of its activation in the 
differentiation process was strengthened by the addition of exogenous bacterial 
sphingomyelinase which enhanced the effects of subthreshold concentrations of Vit 
D3. Following studies supported a signaling role for ceramide generated through 
the SM cycle in Vit D3 and IFNγ-induced differentiation, as the kinetics of ceramide 
generation matched those of SM hydrolysis, treatment with C2-ceramide enhanced 
the effect of subthreshold concentrations of Vit D3 and higher concentrations of 
C2-ceramide were suffi cient to mimic Vit D3 effects [ 116 ,  117 ]. In the case of IFNγ, 
production of arachidonic acid through PLA2 seemed to be responsible for the 
 activation of the SM cycle whereas the PI3-K/PKC/JNK/ERK pathways were later 
indicated as responsible for the differentiation-enhancing activity of ceramide on 
Vit D3 [ 118 ]. Of interest, it is that mutations in the neutral sphingomyelinase 2 gene 
( SMPD3 ) were found in 5 % of acute myeloid leukemias and 6 % of acute lymphoid 
leukemias but not in other tumor types, suggesting, in a small fraction of these 
 leukemias, the existence of a block of ceramide generation [ 119 ]. 

 All together these observations suggest that the SPL metabolism has different 
outcomes depending on the specifi c molecular pathway invoked during differentia-
tion and that increasing sphinganine/ceramide levels might represent a benefi cial 
strategy against AML when used in combination with differentiating agents. 

 Involvement of sphingosine phosphorylation has been instead implicated in 
PMA-induced differentiation of human erythroleukemia (HEL) and megakaryo-
blastic cells [ 120 ,  121 ]. In fact, in both cases, prolonged treatment with PMA 
induced an increase of SK activity, which was inhibited by staurosporine and 
 calphostin C, implicating the upstream activation of PKC. The PKC-mediated 
 activation of SK1 was not through direct phosphorylation but rather through 
 regulation of SK1 expression. Interestingly though, other differentiating agents did 
not exert the same activating effects on SK, implicating the existence of a specifi c 
PKC-SK pathway.  
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1.3.2    Sphingolipids and Regulation of Apoptosis in AML Cells 

     1.    Ceramide treatment and apoptosis. 
 Several studies have shown that treatment of AML cell lines with exogenous 
ceramide causes cell death. Indeed treatment with low micromolar concentra-
tions of short chain ceramide (C2-and C8-ceramide) or addition of bacterial 
sphingomyelinase was reported to induce DNA fragmentation in both U937 and 
HL-60 cells [ 1 ,  122 – 124 ]. Interestingly, it was also noted that activation of PKC, 
either via treatment with DAG analogues or phorbol ester, counteracted the 
 cytotoxic effects of ceramide. Ceramide-induced DNA fragmentation was shown 
to occur through stimulation of p46-JNK1/p54-JNK2 activity, increased expres-
sion of c-jun and ultimately the activation of the transcription factor AP-1; indeed 
AP-1 inhibition blocked ceramide-induced DNA damage [ 125 – 127 ]. Importantly, 
while activation of AP-1 by ceramide was shown to regulate  apoptosis, this path-
way was not involved in ceramide-induced differentiation [ 128 ]. Together with 
the activation of AP-1, downregulation of the antiapoptotic protein Bcl2 was also 
observed upon treatment with C2-ceramide in both HL-60 and U937 cells [ 129 ]. 
Involvement of Bcl2 in ceramide-induced cell death was strengthened by the 
observation that stable overexpression of this protein in HL-60 cells protected 
from C2-ceramide-induced caspase 3 activation and cell death [ 130 ]. It has also 
been reported that treatment with C2-ceramide in HL-60 cells exerts a G1 cell 
cycle arrest via the induction of the cdk inhibitor p27(kip1), and that this growth 
arrest may be necessary for the onset of apoptosis [ 123 ,  131 ,  132 ]; furthermore, 
ceramide-induced expression of p27(kip1) was also signifi cantly decreased by 
overexpression of Bcl2 [ 131 ]. 

 Another proposed indirect downstream target of ceramide in HL-60 cells is 
Bax. In fact ceramide has been shown to increase Bax expression and to induce 
its translocation to the mitochondria, while antisense Bax inhibited ceramide- 
induced caspase activation and apoptosis [ 133 ]. Following studies have proposed 
a regulatory role for p38 MAPK in the induction of ceramide-dependent 
 translocation of Bax to mitochondria, as both pharmacological inhibition and 
dominant negative p38 attenuated this process, as well as DNA fragmentation 
and caspase 3 activation [ 134 ]. 

 An additional downstream target for C2-ceramide in HL-60 cells is the 
 oncogene c-Myc [ 135 ]. In fact low concentrations of ceramide downregulated 
c-Myc mRNA and this process seemed to be mediated by activation of an  okadaic 
acid sensitive protein phosphatase, most likely PP2A. 

 Treatment with short chain ceramide analogs has been linked also to oxidative 
damage in HL-60 cells, and it has been proposed that this may be due to the 
inhibitory effect of ceramide-induced caspase-3 activation on catalase [ 136 ,  137 ]. 
On the other hand, accumulation of ceramide (and dihydrosphingosine) is also 
downstream of H 2 O 2  treatment suggesting that potentially the cytotoxic effect of 
H 2 O 2  is amplifi ed by the inhibitory effect of ceramide on catalase [ 138 ]. 
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 Complementary observations seem to indicate that conditions in which 
ceramide metabolism is stimulated (i.e., conversion into glucosylceramide pro-
moted by the expression of p-glycoproteins) confer resistance to ceramide in 
AML cells [ 139 ].   

   2.    (Chemo)therapeutics and ceramide-mediated apoptosis. 
 Ceramide accumulation has been observed in response to different chemothera-
peutic agents. In particular, daunorubicin treatment of HL-60 and U937 cells 
caused an early increase in ceramide (10 min post treatment) through activation 
of a neutral SMase [ 140 ]. Daunorubicin-induced activation of neutral SMase, 
generation of ceramide and induction of apoptosis were all blocked by inhibition 
of serine proteases or by activation of PKC [ 141 ,  142 ]. Interestingly though, a 
report suggested that ceramide accumulation per se is not the apoptotic signal 
rather its metabolic conversion to produce the ganglioside GD3 [ 143 ]. 

 In addition to daunorubicin, ceramide accumulation was observed following 
adriamycin treatment of HL-60 cells in both microsomal fraction and nucleus, 
although the role of these pools of ceramide in the cytotoxic effect of the drug 
was not established [ 144 ]. Moreover, it has been reported that ceramide increased 
also in response to 1-beta- D -Arabinofuranosylcytosine (AraC) in HL-60 cells 
[ 145 ] but, in this case, its contribution to drug-induced apoptosis seems marginal 
since it was later shown that inhibition of neutral SMase activity and ceramide 
accumulation did not affect AraC-mediated cell death [ 146 ]. On the other hand, 
co-treatment with AraC and sphingoid bases enhanced AraC cytotoxicity possi-
bly via inhibition of PKC [ 146 ]. 

 Neutral SMase, ceramide synthase activation and ceramide accumulation 
were all reported following treatment of HL-60 cells with irradiated ribofl avin. 
These events were followed by inhibition of MAPK and upregulation of Bax and 
they seemed to be specifi c to leukemic cells since normal cells were not sensitive 
to irradiated ribofl avin, highlighting the potential benefi cial therapeutic effect of 
this treatment [ 147 ]. 

 More recently, involvement of acid and neutral SMase activation and 
 consequent ceramide generation in mitochondrial-mediated cell death induced 
by Stichoposide C was reported, and the antitumor activity of Stichoposide C, 
accompanied by ceramide accumulation, was also confi rmed in an  in vivo  HL-60 
xenograft model [ 148 ]. Other studies pointed to a role for ceramide in mediating 
in part the cytotoxic effect of arsenic trioxide in acute promyelocitic leukemia 
(APL) cells, NB4 [ 149 ]. In this model, ceramide accumulation was shown to 
derive from both  de novo  biosynthesis and reduced conversion to glucosylce-
ramide, and the study suggested that ceramide accumulation could represent an 
important step in the therapeutic benefi t exerted by arsenic trioxide in combina-
tion with ATRA as standard treatment for APL or for treatment of relapsed 
APL. Ceramide accumulation through ceramide synthase was also involved in 
fenretinide- mediated apoptosis of HL-60 cells since the ceramide synthase 
inhibitor, fumonisin B1 blocked fenretinide-mediated ceramide  accumulation 
and its cytotoxic effects [ 150 ]; in this model, ceramide generation seemed to be 
triggered by production of reactive oxygen species. 
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 Another clinically relevant chemotherapeutic agent found to induce ceramide 
accumulation is DT(388)-GM-CSF, a fusion toxin which conjugates the human 
granulocyte- macrophage colony-stimulating factor (GM-CSF) with the catalytic 
and translocation domains of diphteria toxin. In cell culture using either parental 
or vincristine resistant HL-60 cells, DT(388)-GM-CSF caused a substantial 
accumulation of ceramide (potentially generated through SM hydrolysis) and 
subsequent caspase activation and inhibition of protein synthesis, resulting in 
cell death [ 151 ]. A phase I clinical trial with DT(388)-GM-CSF for patients with 
highly chemotherapy refractory AML produced some clinical remissions but it 
also showed dose-limiting toxicity for liver injury [ 152 ]. 

 A potentially benefi cial drug treatment for AML, found to induce ceramide 
production, is the combination of histone deacetylase inhibitors (HDACIs) and 
the alkyl-lysophospholipid, perifosine [ 153 ]. This drug combination in fact syn-
ergistically induced apoptosis in HL-60 and U937 cells by triggering mitochon-
drial dysfunction and caspase activation. Several events concurred to this highly 
cytotoxic phenotype, such as inhibition of antiapototic proteins ERK and Akt 
and induction of proapoptotic factors such as ceramide accumulation, oxidative 
damage, translocation of Bax to mitochondria and  elevated Bak. Beside the fact 
that inhibition of ERK and Akt was shown to play an active role in the regulation 
of ceramide accumulation, the apoptotic chain of events was not ordered. 

 Finally, FTY720, a sphingosine analogue approved for treatment of multiple 
sclerosis, has been shown to induce apoptosis of AML-M2 cells by increasing 
intracellular ceramide levels [ 154 ]. Indeed FTY720 has shown antitumorigenic 
activity against kasumi-1 cells, xenograft mouse models and blast cells isolated 
from AML-M2 patients with the t(8;21) translocation. In Kasumi-1 cells, 
FTY720 induced ceramide accumulation possibly through activation of both 
neutral SMase2 and ceramide synthase, and it was proposed that the  accumulated 
ceramide exerts its cytotoxic effects through activation of the tumor suppressor 
protein phosphatase 2A by binding and displacing its inhibitor, IPP2A. 

 Early on, lack of ceramide accumulation has been also proposed to play a role 
in conferring resistance of human erythromyeloblastic cells to apoptosis induced 
by ionizing radiations (IR) [ 155 ]. In fact, two subclones of the human TF-1 cells 
(one CD34 positive and one CD34 negative) were characterized by different 
sensitivity to IR which was not due to different DNA repair mechanisms; on the 
other hand, sensitivity to IR of the CD34 negative cells corresponded to  activation 
of a neutral SMase and consequent increase of ceramide which did not occur in 
CD34 positive cells.   

  3.    Sphingoid Bases and Apoptosis in AML Cell Culture Models. 
 Sphingoid bases have also been shown to be an integral part of the apoptosis 
 pathway in AML cells. 

 Treatment with exogenously added sphingosine or sphinganine induced 
 apoptosis in HL-60 and U937 cells, causing DNA fragmentation, nuclear con-
densation,  production of apoptotic bodies and reduced clonogenic capability, 
and similarly to ceramide, exogenously added sphingosine also down-regulated 
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c-Myc mRNA [ 156 – 159 ]. Also, addition of sub-lethal concentrations of sphin-
goid bases (below 750nM) synergized with the ability of short chain ceramides 
or bacterial sphingomyelinase to induce apoptosis. This synergistic effect was 
also mimicked by  selective pharmacological inhibitors of PKC, suggesting that 
the cytotoxic actions of sphingoid bases might be due to their inhibitory effect on 
PKC [ 157 ]. Interestingly, a study of the effect of different caspase inhibitors on 
cell death induced by  sphingoid bases versus ceramide revealed that sphingoid 
bases and ceramide operate independently on the apoptotic pathway with sphin-
goid bases acting upstream of caspase 8 and ceramides activating late caspases 
[ 160 ]. 

 Endogenous sphingosine accumulation was observed upon monocytic differ-
entiation of HL-60 cells induced by PMA and the elevation of sphingosine paral-
leled the amount of apoptotic cells during differentiation. Interestingly, during 
this process, the conversion of ceramide into sphingosine was greatly stimulated 
suggesting the activation of a ceramidase [ 156 ]. 

 Finally, the optimization of the use of sphingoid bases as anti-leukemic agents 
was investigated by studying a liposomal encapsulation of safi ngol ( L -THREO- 
SPHINGANINE ) with minimal hemolytic activity in a panel of AML cell lines and 
patients samples. It was found that this preparation exhibited effective cytotoxic-
ity in cells and it also prolonged the median survival time of SCID mice inocu-
lated with U937 cells [ 161 ]. Moreover, a synergistic effect of a 1:1 mixture of 
safi ngol and C2-ceramide was also reported in AML cell culture and in  in vivo  
xenografts of U937 cells [ 162 ].   

  4.    S1P and Apoptosis in AML Cell Culture and  In Vivo  Models. 
 A cytoprotective role for SK and S1P has been observed in AML cell lines in 
response to different stimuli. 

 For instance, long-term treatment with Vit D3 in HL-60 cells was shown to 
induce a late activation of SK, and activation of SK achieved through prolonged 
Vit D3 treatments provided protection from ceramide-induced apoptosis [ 163 ]. 
Exogenous treatment with S1P also protected from ceramide-induced apoptosis 
and dimethylsphingosine (DMS), a competitive inhibitor of SK, eliminated the 
 protective effect of long-term Vit D3 treatment. Furthermore, addition of S1P 
bypassed the cytotoxic effects of inhibition of SK by DMS, suggesting that S1P 
mediates the cytoprotective effects of long-term treatment with Vit D3. 

 S1P was found to prevent apoptosis of HL-60 and U937 cells induced by Fas 
ligation, TNF, ceramide and serum deprivation by preventing the translocation 
of cytochrome c and Smac/DIABLO from mitochondria to the cytosol [ 164 ]. In 
line with these observations, inhibition of SK with DMS enhanced the cytotoxic 
effects of these treatments and accelerated cytochrome c and Smac/DIABLO 
release from mitochondria, while addition of S1P reverted these effects. More 
recent studies using an SK1 specifi c inhibitor (SK1-I), revealed that the activity 
of this SK isoform is critical for survival of U937 cells and blasts isolated from 
AML patients, and implicated SK1/S1P in the positive regulation of phosphory-
lation of ERK1/2 and Akt. Importantly SK1-I also signifi cantly reduced growth 
of AML xenografts [ 165 ]. The cytoprotective effect of SK1 in AML cells was 
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confi rmed by the use of SKI-178 [ 166 ]. Importantly, multidrug resistant AML 
cells were similarly sensitive to the inhibitor highlighting the potential broad-
spectrum therapeutic application of this drug. 

 In line with an antiapoptotic and proproliferative function of SK1 in AML, an 
oncogenic role for this protein was reported in erythroleukemic progression 
[ 167 ]. Indeed, taking advantage of a transgenic multistage erythroleukemic 
mouse model in which sp-1/PU.1 is overexpressed in hematopoietic cells, it was 
fi rst shown that expression of  SK1  was signifi cantly higher in tumorigenic pro-
erythroblasts (HS2) as compared to that of non tumorigenic proerythroblasts 
(HS1). Furthermore,  overexpression of SK1 in HS1 cells conferred increased 
proliferation, clonogenicity, resistance to apoptosis and tumorigenicity when 
engrafted  in vivo . Complementary to these observations, expression of dominant 
negative SK1 in HS2 cells reduced cell growth and resistance to apoptosis, sug-
gesting that SK1 might represent a viable drug target for AML.   

  5.    Sphingolipid Metabolism and Chemoresistance in AML. 
 As discussed, several chemotherapeutic agents exert their cytotoxic effects by 
elevating intracellular levels of ceramide. Importantly, it has been observed that 
some chemoresistant AML cell lines (i.e., HL-60/ADR) are unable to accumu-
late ceramide in response to chemotherapeutic drugs (i.e., doxorubicine) even 
though the uptake of the drug is comparable to chemosensitive cells [ 168 ]. In 
these cells, a lower level of endogenous ceramide was reported and this was 
accompanied by an augmented basal activity of enzymes that convert ceramide 
into more complex sphingolipids, like glucosylceramide and SM synthases. 
Importantly, these observations were also confi rmed in chemoresistant leukemic 
patients samples. Since the levels of Bcl2 were also increased in the chemoresis-
tant samples, it is possible that the lower level of ceramide might have conse-
quences on Bcl2 expression, thus bolstering the antiapoptotic capacity of these 
cells. Interestingly, ceramide resistant HL-60 cells were also found to be resistant 
to anticancer drugs (daunorubicin, etoposide, ara-C) and differentiation-induc-
ing agents (vit D3, RA, PMA) [ 169 ,  170 ]. In these cells, the levels of Bax and 
PKCδ were signifi cantly decreased while the levels of antiapoptotic PKCs, such 
as PKCα and βI, were increased. 

 All together these results indicate that ceramide action is able to modulate 
both proapoptotic (PKCδ delta, Bax) and antiapoptotic effectors (Bcl2, PKCα 
and βI) and they suggest that the block of the metabolic conversion of ceramide 
into complex sphingolipids may be a valuable approach to sensitize resistant 
AML cells. 

 Finally, sphingolipid metabolism has been found to infl uence p-glycoprotein 
(Pgp) function, and, in particular, inhibition of glucosylceramide synthase 
resulted in increased drug retention and cytotoxicity [ 171 ]. In immature AML 
KG1a cells, it was observed that inhibition of glucosylceramide synthase activity 
with PDMP induced accumulation of ceramide and concomitant reduction of the 
levels of glucosylceramide and other glycosylated derivatives, including gan-
gliosides GD3 and GM3 [ 172 ]. On the other hand, only the addition of ganglio-
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sides and not of ceramide or other glycosylated sphingolipids stimulated P-gp 
function, indicating a specifi c role for gangliosides in the regulation of P-gp. 

 In addition to the glycosylation pathway, SK activity was also linked to multi-
drug resistance. In fact, it was observed that while chemosensitive HL-60 cells 
responded to doxorubicine and etoposide treatment by accumulating ceramide 
and inhibiting SK1 activity, chemorestistant HL-60 cells overexpressing MRP1 
and MDR1 retained SK1 activity and failed to increase intracellular ceramide 
[ 173 ]. Incubation of chemoresistant cells with short chain ceramide caused inhi-
bition of SK1 and apoptosis, which was also triggered by pharmacological inhi-
bition of SK1 with F-12509a. Thus altogether, these observations suggest that 
inhibition of SK1 may be an effective way to overcome multi drug resistance.        

2     Conclusions 

 It is clear from the above discussion that investigations of the basic molecular mech-
anisms contributing to myelocytic transformation are essential to the development 
of targeted interventions. As for the role of sphingolipids in the homeostasis of the 
myelocytic arm of hematopoiesis, they intervene in critical aspect of physiological 
processes such as differentiation and their dysregulation contributes to the develop-
ment of myelogenous neoplasms. As such, one could envision targeting of sphingo-
lipid metabolism to prevent progression of these disorders. 

 It is also increasingly evident that the alteration of the sphingolipid metabolism 
plays a role in drug resistance. Thus, combination therapy is being actively investi-
gated in order to maximize the effectiveness of each intervention and decrease the 
toxic side effects of chemotherapy. 

 These represent the challenges and, at the same time, the inspiration for sphingo-
lipid research applied to cancer biology and therapy.     
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    Abstract     Approximately 250,000 people are diagnosed with breast cancer and 
40,000 people die from the disease annually in the United States. Signifi cant effort 
has been put into developing a thorough understanding of the molecular and genetic 
events that contribute to tumor progression due to mounting evidence that breast 
cancers are driven by predictable and identifi able genetic mutations, Sphingolipids 
modulate many of the growth, apoptosis, infl ammatory, and angiogenic pathways 
that breast carcinomas rely on. Recent work in the fi eld of sphingolipidomics has 
identifi ed many key roles for the sphingolipids in breast tumor progression and 
identifi ed signaling roles in each of the molecular subtypes of breast cancer. For 
example, in luminal type tumors, increased expression of ceramide producing 
enzymes and high levels of complex sphingolipids are associated with poor out-
comes and multi-drug resistance. In basal type breast tumors CERT and GCS play 
a role in resistance to taxanes suggesting that targeting these pathways may be an 
effective route for the treatment of aggressive triple negative tumors. The role of 
sphingolipids in Her2-like tumors has not been thoroughly studied. However, 
CERK has been identifi ed as potential driver of Her2-like tumors. Clearly, sphingo-
lipid signaling in tumor modulation is both complex and vital. By integrating sphin-
golipid signaling into the molecular characterization of breast tumors, new 
opportunities for targeted intervention are identifi ed. It is increasingly apparent that 
modulating sphingolipid levels in tumors will be an effective and powerful method 
for the treatment of breast cancer.  
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1         Introduction to Breast Cancer 

 Breast cancer results from abnormal growth of the breast tissue. The most common 
form is ductal carcinoma resulting from hyperplasia and neoplastic change in epi-
thelial cells lining the lactiferous ducts. Breast tumors are a heterogeneous mix of 
tumor, immune, and mesenchymal cells, and vary widely in their histopathologic 
make up, aggressiveness, and response to therapy. Annually in the US, roughly 
250,000 people are diagnosed with breast cancer and 40,000 die [ 1 ]. 

 Breast cancer is one of the earliest malignancies to be identifi ed, and has caused 
signifi cant morbidity and mortality throughout history. The earliest written accounts 
of cancer originate in an ancient Egyptian medical treatise known as the Edwin 
Smith Papyrus. In the text, dated around 2500  BC , the authors describe treatment of 
48 medical cases using a scientifi c rather than mythological approach [ 2 ]. Included 
therein is a description of a palpable breast tumor and the conclusion that it is incur-
able. Early attempts at treatment were made using a number of remedies such as 
arsenic paste and cautery [ 3 ]. Other civilizations of the same era used various con-
coctions and salves made from heavy metals or sulfur to treat breast cancer. For the 
most part, these early treatments were used, with only minimal modifi cation, for 
several thousand years. 

 In the eighteenth and nineteenth centuries, the clinicopathalogic signature of 
breast cancer was becoming clearer. Theodor Schwann (1810–1882) demonstrated 
that tissues were made up of living cells instead of vacant cell structures as Hook 
had proposed 175 years earlier. Schwann, together with Johannes Muller (1801–
1858), described cancers as new cells aberrantly growing in tissues and causing 
dysfunction of the organs [ 4 ]. Their work was one of the fi rst clinicopathologic cor-
relations of cancer, and subsequent studies by Walter Walshe (1812–1880) sug-
gested that cancer was caused by chronic infl ammation, trauma, and smoking [ 5 ]. 
As the study of breast cancer entered the twentieth century, research greatly acceler-
ated as a result of accumulated pathologic knowledge as well as new techniques 
such as transcutaneous fi ne needle aspiration [ 6 ]. In 1904, Hugo Ribbert (1855–
1920) established the theory that breast cancer resulted in the abnormal growth of 
epithelial cells as a result of chronic infl ammation, and scientists began probing the 
root causes of breast cancer [ 7 ]. 

 Despite the growing body of knowledge of the origins and progression of breast 
cancer, the standard of care had not changed appreciably since the sixteenth century. 
William Halsted (1852–1922) attempted to standardize mastectomy techniques, and 
he demonstrated that his technique of deep excision of the breast and pectoral mus-
cle was highly effi cacious at preventing local recurrence of breast cancer [ 7 ,  8 ]. In 
the late nineteenth and early twentieth centuries, aggressive surgical techniques and 
early diagnosis signifi cantly reduced the number of deaths from breast cancer, and 
the 3 year survival rate was over 50 % [ 9 ]. 

 In the early twentieth century, focus began to shift to fi nding cures for inoperable 
breast cancers. In the late 1800s, George Beatson (1848–1933) observed that oopho-
rectomy (removal of the ovaries) reduced the growth and spread of breast tumors in 
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laboratory animals. He attempted oophorectomy combined with treatment with thyroid 
extracts, and saw reduction in tumor growth in some patients [ 10 ]. Oophorectomy 
came into regular clinical practice, but when Stanley Boyd conducted a national sur-
vey of cases of breast cancer with oophorectomy, he found that oophorectomy had 
limited effi cacy in a small number of patients [ 11 ]. Nevertheless, this hinted at hor-
monal regulation of breast tumors. Then, in 1910, one of the most important events in 
cancer biology occurred. Peyton Rous (1879–1970) published his work demonstrat-
ing that sarcomas in hens could be retrovirally induced [ 12 ]. His work demonstrated 
that tumors could be induced by expression of specifi c genes. Rous’ work further 
revolutionized cancer research when it was recognized that his virus could immortal-
ize cells and allow them to be grown  ex vivo . Tissue culture techniques progressed 
rapidly, and new models of breast cancer developed rapidly. Explanted tumors were 
grown in rodents, and the modern era of chemotherapeutic testing began. 

 These efforts consolidated much of the knowledge of breast cancer, and breast 
cancer researchers began taking a multidisciplinary approach to understanding the 
disease. The work of James Ewing (1866–1943) and Albert Broders (1885–1964) 
produced a histologic grading system for tumors that is still in use today [ 9 ]. Their 
systems were based on cellular atypia, tumor vascularity, and necrosis, as well as 
size and level of invasion. Based on these parameters, tumor outcome and response 
to treatment could be reasonably predicted. 

 Today, treatment of breast cancer is highly complex, multimodal, and interdis-
ciplinary. By utilizing knowledge gained from decades of research, current breast 
cancer therapies include targeted therapies, radiation treatment, systemic admin-
istration of drugs, and surgery to ablate primary early stage tumors. Our current 
understanding of and approach to treat breast cancer have increased the overall 10 
year survival of breast cancer patients to 83 % [ 1 ]. However, locally advanced or 
metastatic tumors have poor outcomes. For example, patients presenting with 
stage III disease, have a roughly 50 % 5-year survival [ 1 ]. Therefore, it is easy to 
understand the value of early detection, as well as the need to improve therapy for 
aggressive tumors. 

 Indeed, breast cancer therapy matured throughout the twentieth century, and sev-
eral classes of chemotherapeutics were discovered, beginning with the nitrogen 
mustards and antimetabolites [ 13 ]. In the early 1950s Heidelberger and colleagues 
found that rat hepatomas had increased uptake of uracil. Therefore, they developed 
drugs targeting uracil metabolism and achieved a durable reduction in tumor size 
with 5-fl orouracil. 5-Florouracil was one of the fi rst antimetabolites, followed by its 
pro-drug capecitabine in the early 2000s [ 14 ,  15 ]. Antimetabolites interfere with 
metabolic processes, often causing defects in the production of nucleic acids and 
replication of DNA, leading to replication stress and apoptosis in rapidly dividing or 
checkpoint defi cient cells. 

 Following the introduction of antimetabolites, were the antitumor antibiotics. 
This class of chemotherapeutics functions primarily through cytotoxic mechanisms 
including disruption of DNA structure. The earliest antitumor antibiotic was bleo-
mycin, discovered in the mid 1960s [ 16 ]. Shortly after the discovery of bleomycin, 
adriamycin was introduced [ 17 ]. Although the antitumor antibiotics were highly 
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effective, their low therapeutic index limited their use. For example, early Phase I/II 
trials with Adriamycin highlighted the signifi cant hematologic cytotoxicity and 
endothelial toxicity of high dose Adriamycin treatment protocols. At doses where 
tissue and binding factors are saturated (i.e., in patients with high plasma concentra-
tions of Adriamycin), patients experienced catastrophic granulocytopenia, and sec-
ondary infections, as well as premature ventricular contractions. Since Adriamycin 
is rapidly metabolized, achieving therapeutic plasma concentrations requires high 
dosage schedules that are associated with poor patient outcomes. Despite the fact 
that signifi cant tumor response was observed in the patients on high dose schedules 
of Adriamycin, 9 of the 20 patients on high dose schedules died from side effects of 
the drug [ 18 ]. Following the early clinical trials with anti tumor antibiotics, investi-
gators realized the need for targeted therapies and dose limiting combinational ther-
apy to maximize tumor response at lower doses of chemotherapeutic drugs [ 19 ]. 

 Drugs targeting estrogen synthesis were developed soon after the discovery of the 
antimetabolites. Building upon Beatson’s work, estrogen ablative therapy was pursued 
for many patients throughout the 50s and 60s with varied success. In the early 1970s, 
Elwood Jensen and colleagues demonstrated that only certain breast cancers expressed 
estrogen receptors, and that these receptors contributed to tumor growth and predicted 
response to antiendocrine therapy [ 20 ]. Jensen and colleagues went on to develop robust 
antibodies to the estrogen receptor, and demonstrated a clinically relevant link between 
ER expression in small tumors and eventual response to antiendocrine therapy [ 21 ]. ICI 
Pharmaceuticals developed Tamoxifen (an antagonist of the estrogen receptor) in the 
1960s, but it was not used for breast cancer until the 1970s [ 22 ]. 

 In the 1990s and early 2000s, naturally derived taxane based chemotherapeutics 
were developed. Taxanes hinder cytoskeletal remodeling in dividing cells, and inter-
fere with mitotic spindle formation [ 23 ,  24 ]. The production and distribution of 
taxanes was a highly politicized and controversial issue in the early 1990s, but the 
effectiveness of taxanes in the treatment of metastatic disease led to their rapid 
adoption and widespread use [ 25 ,  26 ]. Therapeutic employment of taxanes 
(docetaxel or paclitaxel) is currently recommended for treatment of a variety of 
locally advanced Her2 positive as well as Her2 negative breast tumors. 

 The discovery that tumors are driven by specifi c and predictable growth and 
development pathways led to the advancement of targeted therapies. One of the fi rst 
rationally developed and targeted therapies to come to market, imatinib mesylate 
(Gleevec), was developed by Ciba-Geigy (Novartis) using  in silico  computational 
methods to design inhibitors of bcr-abl, the aberrant tyrosine kinase in chronic 
myelogenous leukemia [ 27 ]. The success of imatinib validated the use of pathway 
analysis and bioinformatics as a guide for research and development of novel thera-
peutics, and heralded in a new era in chemotherapy. In a subset of breast tumors, the 
membrane bound receptor tyrosine kinase Her2 (ERBB2) is overexpressed, and 
efforts to develop therapies targeting the Her2 receptor were also met with rapid 
success [ 28 ,  29 ]. One of the best characterized targeted therapies for breast cancer 
is trastuzumab, a monoclonal antibody that results in blockage of Her2 signaling as 
well as opsonization of the tumor cells [ 30 ]. Opsonization of the tumor cells results 
in immune mediated clearance of these cells, and future therapeutics may rely more 
heavily on targeted manipulation of adaptive immunity [ 31 ].  

B. Newcomb and Y.A. Hannun



85

2     Molecular Genetic Portraits of Breast Cancer 

 Traditionally, the choice of treatment protocol has been based on anatomic and 
histopathologic characteristics of the tumor. The American Joint Committee on 
Cancer has set forth staging criteria for anatomical classifi cation of tumors based on 
tumor size (T), node status (N), and presence or absence of distant metastasis (M) 
[ 32 ]. T refers to the size of the primary tumor and local invasion, N denotes the pres-
ence or absence of tumor cells in regional lymph nodes, and M indicates distant 
metastasis of the tumor. These TNM criteria are used to establish the stage of the 
tumor, and by extension, the likely outcomes of the disease. Generally speaking, 
early stage tumors include tumors up to T2N1M0. Locally advanced tumors include 
tumors up to T4N3M0, and metastatic tumors are any T or N status with identifi able 
metastasis to other organs. 

 However, it is diffi cult to predict the biomolecular make up of a tumor vis-à-vis 
receptor status from the clinical designation (e.g., TNM or grade). Thus, histopatho-
logic characterization of tumors is also used to establish receptor status for the pur-
poses of choosing targeted therapies and predicting the response to endocrine 
therapy. Tumors generally fall into one of three therapeutically relevant categories: 
ER+, Her2+, or triple negative. Based on the stage and receptor status, surgical 
recommendations are made, and chemotherapeutic regimens are chosen. Thus, the 
presence or absence of progesterone receptors (PR), estrogen receptors (ER), and 
the human epidermal growth factor receptor (HER2) determines the type and dura-
tion of targeted treatment [ 33 ]. 

 The last decade has witnessed increasing intensity in molecular profi ling and 
sub-typing of breast cancer based on gene expression profi les and presence of spe-
cifi c mutations in the hope of developing more accurate diagnosis of breast cancer 
sub-types. Perou et al. performed hierarchical clustering of gene expression data 
from a large microarray database and established several gene expression patterns 
[ 34 ]. These expression patterns are known as Luminal type/ER+, Basal type (triple 
negative), and Her2 like. Thus, these and other results have validated the use of 
receptor status to stratify tumors into molecular subtypes [ 35 ]. Subsequent analysis 
has demonstrated two distinct subsets of Luminal-like tumors, referred to as 
Luminal A and Luminal B, both ER positive but relying on different growth path-
ways for survival and proliferation [ 36 ]. Outcome analysis further established func-
tional signifi cance of these molecular subtypes with respect to response to treatment 
and overall survival of patients [ 37 ,  38 ]. 

 In 2012, the Cancer Genome Atlas (TCGA) published a thorough and multiplat-
form proteomic and genetic characterization of breast carcinomas and described the 
main signaling pathways that are up- and down-regulated in each tumor subtype. 
Luminal type tumors were found to have frequent mutations in GATA3, PIK3CA and 
MAP3K1 genes, and Luminal B tumors in particular have increased incidence of 
mutations in DNA damage pathway genes, as opposed to Luminal A tumors. Basal 
type tumors were found to have high expression of proliferation associated genes as 
well as HIF1-α/ARNT. Her2 like tumors had high expression of Her2 amplicon genes, 
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as well as active PIK3CA signaling and over expression of Cyclin D1 [ 39 ]. These 
signaling pathways, as they relate to sphingolipids, will be discussed thoroughly in the 
following sections. The general characteristics of each breast cancer subtype, most 
common histopathologic fi ndings, and outcomes are summarized in Table  1 .

3        Sphingolipids in Breast Cancer 

 It is now recognized that many convergent and divergent pathways drive breast 
tumor growth and spread. Modulation of these pathways by intracellular signaling 
is an extremely complex topic. In the 1980s it was discovered that lipids behave as 
potent signaling molecules in addition to being structural components of the cell. 
Bioactive lipids include the phosphoinositides, diacylglycerols, eicosanoids, fatty 
acids, and sphingolipids. Lipids represent a unique class of signaling molecules 
because they mostly belong in biological membranes and, as a class of biologic 
molecules, lipids have an extremely wide range of physicochemical properties. The 
structural and physiochemical diversity of lipids requires a wide range of metabolic 
enzymes and binding molecules. The resulting multiplicity leads to an extremely 
diverse set of possible combinations of signaling partners. We are just beginning to 
understand the diverse and interconnected nature of lipid second messengers, and 
the sphingolipids represent the forefront of this research. 

 Sphingolipids are a diverse set of signaling and homeostatic molecules. Head 
group composition, acyl chain length, and saturation all have signifi cant effects on 
their properties. Additionally, spatiotemporal distribution of sphingolipid synthesis 

   Table 1    Molecular subtypes of breast cancer   

 Luminal A  Luminal B  Basal  Her2-like 

 Description  High expression 
of hormone 
receptors and 
ER regulated 
genes 

 High expression of 
hormone receptors 
and ER regulated 
genes 

 High 
expression of 
epithelial and 
cytokeratin 
genes 

 High expression 
of growth factor 
receptors 

 Most common 
receptor status 

 ER +  or PR + , 
Her2 − , Low 
Ki67 

 ER +  or PR + , 
Her2 −  or Her2 + , 
High Ki67 

 ER − , PR − , Her2 −   ER − , PR − , Her2 +  

 General 
treatment 
protocol 

 Endocrine 
therapy 

 Endocrine therapy 
plus chemotherapy 

 Platin 
containing 
regiment 

 Anti-Her2 and 
anthracycline 

 Outcomes  Good (92 % a )  Moderate (90 % a )  Variable, but 
mostly poor 
(86 % a ) 

 Poor (79 % a ) 

 Approximate 
fraction of newly 
diagnosed cases 

 47 %  35 %  7 %  7 % 

   a 10 Year local relapse free survival in patients that presented with non-metastatic disease and 
received breast conserving surgery 
 Adapted from sources [ 34 ,  38 ,  39 ,  57 ]  
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is highly regulated, and subcellular compartmentalization has drastic effects on the 
function of individual sphingolipids (thoroughly reviewed in [ 40 ] and discussed in 
the overview on sphingolipid metabolism and signaling of this book). Sphingolipids 
were shown to be powerful signaling molecules capable of modulating many of the 
mitogenic pathways that tumors rely on for growth. Glycosphingolipid studies in 
the 1970s and earlier focused heavily on the gangliosides and their antigenic func-
tion in different cancers [ 41 – 43 ]. Work by Hakomori and others demonstrated that 
the gangliosides were important membrane components that affected cell growth, 
differentiation, and transformation and also served as tumor antigens [ 44 – 46 ]. 
Work in the mid 1980s demonstrated a powerful role for sphingolipids in subcel-
lular signaling cascades. The fi nding that sphingosine is a competitive inhibitor of 
PKC,[ 47 ] a known regulator of several oncogenes [ 48 ,  49 ], sparked the interest in 
the role of sphingolipids in tumors. Subsequent work in the 1990s identifi ed the 
tumor suppressors Protein Phosphatases 1 and 2A as direct targets of ceramide 
[ 50 ]. Ever since, the metabolism and signaling functions of sphingolipids, and of 
ceramide in particular have been the subject of signifi cant research. 

 The main sources of ceramide are  de novo  synthesis or catabolism of sphingo-
myelin and complex sphingolipids (for details, please refer to the overview on 
sphingolipid metabolism at the beginning of this book). The  de novo  biosynthetic 
pathway resides in the ER/Golgi and requires the Serine Palmitoyltransferase com-
plex (SPTLC1-3) and the Ceramide Synthases (CerS1-6). Ceramide derived from 
the  de novo  pathway is then shuttled to the Golgi either by vesicular transport or by 
non-vesicular transport through the action of Ceramide Transfer Protein (CERT) 
[ 51 ]. Ceramide delivered to the Golgi by CERT appears to be more specifi cally 
targeted for the synthesis of sphingomyelin through the action of Sphingomyelin 
Synthases (SGMS1 and 2) [ 52 ,  53 ]. Once ceramide has been delivered to the Golgi, 
it can also be utilized by several other enzymes, including CERK (ceramide kinase), 
and Ceramide Glucosyltransferase (UCGC). Thus, ceramide-1-phosphate, sphingo-
myelin, and glycosphingolipids are the major lipid species exported from the Golgi. 

 In contrast to the  de novo  pathway, the hydrolytic (catabolic) pathways occur at 
the plasma membrane, in the lysosome/endolysosomal compartments, in mitochon-
dria, and in the Golgi, resulting in the formation of ceramide. These pathways involve 
one or more of the Sphingomyelinases (SMPD1-5), the Ceramidases (ASAH1-2, 
and ACER1-3), the Glucocerebrosidases (GBA1-3), Sphingosine and Ceramide 
kinase (SPHK1-2 and CERK) (reviewed in [ 54 ]). Catabolism of sphingosine- 1-
phosphate and ceramide 1-phosphate is carried out by a S1P lyase and the lipid 
phosphatases. The salvage or recycling pathway involves hydrolysis of complex 
sphingolipids in the endolysosomal system, resulting in the formation of sphingosine 
that can then be salvaged for the re-synthesis of ceramide and other sphingolipids. 

 It is now increasingly appreciated that any perturbations in the strictly regulated 
sphingolipid metabolic pathway have signifi cant effects on signaling and growth of 
breast tumors. The following sections will address the changes seen in sphingolipid 
metabolism, and the functional consequences thereof, in Luminal, Basal, and Her2- 
like breast cancer subtypes. A number of cell lines are available that recapitulate 
gene expression patterns and phenotypic characteristics of the molecular subtypes 
of breast cancers [ 55 ,  56 ]. A few example cell lines are described in Table  2 .
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4        Sphingolipids in Luminal Type Breast Cancers 

 Luminal A Type breast tumors have favorable outcomes and are the most hetero-
geneous group of breast tumors in terms of signaling characteristics [ 37 ]. 
Luminal Type A tumors represent about 50 % of breast tumors, and are respon-
sive to endocrine therapy [ 57 ] as they have high expression of hormone recep-
tors, and downstream estrogen receptor (ESR1) signaling partners such as 
FOXA1 and RUNX1 [ 58 ]. One of the defi ning characteristics of luminal type A 
tumors, that separates them from the other molecular subtypes, is intact p53 and 
RB1 signaling [ 39 ]. Additionally, luminal A type tumors frequently have phos-
phatidylinositol-3-kinase (PI3K) mutations, especially in the PIK3 catalytic sub-
unit (PIK3CA), even though these mutations are not associated with enhanced 
activation of the PI3K pathway as evidenced by phospho-AKT status, a key 
downstream target of this pathway [ 59 ]. This may be due to high expression of 
S6K and resultant feedback inhibition. Luminal type tumors also have high fre-
quencies of inactivating mutations of mitogen activated protein kinases (MAPK). 
For example, loss-of-function mutations in MAP3K1 and MAP2K4 were found 
with high frequency in these tumors, suggesting loss of function in the p38-
JNK1 signaling cascade [ 58 ,  60 ]. 

 Compared to luminal A breast cancer, Luminal B breast cancer has signifi cantly 
higher risk of rapid relapse following endocrine therapy [ 61 ]. Luminal B tumors are 
classifi ed as ER+, but have lower expression of ER related genes than luminal A 
tumors and higher expression of proliferative genes [ 36 ,  62 ]. Luminal B tumors 
often have increased HER2 expression, but since HER2 status is used to distinguish 
a very specifi c clinical subset of tumors, HER2 status is not relevant to classifi cation 
of luminal type tumors. Nevertheless, luminal B tumors have increased growth 
 factor signaling as compared to luminal A tumors [ 63 ]. In contrast to luminal A 
tumors, the proliferative gene signatures of luminal B tumors seem to stem from 
increased genomic signaling events secondary to genetic duplication of proliferative 
genes [ 39 ,  64 ]. This fi nding is in accordance with a high frequency of p53 inactivating 
mutations, loss of ATM, and deregulation of MDM2 in luminal B tumors [ 39 ,  65 ]. 
Therefore, the defi ning characteristics of luminal B tumors are loss of function of 
the TP53 signaling pathway and amplifi cation of proliferative genes, such as cyclin 
D1. For the most part, luminal type breast cancers can be considered ER+, HER2−, 
and the distinction between luminal A and luminal B is mainly a molecular genetic 
defi nition that is not regularly made in a clinical setting [ 66 ]. Luminal tumors 

   Table 2    Commonly used cell lines in breast cancer research   

 Luminal like  Basal like  Her2 like  Normal like 

 Cell line  MCF7  MDAMB231  SKBR3  MCF10A 

 T47D  BT20  BT474 

  Adapted from sources [ 55 ,  56 ]  
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rely heavily on cyclin D1 and on growth factor signaling for growth. Therefore, the 
following section will focus on the interplay between sphingolipids and growth fac-
tor receptors, and sphingolipids and cell cycle progression. 

 A number of interesting correlations between estrogen receptor signaling and 
sphingolipid metabolic enzymes have been published recently. Many of the studies 
on sphingolipids in breast cancer have been conducted using breast cancer cell lines, 
which limits their impact, nevertheless several studies with patient samples have 
also been carried out. Among the studies focusing on ER+ cell lines and tumors, 
UGCG, CerS, sphingomyelinases, ASAH1, and Sphingosine Kinase 1 and 2 (SK1 
and SK2) play prominent roles [ 67 – 72 ]. 

4.1     Glucosylceramide Transferase 

 Glucosylceramide transferase (GCS) produces glucocerebrosides from ceramide and 
glucose. Subsequent action by other glycosyltransferases leads to a wide variety of 
glycolipids. In a study of 200 human breast cancer samples, the authors found high 
 GCS  ( UGCG , gene name) expression in luminal A type tumors, and high  GCS  expres-
sion was also associated with poor outcomes in ER+ tumors [ 67 ]. Since ceramide is 
known to induce apoptosis and to act as a stress signal, conversion to other lipids, such 
as the glycosphingolipids, can reduce cell stress. Indeed, Liu et al. have reported that 
breast tissue generally has low expression of  GCS , as compared to other organs, and 
that high  GCS  expression is associated with multi-drug resistance and metastatic dis-
ease in ER+, HER2+ tumors [ 73 ]. In agreement with this study, several groups have 
reported on the ability of GCS inhibitors to reverse drug resistance in breast cancer 
cell lines with high  GCS  expression [ 74 ,  75 ]. A recent report has even suggested that 
GCS activity is directly inhibited by tamoxifen, and that high GCS activity can 
decrease sensitivity to the drug [ 76 ]. Besides a potential role in receptor function and 
endocytosis, several groups have also implicated GCS in resistance to chemotherapy 
[ 77 ,  78 ]. In fact, GCS may limit the effi cacy of several chemotherapeutic drugs by 
titrating away apoptotic ceramide that accumulates following treatment with drugs 
such as taxol and Adriamycin, among others [ 79 ,  80 ].  

4.2     The Ceramide Synthases 

 The Ceramide Synthase (CerS) enzymes produce dihydroceramide from dihydro-
sphingosine, and the rapid desaturation of dihydroceramide produces ceramide. 
In a large-scale lipidomics study of breast cancers, Schiffmann et al. demonstrated 
a statistically signifi cant increase in C18:0 and C20:0 ceramide in ER+ tumor 
samples [ 81 ]. The authors also demonstrated increased expression of CerS2, 
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CerS4, and CerS6 in malignant tumor samples. Erez-Roman et al. have also 
reported elevations in CerS2 and CerS6 in malignant breast tissue samples as 
compared to normal solid tissue [ 82 ]. However, neither group could conclude 
whether the elevation in ceramide content or CerS expression was a consequence 
of or a driver of malignancy in breast carcinomas. Continuation of the CerS stud-
ies demonstrated opposite roles for long chain and very long chain ceramides. The 
authors found that CerS2, and by extension the very long chain C24 and C26 
ceramides, increased colony formation in MCF7 breast cancer cells whereas 
CerS4 and CerS6, which produce long chain ceramides (mostly C14 and C16 
ceramides) decreased colony formation [ 83 ]. These studies concluded that the 
long chain ceramides induce mitochondrial damage and inhibit cell proliferation 
whereas the very long chain ceramides decrease contact inhibition in MCF7 cells. 
Data mining has confi rmed robust up-regulation of CerS2, CerS4, and CerS6 in 
Luminal type tumors (Fig.  1 ).

   In line with the above observations, different studies have proposed that long 
chain ceramides and the enzymes responsible for their production CerS6 and CerS1 
have tumor suppressive properties [ 84 ,  85 ]. For instance, CerS6 has been implicated 
in the response to folate stress, suggesting CerS6 may also play a role in response to 
antimetabolites [ 86 ]. Antimetabolites are employed in the treatment of some early 
stage breast cancers, and cell culture studies suggest that combined therapy with the 
antimetabolite pemetrexed and the kinase inhibitor sorafenib can induce increases 
in the dihydroceramides. The authors showed that the production of dihydrocer-
amide was dependent on the activity of CerS6 and led to apoptosis of luminal type 
breast cancer cell lines [ 87 ]. Other researchers have reported repression of hTERT 
activity by CerS1 in various cancer cell lines [ 88 ,  89 ], suggesting an inhibitory role 
for the long chain ceramides in tumor growth.  

4.3     The Sphingomyelinases 

 The Sphingomyelinases hydrolyze sphingomyelin to ceramide and phosphocholine. 
There are several isoforms of sphingomyelinase (SMPD1-5), and both SMPD1 
(Acid Sphingomyelinase, ASMase) and SMPD3 (Neutral Sphingomyelinase 2, 
NSMase 2) have been implicated in breast cancer progression. As seen in Fig.  1 , 
 SMPD3  is down regulated in all 4 subtypes of breast carcinomas. Loss of heterozy-
gosity and epigenetic regulation of this region has been described, and may account 
for the down regulation of  SMPD3 . A comparative epigenetic study reported that 
there is aberrant CpG methylation around the  SMPD3  locus in human breast cancer 
cell lines as well as several primary tumor samples [ 90 ]. Additionally, another group 
reported that there is frequent loss of heterozygosity events at 16q22.1, a chromo-
somal area that includes the  SMPD3  locus [ 91 ]. These results suggest NSmase 2 
( SMPD3 ) may play an anti-tumor role, however this hypothesis has never been 
directly tested in breast cancer. 
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  Fig. 1    Sphingolipid gene 
expression in molecular 
subtypes of breast cancer. 
Publicly available TCGA 
expression data was used to 
assess the expression levels 
of sphingolipid genes in 
molecular subtypes of breast 
cancer. The expression levels 
of the indicated genes were 
compared to expression in 
adjacent normal solid tissue, 
and the fold change was 
calculated. Hierarchical 
clustering was carried out as 
shown below       

 The role of NSMase 2 in drug response has been characterized in breast cancer. 
Adriamycin resistant MCF7 (MCF7-ADR) cells were found to have higher SM and 
lower NSMase levels as compared to MCF7 cells. Furthermore, expression and 
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activity of NSMase was signifi cantly up regulated in MCF7-ADR cells following 
treatment with a demethylating agent that decreases methylation-dependent silenc-
ing of genes. This response was not seen in MCF7 cells, suggesting MCF7-ADR 
cells acquire epigenetic alterations that contribute to the ADR phenotype [ 92 ]. In 
the MCF7-ADR cells, demethylation of DNA was correlated with the subsequent 
decrease in plasma membrane sphingomyelin, and increased membrane fl uidity, 
attributable to increased activity of NSMase 2. Up-regulated NSMase 2 activity 
resulted in increased doxorubicin uptake and apoptosis in MCF7-ADR cells, sug-
gesting that silencing of the  SMPD3  locus may be one mechanism by which MCF7 
cells acquire resistance to Adriamycin [ 92 ]. In line with the work by Vijayaraghavalu 
et al. is the fi nding by Ito and colleagues that apoptosis of Adriamycin sensitive 
MCF7 cells is mediated by NSMase 2 following daunorubicin treatment [ 93 ]. Taken 
together, these observations suggest that re-activation of  SMPD3  expression may be 
a powerful tool for restoration of sensitivity to anthracyclines in resistant tumors. 

 In addition to NSMase 2, ASMase plays an important role in tumor biology. 
ASMase has been found to have signifi cant impact on lysosomal stability and in tumor 
motility. Traditionally, ASMase is associated with Niemann–Pick Disease, and loss of 
ASMase enzymatic activity results in lysosomal dysfunction. It should come as no 
surprise that inhibition of ASMase causes signifi cant lysosomal dysfunction in tumor 
cells as well. In MCF7-Bcl-2 cells, inhibition of ASMase with the receptor tyrosine 
kinase inhibitor Sunitinib, leads to lysosomal instability and apoptosis [ 94 ]. In con-
trast to lysosomal stability, governance of cell motility seems to be a tumor specifi c 
function of ASMase. ASMase was shown to mediate some of the cytotoxic effects of 
cisplatin on cytoskeletal remodeling in MCF7 cells [ 95 ]. The researchers showed that 
induction of ASMase and the subsequent generation of ceramide reduces ERM phos-
phorylation and retards cell motility [ 95 ,  96 ]. Besides its role in cell motility and 
lysosomal stability, ASMase is known to modulate infl ammatory signaling in breast 
carcinoma cells. Studies on ASMase in MCF7 cells showed ASMase was necessary 
for p38-dependent expression of IL-6 following PKC activation by the cell permeable 
phorbol ester phorbol 12-myristate 13-acetate (PMA) [ 97 ]. However, the role of 
ASMase-induced IL-6 in these cells remains unclear.  

4.4     The Ceramidases 

 Catabolism of ceramide to other sphingolipids is another potential route by which 
luminal type breast cancers are able to escape the pro-apoptotic effects of ceramide. 
The ceramidases rapidly convert ceramide to sphingosine, and then sphingosine is 
subsequently converted into S1P. Down stream products of the ceramidases, espe-
cially sphingosine and S1P, have been shown to be potent signaling molecules. 
Therefore, conversion of a small amount of ceramide is likely to have profound 
effects on the cell. Several studies have linked acid ceramidase with growth of ER+ 
cell lines. Indeed, inhibition of acid ceramidase causes lysosomal disruption that 
results in rapid cell death in ER+ cell lines [ 98 ,  99 ]. However, the cytotoxic effect 
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of acid ceramidase inhibition is not only linked to its effects on lysosomal permeability. 
Inhibition of acid ceramidase with non-lysomatrophic compounds still results in 
cell death, suggesting that the functional consequence of inhibition extends beyond 
lysosomal homeostasis [ 70 ]. The downstream signaling function of ASAH1/
Sphingosine was recently delineated by Lucki et al. The authors found that induc-
tion of  ASAH1  by phytoestrogens in MCF7 cells resulted in cyclin B2 activation and 
increased cell proliferation [ 69 ], and they further showed that induction of ASAH1 
relied on c-SRC and ERK activation and subsequent ERα recruitment to the  ASAH1  
promoter. In accordance with these fi ndings, tumor samples with increased estrogen 
receptor signaling, i.e., luminal tumors, have high levels of  ASAH1  mRNA (Fig.  1 ). 

 Paradoxically, high  ASAH1  expression has also been correlated with better out-
comes following treatment of ER+ breast tumors [ 71 ]. A potential reason cell cul-
ture studies may not align with  in vivo  studies is because acid ceramidase has been 
shown to modulate the tumor microenvironment through regulation of infl amma-
tory cytokines and prostanoid signaling [ 97 ,  100 ]. These infl ammatory pathways 
may play a role in baseline tumor growth, but may make the tumor more prone to 
apoptosis or immune surveillance following chemotherapy. Therefore, cell culture 
studies may underestimate the anti-tumor effects of ASAH1 that are mediated 
through the immune response to tumors following chemotherapy. 

 Several groups have investigated the interplay between immune modulators and 
sphingolipid signaling. Signaling events intrinsic to ER+ tumor cells seem to mediate 
both autocrine and paracrine signaling within the tumor microenvironment. Stress 
induced cytokines, such as Tumor Necrosis Factor (TNF-α) and Interleukin-1 (IL-1β), 
activate sphingolipid catabolic pathways [ 101 – 103 ], which in turn have been shown 
to regulate production of infl ammatory mediators in an ASAH1 dependent manner. In 
breast cancer cell lines, several investigators have demonstrated a requirement for 
ASAH1 in the production of prostaglandin E2 (PGE2), Chemokine Ligand 5 (CCL5), 
and Interleukin-6 (IL-6) [ 97 ,  100 ,  104 ]. Each of these infl ammatory mediators can 
induce tumor progression by creating a permissive tumor microenvironment. Tumor 
derived PGE2 induces p38/JNK activation in adjacent fi broblasts. The activated p38/
JNK signaling cascade resulted in transcription of aromatase and consequent produc-
tion of estrogen by fi broblasts that promotes tumor growth in estrogen responsive 
tumors [ 105 ]. CCL5 promotes growth and metastasis of ER+ tumors by recruiting 
macrophages, inducing angiogenesis, and stimulating proliferation of CD44+/CD24− 
cancer stem like cells [ 106 – 108 ]. The role of IL-6 in breast cancer is multifaceted. In 
clinical studies on the relationship between IL-6 and breast cancer, high IL-6 is associ-
ated with early locally advanced tumors, and good prognosis [ 109 ]. Conversely, in late 
stage tumors, IL-6 was associated with worse prognosis [ 110 ]. Cell line studies have 
demonstrated that ER+ cell lines become growth suppressed by IL-6 and undergo 
EMT when exposed to IL-6 for extended periods of time. Conversely, ER− cell lines 
are not responsive to exogenous IL-6 (reviewed in [ 111 ]). A possible reason for ER− 
tumors being unresponsive to IL-6 is the fi nding that ER− tumor cell lines have a very 
high level of endogenous IL-6 production, as compared to ER+ cell lines, and there-
fore ER− tumors already have activated IL-6 signaling pathways and are not respon-
sive to additional IL-6 [ 112 ].  
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4.5     The Sphingosine Kinases 

 Sphingosine kinase phosphorylates sphingosine to produce sphingosine-1- phosphate 
(S1P). S1P acts as an intracellular signaling molecule as well as an extracellular sig-
naling molecule that interacts with S1P receptors on the cell surface. In a thorough 
study of SK1 in human breast cancer samples, Watson et al. found that SK1/S1P 
participate in non-genomic signaling by ER and cross talk between ER and ERK-1/2. 
Patients with ER+ tumors displaying high ERK-1/2 and SK1 relapsed nearly 10 years 
earlier than patients with low SK1 and ERK-1/2. Additionally, the patients with high 
SK1 and ERK-1/2 were found to be tamoxifen resistant [ 113 ]. In accordance with the 
work by Watson et al., Zhang et al. carried out a large scale, pan-cancer meta-study 
demonstrating a signifi cant correlation between SK1 expression and worse outcomes 
in a number of solid tumors. The authors reviewed immunohistochemical staining for 
SK1 in a range of breast tumor samples and calculated a hazard ratio of 1.86 for 
tumors with high SK1 expression [ 114 ]. Mining of microarray data has revealed lumi-
nal type tumors have high SPHK1 and SPHK2 expression (Fig.  1 ). 

 SK1 expression in ER+ tumors is modulated by ER signaling. In a study examining 
expression of micro RNA miR-515-5p, it was noted that in MCF7 cells this miRNA is 
correlated with SK1 expression. The authors reported that when the ERα receptor is 
activated by estradiol (E2), the ERα/E2 complex directly interacts with the promoter 
sequence that regulates miR-515-5p. This interaction leads to a decrease in miR-515-5p 
expression and de-repression of SK1 expression [ 115 ]. The authors went on to report 
that in a small cohort of 34 tumor samples, ER+ tumors had lower miR-515-5p expres-
sion than ER− tumors. However, they do not correlate this fi nding with SK1 expression 
in their cohort [ 115 ]. In support of the fi ndings by Pinho et al., Takabe and colleagues 
found that E2 treatment resulted in increased S1P effl ux from cultured MCF7 cells, and 
the observed increase in S1P export was dependent on the ERα receptor suggesting that 
active ER signaling is necessary for SK1, but not SK2, activation [ 116 ]. Taken together, 
active ERα signaling promotes S1P production in MCF7 cells. 

 In addition to Sphingosine Kinase activity, S1P receptors (S1PR1-5) seem to be 
modulated by ER signaling. Indeed, multiple groups have observed ERK activation by 
S1P/S1P receptor signaling, and correlations between S1PR expression and ERK1/2 
expression have been made [ 117 ,  118 ]. In a study of 304 ER+ breast tumor samples, 
Watson et al. correlated S1P receptor 1 and 3 expression with ERK1/2 expression. The 
authors found that patients with S1PR1 highly localized in the membrane had shorter 
time to recurrence of disease, and high levels of cytoplasmic S1PR1 and 3 were associ-
ated with worse survival [ 113 ]. The authors also noted that TRANSFAC analysis 
(Biobase) revealed binding sites for ERα, c-Jun, and Sp1 in the S1P 3  promoter region 
[ 113 ]. This suggests that tumors with active ER signaling (i.e., tumors with high PR 
and ER expression [ 119 ]) also have high S1P mediated ERK-1/2 activation. 

 The fi nding that the SK1/S1P/S1PR axis is up-regulated in ER+ tumors would 
suggest that targeting this axis would be benefi cial in the treatment of breast carcino-
mas. However, targeting of the SK1/S1P/S1P receptor axis in breast cancer has been 
met with mixed results. A group from the Department of Chemistry at Amgen 
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utilized the crystal structure of SK1 to generate specifi c inhibitors of the sphingosine 
kinases. The inhibitors, termed ‘compound A’ and ‘compound B,’ were potent and 
reproduced the phenotypes of SK1−/− mice [ 120 ]. The Amgen Oncology Research 
group then carried out a cell line study with compound A and compound B, as well 
as the inhibitor SKII, and found that their compounds reduced S1P levels, but did not 
impact viability of tumor cell lines at concentrations that reduced S1P levels in these 
cells [ 121 ]. Additionally, the authors reported that ablation of SK1 or SK2 did not 
reduce tumor cell viability. The conclusion was that SK1 and SK2 are not high yield 
targets for cancer chemotherapeutics. On the other hand, as it will be discussed later 
on, targeting the S1P receptors is a very attractive strategy in basal type tumors.  

4.6     Ceramide Kinase 

 In contrast to S1P, comparatively little work has been done on delineating the role 
of ceramide-1-phosphate (C1P). C1P is produced by CERK mediated phosphoryla-
tion of ceramide. In low grade breast cancer, it has been noted that high CERK 
expression correlates with poor histologic grading of tumors and ER negativity 
[ 122 ]. Additionally, CERK inhibition results in M-phase arrest of MCF7 cells, and 
sensitized cells to protein kinase inhibitors [ 123 ]. Message level of CERK is not 
signifi cantly different between tumor subtypes (Fig.  1 ) suggesting that post- 
translational regulation and subcellular localization of CERK may play a signifi cant 
role in its function within the tumor cell.   

5     Sphingolipids in Basal Type Breast Cancer 

 The basal-like genetic signature was one of the fi rst genetic portraits of disease to be 
described. This signature includes expression of mitogenic pathways, as well as 
high expression of keratins 5, 6, and 17 [ 34 ]. Basal type breast carcinomas are 
mostly triple negative tumors that do not express ER, PR, or HER2 receptors, but 
roughly 25 % of basal like tumors are not triple negative. Greater than 80 % of basal 
like tumors have mutant TP53 and loss of p53 signaling, as well as loss of RB1 and 
BRCA1 [ 39 ]. Myc activation, cyclin E1 amplifi cation, and activation of the HIF1-α/
ARNT pathways are prominent features of basal like tumors [ 39 ,  124 ]. Another 
interesting observation from TCGA is that basal-like breast carcinomas share sev-
eral common features with serous ovarian carcinoma, including Myc activation, 
cyclin E1 amplifi cation, and inactivation of TP53 and RB1, as well as loss of 
BRCA1 [ 39 ]. This fi nding suggests that some of the processes driving serous ovar-
ian tumors may be active in basal type breast cancers as well. The lack of hormone 
receptors and the aggressive nature of basal-like tumors have created a signifi cant 
need for identifi cation of new therapies. 
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 The approach to surgical treatment of triple negative breast cancers is similar to 
other breast carcinomas. The choice between adjuvant (treatment given after surgi-
cal excision of a primary tumor) and neoadjuvant (treatment given before surgical 
excision) therapy is made based on tumor size and local spread. Triple negative 
tumors often respond well to chemotherapy; however, there is a high recurrence rate 
of tumors [ 125 ]. Therefore, there is a signifi cant need for more effective chemo-
therapeutics. In this regard, ceramide has been used to induce apoptosis of hormone 
insensitive breast cancer cell lines [ 126 ,  127 ], and some success has been achieved 
in murine models of breast cancer [ 128 ]. Ceramide causes clustering and activation 
of death receptors, and the apoptotic threshold of cells is modulated by the presence 
of ceramide at the plasma membrane [ 129 ]. Ceramide nanoliposomes can increase 
the concentration of ceramide at the plasma membrane of target cells and promote 
pro-apoptotic signaling events in breast cancer cell lines [ 130 ]. 

 Beside using ceramide nanoliposomes to indiscriminately increase ceramide lev-
els in cell membranes, ceramide nanoliposomes have also been used to improve the 
bioavailability and effi cacy of breast cancer chemotherapeutics. Nanoliposomal 
preparations containing ceramide and the tyrosine kinase inhibitor sorafenib were 
shown to decrease AKT phosphorylation and Cyclin D1 expression, and the pres-
ence of ceramide sensitized MDA-MB-231 cells to sorafenib-induced apoptosis 
[ 131 ]. Sorafenib is traditionally used to treat renal carcinoma, and has powerful 
anti-angiogenic and anti-mitogenic properties, making it an interesting therapeutic 
for the treatment of basal type breast cancers [ 132 ]. Indeed recent clinical trials have 
demonstrated a potential role for sorafenib in Her2 negative tumors as well as in 
tamoxifen resistant tumors [ 133 ,  134 ]. Ceramide nanoliposomes have also been 
used to improve the cellular uptake of doxorubicin in MCF7 and SKBR3 breast 
cancer cell lines [ 135 ]. Ceramide nanoliposomes have been used  in vivo  and may 
hold promise in adjuvant or neoadjuvant treatment of breast cancers by increasing 
the bioavailability, stability, and effi cacy of current chemotherapeutics [ 136 ]. 

 The success of neoadjuvant treatment of triple negative breast tumors is assessed 
by the pathologic response of the tumor to chemotherapeutic agents. Achieving a 
preoperative pathologic complete response (pCR) is the goal of neoadjuvant ther-
apy, but it is diffi cult to predict what patients will achieve pCR with a given chemo-
therapy regiment. Roughly 55 % of patients with triple negative tumors do not 
respond well to multi-agent neoadjuvant therapy [ 137 ]. A series of studies has 
recently uncovered potential roles for GCS, CERT, and the ceramide producing 
β-Glucosidase enzymes (GBA1 and GBA3) in resistance to taxanes in hormone 
insensitive breast tumors. The fi rst study demonstrated that down regulation of 
CERT, or up-regulation of GBA1 or 3, sensitized tumor cells to taxanes [ 138 ]. As a 
follow up to their  in vitro  functional genomics study, the research group carried out 
a retrospective meta-study and found that up-regulation of GCS and CERT, and 
concomitant down-regulation of GBA1 and GBA3, was highly associated with fail-
ure of 5-fl uorouracil, doxorubicin, cyclophosphamide, paclitaxel (TFAC) treatment 
of triple negative tumors possibly because of poor accumulation of ceramide [ 139 ]. 
It is important to note though that the majority of basal type tumors have low GCS 
and CERT expression (Fig.  1 ), therefore, the association between high expression of 
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these genes and poor response to treatment may make them valuable biomarkers for a 
subset of triple negative patients. Altogether these results highlight the importance 
of regulation of ceramide levels (and of ceramide metabolizing enzymes) in triple 
negative breast carcinoma cells in order to sensitize tumors to adjuvant 
chemotherapy. 

 Based on the work by the TCGA and others, triple negative tumors have high 
expression of the hypoxia inducible genes. This suggests these tumors may be sus-
ceptible to anti-vasculogenic therapies. One sphingolipid analog with potent anti- 
vasculogenic properties is fi ngolimod (Gilenya). Fingolimod (also known as 
FTY720) is a sphingosine analog approved for treatment of multiple sclerosis that 
serves as a precursor for an agonist of the S1P receptors that often results in internal-
ization of the receptor followed by its shut down [ 140 ,  141 ]. In studies with cell lines, 
fi ngolimod has been shown to disrupt ERK1/2 and HER2 cross talk in Her2- like 
breast cancer cells and to decrease the proliferation of luminal type breast cancer 
cells [ 142 ,  143 ]. In studies using syngeneic mouse models of breast cancer, research 
has shown fi ngolimod decreases vascular smooth muscle motility in response to 
tumor-derived cytokines [ 144 ]. Based on its anti-vasculogenic properties, fi ngolimod 
may also serve as a potent inhibitor of basal type breast tumor growth  in vivo .  

6     Sphingolipids in Her2-Like Breast Cancer 

 Genomic duplication of the Her2 gene results in overexpression of HER2 and 
HER2-associated genes. In these tumors, HER2 itself as well as FGFR4, EGFR, 
and several other receptor tyrosine kinases are up regulated. Her2-like tumors have 
high levels of phospho-SRC and phospho-S6 [ 39 ]. Her2-like tumors are largely 
treated with adjuvant chemotherapy. Effective treatment relies primarily on tar-
geted therapies such as trastuzumab (targeting HER2) in combination with a tax-
ane or anthracycline [ 145 ,  146 ]. Despite the fi nding that EGFR signaling is up 
regulated in Her2-like tumors, lapatinib, an inhibitor of the Her2 and EGFR path-
ways, has not been clinically successful in the adjuvant treatment of Her2-like 
tumors [ 147 ]. On the other hand, adjuvant treatment with trastuzumab has a fairly 
high disease free survival rate of 76 % [ 148 ]. Although there is a small subset of 
Her2-like tumors that are ER positive, the clinical relevance of combining endo-
crine therapy with targeted HER2 therapies has not been rigorously evaluated. 
Also, general clinical practice focuses on targeting the HER2 receptor, and current 
investigations are underway to evaluate the effi cacy of targeting tyrosine kinase 
activity in Her2 like tumors [ 149 ]. 

 Several groups have studied the role of sphingolipids in Her2-like tumors with a 
focus on CERT, CERK, and sphingomyelin homeostasis. CERT seems to play a 
prominent role in Her2-like tumors, and has been shown to mediate paclitaxel sen-
sitivity in these tumors. Extending their work with functional metagenomics, the 
Swanton group found that CERT protein was overexpressed in HER2 +  tumors, and 
they demonstrated that silencing of CERT in HER2 +  tumor cell lines sensitized the 
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cells to chemotherapeutics [ 139 ,  150 ]. Inhibition of CERT in these cell lines induced 
autophagic fl ux and LAMP2 expression, and increased sensitivity to paclitaxel, 
doxorubicin, cisplatin and trastuzumab. Therefore, CERT may be of both therapeu-
tic and prognostic value in HER2 +  breast tumors that express high levels of 
CERT. However, mining of TCGA data has revealed that CERT mRNA is not highly 
expressed in Her2-Like tumors as compared to adjacent normal tissue. The reason 
for this discrepancy may be due to discordance between CERT protein and mRNA 
levels, or possibly due to the choice of controls used for comparison. 

 The role of CERK in HER2 +  tumors has recently been investigated using a mouse 
model of breast cancer. Utilizing a doxycycline inducible  HER2/neu  mouse model 
of breast cancer, Payne et al. demonstrated that CERK was required for tumor cell 
survival following loss of Her2 upon doxycycline withdrawal. When expression of 
Her2 was decreased and cells were treated with shRNA to CERK, tumor cells 
expressed high levels of pro-apoptotic markers [ 151 ]. This result suggests that fol-
lowing deprivation of Her2 signalling, tumors become reliant on CERK for sur-
vival. The authors also tested the role of CERK in BT474 (ER + , HER2 + , p53 mut) 
and SKBR3 (ER − , HER2 + , p53 mut) cells treated with the tyrosine kinase inhibitor 
lapatinib. As expected, based on the  in vivo  studies, Her2 cell lines were dependent 
on CERK expression for survival following Her2 inhibition by lapatinib. The 
authors extended their study to analyze microarray data from 2200 patient samples, 
and found signifi cant correlation between CERK expression and aggressive tumors 
such as HER2 +  tumors [ 151 ]. The association between CERK and HER2 +  tumor 
progression makes CERK inhibition an attractive target for combination chemo-
therapy with Her2 inhibitors. 

 The role of other sphingolipids in Her2-like tumors has not been rigorously stud-
ied. However, a study investigating lipid levels in several patient samples from 
Her2-like tumors found elevations in the level of sphingomyelin [ 152 ]. This fi nding 
is interesting and helps validate the work by Lee et al. because overexpression of 
CERT is known to increase sphingomyelin levels in cells [ 150 ,  153 ]. Our mining of 
TGCA expression data sets reveals that there are a number of alterations in the 
expression of several sphingolipid genes that are specifi c to Her2-Like tumors. 
Members of the SPT complex, acid sphingomyelinase, DEGS1, and GBA are all up 
regulated in Her2-Like tumors relative to other tumor types (Fig.  1 ). But, the func-
tional roles of these enzymes in Her2-like tumors remain to be elucidated.  

7     Conclusions 

 The function of sphingolipids in breast cancer is an area of intense investigation. 
Sphingolipids modulate many of the growth, apoptosis, infl ammatory, and perhaps 
even angiogenic pathways that breast carcinomas rely on. In luminal type breast can-
cers, conversion of ceramide to complex sphingolipids is associated with drug resis-
tance and worse patient outcomes. The somewhat paradoxical fi nding by Schiffmann 
et al. that luminal type tumors have up-regulated synthesis of several ceramide 
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species highlights the different functional outcomes of the ceramides with different 
molecular composition. Ceramide is rapidly converted to other lipid species, and sev-
eral groups have demonstrated the role of sphingosine kinase 1 in tumor growth, 
while the role of acid ceramidase in luminal type tumors is complex. Acid ceramidase 
in fact promotes a number of cell-cell signaling pathways, and some of the subtleties 
of these signaling pathways may be lost in over simplifi ed experimental conditions. 

 Basal type breast tumors are highly aggressive, and have poor response to treat-
ment. Novel therapeutics based on ceramide, as well as novel drug delivery methods 
have recently shown promise in the treatment of these tumors. The studies showing 
potential roles for CERT and GCS suggest that targeting these pathways may be an 
effective route for treating triple negative tumors. Many current chemotherapeutics, 
such as doxorubicin and etoposide, cause cell death through generation of ceramide. 
Therefore, directly modulating ceramide metabolic pathways may increase the 
effectiveness of current chemotherapeutics and increase their therapeutic index. 

 The role of sphingolipids in Her2-like tumors has not been thoroughly studied. 
This is despite the fact that robust murine models of Her2-like tumors are readily 
available. In one of the only studies on sphingolipids in Her2 driven breast cancers, 
Payne et al. showed reliance on CERK. In addition to the role of CERK, 
 non- vescicular transport of ceramide seems to be an important process in Her2-like 
tumors, and inhibition of CERT results in autophagy of HER2 +  cell lines. 

 Sphingolipid research in other systems has demonstrated the power of multi-
modal bioinformatics studies focused on sphingolipid metabolic pathways [ 154 ]. 
Application of cross platform informatics to breast cancer will reveal new opportu-
nities for targeted therapy focused on sphingolipid metabolic enzymes. It is obvious 
that more studies are needed into the specifi c roles of individual enzymes and path-
ways of sphingolipid metabolism in breast cancer and, as these roles of sphingolip-
ids become clearer, more specifi c rationales will emerge for targeting sphingolipid 
metabolism as an attractive therapeutic modality.     
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      Role of Sphingolipids in Non-melanoma 
Skin Cancer       
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    Abstract     Non-melanoma skin cancer (NMSC) is the most common cancer in the 
world and its incidence continues to rise. NMSC includes two main types, basal cell 
carcinoma (BCC) and squamous cell carcinoma (SCC), both of which arise from 
malignant keratinocytes, the major cell type in the epidermis of the skin. Most cases 
of NMSC can be cured by existing new surgical techniques and chemo- or radio-
therapy. However, NMSC remains a leading cause of cancer-related deaths in the 
United States and worldwide likely due to its extremely high incidence and recur-
rence rate, and limited availability of effective therapies for advanced cases. 
Therefore, we still need a better understanding of its pathogenesis and the develop-
ment of novel and effective approaches to diagnosis, prevention, and treatment. 
Like many other cancers, NMSC results from dysregulation of the proliferation, 
differentiation, and apoptosis of cells that it originates from. Emerging evidence 
suggests that sphingolipids play an important role in regulating these cellular 
responses of keratinocytes and the homeostasis of the epidermis. In this review, we 
will discuss the role for sphingolipids and their metabolizing enzymes in regulating 
the proliferation, differentiation, and apoptosis of epidermal keratinocytes and the 
potential role of sphingolipids in NMSC prevention and/or therapy.  

  Keywords     Basal cell carcinoma (BCC)   •   Squamous cell carcinoma (SCC)   
•   Epidermal keratinocyte   •   Stem cells   •   Ceramide   •   Sphingoid base   •   Sphingosine-
1- phosphate (S1P)  

        C.-L.   Lin       
  Graduate Program of Molecular and Cellular Biology ,  Stony Brook University , 
  Stony Brook ,  NY   USA    

  Department of Medicine ,  Stony Brook University ,   Stony Brook ,  NY   USA    

     Stony Brook University Cancer Center ,   T15-023, HSC ,  Stony Brook ,  NY   11794-8155 ,  USA   
 e-mail: chih-li.lin@stonybrook.edu   

    C.   Mao ,  Ph.D.      (*)
  Graduate Program of Molecular and Cellular Biology ,  Stony Brook University , 
  Stony Brook ,  NY   USA   
 e-mail: cungui.mao@stonybrook.edu  

mailto:chih-li.lin@stonybrook.edu
mailto:cungui.mao@stonybrook.edu


108

1         Cellular Origins of BCC and SCC 

 Mammalian epidermis, the outermost layer of the skin, comprises different 
compartments including the interfollicular epidermis (IFE), the hair follicle (HF), 
and the sebaceous gland (SG) (Fig.  1 ) [ 1 ]. The IFE is mainly composed of keratino-
cytes and has four distinct cell layers: the basal, spinous, and granular layers, and 
stratum corneum (Fig.  2 ) [ 2 ]. Under basal conditions, the IFE is renewed mainly 
from the IFE resident stem cells (SCs) in the basal layer of the epidermis whereas 
HFs and SGs regenerate from bulge and isthmus SCs, respectively [ 3 ]. Upon 
wounding, bulge and isthmus SCs move upward to repair the wounded IFE [ 3 ].

    Although they both occur most frequently in the sun-exposed regions of the skin, 
BCC and SCC arise in different cell layers of the epidermis. BCC arises from the 
basal layer and SCC from the suprabasal layers. Although it was thought that BCC 
initiated from the bulge SCs [ 4 ], a recent study using a mouse model indicates that 
it actually may initiate from long-term resident progenitor cells of the IFE and the 
upper infundibulum [ 5 ]. Although its cellular origin remains controversial, a recent 
study using mice conditionally expressing a constitutively active K-Ras mutant in 
different epidermal lineages demonstrated that SCC can initiate from multiple

  Fig. 1    The structure and compartments of epithelium. Squamous epithelium has dermal and epi-
dermal layers. The epidermal layers include keratinocytes located in hair follicle and interfolliclu-
lar epidermis (IFE)       
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 epidermal lineages including HF and IFE SCs but not transient amplifying cells, the 
immediate progeny of the IFE SC [ 6 ]. In addition, actinic keratosis (AK) is now 
considered a carcinoma in situ, and an early stage of invasive SCC [ 7 ].  

2     BCC and SCC Incidence 

 BCC is the most frequent NMSC with more than two million new cases in the 
United States and many more worldwide being diagnosed each year [ 8 – 10 ]. BCC is 
a slow growing and locally invasive cancer and, if diagnosed and treated early, most 
cases can be eradicated by surgical excision [ 11 ]. If left untreated, however, BCC 
may cause destruction of underlying tissues [ 12 ]. SCC is the second most frequent 
NMSC, with approximately 700,000 in the United States and 2–3 million new cases 
worldwide being diagnosed [ 10 ,  13 ,  14 ], and its incidence is markedly increased in 
immunocompromised patients [ 15 ]. Although most SCC cases can be cured by sur-
gical removal, about 8 % of the cases relapse and 5 % metastasize. There is only a 
10–20 % survival rate over 10 years in patients with metastatic SCC [ 16 ].  

3     Causal Factors of BCC and SCC 

 Risk factors for NMSC include chemical carcinogens and physical ultraviolet (UV) 
radiation [ 8 ]. Of these, UV radiation (UVR) are the most prominent and ubiquitous 
physical carcinogen of NMSC, especially UV-A and UV-B from sunlight [ 17 ]. 

  Fig. 2    Schematic detail of interfollicular epidermis (IFE). The proliferative epidermal keratino-
cyte (EK) is limited in the basal layer. The epidermal differentiation is unidirectional toward the 
upper spinous, granular, and cornifi ed layers respectively       
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Common chemical risk factors of NMSC are cigarette smoking and arsenic 
poisoning with evidence showing that cigarette smoking is strongly associated with 
SCC in a case–control study [ 18 ]. Moreover, chronic arsenic poisoning caused by 
arsenic contamination of drinking water may also lead to NMSC [ 19 ,  20 ].  

4     Genetic Mutations in BCC and SCC 

 Solar UV radiation has been proven to provoke DNA and RNA damage by inducing 
the mutagenic photoproducts which lead to gene mutations [ 21 ]. Mutations in 
Hedgehog (HH) pathway-related genes, especially Patched 1 (PTCH1) and 
Smoothened (SMO), are the most frequent and signifi cant genetic alterations in 
BCC [ 22 ]. Loss of heterozygosity of PTCH1 or activating mutations in SMO leads 
to aberrant activation of the HH pathway that may drive BCC development by trans-
forming normal adult stem cells into cancer stem cells [ 22 ]. It has also been observed 
that the UV-induced p53 mutation signature is present in a signifi cant percentage of 
SCC and its precursor AK [ 7 ]. The dominant active mutations of proto-oncogene 
Ras, the upstream activator of the Raf/Mek/Erk1/Erk2 kinase pathway also occur 
frequently in SCC [ 7 ]. There are 21 % of SCCs that harbor activating Ras mutations 
(9 % H-Ras, 7 % N-Ras, and 5 % K-Ras) [ 7 ]. EGFR is frequently overexpressed in 
various kinds of cancer, including SCC [ 23 ]. Recently, the gene BRM encoding the 
Brahma catalytic subunit of the SWI/SNF complex was found to be frequently 
mutated in both BCC and SCC [ 24 ]. Mutations in many other genes that may con-
tribute to the NMSC tumorigenesis were identifi ed by using mouse models of skin 
carcinogenesis induced either by the UV radiation and/or the two-stage chemical 
carcinogenesis (Table  1 ) [ 7 ,  25 ,  26 ].

5        Epidermal Homeostasis 

 The homeostasis of the cell layers in the IFE depends on the tight coordination of 
keratinocyte proliferation and differentiation [ 32 ]. The IFE resident SCs continu-
ously generate proliferative keratinocytes that are referred to as transit amplifying 

   Table 1    Key    genes mutated in BCC and SCC   

 Tumor type  Genes mutated  References 

 Basal cell carcinoma (BCC)  Patched 1 (PTCH1)  [ 27 ] 
 Smoothened (SMO)  [ 28 ] 

 Squamous cell carcinoma (SCC)  TP53  [ 29 ] 
 Ras  [ 30 ] 
 β-Catenin  [ 31 ] 
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cells [ 33 – 35 ]. These cells cease proliferation and initiate terminal differentiation 
upon leaving the basal layer and migrating upwards into the superbasal layers [ 33 ]. 
Keratinocytes in different cell layers vary in differentiation degree [ 36 – 38 ]. 
Keratinocytes in the spinous layer cease proliferation, but remain metabolically 
active [ 39 ,  40 ]. After migrating further to the upper granular layer, keratinocytes 
initiate degrading processes for their intracellular contents including nuclei, but 
maintain an intact cytoskeletal scaffold while forming lipid-containing lamellar 
bodies [ 41 ,  42 ]. Some keratinocytes in this cell layer form a cornifi ed envelope 
underneath the plasma membrane by incorporating various precursor proteins [ 43 ], 
and subsequently become anucleated cells and form the outermost stratum corneum 
[ 44 ]. These anucleated cells become permeable; and a calcium infl ux activates 
transglutaminases to irreversibly crosslink the cornifi ed envelope proteins [ 43 ]. The 
lipids secreted from lamellar bodies to form the lamellar matrix to seal the cornifi ed 
envelopes to create the water impermeable epidermal permeability barrier (EPB) 
that protects the body from pathogens, allergens, unwanted chemicals, and ultravio-
let radiation while preventing the loss of water and electrolytes [ 37 ,  44 ,  45 ].  

6     Extracellular Ceramides Are a Major Constituent 
of the Epidermal Permeability Barrier 

 Ceramides are composed of a sphingoid base backbone and an amide-linked acyl 
chain, and are a key lipid component of the EPB [ 46 ]. In mammalian cells, cerami-
des are synthesized de novo from serine and palmitoyl-CoA through multiple enzy-
matic steps including sphingoid base acylation by ceramide synthases encoded by 
six distinct genes LASS1-6 or CERS1-6 [ 47 ]. Once synthesized, ceramides are 
incorporated into complex sphingolipids, such as sphingomyelins and glucosylce-
ramides [ 47 ]. More detailed information on the metabolism of ceramides and other 
sphingolipids is covered in Chap.   1     of    this book. In differentiated keratinocytes, 
glucosylceramides are packaged into the lamellar body before being secreted to 
intercellular spaces between corneocytes through exocytosis [ 48 ]. Secreted gluco-
sylceramides are converted by beta-glucocerebrosidase into ceramides, which form 
the lamellar matrix with cholesterol and free fatty acids [ 49 ]. 

 There are many diverse epidermal ceramide species consisting of different sphin-
goid bases and amide-linked acyl chains [ 49 ]. As shown in Fig.  3 , fi ve long chain 
bases, including  D - erythro ( e )-sphingosine (SPH),  D -e-dihydrosphingosine (DHS), 
 D - e -6-hydroxysphingosine,  D - ribo -phytosphingosine (PHS), and dihydroxy- 
sphinganine, were found in the epidermis. These long-chain bases differ in the num-
ber of double bonds and hydroxyl groups. In the epidermal ceramides, there are four 
major types of amide-linked acyl-chains that differ in hydroxylation type and extent, 
including non-hydroxylated acyl, alpha-hydroxyacyl, omega-hydroxtacyl, and 
omega-linoleyloxyacyl [ 37 ,  41 ]. These acyl-chains also vary in length and unsatura-
tion degree [ 49 ]. Combinations of fi ve sphingoid bases and four acyl-chain types 
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make numerous subclasses of skin ceramides [ 50 ,  51 ]. Ceramides carrying the 
sphingoid base  D - e -6-hydroxysphingosine or dihydroxy-sphinganine are unique to 
the skin and ceramides carrying the sphingoid base phytosphingosine are much 
more abundant in the skin than in other tissues [ 49 ]. Although the specifi c role for 
each subclass of ceramides in the EPB remains unclear, a recent study with a genetic 
mouse model defi cient in ceramide synthase 3 (Cers3) suggest that ceramides car-
rying very or ultra-long acyl-chains are essential for the formation of functional 
EPB [ 52 ]. Disturbances in the EPB due to a decrease in ceramide has been associ-
ated with various skin diseases including atopic dermatitis [ 53 ], psoriasis [ 54 ], har-
lequin ichthyosis [ 55 ], and possibly NMSC.

  Fig. 3    Human epidermal 
sphingolipids: diversity of 
sphingosines       
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   Because the EPB is the fi rst line of protection for mammals from harmful 
environmental insults [ 56 ], ceramide in the EPB may prevent BCC and SCC by 
shielding human body from UVR and other causative skin carcinogens.  

7     NMSC Results from an Imbalance Between Keratinocyte 
Proliferation and Differentiation in the Epidermis 

 As noted above, the homeostasis of the epidermis is controlled by the tight coordina-
tion of keratinocyte proliferation and differentiation [ 32 ] which is achieved by a 
balance between pro-proliferation and pro-differentiation factors. Various growth 
factors, mainly from the epidermal growth factor (EGF) family, such as EGF [ 57 ,  58 ], 
transforming growth factor β (TGFβ) [ 59 ], amphiregulin [ 60 ], heparin-binding 
EGF-like growth factor [ 61 ], and betacellulin [ 62 ], were shown to promote prolif-
eration of keratinocytes in a paracrine or endocrine fashion [ 57 ,  59 ,  61 ]. These 
growth factors upregulate or activate signaling molecules that promote proliferation 
of keratinocytes while suppressing signaling molecules with anti-proliferative and/
or pro-differentiating functions [ 63 ]. In contrast, other factors such as calcium ion 
(Ca 2+ ) induce growth arrest and differentiation of keratinocytes [ 64 ]. The Ca 2+  con-
centration ([Ca 2+ ]) in the epidermis gradually increases from the basal layer, spinous 
layer, and granular layer, thus forming an epidermal [Ca 2+ ] gradient which is believed 
to play a key role in the epidermal differentiation [ 36 ]. A shift from a low to high 
[Ca 2+ ] in medium, a so-called “Ca switch”, induces the growth arrest and differentia-
tion of keratinocytes in culture by activating or upregulating downstream effectors 
that mediate proliferation inhibition and/or differentiation of keratinocytes [ 36 ]. 

 In malignant keratinocytes, proliferation and differentiation are both dysregu-
lated [ 65 ] and they exhibit hyper-activated proliferative signaling pathways, such as 
the EGFR pathway [ 66 ] whereas pro-differentiation pathways are suppressed so 
that the Ca switch fails to induce their differentiation [ 67 ]. Dysregulation of these 
signaling pathways leads to an imbalance between proliferation and differentiation 
and therefore leads to NMSC.  

8     Intracellular Ceramides and Their Metabolites Regulate 
Epidermal Keratinocyte Proliferation and Differentiation 

 As stated in other chapters of this book, ceramides and their metabolites sphingoid 
bases and sphingoid base phosphates are bioactive lipids that mediate various cel-
lular responses such as cell proliferation, differentiation, and apoptosis in many 
mammalian cell types [ 68 ]. Increasing studies suggest that these bioactive sphin-
golipids may also play an important role in regulating the aforementioned biologi-
cal responses in epidermal keratinocytes [ 69 ]. Indeed, it has been shown that the 
levels of ceramides are increased in keratinocytes during differentiation [ 70 ]. 
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Furthermore, Takeda et al. [ 71 ] demonstrated that increasing endogenous ceramide 
species by treating immortalized keratinocytes with cell-permeable short-chain 
ceramides inhibited cell proliferation and induced apoptosis. This study supports 
the notion that increased ceramides may mediate growth arrest and differentiation 
of keratinocytes in addition to the formation of the EPB. 

 Similar to ceramide, sphingoid bases have also been shown to induce the growth 
inhibition and differentiation of keratinocytes. A study by Kim et al. demonstrated 
that sphingosine (sph), dihydrosphingosine and their respective phosphates are 
increased in keratinocytes upon differentiation induced by the combination of vita-
min C and serum. SPH and other sphingoid bases have been demonstrated to dis-
play anti-proliferative and pro-apoptotic abilities in various cell types [ 72 – 77 ]. 
Similar to SPH, PHS that is expressed at higher levels in the skin than other tissues 
has been shown to induce the growth arrest and differentiation of human keratino-
cytes [ 78 ]. Kim et al. demonstrated that PHS stimulates the differentiation of human 
keratinocytes and inhibits 12- O -Tetradecanoylphorbol-13-acetate (TPA)-induced 
infl ammatory epidermal hyperplasia in hairless mouse skin. Tolleson et al. [ 79 ] 
demonstrated that treatment with the mycotoxin fumonisin B1, which specifi cally 
inhibits ceramide synthase activity, increases the levels of endogenous levels of 
DHS, leading to the growth inhibition of keratinocytes. A recent study by Paragh 
et al. [ 80 ] demonstrated that DHS also promotes the differentiation of keratinocytes. 
Finally, Sigruener et al. [ 81 ] demonstrated that treatment with PHS and DHS 
increase the levels of phytoceramides and very long-chain ceramides, respectively 
and leads to the differentiation of keratinocytes. Collectively, this suggests that 
either sphingoid bases, phytoceramides, and/or ceramides mediate keratinocyte 
differentiation. 

 In contrast to ceramides and SPH, sphingosine-1-phosphate (S1P) has been dem-
onstrated to promote the proliferation and survival of many cell types [ 82 – 85 ]. 
Interestingly, although S1P also promotes survival of epidermal keratinocytes 
against various insults [ 86 – 88 ], it induces the growth arrest and differentiation of 
keratinocytes by binding to its G-protein-coupled receptors [ 89 – 92 ]. Schaper et al. 
demonstrated that topic application of S1P inhibits the imiquimod-induced epider-
mal hyperproliferation of the ear skin in a mouse model of psoriasis [ 93 ]. Schuppel 
et al. demonstrated that S1P inhibits insulin-induced proliferation of keratinocytes 
via AKT inhibition dependent on the S1P2 receptor subtype [ 94 ]. These results sug-
gest that ceramides, sphingoid bases, and their phosphates are important regulators 
of keratinocyte differentiation, proliferation, and survival.  

9     Role for Sphingolipid-Metabolizing Enzymes in Regulating 
Keratinocyte Proliferation and Differentiation 

 As mentioned in various chapters of this book, ceramides can be synthesized from 
different pathways. Indeed, several enzymes responsible for the formation of 
ceramides are upregulated in keratinocytes during differentiation, resulting in an 
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increase in the cellular levels of ceramides [ 69 ] and consistent with a potential role 
in this process. Supporting this, Brodesser et al. [ 95 ] demonstrated that inhibiting 
the formation of ceramides from dihydroceramides through inhibition of dihydroc-
eramide desaturase attenuates the expression of differentiation markers in cultured 
keratinocytes. Furthermore, Kato et al. [ 96 ] demonstrated that treatment with 
sodium dl-a-tocopheryl-6- O -phosphate, a water-soluble derivative of vitamin E, 
increased the levels of ceramides in normal human epidermal keratinocytes by 
increasing the expression of serine palmitoyl-CoA transferase (SPT) that catalyzes 
the fi rst and rate-limiting step for ceramide biosynthesis. Interestingly, treatment 
with this compound also induced the expression of various keratinocyte differentia-
tion markers in these cells. 

 In many cell types, ceramides can be hydrolyzed to generate a free fatty acid and 
SPH through the action of ceramidases (CDases) [ 68 ,  97 – 100 ]. To date, 5 human 
genes encoding different CDases have been identifi ed, including one acid cerami-
dase (aCDase; ASAH1), one neutral (nCDase; ASAH2), and three alkaline cerami-
dases (ACER1, ACER2, and ACER3) [ 68 ]. These fi ve CDase genes have been 
shown to be expressed in keratinocytes [ 101 ]. We have demonstrated that ACER1 is 
expressed in proliferating keratinocytes at a modest level, and is markedly up- 
regulated upon differentiation observed in response to the Ca switch [ 102 ]. We have 
further demonstrated that RNA interference (RNAi)-mediated inhibition of ACER1 
inhibited the growth arrest of normal human keratinocytes and attenuated the 
expression of involucrin and keratin 1 induced in these cells by the Ca switch [ 102 ], 
suggesting that ACER1 plays an important role in controlling the growth and dif-
ferentiation of keratinocytes. Because ACER1 upregulation causes a substantial 
increase in the levels of SPH and S1P while decreasing the levels of ceramides, it 
likely regulates the growth and differentiation of keratinocytes by controlling these 
bioactive lipids. 

 In cells, SPH is phosphorylated to generate S1P through the action of each of two 
SPH kinases (SPHKs), SPHK1 and SPHK2 [ 103 ,  104 ]. Once generated, S1P can be 
cleaved by S1P lyase to form hexadecenol and ethanolamine phosphate or be con-
verted back to SPH by the action of one of two S1P phosphohydrolases, SGPP1 
[ 105 ] and SGPP2 [ 106 ]. Consequently, these enzymes may regulate keratinocyte 
proliferation and differentiation by controlling S1P. Indeed, Hong et al. [ 107 ] dem-
onstrated that treatment with the SPHK1 activator K6PC-5 promotes epidermal dif-
ferentiation and inhibits the proliferation of keratinocytes through intracellular Ca 2+  
signaling in an S1P-dependent manner. Using a mouse model, Allende et al. [ 108 ] 
demonstrated that defi ciency in SGPP1 aberrantly induced the expression of various 
genes implicated in keratinocyte differentiation likely due to an accumulation of 
S1P in keratinocytes, thus leading to multiple epidermal abnormalities and death of 
mice due to excessive body water loss. 

 Based on the studies discussed above, we can conclude that sphingolipid 
metabolizing enzymes play important roles in regulating keratinocyte prolifera-
tion, differentiation, and apoptosis by controlling the metabolism of bioactive 
sphingolipids.  
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10     Roles of Bioactive Sphingolipids in Mediating 
UVR- Induced Proliferation Inhibition and Apoptosis 
of Keratinocytes 

 Because of the central role that UVR plays in the pathogenesis of both BCC and 
SCC, methods that reduce UVR exposure and UVR-induced gene mutations in 
keratinocytes form the basis of the prevention of both types of malignancy [ 109 ]. In 
addition to gene mutations, UVR induces apoptosis of epidermal keratinocytes 
[ 110 ]. Because apoptosis can prevent UVB-induced gene mutations from being 
inherited by daughter cells, enhancing UVR-induced apoptosis may represent a 
novel approach to NMSC prevention. 

 Several studies have demonstrated that UVB induces growth arrest and apopto-
sis of keratinocytes in part by regulating the metabolism of bioactive sphingolipids. 
Magnoni et al. [ 111 ] showed that UV-B radiation rapidly induces ceramide genera-
tion in cultured normal human keratinocytes by activating neutral and acidic sphin-
gomyelinases. Uchida et al. [ 112 ] demonstrated that treatment with UV-B at a low 
dose caused a temporary increase in the levels of ceramides in keratinocytes in 
culture by transiently reducing both aCDase and nCDase activities, leading to 
growth arrest but not apoptosis whereas treatment with UV-B at a high dose caused 
a sustained increase in the levels of ceramides by permanently reducing CDase 
activities, leading to both growth arrest and apoptosis in keratinocytes. Inhibiting 
CDase activities by either the CDase inhibitor  N -oleoylethanolamine or small inter-
fering RNA (siRNA) sensitized keratinocytes to apoptosis in response to treatment 
with the low dose of UV-B. These results suggest that increased ceramides mediate 
growth arrest and/or apoptosis in keratinocytes in response to UVB. Consistent 
with this, the same group has also shown that UVB increased the levels of cerami-
des by inhibiting the function of ceramide transfer protein (CERT) in delivering 
ceramides from the ER to the Golgi complex in HaCaT keratinocytes [ 113 ]. 
Furthermore, similar to UV-B stimulation, treatment with a CERT inhibitor 
increased the levels of ceramides while reducing those of sphingomyelins in kera-
tinocytes and leading to apoptosis. Thus, because ceramide-mediated apoptosis 
may prevent UVB- induced gene mutations from being inherited by daughter cells, 
modulating the metabolism of ceramides may represent a novel approach for 
NMSC prevention.  

11     Potential Roles of Sphingolipids in NMSC Therapy 

 Although surgical excision is the primary treatment option for both BCC and SCC 
cases [ 114 ], local therapy with chemotherapeutic and immune-modulating agents 
may be applied to some cases, especially for small and superfi cial BCC. Topical 
imiquimod or fl uorouracil is approved by the US Food and Drug Administration 
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(FDA) for the treatment of nonfacial superfi cial BCCs that are less than 2 cm in 
diameter [ 65 ]. In addition, radiation therapy may be used as an adjuvant to surgery 
for BCC and SCC [ 115 ] and there are also clinical trials of targeted therapies such 
as hedgehog pathway inhibitors [ 116 ,  117 ] and EGFR inhibitors [ 116 ,  118 ] for 
metastatic BCC and SCC, respectively. 

 Numerous studies have demonstrated that ionizing radiation and DNA damaging 
chemotherapeutic drugs induce growth arrest and apoptosis of various cancer cells 
in part through generation of ceramide [ 119 ] or SPH [ 72 ]. Consequently, it is pos-
sible that these bioactive sphingolipids also mediate the therapeutic action of 
imiquimod or fl uorouracil in NMSC. Supporting this notion, an increasing number 
of studies have found that modulating the metabolism of bioactive sphingolipids 
can inhibit proliferation of SCC cells or induce apoptosis of SCC cells. For exam-
ple, Sugiki et al. [ 120 ] demonstrated that treatment with a cell permeable synthetic 
ceramide (C 2 -ceramide) can potently kill HSC-1 SCC cells through apoptosis. 
Furthermore, studies with an animal model of skin carcinogenesis demonstrated 
that treatment with SPH or C 2 -ceramide inhibits the conversion of papillomas to 
SCC [ 121 ] suggesting an inhibition of SCC progression. Based on these prelimi-
nary results, it is envisioned that modulating the metabolism of sphingolipids in 
cells or direct treatment with sphingolipid mimics may represent novel approaches 
to NMSC therapy.  

12     Conclusions and Future Directions 

 NMSC is an increasing problem for health care services worldwide with signifi -
cant morbidity owing to a lack of effective preventive and therapeutic measures 
for this disease. As discussed above, emerging evidence suggests that bioactive 
sphingolipids and their enzymes may serve as potential targets for both prevent-
ing and treating NMSC. However, to facilitate the development of sphingolipid-
based approaches to NMSC prevention and treatment, it is fi rst necessary to 
understand if and how the dysregulation of bioactive sphingolipid metabolism 
contributes to the pathogenesis of NMSC. This goal should be achievable with 
the advance of mass spectrometry technologies for both lipidomics and pro-
teomics and new technologies in genome editing, such as Clustered Regularly 
Interspaced Short Palindromic Repeat (CRISPR). Once sphingolipid enzymes or 
regulators are identifi ed as cancer drivers for NMSC, a high throughput screening 
can be conducted to develop small molecule inhibitors for NMSC prevention 
and/or therapy.     
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in Melanoma: Roles in Pigmentation, 
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    Cristiana     Perrotta    ,     Nathalie     Andrieu-Abadie      , and     Mona     Diab-Assaf   

    Abstract     Over the last decades, the incidence of cutaneous malignant melanoma 
rapidly increased in Caucasian populations. Moreover, melanoma is a leading cause 
of cancer death and consequently has become a signifi cant public health problem 
worldwide in fair-skinned populations. The discovery of the prevalent mutation 
BRAFV600E, which drives melanoma cell growth, has made this oncogenic protein 
an ideal therapeutic target. However, the benefi cial effects of BRAF-directed thera-
pies are usually short-lived due to the appearance of resistance, which leads to 
disease progression. This emphasizes the need to develop new therapeutic 
approaches that could overcome tumor relapse. Alterations in sphingolipid metabo-
lism are associated with melanoma progression and represent an exploitable target 
for the development of novel chemotherapeutics. The aim of this review is to 
concentrate on the critical metabolites and enzymes that contribute to this metabolic 
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dysregulation in melanoma, to discuss the emerging roles of sphingolipids on 
melanogenesis, tumor microenvironment and melanoma progression, and to 
highlight relevant therapeutic approaches applicable for melanoma treatment.  

  Keywords     Acid sphingomyelinase   •   BRAFV600E   •   Melanoma   •   Metabolism   • 
  Metastasis   •   Microenvironment   •   MITF   •   Myofi broblasts   •   Resistance   • 
  Sphingosine-1-phosphate  

1        Melanoma: A Dreadful Cancer 

 Although far less prevalent than non-melanoma skin cancers, cutaneous melanoma 
is the major cause of death from skin cancer. The incidence of this cancer is also one 
of the most rapidly growing worldwide, with a consistent increase in Caucasian 
populations over the past four decades. This trend is predicted to continue increas-
ing for at least over the next two decades, with a doubling of incidence rates [ 1 ,  2 ]. 
Cutaneous melanoma is a heterogeneous disease that arises through the stepwise 
transformation of melanocytes within the basal epidermal layer of the skin and 
evolves due to a myriad of genetic and epigenetic aberrations correlated or not with 
the person’s UV exposure behaviour. Based on the clinical and histopathological 
characteristics, cutaneous melanoma is classifi ed into four categories: superfi cial 
spreading, nodular, lentigo maligna, and acral lentiginous melanoma, according to 
the site of origin, the UV light exposure and the duration of preinvasive growth. It 
can arise from a pre-existent nevus or even from healthy skin. 

 Patients with early stage melanomas can be treated successfully by surgery; how-
ever, one in ten will develop disseminated disease. The prognosis for patients with 
stage IV melanoma remains poor with a median overall survival of 9–11 months, and 
1-year and 5-year survivals of about 33 % and 15 %, respectively. Highly aggressive, 
metastatic melanoma is notoriously refractory to standard treatments such as chemo- 
and radiotherapy [ 3 ]. Moreover, although very promising with meaningful effects on 
progression-free survival (PFS), new targeted therapies are either effective on only a 
few patients, e.g., in the case of ipilimumab, an immune-modulating antibody that 
targets CTLA-4 on T lymphocytes [ 4 ] or will lead to a relapse due to a pre-existing 
or acquired resistance, e.g., for vemurafenib, a BRAF inhibitor [ 5 ]. Clearly, as a 
multifaceted disease, skin melanoma is far from being under control. This implies 
that studies of the genetic and cellular events underlying melanoma development 
must continue to better elucidate the pathogenesis of the disease and generate more 
effi cient and personalized approaches both for diagnosis and treatment.  

2     SL Metabolism Is Deregulated in Melanoma 

 Ceramides play an essential role in skin homeostasis [ 6 ]. Dysregulation of ceramide 
metabolism has been identifi ed in infl ammatory skin diseases such as atopic derma-
titis and psoriasis vulgaris [ 7 ]. Interestingly, we recently showed that ceramide 
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formation is also strongly altered in melanoma skin cancer. In particular, a 
β-glucocerebrosidase, encoded by the  GBA2  gene is under-expressed in melanoma 
cells compared to healthy melanocytes promoting the accumulation of its substrate, 
glucosylceramide (GlcCer) and a decrease of ceramide, in tumor cells [ 8 ]. This 
might be related to the presence of tumor-associated mutations in the promoter 
region or coding sequence of the  GBA2  gene or to some epigenetic change. Although 
this hypothesis remains to be tested, some reports suggest that patients with Gaucher 
disease, who are molecularly characterized by a defi cient activity of the lysosomal 
β-glucocerebrosidase GBA1 resulting in GlcCer accumulation, are at increased risk 
of developing specifi c malignancies such as melanoma [ 9 ]. In particular, the N370S 
mutation in the  GBA1  gene is associated with an increased risk to develop solid 
cancers including melanoma and hematological malignancies [ 9 ,  10 ]. For instance, 
in a study of 1525 patients, the relative risk for non-Hodgkin lymphoma was 2.54, 
for melanoma 3.07 and for pancreas cancer 2.37 [ 9 ]. The pathogenesis of cancers in 
Gaucher patients has not yet been elucidated although it has been proposed that the 
lipid storage that occurs primarily in monocytic cells and macrophages leads to 
chronic stimulation of the immune system and subsequent lymphoproliferation 
[ 10 ]. Interestingly, a host-related immunogenetic profi le has been proposed to be of 
importance for susceptibility and tumorigenesis in malignant melanoma [ 11 ]. 

 Moreover, a signifi cant association between the presence of mutations in the 
 GBA1  gene and Parkinson’s disease was found [ 12 ]. Intriguingly, patients with 
Parkinson’s disease showed a sevenfold increased relative risk for melanoma [ 13 ]. 
In addition, it has been reported that PARKIN, encoded by the major Parkinson 
disease-predisposing gene  PARK2 , regulates the polyubiquitination and protea-
somal degradation of misfolded mutants of GBA1 [ 14 ]. These observations suggest 
that some genetic determinants of SL metabolism could be associated with cutane-
ous melanoma predisposition. However, whether and how germline mutations of 
 GBA  genes lead to melanoma development in patients with Gaucher or Parkinson’s 
diseases remain to be demonstrated. 

 In addition, a genome-wide association study has identifi ed the 1q21.3 chromo-
somal region, containing  LASS2  gene that encodes the dihydroceramide synthase 2 
(CERS2), as a locus predisposing to cutaneous melanoma [ 15 ]. CERS2, a synthase 
of long-chain ceramides (C22-C24), is also known as tumor metastasis suppressor 
gene 1 (TMSG1). Recently, it has been reported that silencing of LASS2/TMSG1 
enhances prostate cancer cell invasion and metastasis [ 16 ]. However, it was not 
established whether cancer progression was associated with decreased ceramide 
levels or other modifi cations in SL metabolism due to the down-regulation of 
LASS2. 

 Looking at the enzymes involved in the generation of ceramide through the 
hydrolysis of sphingomyelinase, it has been recently reported, in human specimens 
of melanomas at various stages, that acid sphingomyelinase (acid SMase) expression 
inversely correlates with tumor malignancy, being lower in lymph node metastases 
with respect to benign nevi [ 17 ]. These results were confi rmed in vivo in a mouse 
model of melanoma by two pieces of evidence: (1) after subcutaneous injection to 
C57BL/6 mice, the expression of acid SMase was higher in B16-F1-derived tumors 
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than in the more metastatic B16-F10 ones; (2) the expression of acid SMase by the 
B16-generated tumors decreased progressively during melanoma growth [ 17 ]. 

 Besides these observations, ceramide catabolism is also enhanced in melanoma 
cells. Indeed, mining of the cancer profi ling database Oncomine reveal signifi cantly 
elevated expression of ASAH1 in melanoma biopsies compared with benign mela-
nocytic lesions [ 18 ,  19 ]. We also reported that the expression of proteins encoded by 
 SPHK1 ,  SGPP1  and  SGPL1  genes was altered in a series of invasive or metastatic 
melanoma cells as compared to that of healthy melanocytes [ 20 ,  21 ]. These changes 
are expected to lead to an increased production of ceramide metabolite, sphingosine 
1-phosphate (S1P), in tumor cells. This was confi rmed by measuring both SPHK1 
activity in vitro and expression in human melanoma specimens compared to nevi. 
The lipid kinase was overexpressed in the four main histologic subtypes of cutane-
ous melanoma. Moreover, owing to frequent BRAF or NRAS mutations in melano-
cytic neoplasms, which are, for the vast majority of them, single amino acid changes 
such as at codon 600 (BRAFV600E) or 61 (NRASQ61L), the RAS/RAF/MEK/
ERK signaling pathway is activated, representing a major event in the metastatic 
progression of melanoma [ 22 ]. By using pharmacological and genetic approaches, 
we showed that SPHK1 expression/activity is increased by ERK activation due to 
BRAF or NRAS mutations in melanoma cells [ 21 ]. 

 Dysregulation of SL metabolism in melanoma cells not only affects ceramide, 
GlcCer, and S1P but also other yet unidentifi ed derivatives. For instance, melanoma 
cells contain high amounts of certain gangliosides (which derive from GlcCer), 
some of them being considered as melanoma-specifi c antigens [ 23 ]. These changes 
have also been associated to increased serum ganglioside levels in melanoma 
patients compared to melanocytic patients or healthy individuals, and could be pre-
dictive of a decrease in the overall survival [ 24 ]. Finally, as in many tumors, dys-
regulations in melanoma may combine many anabolic and catabolic reactions 
leading to the formation of multiple SL metabolites. A complete lipidomic profi le 
associated to melanocytic tumor imaging would be highly useful tools to defi ne new 
SL-based targets and assist in directing antitumoral therapy.  

3     Role of SLs in Melanogenesis 

 Melanogenesis involves different stages, from melanocyte embryogenesis to mela-
nosome transfer from melanocytes to keratinocytes. Melanocytes derive from neu-
ral crest melanoblasts that migrate to different destinations, including the basal 
layer of the epidermis and hair follicles [ 25 ]. To protect skin towards the deleterious 
effects of ultraviolet light, melanocytes synthesize and introduce melanin into spe-
cialized lysosome-related organelles called melanosomes, which move along arm- 
like structures called dendrites, so as to reach the keratinocytes. 

 Analysis of the biology of melanocytes and skin pigmentation is important to 
better understand the complex system of melanoma development and progression 
[ 26 ]. For instance, a dual role has been ascribed to the basic helix-loop-helix leucine 
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zipper microphthalmia-associated transcription factor (MITF). Not only MITF 
 activates the transcription of genes involved in melanin synthesis, melanosome bio-
genesis and transport, but it is also reported as an amplifi ed oncogene in a subset of 
human melanomas in which it controls proliferation, migration and invasion [ 27 ]. 
Treatment of B16F10 murine melanoma cells with SL-enriched fraction from human 
placenta stimulates melanin production by inducing tyrosinase gene expression 
[ 28 ]. The characterization of lipids, by MALDI-TOF mass spectrometry, indicated 
the presence of sphingosine and S1P in the active fraction, and identifi ed the fatty 
acid moiety as palmitic acid (C16:0) and oleic acid (C18:0) [ 29 ]. The human placen-
tal lipids induce the p38 stress-signalling pathway [ 30 ] leading to phosphorylation 
of the cyclic AMP response element binding protein (CREB), which in turn activates 
MITF expression and consequently increases tyrosinase expression and pigmenta-
tion [ 29 ,  31 ]. Interestingly, topical application of a purifi ed SL fraction to age-onset 
gray-haired C57BL/6J mouse skin, that exhibit decaying MITF expression, reversed 
the hair greying phenotype by inducing the re-growth of thick black hair with MITF-
positive differentiated melanocytes found near the dermal papille [ 29 ]. 

 These observations strongly suggest that some sphingoid bases may have the 
ability to activate MITF expression when added to melanoma cells. However, addi-
tion of exogenous S1P to the spontaneously immortalized mouse cell line Mel-Ab 
was shown to reduce melanin synthesis by ERK activation, MITF phosphorylation 
at Ser73 and degradation by the proteasome. This effect was associated with subse-
quent down-regulation of tyrosinase and tyrosinase-related protein 1 [ 32 ] and was 
mediated by S1PR3 receptor activation [ 33 ]. On the other hand, modulation of acid 
SMase has been demonstrated to control MITF expression during melanoma 
growth, MITF expression being increased in B16-derived tumors at late stages of 
progression, i.e., when the expression of acid SMase becomes down-regulated [ 17 ]. 
Of importance, acid SMase induced the degradation of MITF by proteasome activa-
tion through a sustained activation of ERK. By affecting MITF expression acid 
SMase determined the modulation of its downstream pathway. Whenever MITF 
was up-regulated, because of the low expression of acid SMase, the proliferation 
marker cyclin-dependent kinase 2, the apoptosis modulator Bcl-2, the melanin 
 synthesizing enzyme tyrosinase and the pro-metastatic c-Met were up-regulated, 
thus leading to a more aggressive melanoma cell phenotype [ 17 ].  

4     Role of SLs in Melanoma–Stroma Interactions 

 Although genetic changes are indisputable causes of formation and progression of 
melanoma, they are also infl uenced by the adjacent microenvironment [ 34 ]. 
Melanoma is composed of not only the malignant cells but also normal skin cells, 
such as fi broblasts, endothelial, and immune cells, alongside the melanocytes, all of 
them embedded in the extracellular matrix (ECM). Altogether, they constitute a 
special microenvironment in which disturbed homeostasis may facilitate tumor 
development. Understanding the role of these cells or molecules that allow 
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interactions of normal cells with melanoma cells could be useful for designing 
potential combinations of specifi c target therapies and immunotherapies that could 
be more effi cient approaches against malignant melanoma [ 35 ]. 

 In many tumors, after intracellular production by SPHKs, S1P is released outside 
cancer cells and can activate S1P receptors in the surrounding microenvironment in 
a paracrine manner [ 36 ]. Here, we will review the current knowledge of the roles of 
S1P on the remodelling of tumor microenvironment in melanoma. 

4.1     Effect of S1P on Angiogenesis 

 Melanoma invasion can take place when cells produce critical angiogenesis-related 
growth factors, such as VEGF [ 37 ], bFGF/FGF-2 [ 38 ], Ang-1 and Ang-2 [ 39 ]. 
These factors stimulate the proliferation of endotheliocytes of the vessels of the 
near-connective tissue and then contribute to the formation of a new vascular system 
that will supply oxygen and nutrients to tumour cells [ 40 ]. Proangiogenic factors 
promote lymphatic and hematogenous metastasis and are associated with higher 
disease burdens and worse outcomes in melanoma. For instance, a positive 
 correlation between increased serum VEGF, bFGF and IL-8 levels and a shorter 
disease- free survival was reported in patients with metastatic melanoma [ 41 ]. 
Similarly, expression of hypoxia-inducible factors (HIFs), global regulators of oxy-
gen homeostasis, was associated with poorer prognosis in patients with metastatic 
melanoma [ 42 ]. The anti-angiogenic agents that have been tested so far, such as 
bevacizumab, axitinib or dovitinib, offer little benefi t as single agents, but in com-
bination with cytotoxic agents are promising for patients who may be ineligible for 
currently FDA approved fi rst-line therapy with vemurafenib or ipilimumab or in 
patients for whom this therapy has failed [ 43 ]. 

 In many tumors, hypoxia induces the release of S1P from cancer cells. 
Extracellularly released S1P is a robust pro-angiogenic factor that promotes angio-
genesis directly as well as indirectly by stimulating VEGF secretion. Conversely, 
VEGF stimulation induces the transcription of S1PR1 mRNA, and thus VEGF and 
S1P act in a feed-forward loop promoting the development of  de novo  blood vessels 
[ 44 ]. In the murine melanoma B16-F10 allograft model, neutralization of extracel-
lular S1P with a monoclonal S1P antibody was associated with decreased tumor 
progression likely due to inhibition of VEGF- and bFGF-stimulated endothelial cell 
migration and angiogenesis [ 45 ]. Additionally, treatment of mice with the S1PR 
modulator FTY720, which renders cells unresponsive to S1P activation by seques-
tering S1PRs internally, reduced melanoma progression by inhibiting tumor vascu-
larization [ 46 ]. Emerging evidence shows that S1P exerts both positive and negative 
effects on angiogenesis and vascular maturation, which are mediated by S1PR1 and 
S1PR2, respectively [ 47 ]. Consistent with these observations, B16BL6 murine mel-
anoma cells implanted in S1PR2-null mice displayed increased tumor growth and 
angiogenesis with enhanced vascular mural cell recruitment, compared to wild-type 
mice [ 48 ]. These effects on angiogenesis bring the targeting of S1PRs into perspec-
tive as a novel anti-melanoma therapeutic approach.  
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4.2     Role of S1P in Fibroblast Differentiation 

 One of the key cellular components in the microsystem of the reactive stroma is the 
myofi broblast, also known as tumor-associated fi broblast (TAF), a modulated fi bro-
blast that has acquired during stromagenesis the ability to express α-smooth muscle 
actin (α-SMA), fi broblast surface protein (FSP-1) or fi broblast-activated protein 
(FAP). TAFs also secrete growth factors, ECM components including collagen and 
fi bronectin, and ECM modulating factors such as matrix metalloproteinases (MMPs) 
[ 49 ,  50 ]. Altogether, these microenvironmental factors promote the conversion of 
otherwise incipient tumor cells into highly malignant cells which can spread to and 
infi ltrate distant organs, due to the acquisition of invasive and metastatic phenotypes 
[ 51 ]. Myofi broblasts are proposed to originate from various sources including pre- 
existing fi broblasts, preadipocytes, smooth muscle cells, endothelial cells, epithelial 
cells, and bone marrow-derived progenitors [ 52 ]. Whatever their origin, under the 
infl uence of afferent signals from cancer cells, they differentiate into myofi bro-
blasts, thereby engaging a cycle of paracrine efferent signals, sensed by cancer cells 
which respond by changing their motility and aggressiveness [ 53 ]. 

 In melanoma, the dense and fi brotic nature of the tumor is thought to be a direct 
consequence of the presence of myofi broblasts [ 54 ]. The recruitment and infi ltra-
tion of large numbers of mesenchymal cells in the microenvironment of solid tumors 
is often associated with the development of high-grade cancers with poor prognosis 
[ 52 ]. Notably, the virulence of melanoma, assessed either by Clark levels [ 55 ] or the 
Breslow measurement of tumor thickness [ 56 ], has been conventionally related to 
the invasion by melanoma cells of the dermal fi broblast-rich layer of the skin. 
However, whereas the role of tumor-myofi broblast interactions in melanoma pro-
gression is increasingly documented [ 57 ], how dermal fi broblasts modulate this dia-
logue is less known. Recently, by using a 3D-coculture model in which preformed 
melanoma spheroids were implanted into a collagen matrix containing dermal fi bro-
blasts, it has been shown that melanoma cells actively recruit normal fi broblasts 
[ 58 ]. This event could contribute to melanoma cell growth and resistance to treat-
ment but the molecular mechanisms underlying these processes are not completely 
elucidated. 

 Interestingly, we identifi ed S1P and its receptor S1PR3 as a critical signaling 
pathway in the dialogue between melanoma cells and dermal fi broblasts to mediate 
tumor cell invasion [ 21 ]. Indeed, the conditioned medium from SPHK1-expressing 
melanoma cells (as compared to SPHK1-null cells) led to the differentiation of skin 
fi broblasts into myofi broblasts with increased expression of MMP-2, MMP-9 and 
SPHK1, and the release of both proteases and S1P. These fi ndings were recapitu-
lated in TAFs, isolated from human melanoma biopsies, compared with dermal 
fi broblasts. Therefore, dysregulation of S1P production in melanoma cells elicits a 
fi brotic response in the tumor microenvironment, which in turn stimulates mela-
noma cell migration by promoting S1PR3 expression. Several studies have shown 
that SPHK1/S1P mediates differentiation of fi broblasts into myofi broblasts induced 
by pro-fi brotic factors in fi brotic diseases. For instance, TGF-β, a key cytokine of 
fi broblastic differentiation, stimulated SPHK1 expression and activity in dermal 
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[ 59 ] and cardiac [ 60 ] fi broblasts. Down-regulation of SPHK1 by siRNA abolished 
TGF-β-induced increases in α-SMA, laminin, TIMP-1 [ 59 ] and fi bronectin [ 61 ], 
suggesting that SPHK1 is a downstream mediator of TGF-β signaling. Our recent 
data emphasize a new role for SPHK1/S1P signaling in fi broblastic differentiation 
in the context of skin cancer development. 

 In addition, in vivo tumorigenesis experiments showed that the lack of S1P in the 
microenvironment (as observed in  Sphk1  −/−  mice) prevented the growth of ortho-
topically injected murine melanoma cells [ 21 ]. Consistent with these observations, 
lung colonization of B16F10 melanoma cells, after tail vein injection, was lower in 
 Sphk1  −/−  mice than in control animals [ 62 ]. Both local tumor growth and dissemina-
tion were enhanced more effi ciently by co-injection of wild-type skin fi broblasts 
than by fi broblasts from  Sphk1  −/−  mice [ 21 ]. Hence, these results show that mela-
noma invasiveness is critically dependent on S1P derived from host stromal cells. 
These fi ndings also identify S1P in melanoma, derived from tumor cells, endothelial 
cells or TAFs and probably other cell types, as a novel therapeutic target.   

5     Role of SLs on Melanoma Growth and Survival 

 Understanding the driving mutations, which contribute to melanomagenesis, has 
been crucial for the development of drugs that specifi cally target the underlying cel-
lular signaling. Activating mutations of  RAS  have been detected in 15–20 % of 
melanomas, and almost exclusively involve the NRAS isoform. Mutations in the 
serine threonine kinase gene  BRAF  have been identifi ed in 50–60 % of all meta-
static melanomas, and 80–90 % of all  BRAF  mutations consist of an exchange of 
glutamine for valine at amino acid 600 (V600E) [ 63 ]. This genetic modifi cation 
locks the kinase into a 500-fold more active conformation than wild-type BRAF and 
lead to constitutive activation of the MAPK pathway and ultimately to increased 
survival and growth. The effi cacy and survival advantage of vemurafenib, which 
inhibits the mutant BRAF protein, over dacarbazine has been demonstrated in 
treatment- naïve patients with advanced BRAF V600E mutated melanoma [ 64 ]. 
However, in spite of a clear improvement, the PFS was still only 5.3 months (vemu-
rafenib) compared to 1.6 months (dacarbazine). In 2013, dabrafenib, another inhibi-
tor of mutant BRAF, and trametinib, which inhibits MEK1 and MEK2 proteins, 
were approved by the FDA for use as monotherapies in BRAF-mutant metastatic 
melanoma. Both treatments have shown benefi t with a prolonged median PFS and 
overall survival compared with standard chemotherapy [ 65 ]. Combination of BRAF 
and MEK inhibitors appears to further improve PFS and overall survival [ 66 ]. 

 Although BRAF represents one of the prime therapeutic targets in melanoma, 
both intrinsic and acquired resistance occurs following treatment with BRAF inhib-
itors; some patients do not respond to these agents while others have a short-lived 
response. Multiple changes within a given melanoma may contribute to this resis-
tance [ 67 ,  68 ], and ongoing research tries to identify new therapeutic targets to 
overcome this resistance. 
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 Among SLs, ceramide is well recognized as an important mediator of cell death 
in combination or not with other stresses such as radiation, chemotherapy, hypoxia, 
and nutrient deprivation [ 69 ]. As described above, melanoma cells develop numer-
ous aberrations of SL metabolism that prevent the accumulation of ceramide, either 
by reducing its generation or enhancing its catabolism. Thanks to its central role in 
apoptosis, an increase of intracellular ceramide levels should result in attenuation of 
tumor growth and/or enhancement of drug sensitivity. This may be achieved through 
direct application of SLs or by the inhibition/activation of the enzymes that either 
produce or consume ceramide. 

 For instance, inhibition of SPHK1 by SKI-I leads to increased ceramide levels, 
decreases S1P levels and is associated with inhibition of xenografted melanoma 
tumor growth [ 70 ]. Moreover, small interfering RNA knockdown of SPHK1 not 
only inhibits anchorage-dependent growth of human melanoma cells but also 
enhances sensitivity of these cells to apoptosis-inducing agents such as staurospo-
rine. These events were linked to reduced levels of pAKT and CYCLIN D1 as well 
as increased expression of p21 and cleaved caspase-3 [ 70 ]. Consistent with these 
results, addition of nanoliposomal short-chain ceramide to human melanoma cells 
[ 71 ] or intracellular ceramide accumulation induced by cytotoxic drugs in B16 
murine melanoma cells [ 72 ,  73 ], was associated with a signifi cant inhibition of the 
prosurvival Akt signaling leading to the activation of the mitochondrial pathway of 
apoptosis. High levels of SPHK1 activity, associated to high expression of BCL-2, 
provide a cytoprotective effect by reducing the effects of ceramide on the mitochon-
drial outer membrane permeabilization [ 74 ]. The inhibitory effects of ceramide on 
melanoma cell growth were also reproduced by the use of natural compounds. 
Indeed, Jaspine B, an anhydrophytosphingosine derivative isolated from the marine 
sponge  Jaspis  sp., was described to trigger melanoma cell death through the 
 inhibition of sphingomyelin synthase (SMS), an enzyme that converts de novo 
ceramide into the membrane lipid sphingomyelin [ 75 ]. 

 Another well-documented example is the conversion of ceramide to GlcCer, 
catalyzed by GlcCer synthase (GCS). Indeed, inhibition of GlcCer synthesis, by the 
iminosugar  N -butyldeoxynojirimycin or OGT2378, led to delayed or reduced 
murine melanoma development, respectively [ 76 ,  77 ]. Similarly, transfection of 
antisense GCS in MB4 murine melanoma cells was associated with reduction of 
cellular gangliosides and poor tumorigenic capacity when injected into mice [ 78 ]. 
Conversely, elevated expression of GCS was associated with cell survival in the 
etoposide-resistant human melanoma cell line MeWo [ 79 ]. 

 In addition, we showed that GBA2, an enzyme capable of degrading GlcCer, 
may control A375 human melanoma cell growth likely through GlcCer degradation 
into ceramide leading to ER-stress and subsequent apoptosis of tumor cells [ 8 ]. 

 A fundamental role both in melanoma progression and resistance to radiotherapy 
has been established for the proapoptotic enzyme acid SMase [ 17 ,  80 ]. Analysis of 
human specimens as well as of murine B16 melanoma cells has shown that, during 
melanoma progression, acid SMase expression decreases progressively with time, 
resulting in the generation of very aggressive cell clones, characterized by an 
increased ability to proliferate and to form metastases in vitro and, more importantly, 
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in vivo [ 17 ]. The mechanism responsible for acid SMase reduction and whether this 
event might be involved in the resistance to chemotherapy (especially to drugs 
known to involve acid SMase, e.g., cisplatin, doxorubicin, gemcitabine) needs fur-
ther investigation, but these data suggest for the acid SMase pathway a clear poten-
tial in therapeutic perspective. In line with this area, data from Smith and Schuchman, 
showing for the fi rst time that overexpression of acid SMase cDNA in melanoma 
cells, as well as the administration of the recombinant protein, can act in combina-
tion with irradiation in vitro and in vivo to induce cell death, suggests their possible 
use as antineoplastic agents [ 80 ]. 

 In addition to acid SMase, acid ceramidase (acid CDase), the enzyme responsi-
ble for ceramide hydrolysis, appears to play an important role in cancer progression 
[ 81 ]. It played a key role in the response of human melanoma cells to the treatment 
with dacarbazine [ 82 ]. Indeed, using A375 human melanoma cells as a model, it 
was shown that dacarbazine triggers melanoma cell death, in part through the 
cathepsin-B mediated degradation of acid CDase and the ensuing increase of 
ceramide levels. These events lead to autophagy and loss of cell viability. Of impor-
tance, the modulation of the levels of acid CDase affected the sensitivity of cells to 
dacarbazine. 

 Taken together, these data suggest that the manipulation of the acid SMase/acid 
CDase axis, i.e., down-regulating the former and up-regulating the latter, might be 
considered a strategy that cancer cells utilize to reduce the levels of ceramide and 
thus to overcome its pro-apoptotic effects. From this point of view, it is worth specu-
lating that genetic or therapeutic approaches aimed at restoring the appropriate lev-
els of both enzymes may be useful in the treatment of melanoma by enhancing the 
effi cacy of anticancer drugs. 

 Beside their direct effects on cancer cells, antitumoral strategies targeting SL 
metabolism could also impair melanoma progression by affecting the tumor micro-
environment. Indeed, FTY720, which is known to interfere with S1P receptors and 
metabolism, leads to a decrease in CD4+Foxp3+ regulatory T cells and limits meta-
static development when orally administered to syngeneic mice injected with 
B16F10-Nex2 melanoma cells [ 83 ]. Similarly, the peritumoral injection of a recom-
binant acid SMase to mice bearing B16-F10 melanoma tumors is associated to the 
killing of the surrounding microvascular endothelial cells leading to smaller tumors 
[ 80 ]. In this respect, also acid SMase expressed by the cells involved in the immune 
response against melanoma, i.e., dendritic cells, can be a suitable target for amelio-
rating the current therapeutic protocols. Indeed, pharmacological inhibition or 
genetic down-regulation of acid SMase in dendritic cells results in their survival 
within the tumor after cisplatin administration and consequently in the reduction of 
tumor growth [ 84 ]. 

 Altogether, these results suggest that development of pharmacological agents 
targeting SL metabolism holds promise in the potentiation of anti-melanoma thera-
pies. Table  1  summarizes aspects of SL metabolism, as well as known inhibitors of 
this pathway, that could be considered as potential agents and targets for improving 
therapeutic effi cacy in the treatment of melanoma.
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   Table 1    In vitro and in vivo effects of SL analogues or (epi)genetic manipulation of SL metabolism 
on cell death and tumorigenicity of melanoma cells   

 Agents 
 Enzyme 
targeted 

 Combination 
therapy 

 Melanoma 
cell line 

 Biological 
effect  References 

 Myriocin  SPT  B16F10  Cell cycle arrest  [ 85 ,  86 ] 
 Reduced tumor 
growth 

 NB-DNJ  GCS  MEB4  Delayed tumor 
growth 

 [ 76 ] 

 OGT2378  GCS  MEB4  Reduced tumor 
growth 

 [ 77 ] 

 PDMP  GCS  Genistein  B16F10  Apoptosis  [ 73 ] 
 Curcumin  WM-115, 

B16F10 
 Apoptosis  [ 87 ] 

 siRNA  GCS  MEB4  Reduced tumor 
growth 

 [ 78 ] 

 Jaspine B  SMS  SK-Mel28, 
B16F10 

 Apoptosis  [ 75 ,  88 ] 

 D-e-MAPP  CDase  M186, 
M221, A375, 
Mel2A 

 Apoptosis  [ 89 ] 
 D-NMAPPD 

 SKI-II  SPHK1  Genistein  B16F10  Apoptosis  [ 73 ] 
 SKI-I  SPHK1  UACC 903  Reduced tumor 

growth 
 [ 70 ] 

 siRNA  SPHK1  Anti-CD95, 
C 6 -ceramide 

 Mel-2a  Apoptosis  [ 74 ] 

 Staurosporine  UACC 903  Apoptosis  [ 70 ] 
 siRNA  aSMase  B16F10  Increased tumor 

invasion 
 [ 17 ] 

 Recombinant 
protein 

 aSMase  Irradiation  B16F10  Reduced tumor 
growth 

 [ 80 ] 

 FTY720  B16F10- 
NEX2  

 Apoptosis  [ 83 ] 
 Reduced tumor 
invasion 

 C 6 -ceramide  Curcumin  WM-115, 
B16F10 

 Apoptosis  [ 72 ] 

 Genistein  B16F10  Apoptosis  [ 73 ] 
 Ceramide  Docetaxel  B16F10  Apoptosis  [ 90 ] 

 Reduced tumor 
growth 

 Nanoliposomes 
with C 2 -ceramide 

 Sorafenib  UACC 903, 
1205 Lu 

 Apoptosis  [ 71 ] 
 Reduced tumor 
growth 

 Nanovesicles with 
 N -octanoyl-
GlcCer 

 Doxorubicin  B16F10  Reduced tumor 
growth 

 [ 91 ] 

   CDase  ceramidase,  D-e-MAPP  (1 S ,2 R )-2- N -myristoylamino-1-phenyl-1-propanol,  D-NMAPPD  
(1 R ,2 R )-2- N -myristoylamino-1-(4-nitrophenyl)-1,3-propandiol,  GCS  glucosylceramide synthase, 
 NB-DNJ N -butyldeoxynojirimycin,  PDMP N -[2-hydroxy-1-(4-morpholinylmethyl)-2- phenylethyl]
-decanamide, monohydrochloride,  aSMase  acid sphingomyelinase,  SMS  sphingomyelin synthase, 
 SPHK1  sphingosine kinase 1,  SPT  serine palmitoyltransferase 
 B16F10 and MEB4 are murine melanoma cells: A375, 1205 Lu, M186, M221, Mel-2a, SK-Mel28, 
UACC 903 and WM-115 are human melanoma cells  
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6        Concluding Remarks 

 With the advent of targeted therapies, great progress has been made to improve the 
overall survival rate of patients with metastatic melanoma. However, long- term sur-
vivors of stage IV melanoma are still rare, and among patients whose tumors 
respond to targeted therapies, relapse is frequent. Signifi cant efforts are currently 
being made, not only to further understand chemoresistance mechanisms but also to 
improve treatments with new drugs and rational use of combination therapy. Thanks 
to the wide spectrum of interconnection and interconversion possibilities in their 
metabolism, SLs supply to the cell a wide repertoire of potential targets that may 
control fi ne-tuning of signal transduction pathways. In melanoma cells, SL metabo-
lism is dysregulated and some species are able to control key molecular steps of 
melanoma progression such as tumor cell growth and survival. Moreover, S1P and 
gangliosides act on the remodeling of the stroma cells surrounding melanoma cells, 
which in turn, facilitate tumor invasion (Fig.  1 ).

  Fig. 1    Role of sphingolipids in melanoma. The fi gure summarizes how SL metabolism is affected 
in melanoma cells and how SLs could modulate melanoma progression.  aSMase  acid sphingomy-
elinase,  CDase  ceramidase,  GBA2  β-glucocerebrosidase 2,  SPHK1  sphingosine kinase 1,  S1P  
sphingosine 1-phosphate,  S1PR  sphingosine 1-phosphate receptor       
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   Some unmet challenges include deciphering the mechanisms that control the 
dysregulations of SL metabolism in melanoma cells as well as the identifi cation and 
the role of the different molecular species in the multi-step process of melanoma-
genesis. Finally, targeting SL metabolism could be a promising area in the develop-
ment of new drugs to halt melanoma progression and overcome the resistance 
towards recently targeted therapies.    
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Metabolic Enzymes       
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    Abstract     Colorectal cancer is one of the most common tumors worldwide, with 
sustained incidence in developed countries and increasing incidence in developing 
countries. Although recent studies provide knowledge of the molecular signaling 
pathways that are implicated in colon carcinogenesis, treatments and outcomes still 
need further improvement. Bioactive sphingolipids, such as ceramide, sphingosine, 
and sphingosine-1-phosphate (S1P), are signaling molecules that regulate cellular 
events including cell proliferation, apoptosis, senescence, angiogenesis, and trans-
formation in response to diverse stimuli. Ceramide and sphingosine mediate numer-
ous cell-stress responses, including induction of apoptosis and cell senescence. In 
contrast, S1P plays pivotal roles in cell survival, migration, and infl ammation. These 
sphingolipids with opposing roles can be quickly metabolized and catabolized within 
cells, suggesting that the balance between these potent bioactive lipids may dictate 
cell fate. In this chapter, we review the roles of these bioactive sphingolipids and 
their metabolic enzymes in colitis, colitis associated cancer, and colorectal cancer.  
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  COX2    Cyclooxygenase-2   
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  miRNAs    microRNAs   
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  PGE 2     Prostaglandin E 2    
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  TNF-α    Tumor necrosis factor alpha   
  TRAIL    Tumor necrosis factor-related apoptosis-inducing ligand   
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1           Introduction 

 Colorectal cancer (CRC) is the third most common cancer worldwide with an 
 estimated 1.36 million new cancer cases and 693,881 cancer-related deaths per year 
[ 1 ,  2 ], and is the second leading cause of all cancer-related deaths with 62,130 
annual deaths in the United States [ 3 ]. Despite aggressive screening guidelines for 
early detection and detailed knowledge of several critical events underlying the 
pathogenesis of cancer, it continues to be a major health concern worldwide, espe-
cially in developed countries. Risk factors associated with sporadic CRC include 
obesity, alcohol consumption, history of smoking, diets rich in red meats and age 
[ 2 ]. Hereditary CRCs include FAP (Familial Adenomatous Polyposis), which is due 
to mutations in the adenomatous polyposis coli (APC) gene [ 4 – 6 ], and Lynch 
Syndrome, which is inherited in an autosomal dominant pattern and associated with 
numerous genetic alterations [ 7 ]. 

 Mutations associated with hereditary and sporadic CRC have been well defi ned 
[ 8 ]. These mutations primarily affect the APC/Wnt/β-catenin pathway, where 
frameshift and missense mutations in APC result in the synthesis of a truncated 
protein. These mutations result in increased levels of Wnt signaling and transloca-
tion of β-catenin to the nucleus. Increased β-catenin signaling has also been 
described to be associated with direct point mutations in β-catenin as well as hyper-
methylation of the APC promoter. Hereditary CRC, specifi cally Lynch Syndrome, 
is associated with microsatellite instability (MSI) and alterations in mismatch repair 
(MMR) genes. 

 Several well-studied signaling pathways have been shown to play signifi cant 
roles in colon cancer development and progression. Mutations in B-raf, downstream 
of Kras, indicate poor prognosis and survival and are associated with MSI in CRC 
[ 9 ,  10 ]. In addition to this signaling pathway, mutations in the phosphatidylinositol 
3-kinase (PI3K) pathway are also known to play a role in CRC.  PI3KCA  encoding 
p110α is mutated in approximately 10–30 % of CRC cases [ 11 ,  12 ], and are thought 
to occur in the adenoma-carcinoma transition, because they are more prevalent in 
the invasive tumor than in adenomatous polyps [ 13 ]. Upstream of the MAPK and 
PI3K pathways, over-expression of the epidermal growth factor receptor (EGFR) 
has been implicated in CRC tumor progression [ 14 ,  15 ]. 

 Infl ammation is another risk factor for CRC, and there are well established links 
between infl ammatory bowel disease (IBD) and colon cancer [ 16 ]. Signifi cant lit-
erature shows that infl ammation in the colon can predispose to colitis-associated 
cancers (CAC) [ 17 ]. In addition there are emerging roles for the microbiome in 
colitis and possibly in predisposing to transformation and oncogenesis. Many 
groups including ours have also implicated cytokines, such as tumor necrosis factor 
alpha (TNF-α) and interleukin-6 (IL-6), and their downstream signaling pathways 
cyclooxygenase-2 (COX2), prostaglandins, and signal transducer and activator of 
transcription 3 (STAT3) in colitis and in CAC [ 16 ,  18 ,  19 ]. 

 Among bioactive molecules involved in signaling, sphingolipids, such as ceramide, 
sphingosine, and sphingosine-1-phosphate (S1P) have important roles in numerous 
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cell events including cell proliferation, apoptosis, senescence, angiogenesis, and 
migration [ 20 ]. Interestingly, the key bioactive sphingolipids ceramide, sphingosine, 
and S1P exert distinct biologic effects in cell signaling, suggesting that the balance 
between the sphingolipids is essential to cell fate. Several studies have demonstrated 
involvement of the sphingolipid pathway in the pathogenesis of cancers [ 21 – 24 ]. This 
chapter will summarize the roles of sphingolipids and their metabolic enzymes in the 
regulation of IBD, CAC and CRC.  

2     Modulation of Sphingomyelin and Ceramide: 
Sphingomyelinases 

 Sphingomyelinases (SMases) hydrolyze sphingomyelins (SM) into phosphocholine 
and ceramides, and are classifi ed according to their pH optima of action; acid, neu-
tral, and alkaline (aSMase, nSMase, and alk-SMase, respectively). Although they 
have the same enzymatic function (degradation of SM), aSMase and alk-SMase 
have been suggested to play opposing roles in colon carcinogenesis. This may be 
due at least in part to their distinct cellular localizations. ASMase exists in two 
forms, secretory and lysosomal [ 25 ], while alk-SMase functions primarily as an 
ectoenzyme. 

 Putative anti-colon cancer agents, ursolic acid and curcumin, inhibit aSMase 
activity. This has been suggested to be a mechanism of action for their anti- 
proliferative actions in colon cancer [ 26 ,  27 ], indicating that aSMase may contribute 
to the induction of colon cancer. In an  in vivo  model for IBD, dextran sodium sulfate 
(DSS) administration in drinking water, ceramide levels were increased in lipid 
extracts from murine intestinal epithelial cells [ 28 ], and inhibition of aSMase with 
SMA-7 (SMase inhibitor) signifi cantly reduced pro-infl ammatory cytokines in the 
colon and alleviated the severity of colonic injury induced by DSS [ 25 ,  29 ]. A recent 
study has also highlighted a potential role for aSMase in suppressing colorectal liver 
metastasis. ASMase defi cient mice are viable, but exhibit neurologic effects over 
time due to lysosomal storage defects. In a liver metastasis model using SL4 colon 
cancer cells, tumor metastasis was increased in mice defi cient in aSMase when 
compared to WT [ 30 ], this was shown to be attributed to reduced accumulation of 
macrophages in the liver and decreased expression of tissue inhibitor of metallopro-
teinase 1 (TIMP1) around the tumor margin. This increase in metastasis was 
reversed in response to hepatocyte specifi c overexpression of aSMase. It has been 
shown that lysosomal ceramide produced by lysosomal aSMase was unable to 
escape from this compartment and it was implicated in mediating apoptosis in 
response to TNF-α, interferon-γ and CD95 through Cathepsin D [ 25 ], suggesting 
that localization of ceramide may affect its functions. These studies suggest that 
aSMase may have pro-infl ammatory, and anti-metastatic potential, with further 
studies into the direct roles of aSMase in IBD and CRC needed. 
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 Accumulating evidence suggests that alk-SMase may exert anticancer effects in 
colon carcinogenesis. Alk-SMase is an ectoenzyme bound to the surface of mucosal 
membrane [ 31 ], where upon cleavage it is released into the lumen and its activity 
enhanced, thus, catalyzing the generation of ceramide in the intestinal lumen. It has 
been reported that alk-SMase activity in human biopsies, and murine samples, col-
lected from CRC and FAP was lower than those from adjacent or normal tissues [ 32 , 
 33 ]. Furthermore, ceramide levels were decreased in human colon cancer samples 
compared to normal colon mucosa [ 34 ]. Dietary factors and drugs that have been 
implicated in the inhibition of colorectal infl ammation and cancer have been shown to 
affect expression of alk-SMase [ 35 – 37 ], suggesting that alk-SMase may be involved 
in colon carcinogenesis. In fact, chronic colitis in humans was associated with a reduc-
tion of mucosal alk-SMase activity [ 38 ]. Moreover, in an  in vivo  model for colon 
cancer, namely 1,2-dimethylhydrazine (DMH)-induced carcinogenesis, alk-SMase 
activity was decreased in colon tissues upon tumor development. In this model dietary 
SM reversed the DMH-induced reduction of alk-SMase activity and induction of 
colon cancer [ 39 ]. In another line of research, intrarectal instillation of Alk-SMase 
showed anti-infl ammatory effects through inhibition of TNF-α expression [ 40 ]. To 
support the result, recent study demonstrated that alk-SMase defi ciency enhanced 
colonic tumorigenesis in azoxymethane (AOM)/DSS-induced infl ammation-related 
colon carcinogenesis animal model [ 41 ]. Interestingly, analysis in human specimens 
showed that Alk-SMase is not directly linked to APC gene mutation [ 42 ]. Together 
these studies suggest that alk-SMase activity may play a protective role in the intesti-
nal epithelium, especially in sporadic CRC. 

 Acid and alkaline SMase thus far have been suggested to play opposing roles in 
colon cancer, with very little study into the role of nSMase in IBD or CRC. Further 
studies are necessary into the roles these enzymes play in these disease states, which 
may be affected by the enzymes cellular localization, tissue distribution and 
ceramide production.  

3     Modulation of Ceramide and Sphingosine: Ceramidases 
and Ceramide Synthases 

3.1     Ceramidases (CDases) 

 CDases deacylate ceramide to form free fatty acids and sphingosine, and are classi-
fi ed based on their pH optima: Acid (aCDase), neutral (nCDase), or alkaline (ACER) 
[ 43 ]. Neutral CDase is a type II integral membrane protein and is mostly highly 
expressed at the brush border of the intestinal epithelium [ 44 ,  45 ]. Furthermore, it 
can be cleaved from the membrane to function as an ectoenzyme. Mice defi cient for 
nCDase, are normal and viable; however, these mice exhibit impaired degradation 
of dietary sphingolipids in the colon resulting in increased ceramide and decreased 
sphingosine in the jejunum [ 46 ]. These data, together with evidence that psyllium a 
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water-soluble dietary fi ber linked to colon cancer, decreased both nCDase activity 
and induction of alk-SMase [ 37 ], suggesting that nCDase may also play key roles in 
IBD and CRC. A recent study by our group indicated that indeed nCDase defi ciency 
profoundly affects the local and systemic infl ammatory responses in DSS-induced 
colitis, a mouse model of IBD [ 47 ]. This study revealed that DSS increased nCDase 
activity in the colon epithelium, but not in the sub-mucosa. DSS treatment in both 
wild type (WT) and nCDase −/−  mice increased ceramide levels in colon epithelium, 
whereas S1P levels and COX2 were signifi cantly elevated only in the epithelium of 
nCDase −/−  mice. COX2 is a key player in colon infl ammation and cancer [discussed 
in sphingosine kinases (SphKs) and S1P], and our labs and others have implicated 
SK1 as a critical upstream mediator of COX2 expression in colitis and CAC. 
nCDase defi ciency also altered the systemic infl ammatory response as evidenced by 
increased circulating white blood cells, specifi cally neutrophils and lymphocytes. 

 The roles of aCDase and ACERs in IBD and CRC have yet to be elucidated. The 
results obtained from nCDase defi cient mice suggest that this enzyme may play a 
protective role in regulating infl ammation. Further studies are necessary to reveal 
the specifi c roles for acid, neutral, and alkaline CDases in colon infl ammation and 
carcinogenesis.  

3.2     Ceramide Synthases (CerS) 

 CerSs catalyze the formation of dihydroceramide or ceramide from dihydrosphin-
gosine or sphingosine, respectively. To date, six individual CerSs have been identi-
fi ed (CerS1–CerS6) in humans or mice. Importantly, these CerSs show distinct 
preferences for fatty acyl-CoA substrates and, therefore, generate distinct ceramide 
species with unique  N -linked fatty acids [ 43 ,  48 ,  49 ]. Although roles of CerSs in 
colon carcinogenesis  in vivo  have not yet been reported, recent studies employing  in 
vitro  models have suggested that CerSs may play important roles in colon carcino-
genesis. It was shown that the death receptor ligand TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand) induced an increase in intracellular C 16 - ceramide 
in TRAIL-sensitive SW480, but not in TRAIL-resistant SW620 cells [ 50 ]. 
Resistance in SW620 cells was reversed by the addition of exogenous ceramide, 
suggesting that defective ceramide signaling contributes to TRAIL resistance. 
White-Gilbertson et al. found that CerS6 expression was decreased in TRAIL- 
resistant SW620 cells when compared with TRAIL-sensitive SW480 [ 51 ]. CerS6 
down-regulation using siRNA induced TRAIL resistance in SW480 cells, while 
overexpression of CerS6 rescued TRAIL sensitivity in SW620 cells. These results 
suggest that defective ceramide signaling may contribute to TRAIL resistance in 
colon cancer cells. Additional studies by Schiffmann et al. demonstrated that cele-
coxib (COX2 selective inhibitor) selectively activated CerS6 and modulated sphin-
golipid synthesis in HCT116 human colon carcinoma cells [ 52 ,  53 ], suggesting that 
CerS6 upregulation may partly contribute to the anti-proliferative effects of cele-
coxib. Furthermore, overexpression of CerS4 and CerS6 in HCT116 cells increased 
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C 16 -, C 18 -, and C 20 -ceramides, and led to the inhibition of cell proliferation and 
induction of apoptosis [ 54 ]. Although overexpression of CerS2 had no effect on 
ceramide production, combination of CerS2 overexpression and long chain acyl- 
CoA increased long chain ceramide production (C 24:0 - and C 24:1 -ceramides), as well 
as colony formation in HCT-116 cells. 

 These studies suggest that distinct ceramide species generated by specifi c CerSs 
may play roles in colon carcinogenesis. Several of the CerS defi cient mice have 
been generated and further investigations employing these animal models are 
needed to defi ne the role of CerS  in vivo  in colon cancer.   

4     Modulation of Sphingosine and Sphingosine-1-Phosphate: 
Kinases, Lyase and Phosphatases, Sphingosine-1- 
Phosphate Receptors 

 The balance of sphingosine and S1P are modulated by SphKs, S1P lyase and sphin-
gosine phosphatases [ 21 ,  43 ]. Briefl y, sphingosine is phosphorylated to form S1P by 
SphKs and S1P is hydrolyzed to reversibly form sphingosine by sphingosine phos-
phatases. S1P lyase can irreversibly cleave S1P to generate non-sphingolipids, etha-
nolamine phosphate, and hexadecenal as the only exit pathway from the sphingolipid 
pathways. 

4.1     Sphingosine Kinases (SphKs) 

 SphK activity is a critical regulator of cellular functions as it phosphorylates sphin-
gosine to produce S1P a potent bioactive lipid. Two isotypes of SphK have been 
characterized, SphK1 and SphK2 [ 55 ]. Previous studies using mice demonstrated 
that SphK1 enzyme activity is detected in most tissues including colon [ 56 ]. The 
fi rst report on a role for SphK1 in colon cancer was published in 2006 [ 57 ,  58 ]. 
Kawamori et al. demonstrated that SphK1 is upregulated when compared to normal 
mucosa in rat colon adenocarcinoma induced by AOM. In this study SphK1/S1P 
was suggested to regulate COX2 expression and prostaglandin E 2  (PGE 2 ) produc-
tion [ 57 ]. Increased expression of SphK1 has also been associated with decreased 
survival in human patients with colon cancer [ 59 ]. In the  Apc   Min /+  mouse model for 
intestinal tumorigenesis SphK1 defi ciency drastically reduced adenoma size, but 
not incidence [ 58 ]. Thereafter, the direct involvement of SphK1 in acute colitis [ 60 ] 
and colon carcinogenesis [ 61 ] was revealed using SphK1 −/−  mice. These mice are 
viable, with no observable phenotype other than a 50 % reduction in circulating S1P 
[ 62 ]. In an acute colitis model, SphK1 −/−  mice demonstrated decreased pathology, 
systemic infl ammation, and COX2 expression in colon tissues after DSS treatment 
[ 60 ]. Defi ciency of SphK1 signifi cantly inhibited the formation of precancerous 
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lesions, aberrant crypt foci, induced by AOM, as well as CAC [ 61 ]. Mice defi cient 
in SphK1 exhibited increased apoptosis in colon tumors, thus consolidating a role 
for this pathway in regulation of apoptosis  in vivo . Moreover, these mice showed 
less induction of COX2 expression in colon tumors as compared to WT mice. These 
studies also suggest that the COX2/PGE 2  pathway implicated in colon cancer is 
downstream of SphK1 [ 63 – 65 ]. 

 Two major pathways linking infl ammation to cancer are nuclear factor kappa B 
(NF-κB) and STAT3 [ 66 ]. Our studies and others have implicated SphK1 in NF-κB- 
mediated responses, and other recent studies have implicated STAT3 activation 
downstream of SphK1 and S1P receptor 1 (S1PR1) [ 67 ]. The activation of the S1P/
S1PR1 pathway resulted in increased STAT3 phosphorylation and CAC in the 
AOM/DSS model. Both the STAT3 phosphorylation and tumorigenesis were 
blunted by FTY720. These results suggest that the SphK1/S1P/S1PR1 pathway 
may play key roles in chronic infl ammation and CAC by regulating NF-κB/IL-6/
STAT3 and implicate this pathway. 

 Studies in colon cancer cell lines have also suggested critical roles for SphKs and 
S1P in colon cancer. SphK1 overexpression increased proliferation and invasion, via 
MAPK signaling and MMP2/9 in LOVO colon cancer cells [ 68 ]. Liu et al. also dem-
onstrated that overexpression of SphK1 increased invasion via FAK and that this was 
inhibited by DMS (non-selective SphK inhibitor) [ 69 ]. Inhibition of SphK1 with 
SKI-ii or silencing with siRNA also inhibited cell growth and increased ROS forma-
tion in response to doxorubicin in HCT116 colon cancer cells [ 70 ]. Expression of 
SphKs has also been implicated in responses to chemotherapeutics, where RKO, 
LOVO, and HCT116 human colon cancer cells increased ceramide generation in 
response to oxaliplatin treatment. This increase in ceramide was augmented by treat-
ment with the SphK inhibitor SKI, which also augmented apoptosis induced by oxali-
platin in these cells [ 71 ]. These studies suggest that SphK1 may play a critical role in 
colon cancer cell proliferation and invasion in response to chemotherapeutics. 

 An interesting and current focus in colon cancer, and cancer in general, is the 
role of cancer stem cells. These cells are thought to reside mostly in a quiescent 
state; however, they remain pluripotent and have a potential to induce both tumor 
recurrence and metastasis. In RKO and HCT116 human colon cancer cell lines 
SphK1 has been shown to play a role in up-regulation of CD44, a marker for che-
motherapeutic resistance and cancer stem cells [ 72 ]. Up-regulation of CD44 in 
these cells was dependent on ERK signaling and downstream of S1PR 2 . This study 
suggests that sphingolipids and their metabolic enzymes, especially, the SK1/S1P 
pathway, may play a role in cancer stem cells and serve as potential therapeutic 
targets for preventing colon cancer recurrence and metastasis. . 

 Several studies have indicated critical roles for SphK1 and S1P in colon infl am-
mation and carcinogenesis. Our recent study demonstrated that SphK1 defi ciency 
did not exacerbate angiotensin II-induced acute hypertension [ 73 ], suggesting that 
SphK1 inhibition may be a promising strategy for cancer treatment or chemopre-
vention with lack of the adverse cardiovascular side effects. Future studies should 
be geared at development of bioavailable specifi c inhibitors for SphK1. 
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 The role of SphK2 in IBD, CAC and CRC has also been examined with  confl icting 
results. Studies using the small molecule SphK2 selective inhibitor ABC294640 
have demonstrated that inhibition of SphK2 partially reduced the disease severity 
by regulating cytokine induction and pathology in both acute and chronic colitis 
models [ 74 ]. Similarly, ABC294640 has been shown to decrease TNBS-induced 
colitis [ 75 ]. This compound has also been utilized in a CAC model where adminis-
tration of ABC29460 resulted in a dose-dependent decrease in tumor incidence 
[ 76 ]. These results are in contrast to those from the studies using genetically modi-
fi ed mice. This discrepancy could be due to some of the off-target effects of this 
inhibitor as it has been shown to bind and inhibit the estrogen receptor [ 77 ]. This 
could also be due to SK1 up-regulation or compensation by Sphk2 knockout but not 
its inhibitor, as demonstrated by Liang et al. [ 67 ]. In these studies mice defi cient in 
SphK2, which are viable and demonstrate an increase in circulating S1P [ 78 ], 
exhibited more severe colitis upon DSS administration and more tumor burden 
upon AOM/DSS treatment. 

 Only a few studies have examined the role of SphK2 in colon cancer cell lines. 
In HCT116 colon cancer cells overexpression of Sphk2 inhibited sodium butyrate 
(NaBT)-induced apoptosis, whereas siRNA for SphK2 sensitized these cells to this 
apoptotic inducer [ 79 ]. Similar results were obtained in response to doxorubicin in 
HCT116 [ 80 ]. The studies geared at determining the role of Sphk2 in colon cancer 
cells have begun to suggest that this enzyme may play a role in response and resis-
tance to chemotherapeutics.  

4.2     Sphingosine-1-Phosphate Lyase and Phosphatases 
(SPL and SPPs) 

 SPL irreversibly degrades S1P to hexadecenal and ethanolamine-phosphate and has 
been suggested to be a key regulator of S1P levels [ 81 ]. Oskouian et al. determined 
the mechanism by which SPL expression enhances cell death responses [ 82 ,  83 ], 
using chemical inhibitors and dominant negative constructs. These studies demon-
strated that SPL requires the activities of both p53 and p38 MAPK to promote 
apoptosis in HEK293 cells. In patient samples SPL expression was signifi cantly 
lower in human colon cancer tissues than in normal adjacent tissues [ 82 ]. In addi-
tion, SPL expression and activity in polyps from  Apc   Min /+  mice were lower than 
normal intestine [ 82 ]. SPL −/−  mice demonstrate signifi cant increases in circulating 
S1P and neutrophils, and only survive up to 15 weeks post-partum [ 84 ]. Additionally, 
the structure of the intestinal epithelium is disrupted in these mice. A recent study 
demonstrated that mice defi cient in SPL in intestinal epithelial cells have more 
severe CAC, elevated cytokines, elevated S1P, STAT3 phosphorylation and higher 
expression of STAT3-activated microRNAs (miRNAs) compared to WT mice [ 85 ]. 

 Lipid phosphate phosphatases that dephosphorylate S1P, also known as SPPs, 
have not been widely studied in colon cancer. However, cellular studies in SW480 
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human colon cancer cells, demonstrated that knockdown of SPPs increased cell 
growth through stabilization of β-catenin [ 86 ]. These studies on S1P degrading 
enzymes suggest that S1P catabolism may be altered in colon cancer and that S1P 
may play a key role in colon cancer development and progression (Table  1 ).

   Table 1    Sphingosine-1-phosphate in intestinal infl ammation and cancer   

 Enzyme 
or receptor 

 Disease 
state  Experimental model  Results  References 

 SPL  Colon 
Cancer 

 (a) WT or catalytically 
dead mutant SPL 
overexpression 

 (a) SPL expression in 
HEK293 promoted 
apoptosis via p53 and 
p38-dependent pathway; 
catalytic domain of SPL 
was required for 
apoptosis 

 [ 82 ] 

 (b) Gene expression in 
human colorectal 
carcinoma (CRC) 
tissue 

 (b) Gene expression of SPL 
was down- regulated in 
human CRC compared 
to normal adjacent 
tissue 

 (c) APC Min/−  mice and 
human samples 

 (c)  SPL protein expression 
was diminished in 
intestinal tumorigenesis 
in APC Min/−  mice and 
human CRC 

 SPHK1  Colon 
Cancer 

 HCT116 and RKO colon 
cancer cells 

 [ 72 ] 

 (a) SPHK1 inhibitor, 5c  (a) Inhibition of SPHK1 
decreased expression of 
CD44, a cancer stem 
cell marker, resulting in 
increased susceptibility 
of cell lines to 
oxaliplatin 

 (b) SPHK1overexpression  (b) SPHK1 overexpression 
increased CD44 
expression 

 SPHK1  Colon 
Cancer 

 (a) AOM colon cancer 
model in rats 

 (a) SPHK1 and COX2 
mRNA and protein were 
increased in colon 
cancer induced by AOM 

 [ 57 ] 

 (b) HT29 colon cancer 
cells 

 (b) COX2 induction by 
pro-infl ammatory 
cytokines is abolished in 
SPHK1 siRNA HT29 
cells 

 (c) RIE rat intestinal 
epithelial cells 

 (c) SPHK1 overexpression 
in RIE cells increased 
COX-2 expression and 
PGE2 production 

(continued)
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Table 1 (continued)

 Enzyme 
or receptor 

 Disease 
state  Experimental model  Results  References 

 SPHK1  IBD  (a) Human samples  (a) Patients with UC had 
increased expression 
of SPHK1 and COX2 

 [ 60 ] 

 (b) DSS-induced colitis 
in WT and 
SPHK1 −/−  Mice 

 (b) DSS-induced colitis 
increased SPHK1 and 
COX2 expression; 
SPHK1 −/−  mice were 
partially protected from 
DSS-induced damage 
and exhibited decreased 
COX2 expression when 
compared to WT 

 SPHK1  Colon 
Cancer 

 (a) Human samples  (a) SPHK1 expression 
correlated with stage of 
colon cancer and 
SPHK1 expression is an 
independent predictor 
for mortality in colon 
cancer patients 

 [ 59 ] 

 (b) Colon cancer cell 
lines 

 (b) SPHK1 inhibition and 
SPHK1 siRNA 
increased susceptibility 
of colon cancer cells to 
5-FU 

 SPHK1  Colitis 
and 
CAC 

 (a) DSS-induced colitis 
in WT and 
SPHK2 −/−  mice 

 (a) SPHK2 −/−  mice treated 
with DSS demonstrated 
increased SPHK1 
expression and more 
severe colitis than WT 

 [ 67 ] 

 (b) AOM/DSS CAC 
model in WT and 
SPHK2 −/−  mice 

 (b) S1PR1 modulator, 
FTY720, suppressed 
CAC in SPHK2 −/−  mice 

 SPHK1  Colon 
Cancer 

 LOVO colon cancer cells  [ 61 ] 
 (a) SPHK1 

overexpression 
 (a) SPHK1 overexpression 

promoted cell 
proliferation and 
invasion, via activation 
of ERK and suppression 
of p38 MAPK pathways 

 (b) SPHK1 shRNA  (b) SPHK1 shRNA 
suppressed cell 
proliferation and 
invasion 

(continued)
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(continued)

Table 1 (continued)

 Enzyme 
or receptor 

 Disease 
state  Experimental model  Results  References 

 SPHK1  Colon 
cancer 

 (a) Human samples  (a) SPHK1 expression was 
increased in primary 
colon cancer as 
compared to normal 
colon mucosa 

 [ 69 ] 

 (b) LOVO colon cancer 
cells 

 (b) SPHK1 overexpression 
increased cancer cell 
viability and invasion 
via FAK, while SK 
inhibition with DMS 
reduced cell viability 
and invasiveness 

 SPHK1  Colon 
cancer 

 HCT116 colon cancer 
cells 

 [ 70 ] 

 (a) SPHK1 shRNA  (a) SPHK1 shRNA and 
SKI-II inhibited cell 
growth 

 (b) SK inhibitor, SKI-II  (b) SPHK1 inhibition 
increased intracellular 
ROS formation and 
DNA damage by 
doxorubicin 

 SPHK2  Colon 
cancer 

 AOM/DSS CAC model in 
WT mice 

 ABC294640 treatment 
(SPHK2 inhibitor) reduced 
AOM/DSS colitis-induced 
epithelial damage and colon 
cancer incidence 

 [ 76 ] 

 SPHK2  Crohn’s 
disease 

 Trinitrobenzene sulfonic 
acid (TNBS) CD model 
in rats 

 ABC294640 treatment 
protected from TNBS-
induced colitis 

 [ 75 ] 

 SPHK2  Colitis  (a) Rat IEC6 and human 
endothelial cells 

 ABC294640 inhibited PGE 2  
production induced by 
TNFα, and protected from 
DSS-induced pro- 
infl ammatory cytokines in 
the colon 

 [ 74 ] 

 (b) DSS-induced colitis in 
WT mice 

 SPHK2  Colon 
cancer 

 HCT116 colon cancer 
cells 

 [ 79 ] 

 (a) SPHK2 
overexpression 

 (a) SPHK2 overexpression 
inhibited sodium 
butyrate (NaBT)-
induced apoptosis. 

 (b) SPHK2 siRNA  (b) SPHK2 siRNA 
sensitized colon cancer 
cells to NaBT-induced 
apoptosis 

 SPHK2  Colon 
cancer 

 HCT116 colon cancer 
cells 

 SPHK2 siRNA sensitized 
HCT116 cells to 
doxorubicin, resulting in 
increased apoptosis. 

 [ 71 ] 
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Table 1 (continued)

 Enzyme 
or receptor 

 Disease 
state  Experimental model  Results  References 

 SPHKs  Colon 
cancer 

 RKO, LOVO, HCT116 
colon cancer cells treated 
with oxaliplatin and SK 
inhibitor SKI 

 Oxaliplatin elevated 
ceramide production in 
cancer cells. Oxaliplatin 
and inhibition of SK with 
SKI resulted in increased 
ceramide production and 
augmented apoptosis 

 [ 80 ] 

 S1PR1  Colitis  IL10 −/−  mice treated with 
SEW2871, S1PR1 
selective agonist 

 SEW2871 prevented 
experimental colitis in 
IL10 −/−  mice; reducing 
pro-infl ammatory cytokine 
production, CD4 + CD45 +  T 
lymphocyte involvement 
and phosphorylation of 
STAT3 

 [ 94 ] 

 S1PRs  Colitis  DSS-induced colitis and 
T cell transfer-induced 
colitis in WT mice treated 
with FTY720, S1PR 
modulator 

 FTY720 treatment relieved 
disease activity and 
histologic damage in both 
colitis disease models 

 [ 97 ] 

 S1PR1  Colitis  (a) Human samples  (a) S1PR1 was expressed in 
colonic vasculature in 
UC patient samples 

 [ 91 ] 

 (b) S1PR1 −/−  mice with 
DSS-induced colitis 

 (b) Inducible total body 
deletion of S1PR1 
resulted in disruption of 
colonic vascular 
integrity and increased 
DSS-induced bleeding 
tendency. This was not 
affected with deletion of 
S1PR1 in bone 
marrow-derived cells 

 S1PR1  Colitis  DSS-induced colitis in 
WT mice treated with 
W-061, an agonist for 
S1PR1 

 W-061 reduced colonic 
infl ammation induced by 
DSS, by regulating 
lymphocyte recruitment in 
peripheral blood, payer’s 
patch, and colonic lamina 
propria 

 [ 93 ] 

 S1PR1  Colitis  IL10 −/−  mice treated with 
KRP-203, S1PR agonist 

 KRP-203 protected from 
chronic colitis in IL10 −/−  
mice, by reducing 
lymphocyte recruitment in 
colonic lamina propria and 
pro-infl ammatory cytokine 
production 

 [ 95 ] 
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4.3        Sphingosine-1-Phosphate Receptors (S1PRs) 

 S1P exerts its signifi cant effects on cellular signaling events such as proliferation, 
migration, survival, angiogenesis, infl ammation, and lymphocyte egress by binding 
to one of fi ve different G-protein coupled receptors known as S1PR1-5 [ 87 ]. S1PRs 
have a distinct profi le of binding to different G-protein subunits, permitting S1P to 
exert different biological effects due to cell type-specifi c distribution of S1PRs [ 88 ]. 
Many of the functions and roles for S1PRs, and specifi cally S1PR1, have emerged 
with the development of several S1PR modulators and the immunosuppressant, 
FTY720 (FDA approved to treat multiple sclerosis and marketed as Gilyena™) 
[ 89 ]. S1PR1 regulation of basal and infl ammation-induced vascular leak  in vivo  has 
been demonstrated in the lung [ 90 ] and in an animal model for ulcerative colitis 
[ 91 ]. Expression of S1PR1 expression was increased in animal models of CAC [ 67 ] 
and in human samples from colitis patients [ 91 ,  92 ]. 

 Chemical agonists and antagonists for S1PR1 have also been utilized in animal 
models of colitis and colon cancer. Oral administration of the S1PR1 agonist, 
W-061, decreased DSS-induced colonic infl ammation and T cell recruitment to the 
lamina propria [ 93 ]. Similarly, SEW2871, also an agonist for S1PR1, has been 
shown to be effective at preventing and abrogating experimental colitis in IL10 −/−  
mice, reducing cytokines, T-cell involvement and activation of STAT3 (signal trans-
ducer and activator of transcription 3) [ 94 ]. KRP-203, yet another S1PR1 agonist, 
has also been shown to provide protection from experimental model of colitis in the 
IL10 −/−  mouse model [ 95 ]. FTY720 was used in many studies that implicate S1PRs 
in intestinal infl ammation and cancer. This immune modulator has been shown to 
reduce cytokines and pathological effects in oxazolone-induced colitis [ 96 ], and 
migration of CD4+ T cells in CD4+/CD62L+ T adaptive transfer model colitis [ 97 ]. 
In the TNBS (2,4,6-trinitrobenzenesulfonic acid) model, commonly used to mimic 
Crohn’s Disease, FTY720 did not protect mice from developing the disease [ 98 ]. 
 Decreased proliferation in colon cancer cell lines treated with FTY720 has been 
demonstrated  [ 99 ]; and in an  in vivo  model for CAC, FTY720 decreased epithelial 
cell proliferation and STAT3 activation [ 67 ]. Though many of the studies defi ning 
the role of S1PRs in the colon have focused on infl ammation and suggest that 
S1PRs may be a potential therapeutic targets for colitis, CAC and CRC, careful 
consideration will be needed to avoid untoward side effects (bradycardia and 
 diarrhea) [ 100 ,  101 ].   

5     Conclusion 

 Sphingolipids, specifi cally ceramide and S1P, are important messengers that modu-
late cell fate and may play crucial roles in colitis, CAC, and intestinal tumorigene-
sis. In the past decade numerous exciting studies employing chemical inhibitors and 
gene targeting approaches, such as the knockout and transgenic mice, as well as 
RNA interfering techniques have revealed roles for sphingolipid metabolic enzymes 
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in colon carcinogenesis. These studies serve as foundations for proposed  therapeutic 
potentials involving the sphingolipid pathway. As the sphingolipid pathway may be 
intertwined with other diverse signaling pathways, further studies examining the 
tumor microenvironment, such as 3D culture, co-culture, xenograft and carcinogen-
esis models, could identify and validate sphingolipid metabolic enzymes as targe-
table therapeutic modalities in IBD, CAC and CRC.     
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    Abstract     Complex sphingolipids (sphingomyelin, cerebrosides, gangliosides) are 
natural components of our diet, amounting to an approximate intake of 0.3-0.4g per 
day.  In the intestinal tract, they are digested to the bioactive metabolites ceramide 
and free sphingoid bases. These metabolites regulate proliferation, survival and cell 
death, alter gene expression levels and modulate functions such as angiogenesis, 
migration and invasion. They also impact local and systemic infl ammation, affect-
ing both epithelial and immune cells. Thus, they are involved in the regulation of 
functions that contribute to cancer cell promotion, progression and metastasis. Here 
we review evidence that dietary or orally administered sphingolipids are benefi cial 
in the prevention of colon and other cancers in rodent models, and discuss the 
molecular mechanisms and cellular targets in the complex tumor microenvironment 
of the colon. We also investigate factors that contribute to a permissive tumor micro-
environment such as infl ammation, obesity and the intestinal microbiota as potential 
novel targets of dietary sphingolipids in the prevention of colon cancer.  
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1         Introduction 

 Colorectal cancer is the fourth leading cancer in the United States, with an  estimated 
136,830 new cases diagnosed (8.2 % of all new cancer cases), and more than 50,000 
expected deaths in 2014 [ 1 ]. Similar to other types of cancer, the 5-year survival of 
localized disease is 90 % but is reduced to only 13 % in metastasized disease. As a 
result of better screening and detection techniques, prevention and treatment oppor-
tunities, colon cancer incidence and mortality has been continually decreasing 
(3.1 % and 2.8 % per year, respectively). However, colon cancer is prevalent among 
the older population with a median age at diagnosis of 74 years [ 1 ]. The most com-
mon risk factors include genetic predispositions, environmental factors such as car-
cinogens, and modifi able factors such as smoking, dietary patterns, obesity, and 
physical activity. A protective role for certain foods or specifi c components of the 
diet has been established while their therapeutic effectiveness is still controversially 
discussed. Here we will review what we currently understand of dietary sphingolip-
ids in the prevention of colon cancer, and discuss potential targets of diet-derived 
sphingolipid metabolites in the colonic microenvironment.  

2     Colon Cancer 

 Colon cancer is a complex, multi-stage process. The aberrant expression of genes—
the result of mutations, deletions, translocations, chromosome losses etc.—leads to 
initiated and transformed epithelial cells. Upon clonal expansion of transformed 
cells, the fi rst visible morphological changes in colon carcinogenesis are the aber-
rant crypt foci (ACF) [ 2 ]. While most of these putative preneoplastic lesions regress 
over time, those containing  Apc  (adenomatous polyposis coli) [ 3 ] or  Ctnnb1  [ 4 ] 
(encoding ß-catenin) mutations are more likely to progress to adenomas and carci-
nomas and, eventually, cells will disseminate from the primary tumor and grow 
secondary tumors at distant sites such as the liver [ 2 ]. The long latency of  Apc  
requires more genetic alterations for progression with some involving loss of cell 
cycle and apoptosis control, or regulation of cell adhesion and migration.  Apc  muta-
tions are found in all cases of familial adenomatous polyposis [ 5 ] and have also 
been identifi ed as an early event in 70–80 % of sporadic cancers [ 6 ], apparent 
already at 30–50 years of age [ 7 ]. This provides a growth advantage for these cells 
and allows for clonal outgrowth and causes the dysregulation of cell turnover and 
differentiation. However, only  Apc  mutations (loss of function) in the intestinal 
stem cells located at the bottom of the colonic crypts but not differentiated colon 
epithelial cells may be able to drive tumorigenesis [ 8 ] and were identifi ed as the 
cell(s) of origin for colonic adenomas [ 9 ]. De-differentiation of colonic epithelial 
cells and their acquisition of stem-like properties may be another contributor to 
tumorigenesis [ 10 ]. Mutations in  p53 ,  Ras  or  Wnt  cannot initiate tumorigenesis by 
themselves but are acquired later; importantly, the sequence of their acquisition will 
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defi ne the propensity of the tumor with early  Apc  mutations as critical determinants 
[ 8 ,  9 ]. The accumulation of more mutations provides additional advantages for the 
transformed cells and appears to be a constantly ongoing process; more than 70 
alterations in protein-coding regions per colon tumor have been identifi ed [ 7 ] (select 
genes are depicted in Fig.  1 ).

   In addition to gene sequence-altering events, epigenetic alterations contribute to 
tumorigenesis. The constantly growing list of epigenetically silenced genes (hyper-
methylated in their promoter region) in colon cancer includes  MLH1  (mismatch 
repair),  Rb ,  p16 ,  Rarb ,  Sfrp , and  Cdk2na , alterations that can either precede genetic 
aberrations or enhance the impact of oncogenes in tumor progression [ 11 ,  12 ]. In 
contrast to mutations, epigenetic changes are plastic and potentially reversible, and 
as such are targets for intervention efforts.  

3     Sphingolipids in the Diet: Release of Bioactive Metabolites 
into the Intestinal Tract 

 Sphingolipids are only minor components of the human diet. The daily intake of 
complex sphingolipids in a Western diet has been estimated to be approximately 
0.3–0.4 g/day [ 13 ]; this is similar to the Japanese diet that contains 128–292 mg 

  Fig. 1    Model for mutation- and infl ammation-driven colon cancer development with select com-
mon mutations. Genes with changes in methylation status are in  red        
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cerebrosides and 45–81 mg sphingomyelin per day, mostly from cereals,  vegetables, 
pulses and fruit [ 14 ]. The sphingolipid content of food varies greatly but milk 
(including low-fat milk) and many other dairy products, eggs, meat and some 
vegetables and legume (such as soybean) are rich sources of sphingolipids [ 13 ]. 
The structural components of complex sphingolipids in foods vary greatly in their 
sphingoid bases (length, number and localization of double bonds), fatty acids 
(length, double bonds, hydroxylation) and headgroups. Animal products contain 
mainly sphingomyelin, cerebrosides and some gangliosides, often with a sphingo-
sine moiety. Plant sphingolipids contain mostly cerebrosides or glycosyl inositol 
phosphoceramides with a variety of different sphingoid bases, fatty acids and head-
groups [ 15 – 18 ] (Fig.  2 ).

   Complex sphingolipids are digested throughout the small intestine and colon 
by intestinal and bacterial enzymes to ceramide and free sphingoid bases [ 19 – 21 ]. 
All enzymes of sphingolipid metabolism, especially the alkaline sphingomyelinases 
that are critical for sphingomyelin digestion [ 22 ], have been identifi ed in the intes-
tinal tract (see recent reviews [ 23 ,  24 ]); the activity of endoglycosidases, cleaving 
between the headgroup and the ceramide moiety, may also be important for the 
hydrolysis of complex sphingolipids [ 25 ]. The complexity of the sphingolipids, i.e., 
the size of their headgroups, does not impact their hydrolysis since only ceramides 
and free sphingoid bases were detected after digestion of sphingomyelin and cere-
brosides but not their partially hydrolyzed intermediates, suggesting either a rapid 
succession of cleavage events or a complete removal of the intact headgroup [ 25 ]. 
However, the structure of the released metabolites determined their intracellular fate. 
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  Fig. 2    Sources and structures of dietary sphingolipids       
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While there was no preference for specifi c ceramide species found in complex 
sphingolipids from milk for enzymatic hydrolysis, the ceramides resistant to further 
metabolism and therefore overrepresented in the intestinal extracts were ceramides 
with a C16:0 fatty acid while the major ceramide species found in milk sphingolip-
ids (C22:0, C23:0, and C24:0) were mostly further metabolized [ 25 ]. Interestingly, 
the C16:0 ceramide has been associated with the induction of apoptosis [ 26 ], sug-
gesting that the structure of diet-derived ceramides direct their specifi c metabolic 
fate and determines the sphingolipid profi le in the intestinal cells and, thereby, 
directing the response of intestinal cells. 

 After the hydrolysis of ceramide, sphingosine is rapidly taken up by the intestinal 
cells and, after phosphorylation, degraded by sphingosine-1-phosphate lyase, or is 
recycled into complex sphingolipids [ 21 ]. Both sphingosine kinase 1 and sphingo-
sine 1-phosphate lyase are highly expressed in the intestinal tract [ 27 ,  28 ]. Free 
sphingoid bases from maize cerebrosides, 4,8-sphingadienines ( cis  and  trans  iso-
mers) were detected in both intestinal lumen and intestinal mucosa of rats after oral 
administration [ 29 ] and exhibited both a poor uptake and a low retention compared 
to sphingosine in Caco-2 cells. The levels of 4,8-sphingadienine in Caco-2 cells were 
not increased after inhibition of sphingosine kinase but increased by verapamil [ 29 ], 
suggesting that the small amounts absorbed are exported from the enterocytes rather 
than metabolized; this is supported by the observation that small amounts of  trans -
4, cis -8-sphingadienes appear in the lymph after oral administration of maize cerebro-
sides [ 30 ]. Therefore, the structure of the dietary sphingolipids affects their digestion, 
uptake, and intracellular fate and, thus, determines their function in the colon. 

 More than 80 % of dietary sphingolipids are digested in the small intestine [ 31 ]. 
Intact complex sphingolipids or ceramides are transported to the colon and either 
excreted [ 32 ] or hydrolyzed by the colonic microbiota to ceramide and sphingosine 
[ 21 ] which are rapidly taken up by the cells by passive diffusion [ 33 ]. The hydroly-
sis capacity of the intestinal tract is limited, and increased amounts of sphingolipids 
in the diet are not digested effi ciently but excreted with the feces [ 32 ]. As a result, 
even high amounts of sphingolipids in the diet (1 % of the diet or 100 times more 
than average estimated consumption) are not releasing cytotoxic levels of bioactive 
metabolites into the intestinal tract [ 34 ] and thus far, deleterious side effects of 
dietary sphingolipids have not been reported. The generation of bioactive sphingo-
lipid metabolites throughout the intestinal tract including the colon indicates a 
potential of complex sphingolipids in the diet to regulate cell processes in the colon 
that are involved in colon carcinogenesis.  

4     Sphingolipids in the Diet: Impact on Colon Cancer 

 Systematic epidemiologic studies that directly correlate the sphingolipid intake to 
the risk of developing colon cancer are still not available due to the lack of compre-
hensive food analyses. While the impact of sphingolipid-rich dairy food consump-
tion on the risk of developing breast and prostate cancer is still controversially 
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discussed, a recent meta-analysis showed that the consumption of dairy products is 
associated with a reduced relative risk (RR) of developing colon cancer (RR 0.59). 
This was especially strong for the consumption of cheese, butter and whole milk: 
per two servings per day, the RR decreased by 13 % [ 35 ]. Other meta-analyses of 
27 and 60 international studies also demonstrated an inverse association of total 
dairy consumption with a reduced risk (RR 0.83 and 0.78, respectively) [ 36 ,  37 ]. 
Here we will review rodent studies investigating the potential of specifi c sphingo-
lipid classes to suppress colon cancer. 

4.1     Sphingomyelin 

 Rodent models of chemically induced colon carcinogenesis are convenient tools to 
investigate early and late events in colon carcinogenesis in a time- and cost-effective 
manner. The carcinogens (azoxymethane, AOM, or dimethylhydrazine, DMH) are 
injected intraperitoneally, are metabolized by the liver and secreted into the intesti-
nal tract via the bile to induce DNA damage, causing the formation of early stages 
of colon cancer—aberrant crypt foci (ACF)—that can progress to adenomas and 
adenocarcinomas. In the last decade, this model has been used to investigate the 
capacity of sphingolipids added to a semi-purifi ed, essentially sphingolipid-free diet 
to reduce colon cancer in amounts that could be achieved in the human diet. Adding 
0.025–0.1 % sphingomyelin from milk powder (by weight) to an AIN 76A diet  after  
carcinogen treatment reduced the number and size of ACF after 4 weeks by 70 % 
and 30 %, respectively [ 38 ,  39 ]. This is not specifi c to the mouse model since simi-
lar results were observed in rats [ 40 ]; the differences in the magnitude of the 
response may be species related, or impacted by the administration of the sphingo-
lipids as single bolus that may decrease hydrolysis and increase excretion. Synthetic 
sphingomyelin caused a similar reduction on ACF number and size [ 41 ], indicating 
that the observed effect of the natural isolate was indeed the result of the sphingo-
myelin and not of co-purifi ed contaminants. A synthetic sphingomyelin with a 
sphinganine backbone was even more effective in suppressing ACF [ 41 ]. The 
metabolites generated from this sphingomyelin species are dihydroceramide and 
sphinganine; since dihydroceramide has been considered biologically inactive, 
these results suggested that the sphingoid bases may be the critical cancer- 
suppressing metabolites. However, both ceramides and sphingoid bases are gener-
ated in the intestinal tract [ 42 ] and can easily taken up by the intestinal cells; since 
more recent studies demonstrated the induction of autophagy by dihydroceramide 
[ 43 ], these results suggest that both ceramides and sphingoid bases may be effective 
in the suppression of colon cancer. The same suppression of ACF was observed 
when instead of the purifi ed milk sphingomyelin the milk globule membrane was 
added to the diet, a complex of proteins and lipids that contains about 20 % of the 
polar lipids as sphingomyelin (0.11 % of the diet); this mixture also signifi cantly 
reduced DMH-induced ACF in rats [ 44 ]. 
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 The reduction of early stages of colon cancer—ACF—results in the suppression 
of adenomas [ 39 ] and adenocarcinomas [ 25 ,  38 ,  45 ,  46 ] after approximately 
40 weeks of feeding a diet supplemented with sphingomyelin, confi rming the valid-
ity of ACF reduction as marker for sphingolipid effi cacy. Sphingomyelin supple-
mentation  after  carcinogen treatment suppressed the number of adenomas and 
carcinomas comparable to an administration  before  carcinogen treatment [ 46 ]. This 
indicates that the modulation of carcinogen metabolism or carcinogen-mediated 
cell transformation is not the mechanism of how dietary sphingomyelin inhibits 
colon cancer as has been shown for other natural compounds but is also effective 
when the initial damage to the colonic cells has already occurred and predisposed, 
transformed and pre-malignant cells are present in the colon. Therefore, the 
anti-cancer effect of dietary sphingomyelin is not restricted to the initiation stage. It 
is currently unknown if there are limits of its effectiveness determined by the disease 
stage, a specifi c geno- or phenotype of the tumor or its aggressiveness, and if in addi-
tion to a chemopreventive approach, the dietary or orally administered sphingomy-
elin also can exert suppressive effects in a chemotherapeutic approach against 
existing tumors. Nonetheless, the reduction of tumor incidence and size was inde-
pendent of existing  p53  mutations [ 47 ]; if that is also true for other mutations com-
monly detected in colon cancer cells is not known. In none of these studies any 
deleterious side effects of the sphingomyelin supplements were detected, demon-
strating that this is an effective and safe prevention regimen.  

4.2     Ceramides, Cerebrosides and Gangliosides 

 Mammalian glucosylceramide, lactosylceramide, gangliosides GD3 (from milk) 
[ 25 ] or ganglioside GM1 (from brain) [ 38 ] added to the diet at 0.025 or 0.1 % (by 
weight) all have shown to signifi cantly reduce the number of ACF in DMH-treated 
CF1 mice by 40–70 %. This is comparable to the effect of glucosylceramide from 
rice bran that contain a 4,8-sphingadiene backbone rather than the sphingosine moi-
ety observed in the mammalian species; feeding rice bran glucosylceramide reduced 
the number and size of ACF in DMH-treated rats by more than 60 %. This was not 
limited to conventional ACF that may regress over time but was also demonstrated 
in ß-catenin-overexpressing ACF [ 48 ], considered to be a better prognostic marker 
for colon carcinogenesis. Glucosylceramide from soy also contains mostly a 
4,8-sphingadienine backbone with an amid-bound α-hydroxy palmitic acid that may 
exert different responses in the colon cells. Adding 0.025 or 0.1 % soy glucosylce-
ramide to the diet of CF1 mice treated with DMH reduced the resulting ACF by 
38 % and 52 %, respectively [ 49 ]. These studies show that the origin of the sphin-
golipid class (mammalian vs. plant) and the differing structure of their sphingoid 
bases did not lessen their inherent anti-cancer effect. However, since more of the 
sphingadienines are exported from the colonic cells, it would be interesting to 
determine if a systemic effect or the targeting of cancers at distant sites would be 
more pronounced with these plant sphingolipids. 
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 Humans are rarely exposed to DMH or its carcinogenic metabolites and the 
 initial genetic alterations (DNA alkylation, generating  N  7  and  O  6 -methylguanine 
that induce GC → AT transitions) may not accurately refl ect the slow development 
of the human disease since ACF are already visible within fi ve days of treatment 
[ 50 ]. However, the gene mutations found in carcinogen-induced rodent ACF (i.e., 
 Apc ,  Kras ) [ 51 ] are also found in human colon cancer. Thus, this is a quick and cost- 
effective model for the screening of anti-cancer agents. A rodent model that does 
not require chemical transformation, the C57/B6J Min/+  mice ( m ultiple  i ntestinal  n eo-
plasia, Min mice) mice carry an  Apc  mutation and spontaneously develop numerous 
adenomas in the small intestine but only few in the colon; these mice are often used 
as a rodent model for familial adenomatous polyposis. Min mice do not live long 
enough to allow for the progression of adenomas to carcinomas and a high inci-
dence of colon tumors; this would also require treatment with a carcinogen. Feeding 
a mixture of milk sphingomyelin, glucosylceramide, lactosylceramide and ganglio-
side GD3 in a ratio that refl ects their proportions in milk (65:7.5:20:7.5) at 0.1 % of 
the diet for four weeks signifi cantly reduced the number of intestinal and colonic 
tumors in Min mice by 40 % [ 42 ]. Supplementation of the diet with 0.1 % ceramide 
(synthetic  N -palmitoyl sphingosine) alone also reduced tumor formation by 40 % 
but adding ceramide to the sphingolipid mixture (at 40 % of the mixture, total 0.1 % 
of the diet) intended to increase the bioactive metabolite concentrations especially 
in the small intestine (where most of the tumors are located) reduced the tumor 
numbers signifi cantly more to 50 % of controls [ 42 ]. Glucosylceramide from soy in 
amounts of 0.025–0.1 % of the diet that successfully suppressed ACF formation 
also reduced tumor formation in Min mice by 27 and 40 %, respectively, after 45 
days of supplementation [ 49 ].  

4.3     Free Sphingoid Bases 

 As mentioned above, the digestion of complex sphingolipids in the intestinal tract is 
incomplete, and increasing the amount of dietary sphingolipids results in an 
increased excretion of non- or only partially digested compounds. Using free sphin-
goid bases may bypass this loss and increase the anti-tumor effect of sphingolipids. 
A unique 4,6-sphingadienine from  Drosophila melanogaster  was administered per 
gavage to Min mice (25 mg/kg) daily for 10 days, beginning at 80 days of age. In 
contrast to other studies, this was a more therapeutic approach since the treatment 
began close to the natural end of lifespan of the Min mice when all adenomas had 
already been formed. This treatment reduced the number of adenomas by 35 % with 
a signifi cant reduction of adenoma size seen only in small lesions [ 52 ]. Synthetic 
4,6-sphingadienine exerted the same suppressive effects and, additionally, signifi -
cantly increased the tumor-suppressing effect of rapamycin [ 53 ]. 

 The hydrolysis of complex sphingolipids generates ceramides and free sphingoid 
bases in the intestinal tract that can modulate processes involved in colon carcino-
genesis. However, colon cancer cells have shown to overexpress sphingosine kinase 
1 [ 54 ] but have a low expression of sphingosine-1-phosphate lyases and  phosphatases 
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[ 27 ] and, therefore, could generate and accumulate sphingosine-1-phosphate from 
the diet-derived free sphingoid bases that may exert a tumor-stimulatory rather than 
the desired suppressive effect. To prevent the generation of potentially pro- 
tumorigenic metabolites, enigmol (2S,3S,5S)-2-amino-3,5-dihydroxyoctadecane) 
was developed, a synthetic sphinganine analog that lacks the 1-hydroxyl group and 
therefore cannot be phosphorylated by sphingosine kinases; it is also a poor sub-
strate for ceramide synthase [ 55 ]. This results in a higher toxicity towards colon 
cancer cell lines and signifi cantly reduced intestinal tumors in Min mice by 37 and 
52 % when added to the diet at 0.025 or 0.1 % for 45 days [ 56 ]. 

 As shown above, the administration of complex sphingolipids via the diet in 
amounts that could be achieved in the human diet did not cause any toxic side 
effects even when added for a long period of time. In contrast, the oral administra-
tion of free sphingoid bases appears to have limited use due to their toxic side 
effects. Min mice fed enigmol at 0.1 % of the diet showed a lower weight gain, 
normal biomarkers for liver and kidney function but increased blood urea, serum 
protein and albumin levels [ 56 ]. Oral administration of same concentration of safi n-
gol, the  L -threo stereoisomer of sphinganine, a sphingosine kinase inhibitor, caused 
severe liver and renal toxicity in rodents [ 57 ]; this was also observed in a human 
trial but appeared to be reversible after completion of the drug treatment [ 58 ]. Thus, 
the administration of free sphingoid bases at amounts of 0.1 % of the diet or more 
may provide limited value as anti-cancer agents due to their systemic toxic effects 
and a different route of administration may need to be considered.   

5     Cancers of Distant Organs as Targets for Dietary 
Sphingolipids 

 Only small portions of the orally administered sphingolipids are absorbed and trans-
ported into the body [ 19 – 21 ] and do not cause an increase of circulating sphingosine 
levels [ 42 ]. However, a change in lipid composition or tissue function in brain [ 59 ], 
skin [ 60 ,  61 ], central nervous system [ 62 ], ear [ 63 ], and liver [ 64 ] indicates a sys-
temic distribution and distal effects of diet-derived bioactive metabolites. Recent 
reports have identifi ed cancers of different sites, e.g., liver, breast, head-neck, and 
prostate, as targets for orally administered sphingolipids. Dietary sphingomyelin 
(0.1 % of diet, from chicken egg yolk) fed for only two weeks to carcinogen-treated 
Sprague-Dawley rats reduced the number and size of pre-neoplastic lesions of the 
liver without any deleterious effect to non-transformed liver cells [ 65 ] suggesting 
that sphingolipids in suffi cient levels reach the liver after ingestion and target spe-
cifi cally processes involved in the transformation of liver cells or directly affect 
transformed cells. Sphingomyelin from milk (0.1 % of the diet) was fed to nude 
mice after MCF10AT1 breast xenografts were palpable, a progression model for 
early stages of human breast cancer, representing a more chemotherapeutic 
approach. The xenografts in the sphingomyelin-fed mice were smaller (63.7 vs. 
99.3 mm 3  in the controls, albeit not statistically signifi cant) and their progression to 
more aggressive stages was signifi cantly suppressed: most xenografts in the 
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sphingomyelin- fed group were stage 2 (88 %) while the control xenografts had 
progressed to stage 3 (27 %), 4 (9 %) and 5 (14 %) [ 66 ]. Glucosylceramide from 
rice bran (300 mg/kg) was administered by daily gavage for 14 days  after  SCCKN 
xenografts, a model for human head-and-neck squamous carcinoma, reached a size 
of >7 mm (also a more therapeutic approach) and reduced the size of the lesions by 
40 % without apparent side effect. Interestingly, administration of 6000 mg/kg 
bodyweight caused hemorrhagia and was lethal to the mice [ 67 ], suggesting that 
there are differences between the administration via the diet—which has been dem-
onstrated to be safe- and administration as a bolus per gavage. Administration of 
enigmol per gavage (10 mg/kg bodyweight) twice weekly after lesions from the 
injected human prostate cancer cell line PC-3 were palpable reduced their size by 
50 % without affecting the mice’ health [ 56 ]. 

 Together, these studies show that the administration of complex sphingolipids 
and, probably to a lesser extend due to their inherent toxicity, free sphingoid bases 
via the diet is a safe and effective measure to suppress cancer of the colon and sev-
eral other organs. While this approach is highly effective against early stages of the 
disease, it is possible that this route of administration may not deliver suffi cient 
concentrations of bioactive molecules to highly aggressive disease, or these cells 
may prove resistant to diet-derived metabolites. This needs to be investigated in 
greater detail.  

6     Mechanisms of Colon Cancer Suppression by Dietary 
Sphingolipids 

6.1      Regulation of Proliferation and Apoptosis 

 Hyperproliferation or unlimited proliferation is among the hallmarks of cancer that 
drive tumor development and progression (Fig.  1 ); its reversal may be critical to 
prevent tumor formation and metastasis. A constant increase in proliferation is 
already induced by the carcinogen treatment of rodents in the macroscopically nor-
mal appearing colonic mucosa and is accompanied by a decrease in the rate of 
apoptosis [ 46 ]. Consistently, all studies using dietary sphingolipids show a reduced 
proliferation of colonic crypt cells after sphingolipid treatment for short periods 
(4 weeks) or long-term (45 weeks) to the levels of the control group that was not 
treated with the carcinogen [ 39 ,  41 ,  42 ,  48 ,  49 ,  65 ], but not beyond [ 46 ]. A reduced 
rate of proliferation after sphingolipid treatment was also observed in breast [ 66 ] 
and head and neck cancer xenografts [ 67 ]. In addition to the sphingolipid-mediated 
reduction of aberrant proliferation, in most studies the rate of apoptosis was either 
not altered or increased by dietary sphingomyelin, but not beyond the levels of the 
untreated controls [ 46 ]. Only the administration of glucosylceramide per gavage 
that reduced tumor size by 50 % in 2 weeks caused an increase in central tumor 
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necrosis and apoptosis [ 67 ]; however, if this treatment is comparable with long-term 
dietary administration regarding the concentrations of bioactive sphingolipids 
generated in the intestinal tract and the exposure time of the intestinal cells to these 
amounts remains to be determined. These studies suggest that the regulation of cell 
growth rather than the induction of apoptosis may be the key event in the prevention 
of colon cancer by orally administered sphingolipids. If this would eliminate aggres-
sive tumors or delay their growth is not known.  

6.2     APC-ß-Catenin Signaling Pathways as Targets for Colon 
Cancer Suppression 

 As mentioned above,  Apc  mutations are evident in all patients with familial adeno-
matous polyposis and most patients with sporadic colon cancer and are considered 
the initiating event in colon carcinogenesis. The  Apc  gene product is a large, 310 kDa 
scaffolding protein with distinct binding domains for several proteins. As a crucial 
part of the canonical Wnt signaling pathway, APC functions as destruction complex 
for ß-catenin, a cell adhesion protein that connects E-cadherin to the actin cytoskel-
eton. APC also controls proliferation via regulation of spindle orientation and chro-
mosome segregation, and cell migration in the colonic crypt. APC can shuttle from 
the cytosol to the nucleus, contributing to microtubule assembly and formation of 
the mitotic spindle, the association of spindle microtubule with the kinetochores of 
chromosomes, regulate centrosome positioning and may be involved in DNA repli-
cation and excision repair. Localization of truncated APC to the mitochondria—
favored in colon cancer cells—allows for the binding of Bcl-2 and may contribute to 
cancer cells’ resistance to apoptosis and survival (see recent review [ 68 ]). 

 The regulation of ß-catenin and its importance in colon carcinogenesis has been 
extensively studied in the last decade. ß-catenin functions as a signaling molecule in 
developmental systems [ 69 ,  70 ] and is released into the cytosol of cells responding 
to growth stimulation via the Wnt pathway or epidermal and hepatocyte growth fac-
tor receptor activation [ 71 ,  72 ]. APC binds axin to capture cytosolic ß-catenin and 
mediate its sequential phosphorylation by casein kinase 1 and GSK-3ß; this marks 
ß-catenin for ubiquitination by the SCF-ßTRCP complex and proteasomal degrada-
tion, keeping cytosolic concentrations of ß-catenin low in the absence of Wnt sig-
naling. Binding of Wnt ligands to the frizzled and LPR5/6 receptor complex allows 
for the formation of the complex of dishevelled (Dvl) and the frizzled receptor, the 
subsequent recruitment of axin to the membrane and the dissolving of the APC/
axin/GSK3ß degradation complex. Stabilized cytosolic ß-catenin accumulates in 
the cytosol, is translocated to the nucleus and binds to transcription factors of the 
LEF/TCF family, replacing the repressor protein groucho and forming a 
 transcriptionally active complex that includes CBP/p300, Bcl9 and co-activators 
such as pygopus [ 73 – 75 ]. 
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  Apc  mutations or inactivation via epigenetic silencing result in the same 
 stabilization of ß-catenin with subsequent accumulation in the cytosol, translocation 
to the nucleus and activation of transcription factors to mediate transcription of genes 
associated with growth and altered adhesion and motility properties [ 76 ]. These 
include cyclin D 1 , c-myc, c-jun, uPAR, fra-1, Tcf-1, MMP-7, Axin2, PPARδ, CD44, 
claudin, VEGF, survivin (for a more complete list of targets see   http://www.stanford.
edu/group/nusselab/cgi-bin/wnt/    ). Many of these proteins are supporting tumor 
growth and survival. The overexpression of conductin, a protein associated with the 
ß-catenin degradation complex, during mitosis is mediated by aberrant APC/ß- catenin 
signaling and induced chromosome instability by compromising the mitotic spindle 
checkpoint, causing spindle stress and a faster exit from mitosis [ 77 ]. Since the muta-
tions in  Apc  occur early in life but colon cancer is a late event, it has been suggested 
that residual functions of APC such as control of mutant cells and their elimination 
remain to differing degrees, maintaining some adhesion and proliferation control 
until the function of the truncated APC is below 12 % of its capacity. This causes the 
reversal of the cell adhesion gradient, normally directed from the bottom of the 
colonic crypt to the top, effectively re-positioning highly proliferative cells towards 
the bottom of the colonic crypts and limiting their upward motility. The retention of 
these proliferating cells in the bottom of the colonic crypt drastically enhances the 
potential of these crypts for tumor formation. The accumulation of ß-catenin is a 
central event in these aberrant growth and motility patterns [ 78 ]. ß-catenin localized 
in the invasive front of primary tumors and metastases has been shown to play a role 
in the tumor cell migration and dissemination of metastases [ 79 ]. 

 The regulation of ß-catenin metabolism and traffi cking has been identifi ed as a 
target of sphingolipids both  in vivo  and  in vitro . In normal colon tissue, ß-catenin is 
associated with the cell membranes. Immunohistochemical analyses of the intesti-
nal tissue from Min mice (all cells carry the  Apc  mutation) showed a high expres-
sion of ß-catenin in the cytosol of intestinal sections. However, Min mice that were 
fed sphingolipid supplements in their diet displayed mostly membrane-associated 
ß-catenin [ 42 ]. This was also observed in the macroscopically normal appearing 
colon of DMH-treated CF1 mice after sphingolipid treatment: the carcinogen treat-
ment increased cytosolic ß-catenin which was reversed by the dietary sphingolipids; 
nuclear ß-catenin was only detected in colon carcinomas [ 80 ]. The comparison of 
colonic tissue from mice fed a control diet or sphingolipid supplements identifi ed 
genes that respond to diet-derived bioactive lipid metabolites: there was a 50–60 % 
reduction in HIF1α expression, a 35–33 % reduction in the expression of its down-
stream target VEGF, and a 70–80 % reduction in TCF-4 expression [ 49 ], a tran-
scription factor downstream in the Wnt/APC signaling pathway and a preferred 
ß-catenin binding partner in the colon to mediate ß-catenin-induced expression of 
genes important for proliferation, adhesion and motility. Surprisingly, sphingolipid 
treatment did not cause the differentially expression of a vast number of genes as 
often detected in Affymetrix array analyses. DMH-treated colon mucosa (not 
tumors) also did not exhibit changes in the mRNA levels of ß-catenin and select 
genes involved in colon carcinogenesis (Bax, Bad, Bcl-2, Bcl-XL, Cyclin D1, 
c-myc). However, the protein levels of ß-catenin were signifi cantly downregulated, 
and both connexin43 and E-cadherin were signifi cantly upregulated by dietary 
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sphingolipids [ 80 ]. These studies suggest that sphingolipids regulate protein  stability 
or turnover and localization rather than or in addition to transcription in intestinal 
tissue primed for colon cancer either by  Apc  mutations (Min mice) or carcinogen 
treatment in CF1 mice. However, ß-catenin is not the only sphingolipd target in 
cancer cells. 

 Detailed analyses of how dietary sphingolipids mediate ß-catenin turnover  in 
vivo  are not available. Treatment of colon cancer cell lines with sphingosine, enig-
mol, 4,8-sphingadienine from corn or natural ceramides (but not C 2 -ceramide)  in 
vitro  for 1–48 h reduced total ß-catenin [ 53 ,  56 ] and nuclear ß-catenin expression 
levels [ 42 ,  56 ], transiently decreased ß-catenin-induced TCF-4 reporter activity (for 
5 to >24 h dependent on the cell line) and lowered the expression levels of TCF-4 
target genes  c-myc  and  cyclin D1  [ 53 ]. The effective concentrations ranged from 
non-toxic to toxic (2.5–30 μM) and the responsiveness of the specifi c cell line deter-
mined the concentration of the effective treatment and its time course. The altered 
ß-catenin levels were associated with a reduced AKT phosphorylation [ 53 ], acti-
vated GSK-3ß, and increased phosphorylation of ß-catenin on S33, S37 T41 (casein 
kinase 1 phosphorylation sites) and T41, S45 (GSK-3ß phosphorylation sites) which 
marks ß-catenin for ubiquitination and proteasomal degradation. Inhibition of the 
proteasome abrogated this degradation [ 56 ]. Since the reversal of aberrant ß-catenin 
expression decreases the tumorigenic potential of cancer cells [ 81 ], the regulation of 
ß-catenin expression and localization and its transcriptional activity may be the criti-
cal step in the prevention of colon cancer by dietary sphingolipids. This is important 
because  Apc  mutations and ß-catenin dysregulation are not only relevant in human 
colon cancer but a growing list of cancer in other organs such as esophagus, breast, 
liver and stomach also exhibit altered APC and ß-catenin localization and expres-
sion. However, the impact of sphingolipids on non-canonical signaling pathways of 
APC or ß-catenin and their importance for sphingolipid-mediated tumor suppres-
sion still needs to be evaluated. This is especially important since the targets of the 
bioactive sphingolipids generated in the colon may be manifold and the regulation 
of a single pathway may not be suffi cient for tumor suppression. Targeting func-
tional categories that are commonly altered in colon cancer and cancer of other sites 
may be more effective and independent of specifi c, individual gene alterations, and 
may provide a better control for sphingolipid effi cacy. Recent studies have identifi ed 
the modulation of cellular architecture—specifi cally actin cytoskeleton organiza-
tion—that infl uenced cell biomechanical properties (softness and elasticity), motil-
ity and bioelectrical behavior [ 82 – 87 ] and metabolism [ 88 ]  in ovarian cancer by 
sphingolipid metabolites; if this is also true for colon cancer has yet to be 
determined.   

7     Microenvironment Intestinal Tract 

 The focus of preventive and treatment efforts has been the elimination of cancer 
cells. However, the intestinal tract is a complex microenvironment of epithelial, 
immune and stromal cells and intestinal microbiota that together provide protection 
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from infection, infl ammation, and allergic reactions and support digestion, uptake 
and systemic distribution of nutrients. The disturbance of the delicate balance of 
these players can lead to severe diseases. 

 The epithelial layer lining the intestinal tract provides the fi rst line of immune 
defense to injury and pathogenic insult. Further support is provided by mucus 
layers secreted by goblet cells together with an abundance of antimicrobial peptides 
largely produced and secreted by Paneth cells. The intestinal epithelium or 
mucosa is further protected by abundant levels of secretory IgA, which is produced 
by plasma cells residing within the lamina propria and subsequently transported 
by intestinal epithelial cells (IECs) to the lumen of the GI tract. All of these fac-
tors, mucus, antimicrobial peptides and IgA help sequester microbes in the lumen 
and reduce epithelial overexposure to antigen and microbes and triggering of 
innate surface receptors such as the Toll-like receptors. This helps to maintain the 
normal intestinal mucosa in a state of antigenic ignorance defi ned as preventing 
antigens and microbes from gaining excessive access to immune inductive sites in 
the GI tract. In conjunction with antigenic ignorance, there is an active system 
referred to as mucosal-induced tolerance which includes both antigen specifi c 
responses as well as non-specifi c anti-infl ammatory responses both of which help 
protect against food allergies as well as unwarranted responses to commensal 
microbes. 

 The gut associated lymphoid tissue (GALT) has various unique features, such 
as M-cells and Peyer’s patches and is highly compartmentalized into inductor and 
effector sites, which helps to ensure that immune responses are tightly regulated 
and not overtly triggered in response to non-pathogenic commensal organisms or 
food antigens. Well-organized lymphoid aggregates, typically referred to as 
Peyer’ Patches (PPs) and draining mesenteric lymph nodes (MLNs) are immune 
inductive sites, whereas the lamina propria interspersed with macrophages, fi bro-
blasts, mesenchymal stem cells, dendritic cells, neutrophils as well as primed T 
and B cells makes up the extensive effector site within the intestinal tissues. 
Mature PPs are readily visible macroscopically and have lymph node-like archi-
tecture with respect to the organization of B and T cell follicles. The overlying 
follicle associated epithelium is unique to PPs and is more porous and contains 
M-cells (micro-fold) that serve to transport particulate matter (viruses, bacteria) 
to the underlying dendritic cells that subsequently sample and process antigen for 
presentation to B and T cells. A vast array of regulatory T and B cell subsets help 
micro-manage immune responses ensuring that homeostasis is maintained in a 
less reactive state, or to control excessive infl ammatory responses that are initi-
ated by pathogenic insults. The infl ux and maintenance of regulatory subsets is 
often controlled by the context of the chemokine and cytokine milieu maintained 
at these inductive sites. 

 The intestinal epithelial cells (IECs) themselves are to be considered as active, 
important players in maintenance of tissue homeostasis and immune surveillance 
within the gut. They can serve as weak antigen presenting cells or they can transport 
luminal antigens to underlying professional antigen presenting dendritic cells dis-
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persed throughout the lamina propria, which then transport, process and present 
antigens to T and B cells in the draining mesenteric lymph nodes. IECs in response 
to various exogenous stimuli secrete a wide variety of chemokines and growth 
 factors that can actively recruit immune cells or stimulate proliferative responses in 
cells residing within the lamina propria such as macrophages, fi broblasts, 
 mesenchymal stem cells and other lymphoid cells. IECs are also responsible for 
transporting polymeric, secretory IgA produced by lamina propria-residing plasma 
cells to the intestinal lumen. Together the mucus, secretory IgA and anti-microbial 
peptides provide the fi rst line of defense against pathogenic microbes and help 
maintain a less responsive environment to commensals. 

7.1     Modulating the Infl ammatory Intestinal Microenvironment 

 While endogenous sphingolipid metabolites (ceramide, ceramide-1-phosphate and 
sphingosine-1-phosphate) have been associated with acute and chronic infl amma-
tion in endothelial cells [ 89 ], adipose tissue [ 90 ], lung [ 91 ], immune cells [ 92 ], and 
colon [ 93 ], information of diet-derived bioactive sphingolipid metabolite involve-
ment in the infl ammation of the intestinal tract is limited. However, dietary sphingo-
lipids have been shown to alter the composition of intestinal cells. Milk gangliosides 
fed to rats for 2 weeks modifi ed the ganglioside content of the enterocytes, increas-
ing ganglioside GD3 levels in basolateral membranes, ganglioside GM3 levels in the 
apical membrane. Dietary ganglioside also altered the composition of intestinal 
brush border microdomains and reduced the cholesterol, caveolin1, and PAF, sug-
gesting a potentially anti-infl ammatory mechanism [ 94 ]. Ganglioside GD3 fed to 
newborn rats reduced necrotizing enteral colitis [ 95 ]. Dietary sphingomyelin did not 
alter the ganglioside content but reduced the cholesterol content of enterocytes [ 59 ] 
which can impact membrane fl uidity and signaling events. Changes in gene expres-
sion levels in the normal gut by dietary sphingolipids have not been evaluated in 
greater detail but dietary sphingomyelin increases the expression and activity of 
alkaline sphingomyelinase in the colon [ 45 ]. Alkaline sphingomyelinase is reduced 
in aging individuals and patients with chronic colitis which was comparable to 
patients with dysplasia [ 96 ], suggesting that the decreased expression levels may 
represent a predisposition to colon cancer that can be modulated by dietary sphingo-
lipids. Dietary glucosylceramide from maize did not only impact colonic infl amma-
tion but also exerted systemic anti-infl ammatory effects as evident by reduced levels 
of IFNγ and TNFα, and increased IL-10 levels in distant tissues [ 63 ]. Feeding mice 
milkfat globule membrane at 125 g/kg bodyweight in an AIN76A diet for 5 weeks 
reduced lipopolysaccharide (LPS)-induced monocyte adhesion and infi ltration of 
intestinal tissue, gut permeability, reduced serum cytokines (IL-6, IL-10, IL-17, 
MCP-1, IFNγ, TNFα) and prevented LPS lethality [ 44 ]. Thus, dietary sphingolipids 
can modulate the infl ammatory intestinal microenvironment, a role that can be con-
tradictory to the effect of endogenously generated sphingolipid metabolites.  
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7.2     Infl ammation-Driven Colon Cancer 

 Infl ammatory bowel diseases (IBD) are chronic infl ammatory disorders of the 
 gastrointestinal tract with an unclear etiology. The most common clinical manifesta-
tions of IBD are ulcerative colitis and Crohn’s disease. These patients have an 
increased risk of developing colorectal cancer (CRC) that is thought to be the result 
of prolonged infl ammation within the intestinal tract rather than genetic predisposi-
tion [ 97 ]. CRC patients without chronic infl ammation of the colon generally develop 
precancerous polyps (adenoma) that slowly progress while those who experience 
chronic infl ammation have an early onset of multiple adenomas that constitute an 
increased risk for tumor development and can require removal of the tumor or 
potentially the entire colon/rectum to prevent subsequent colon cancer metastases 
[ 97 ]. In contrast to the general population (average age of diagnosis: 74 years), IBD 
patients are diagnosed with CRC in their 30s [ 98 ]. The infl ammation is especially 
detrimental if the onset of IBD occurs at an early age [ 99 ]: prolonged ulcerative 
colitis over 10–30 years is directly associated with an increased risk of developing 
CRC by 2–18 % after disease onset [ 100 ]; these numbers are only slightly less for 
Crohn’s disease. Thus, reducing chronic intestinal infl ammation can signifi cantly 
reduce CRC development. 

 The impact of dietary sphingolipids on intestinal infl ammation and infl ammation- 
driven colon cancer has not been investigated in humans. Rodent models for intes-
tinal infl ammation include the IL-10 knock-out mice that spontaneously develop 
enterocolitis, a model for IBD with symptoms similar to Crohn’s disease [ 101 ], and 
the widely used dextran sodium sulfate (DSS)-induced infl ammation that causes 
deleterious intestinal acute colonic infl ammation. The combination of carcinogen 
treatment followed by DSS administration via the drinking water allows for the 
investigation of the association of infl ammation and colon carcinogenesis, and the 
identifi cation of targets for intervention of either process. Feeding 0.1 % milk sphin-
gomyelin for 2 weeks before a single AOM injection and a 7-day DSS treatment 
reduced the magnitude of the acute infl ammation at day 12, and accelerated the 
recovery from the infl ammatory insult [ 102 ,  103 ]. Similar effects were observed 
after feeding the glycosphingolipid cerebroside D [ 104 ]. The reduction of infl am-
mation was less pronounced in mice carrying tissue-specifi c deletions of peroxi-
some proliferator-activator receptor (PPAR)-γ in the intestinal epithelial cells, T 
cells and macrophages [ 102 ]. PPAR-γ is a member of a family of nuclear hormone 
receptors that regulate infl ammation, immunity and metabolism; its activation atten-
uates infl ammation [ 105 ], suggesting the sphingolipid-mediated reduction of 
infl ammation is partially dependent on PPAR-γ expression or activation. In the 
DSS/AOM model for infl ammation-driven colon cancer, the mice recover from the 
DSS treatment, and rapidly form multiple tumors. Feeding sphingomyelin signifi -
cantly increased the survival rate of mice independent of PPAR-γ expression, and 
reduced the number adenocarcinomas; this was accompanied by an improved 
colonic tissue architecture and a reduction in infi ltrating infl ammatory cells in the 
colon and mesenteric lymph nodes [ 102 ]. In contrast, egg sphingomyelin fed via 
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gavage and not mixed into the diet induced mild signs of infl ammation even without 
DSS treatment and actually exacerbated DSS- induced infl ammation or infl amma-
tion in IL10-/- mice [ 106 ]. This may be due to the structure of egg sphingomyelin 
that contains 87 % C16 fatty acids in the ceramide moiety in contrast to the pre-
dominant C22, C23, and C24 species in milk that can affect lipid absorption [ 107 ] 
and increase the pro-apoptotic C16 ceramide in the colon. As mentioned above, C16 
ceramide remains as the major ceramide species after digestion of milk sphingolip-
ids in the intestine [ 39 ] and therefore may accumulate above benefi cial levels or 
shift the bioactive sphingolipid profi le to elicit rather than suppress an infl ammatory 
response. This is supported by reports demonstrating a suppression of DSS-induced 
infl ammation by reducing ceramide and sphingosine-1-phosphate generation [ 108 –
 111 ] or inhibiting sphingosine-1- phosphate signaling and recruitment of infl amma-
tory cells to the intestinal tract [ 112 – 114 ]. Thus, dietary and oral administration per 
gavage are not interchangeable, and the selected sphingolipid species and their 
administration (in the diet vs. bolus per gavage) may be critical determinants for the 
infl ammatory and apoptotic response (see also  6.1 ). 

 These studies show that the reduction of infl ammation by the dietary sphingolip-
ids is associated with an increased survival and reduced tumor development. The 
precise mechanisms of how dietary sphingolipids modulate the infl ammatory 
response is not known. Using a PCR array with 372 genes associated with infl am-
matory response, autoimmunity and tissue regeneration but also with processes 
important in cancer such as proliferation, differentiation and angiogenesis, several 
genes were identifi ed that were altered by dietary sphingomyelin alone; only a few 
were up-regulated (IL-11, IL-12, IL-17, Ccl12, Cxcl2, Reg3g) but many were 
down-regulated (many interleukins, their receptors, several chemokines) (see com-
plete list in table 3 in [ 102 ]). During peak DSS-induced infl ammation in the colon 
(day 12 of administration via drinking water), the drastic increase in infl ammatory 
markers was modulated by the dietary sphingomyelin. Both pro-and anti- 
infl ammatory genes were up-regulated, a pattern consistent with a stimulation of an 
infl ammatory response in addition to a counter-regulatory immune response that 
together cause a suppression of infl ammation. Interestingly, dietary sphingomyelin 
also lowered the expression of genes in the DSS-treated colons that are involved in 
tumorigenesis (ErbB2, Ltb, NfrκB) while genes with an anti-cancer effect (Gdf9) 
were up-regulated [ 102 ]. These results suggest that dietary sphingolipids support 
the balance of pro-and anti-infl ammatory responses in the colon after the DSS insult 
but, in parallel, regulate tissue regeneration and prevent the expression of pro- 
tumorigenic genes. The specifi c mechanisms of this immune modulation by the 
dietary sphingolipids need further investigation. However, these studies have shown 
that the epithelial or cancer cells are not the only targets of dietary sphingolipids, 
and other cells in the colonic microenvironment are also responding to  sphingolipids 
with changes in gene expression levels. Importantly, changes in specifi c gene 
expression levels in one cell type may not be benefi cial in another. For example, 
ß-catenin over-expression in epithelial cells is associated with increased prolifera-
tion and tumorigenic potential while activation of ß-catenin signaling in intestinal 
dendritic cells is critical for the infl ammatory homeostasis (infl ammatory vs. regu-

Dietary Sphingolipids in Colon Cancer Prevention



178

latory responses immunity vs. tolerance) [ 115 ]. In contrast, intestinal T cells and 
Tregs in Min mice expressed elevated levels of ß-catenin that increased during 
tumor formation independent of  Apc  mutations, and ß-catenin signaling was associ-
ated with sustained infl ammation and tumor formation [ 116 ]. The expression of the 
pro-infl ammatory leukotriene D4 secreted by recruited macrophages and leukocytes 
to the intestine causes the activation and translocation of ß-catenin to the nucleus in 
cancer cells, increasing their migration [ 117 ]. Thus, an indiscriminate down- 
regulation of ß-catenin may not be benefi cial. It is not known if diet-derived sphin-
golipid metabolites can differentially regulate proteins in the cells that constitute the 
colonic microenvironment but it is an intriguing concept based on the cell-type 
dependent modulation of signaling events by sphingolipid metabolites in a context- 
dependent manner. 

 In addition to immune cells, progenitor and immune cells from the adipose tissue 
are actively recruited to the tumor site; the complex interactions of benign and can-
cer cells, resident and recruited immune and progenitor cells that can be differenti-
ated into fi broblasts, endothelial cells etc. together generate a tumor microenvironment 
permissive of tumor cell survival, proliferation and progression. Therefore, in addi-
tion to the cancer cells themselves, other tumor-associated cells and their interac-

  Fig. 3    Generation of sphingolipid metabolites in the intestinal tract and three groups of potential 
targets: colonic microbiota, colonic epithelial and cancer cells, and immune cell population. All 
groups may be involved and contribute to the sphingolipid-induced suppression of colon cancer       
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tions may be targets for bioactive sphingolipid metabolites in the suppression of 
colon cancer (Fig.  3 ).

8         Emerging Target: Intestinal Microbiota 

 The gastrointestinal tract of vertebrates and invertebrates is inhabited by a diverse 
array of microorganisms comprising the gut microbiota. In humans and other mam-
mals, the number of microbial cells is tenfold greater than cells of the host [ 118 ,  119 ] 
and the number of genes in the gut microbiota is estimated to exceed the number of 
host genes by a factor of 100 [ 120 ]. The gut microbiota [ 121 ] is dominated by bacte-
rial phylogenetic types belonging to the  Firmicutes and Bacteroidetes  phyla [ 122 ] 
that aid the host by fermenting fi ber and other indigestable dietary components and 
producing short chain fatty acids and small organic acids, butyrate and lactate, or 
stimulate the immune system and maintain colonocyte health [ 123 – 129 ]. Conversely, 
specifi c bacteria and viruses such as  Clostridium perfringens , enteropathogenic 
 Escherichia coli , and rotavirus are known pathogens that often result in host dis-
ease. Changes to the gut microbiota, a concept referred to as dysbiosis, is associated 
with disease in humans such as intestinal infections [ 130 ], infl ammation [ 131 ,  132 ], 
type 2 diabetes, metabolic syndrome, and cardiovascular disease (see recent reviews 
[ 133 ,  134 ]). The reduced microbiota diversity in infl ammatory bowel disease [ 135 , 
 136 ] and an altered microbiota promotes infl ammation-driven colon cancer [ 137 , 
 138 ], lymphoma [ 139 ] and liver cancer [ 140 ]. In Min mice, microbiota- mediated 
local infl ammation is driving polyp formation in Min mice, mediated by IL-10 pro-
ducing T cells; treatment with antibiotics reduced both infl ammation and adenoma 
growth [ 141 ]. There is only little information on dietary sphingolipid interaction 
with the colonic microbiota and if this would affect colon tumorigenesis. 
Glycosphingolipids have been shown to bind viruses and bacteria and their secreted 
enterotoxins (see review [ 108 ]). Intestinal bacteria are critical for the digestion of 
sphingolipids in the colon that can be taken up by the intestinal cells [ 32 ]; on the 
other hand, bacterial sphingolipids (mainly ceramides, glycosceramide, phospho-
ethanol ceramides) have been shown to impact iNKT cells, restricting their growth 
and thereby protect against colitis and autoimmune disease [ 142 ]. Adding porcine 
brain gangliosides for 30 days to the formula reduced the  E. coli  population while 
increasing bifi dobacteria in infants [ 143 ]. It is not known if any of these changes 
affect colon tumorigenesis but it is intriguing to speculate that specifi c complex 
sphingolipids could selectively either bind pathogens that then will be excreted or 
prevent the enterotoxin-mediated local and systemic effects. 

 High-fat diets (10 % of diet as fat, fed for 8–10 weeks) have also been shown to 
alter the microbiota (total number, diversity, Clostridialis, Proteobacteria, 
Enterobacteriales [ 144 ]), resulting in infl ammation of the gastrointestinal tract, 
higher systemic endotoxin levels and infl ammation of adipose tissue, metabolic dis-
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orders and aging [ 145 ]. Since high-fat diets and obesity are associated with a higher 
risk of developing colon cancer [ 146 ], the intestinal dysbiosis may be a critical fac-
tor for tumor progression. Again, if dietary sphingolipids can counteract the obesity- 
induced dysbiosis and prevent local disease (colon infl ammation, colon cancer) or 
systemic disease such as diabetes and metabolic syndrome is not known.  

9     Summary 

 It is now well established that dietary sphingolipids are highly effective in 
 suppressing colon cancer in all tested rodent models of colon cancer without any 
deleterious side effects. While there is clearly an effect on cancer cell growth, and 
the modulation of important protein mediators such as ß-catenin can contribute to 
the removal of the growth advantage, it also is apparent that these may not be the 
only targets of dietary sphingolipids. How the diet-derived metabolites target other 
cells in the normal colonic, infl ammatory and tumor microenvironment, changing a 
tumor- permissive to a non-permissive state, and if a reversal of intestinal dysbiosis 
or at least an increase in benefi cial bacteria or a reduction in pathogens is involved 
in the tumor suppressive outcome of feeding sphingolipids needs further investiga-
tion. This will allow for the tailoring of specifi c treatment regimens for individual 
need, e.g., select sphingolipid species based on their structure to optimize delivery 
to specifi c locations at concentrations for defi ned functions in specifi c cell types, 
perhaps even in combination with lower doses of conventional chemotherapeutic 
drugs. Importantly, the identifi cation of novel players in colon carcinogenesis that 
respond to dietary sphingolipids is critical for the timely control of the effi cacy of 
this approach in future human trials   .     
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    Abstract     Hepatocellular carcinoma (HCC) is the most common form of liver 
 cancer and one of the leading causes of cancer-related deaths in the world. 
Unfortunately, current therapy is ineffi cient and advanced HCC is highly resistant 
to chemotherapy, making early diagnosis crucial for survival. HCC develops in the 
course of chronic liver disease and infl ammation. Progressive non-alcoholic fatty 
liver disease (NAFLD) is a major cause of chronic liver disease and HCC and 
NAFLD incidence is expected to grow due to its association with obesity and type 
2 diabetes. Sphingolipids (SLs) biology has evolved from the inceptive view of 
being considered mere structural components of membrane bilayers to the current 
status of critical second messengers involved in the regulation of myriads cell 
 functions, including cell death pathways. A crucial mechanism underlying the thera-
peutic potential of cancer treatment involves ceramide species, which stand as the 
basis for the mode of action of chemotherapy and radiotherapy. However, many 
solid tumors, including HCC, develop strategies that counter this increase in cerami-
des, which blunt therapy effi cacy and promotes treatment resistance. Understanding 
these pathways may provide novel strategies to exploit the potential of ceramide 
and SLs to multiply the therapeutic effect of chemotherapy in the treatment of liver 
cancer. The present chapter summarizes these pathways and highlights the potential 
of combinational therapy based on maneuvers to increase SLs to combat liver 
cancer.  
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1         Chronic Liver Disease: A Driving Path to Liver Cancer 
Development 

 Liver cancer remains a major health problem worldwide and one of the most 
 common cancers in the World. Its predominant form, hepatocellular carcinoma 
(HCC) is the third leading cause of cancer-related mortality, exhibits resistance 
to chemotherapy, particularly in advanced stages, and its clinical manageability 
is dependent on early diagnosis [ 1 ,  2 ]. HCC normally arises in an environment of 
chronic infl ammation and fi brosis, characteristic of advanced chronic liver dis-
ease, such as nonalcoholic fatty liver disease (NAFLD). NAFLD comprises a 
spectrum of liver disorders beginning with liver steatosis that can progress to 
steatohepatitis and culminate in cirrhosis and HCC [ 3 ,  4 ]. Associated with  obesity 
and insulin resistance, NAFLD is a major health concern worldwide and a lead-
ing cause of liver transplantation and HCC. Unfortunately therapies for advanced 
and unresectable HCC are ineffi cient and the development of systemic agents has 
been challenging. The recommended treatment with sorafenib, a mulkinase 
inhibitor fi rst used in the treatment of renal carcinoma [ 5 ], entails a signifi cant 
survival of 2–3 months in patients with advanced HCC [ 2 ]. Moreover, recent 
fi ndings with brivanib, a dual inhibitor of vascular-endothelial growth factor and 
fi broblast growth factor receptors that are implicated in HCC pathogenesis in the 
treatment of advanced HCC in patients have been disappointing [ 6 ]. This  scenario 
of increasing incidence of HCC in the future and inadequate treatment demands 
for the characterization and  discovery of more effi cient therapeutic 
combinations. 

 Sphingolipids (SLs) are a family of lipids, which contain sphingosine base and 
an amide-linked fatty acyl chain that have an important structural function in 
 cellular membranes. Their characteristic association with cholesterol defi nes spe-
cifi c domains of membrane bilayers that exhibit unique physical properties where 
key signaling platforms operate in the regulation of important cell processes, 
including proliferation, senescence, differentiation and death pathways. Among 
SLs ceramides are the best characterized and most studied prototype due to their 
description as a second messengers of cell death in response to stress, apoptotic 
triggers and  chemotherapy and in the regulation of metabolism [ 7 – 10 ]. The 
 function of ceramides as a trigger of cell death pathways underlies the action of 
many antitumoral therapies, including ionizing radiation and chemotherapy. 
Therefore, understanding the regulation and metabolism of ceramides may have an 
important impact in the design of more effi cient combinational therapeutic treat-
ments against HCC. In this review, we will summarize the functions of SLs, their 
role in chronic liver disease preceding HCC and the impact of modulating SLs in 
the treatment of HCC.  
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2     Pathways of Ceramide Generation and Metabolism 

 Cells generate and metabolize ceramides by different pathways [ 11 ,  12 ]. While this 
particular topic has been covered in greater detail in a separate chapter, we will 
briefl y summarize some aspects of ceramide metabolism that may be of relevance 
in the context of liver cancer. The predominant pathway of ceramides generation 
occurs in the endoplasmic reticulum (ER). In this pathway, the amino acid serine is 
conjugated with the fatty acid palmitoyl CoA by the rate-limiting enzyme serine 
palmitoyl transferase (SPT), generating sphinganine, which is then acylated by 
(dihydro)ceramide synthase (CerS) to dihydroceramide. The subsequent dehydro-
genation of dihydroceramide catalyzed by dihydroceramide desaturase (DES) 
 generates ceramides. Of relevance to hepatocarcinogenesis, previous studies indi-
cated the stimulation of SPT and hence SLs metabolism in Morris hepatoma cells 
[ 13 ]. Interestingly, six different CerS have been identifi ed [ 11 ,  14 ], which exhibit 
tissue specifi c expression and variable substrate selectivity, thereby providing the 
basis for tissue specifi c synthesis of ceramides with varying acyl chain lengths. 
Despite this defi ned specifi c profi le of ceramides synthesized by the different CerS, 
there are compensatory mechanisms that offset the absence of specifi c ceramide 
species; moreover, an increase in a particular CerS may regulate a specifi c ceramide 
pool that may affect the integrity and function of individual cell compartments, such 
as lysosomes, ER or mitochondria. For instance, mice deleted for CerS2 exhibit a 
compensatory increase in the levels of C16 and sphinganine in the liver [ 15 ]. These 
changes in ceramides homeostasis translate to increased rates of hepatocyte apopto-
sis, mitochondrial dysfunction and mitochondrial generation of ROS, as well as 
proliferation that progress to widespread formation of nodules of regenerative 
 hepatocellular hyperplasia in aged mice. Progressive hepatomegaly and noninvasive 
HCC are observed in 10-months old CerS2 null mice [ 15 ]. 

 The control of ceramides synthesis is regulated by substrate availability and 
membrane lipid composition [ 16 ,  17 ]. The availability of the substrate palmitoyl- 
CoA enhances the  de novo  synthesis of ceramides in the ER. Since free palmitate 
levels rise in obesity, metabolic syndrome and related disorders (i.e., NAFLD), 
sphingolipid fl ux through the  de novo  pathway is enhanced [ 18 ,  19 ]. 

 While the generation of ceramides by  de novo  synthesis is slow but sustained, 
cells can instantaneously generate ceramides by a mechanism involving sphingo-
myelin (SM) hydrolysis by activation of sphingomyelinases (SMases). In response 
to many deleterious stimuli causing stress, apoptosis, chemotherapy and cell death, 
cells activate SMases leading to a rapid and transient release of ceramides in  specifi c 
sites that engage particular signaling pathways [ 11 ,  12 ,  20 ,  21 ]. Several mammalian 
SMases have been characterized, which are classifi ed according to their optimal pH 
(alkaline, neutral or acid) with a differential participation in cell death. While neu-
tral sphingomyelinase (NSMase)-induced ceramide generation has been described 
as a critical lipid mediator in infl ammatory diseases and  X. laevis  oocyte maturation 
[ 22 ,  23 ], acid SMase (ASMase) has been extensively described as a signaling 
 intermediate in cell death pathways and metabolic liver diseases [ 24 – 30 ]. ASMase 
 catalyzes the formation of ceramide from SM primarily within the endo- lysosomal 
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compartment, although it can be secreted extracellularly through Golgi traffi cking 
as a secretory ASMase (S-SMase) [ 20 ,  21 ]. Of relevance for liver diseases, ASMase 
knockout mice have been shown resistant to Fas or TNF-mediated liver failure 
[ 25 ,  26 ,  31 ], ischemia/reperfusion [ 32 ], hepatocyte apoptosis due to Cu 2+  accumula-
tion, characteristic of Wilson disease [ 27 ] and diet-induced steatohepatitis [ 29 ,  30 ] 
 indicating that the ASMase/Ceramide pathway is critical in liver pathophysiology. 

 Ceramides can be transformed in other derivatives and complex SLs by different 
pathways. The  de novo  synthesized ceramides in the ER can be transported to the 
Golgi by a non-vesicular mechanism involving the protein CERT, where serves as 
the precursor for SM synthesis by SM synthases (SMS). There are two SMS, SMS1 
and SMS2, which are localized in distinct cellular locations, Golgi and plasma 
membrane, respectively [ 33 ,  34 ]. 

 In the Golgi, ceramides can also be transformed into complex glycosphingolip-
ids and gangliosides due to the addition of glucose to ceramides to generate 
 glucosylceramide (GlcCer) catalyzed by glucosylceramide synthase (GCS) (Fig.  1 ). 
Non-vesicular transport of GlcCer from its site of synthesis (early Golgi) to distal 
Golgi is carried out by FAPP2 contributing to the synthesis of glycosphingolipids 
[ 35 ]. The subsequent addition of sialic acid moiety to GM3 generates ganglioside 
GD3, catalyzed by GD3 synthase (Fig.  1 ). Ganglioside GD3 is a bioactive lipid with 
a prominent role in cell death pathways by targeting mitochondria, which is of 
 relevance in liver pathologies [ 12 ]. Therefore, the regulation of ceramide along with 

  Fig. 1    Ceramide metabolism and role in HCC. Ceramides are metabolized by several pathways 
including its deacylation by ceramidases to sphingosine (Sph), which can be phosphorylated to 
S1P by sphingosine kinase (SK). In addition, following transport to Golgi it is converted to gluco-
sylceramide (GlcCer) by GlcCer synthase, which is further processed to glycosphingolipids such 
as GD3 synthesized from GM3 by GD3 synthase. The generation of ceramides by nanoliposomes 
or ASMase regulate HCC chemotherapy and in vivo tumor growth       
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the subsequent GD3 generation in the Golgi may constitute an effective measure to 
control hepatocellular cancer cell death [ 36 ].

   The predominant pathway of ceramides catabolism is its deacylation to sphingo-
sine by ceramidases (CDases), followed by the phosphorylation of sphingosine to 
sphingosine-1-phosphate (S1P) by sphingosine kinases (SK) (Fig.  1 ). Three CDase 
isoforms with distinctive pH optimum, acid, alkaline and neutral have been described 
[ 37 ,  38 ], of which the acidic CDase is the isoform that has been more clearly involved 
in the regulation of progression of various types of cancers [ 39 ,  40 ]. S1P plays an 
antiapoptotic role and hence is considered a prosurvival SLs due to a  combined 
mechanism of action including the antagonism of ceramide-mediated cell death path-
ways from inside cells, as well as by activating proliferative pathways from outside 
the cell via fi ve specifi c G protein-coupled S1P receptors (S1PR1-5) [ 41 – 43 ]. 

 S1P can then be irreversibly cleaved by the S1P-lyase to phosphoethanolamine 
and hexadecenal [ 44 ]. Alternatively, S1P can be dephosphorylated by sphingosine 
phosphatases (SPP) back to sphingosine and thereby recycled for ceramide 
 formation [ 45 ]. S1P-lyase, SPP and SK2 are localized at the ER and regulate 
 intracellular levels of S1P [ 46 ,  47 ]. As S1P and its metabolic precursor sphingosine 
exert opposing functions in the regulation of cell survival, the activities of these 
enzymes are critical for determination of the cellular fate and they can become 
potential targets in cancer cell biology.  

3     Role and Mechanisms of Sphingolipids in Cell Death 

 In addition to the cardinal role of mitochondria in energy generation, they also play a 
strategic function in the regulation of cell death, including apoptosis (caspase- 
dependent and independent) or necrosis. Apoptosis is a specifi c form of cell death 
characterized by biochemical events that ultimately lead to cell fragmentation into 
compact membrane-enclosed structures, called “apoptotic bodies” that are taken up 
by neighboring cells and phagocytes, that normally prevent infl ammation and tissue 
damage [ 48 ]. Apoptosis is induced via two main routes involving either the 
 mitochondria (the intrinsic pathway) or the activation of death receptors (the extrin-
sic pathway). While ceramide has been shown to mediate death receptor-mediated 
apoptosis, the role of ceramide in regulating the intrinsic pathway may be of  particular 
relevance in cancer cell biology. In addition to mitochondrial targeting, ceramide also 
induces ER stress and regulates autophagy, while inactivation of  survival pathways 
by gangliosides modulates susceptibility to cell death in response to stress (Fig.  2 ).

3.1       Mitochondrial Targeting 

 Consistent with the recognized role of ceramide as an intermediate of apoptosis, pio-
neering work established the ability of ceramide to interact with components of the 
mitochondrial electron transport chain accounting for the stimulation of ROS, 
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mitochondrial depolarization and mitochondrial dysfunction [ 49 – 51 ]. These effects 
contributed to the mitochondrial membrane permeabilization and release of 
 cytochrome c into the cytosol leading to the apoptosome assembly and activation. In 
cell-free assays using purifi ed rat liver mitochondria it was fi rst shown that the addi-
tion of ceramide C2 induced ROS generation predominantly from the complex III of 
the mitochondrial electron carriers, thus contributing to the mitochondrial depolariza-
tion and dysfunction observed during cell death [ 49 ]. This outcome  paralleled the 
fi ndings of purifi ed mitochondria from cells exposed to stress and apoptosis triggers, 
such as TNF, Fas, or UV irradiation [ 49 ,  52 ]. These results imply that the stimulated 
ceramide levels induced by TNF traffi c to mitochondria or that ceramide is generated 
in situ in these organelles. In line with the latter possibility Birbes et al. observed that 
the enforced mitochondrial targeting of NSMase in MCF7 cells resulted in mitochon-
drial ceramide increase that caused cytochrome c release and apoptotic cell death 
[ 53 ]. Moreover, it has been shown that ceramide can be generated in these organelles 
by a reverse ceramidase activity or a ceramide  synthase [ 54 ,  55 ], implying that mito-
chondria have the ability to generate ceramide  de novo.  These observations suggest 
the existence of an independent and highly regulated SL metabolism in mitochondria 
that contribute to the accumulation of ceramide in these organelles modulating cell 
death pathways. Mitochondria are functionally and physically associated with hetero-
typic membranes, and the mitochondrial apoptosis pathway is regulated by members 
of the Bcl-2 family proteins, most prominently by Bax and Bak that control mito-
chondrial outer membrane permeabilization, cytochrome c release and apoptosis. The 
dissociation of heterotypic membranes from mitochondria inhibited Bak/Bax-
dependent cytochrome c release. Recent evidence has shown that SL metabolism 

  Fig. 2    Cell death pathways triggered by ceramide. Ceramide generation by  de novo  synthesis of 
SM hydrolysis by ASMase can elicit the activation of cell death pathways by targeting mitochon-
dria, ER stress or autophagy. In addition, ceramide conversion to GD3 targets mitochondria to 
cause MPT and cell death. The acetylation of GD3 to 9-O-acetyl-GD3 disables the apoptotic 
potential of GD3       
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plays a key role in mitochondrial apoptosis by regulating Bax/Bak activation [ 56 ]. 
Furthermore, S1P and hexadecenal cooperated specifi cally with Bak and Bax, respec-
tively, to induce mitochondrial outer membrane permeabilization and apoptosis. 
These fi ndings suggest that SL metabolism cooperates with Bak and Bax to promote 
the mitochondrial pathway of apoptosis. Moreover, it has been demonstrated that 
ceramide generation in the  mitochondrial outer membrane of mammalian cells upon 
irradiation, forms a platform into which Bax inserts, oligomerizes and functionalizes 
as a pore, causing mitochondrial membrane permeabilization and apoptosis [ 57 ]. 

 Besides the regulation of mitochondrial apoptosis, a novel function of ceramides 
in cell death has described the targeting of mitochondria to autophagosomes leading 
to massive mitophagy [ 58 ]. Treatment of human cancer cells with C(18)-pyridinium 
ceramide treatment or endogenous C(18)-ceramide generation by CerS1 expression 
caused autophagic cell death, independent of apoptosis. C(18)-ceramide-induced 
lethal autophagy by targeting of mitochondria to LC3B-II-containing autophagoly-
sosomes (mitophagy) through direct interaction between ceramide and LC3B-II, 
resulting in Drp1-dependent mitochondrial fi ssion, leading to inhibition of 
 mitochondrial function and oxygen consumption.  

3.2     ER Stress, Autophagy and Lysosomal Membrane 
Permeabilization 

 The ER plays a critical homeostatic function in cells, mainly in the control of  protein 
and lipid synthesis and traffi c. Disruption in this function leads to a specifi c stress 
response called the unfolded protein response (UPR) with the aim to reinstate homeo-
stasis, which has been reviewed elsewhere [ 59 ,  60 ]. ER membranes are rich in gan-
gliosides and  de novo  ceramides synthesis occurs in the ER, implying that SLs 
regulate UPR and the ER stress. For instance, accumulation of GluCer, which is the 
main storage product in Gaucher disease, increases Ca 2+  mobilization from intracel-
lular stores in cultured neurons via ryanodine receptor-mediated Ca 2+  release from the 
ER, while microsomes from the brain of a Sandhoff disease mouse model that accu-
mulate GM2 show reduced rates of Ca 2+  uptake due to reduced Ca 2+ -ATPase SERCA 
activity [ 61 ,  62 ]. Of relevance for cancer it has been shown that the  de novo  synthe-
sized ceramides elicit an ER stress-dependent death mechanism in glioma cells in 
response to tetra-dydrocannabinol that is inhibited upon inhibition of SPT. [ 63 ] 
Ceramides synthesized  de novo  upregulated the levels of p8 (also known as candidate 
of metastasis 1), leading to the activation of ATF-4 and stress-regulated protein tribble 
homolog 3 (TRB-3), events prevented by ISP-1, a SPT inhibitor. These effects were 
reproduced by C2-ceramide and blocked by pharmacological inhibition of the mito-
chondrial respiratory chain, supporting an ER-mitochondria cross-talk in ceramide-
induced cell death. Interestingly, this ceramide-ER stress axis mediated cell death 
seems to be specifi c for transformed or malignant cancer cells but not normal cells. 

 Autophagic cell death is a distinctive form of cell death known as type II 
 programmed cell death, in which autophagy triggers cell death pathways [ 64 ]. The 
characteristics of autophagic cell death include its independence from apoptosis, and 
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prevention by agents that suppress autophagy. Sustained autophagy-mediated cell 
death is caused by irreversible cellular atrophy and dysfunction due to the loss of 
cytosolic components and organelles. Ceramides regulate autophagy in a 
 multidisciplinary fashion, including activation the phosphatase PP2A [ 65 ], suppres-
sion of mTOR activity in a PP1/PP2A dependent manner [ 66 ], inhibition of amino 
acid transporters leading to AMPK-dependent autophagy induction [ 67 ], and by 
enhancing    Beclin1 expression [ 68 ]. Furthermore, ceramide-induced ER stress also 
contributes to autophagy induction [ 69 ]. The ultimate effect of ceramide-mediated 
autophagy in cell death is cell type specifi c and stimuli dependent [ 70 ]. For  example, 
in the HCC cell line Hep3B treatment with ceramide C2 induced lethal autophagy by 
a mechanism involving JNK activation, which upregulated Beclin1 expression [ 71 ]. 

 Lysosomal membrane permeabilization (LMP) has been involved in apoptotic 
and non-apoptotic cell death by the release of lysosomal proteases. Furthermore, 
LMP is a mechanism involved in lipotoxicity of relevance in NAFLD [ 72 ] and lyso-
somal cholesterol accumulation due to increase in lysosomal SM due to ASMase 
defi ciency has been recently shown to reduce LMP and palmitic acid induced 
 apoptosis in primary hepatocytes [ 30 ]. Intriguingly, increasing evidence indicates 
that tumor cell lysosomes are more fragile than normal lysosomes and are more 
susceptible to LMP and hence tumor demise. Recent studies described that ASMase 
inhibition emerges as a novel mechanism to destabilize cancer cell lysosomes to 
induce cell death [ 73 ]. Cationic amphiphilic drugs (CAD) inhibit ASMase by inter-
fering the binding of ASMase to its essential lysosomal cofactor, bis (monoacylg-
lycerol)phosphate, increase lysosomal SM content and induce LMP and tumor cell 
death and reduced tumor growth  in vivo  and revert multidrug  resistance. Quite 
intriguingly, despite the high affi nity of SM for cholesterol [ 74 ,  75 ], the increase in 
lysosomal SM levels upon ASMase inhibition by CAD was not accompanied by 
enhanced cholesterol levels, which are known to regulate LMP, as described in 
fi broblasts treated with U18666A [ 76 ]. While further understanding of the mecha-
nisms involved in the fragility of tumor lysosomes and LMP is needed, database 
search demonstrated a highly signifi cant cancer-associated reduction in ASMase 
expression in several microarray studies comparing mRNA levels in tumors origi-
nating from gastrointestinal tract, liver, head and neck, kidney,  pancreas, cervix, 
lung and brain [ 73 ].   

4     Sphingolipids in Liver Disease Preceding HCC 

 The role of SLs in progressive NAFLD and liver cancer remains to be fully charac-
terized. Ceramide has been mainly studied in the context of glucose homeostasis 
and insulin signalling, which is closely associated with NAFLD [ 10 ]. Moreover, 
deletion of CerS2 causes liver injury and compensatory hepatocellular proliferation 
progressing to regenerative hepatocellular hyperplasia and HCC [ 15 ]. Moreover, the 
role of NSMase in NAFLD has been limited to the study of FAN (factor associated 
with NSMase activation) in a murine model of NASH induced by feeding mice a 
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methionine and choline defi cient (MCD) diet [ 77 ]. These studies indicate that FAN 
knockout mice fed MCD exhibit signs of NAFLD, demonstrating that FAN is dis-
pensable in this model of NASH. In contrast to the contribution of these pathways 
of ceramide generation to NAFLD, recent fi ndings have reported a critical role for 
ASMase in metabolic liver diseases and in the development of NAFLD [ 29 ,  30 ]. 

4.1     ASMase Promotes NASH and Liver Fibrosis 

 Nonalcoholic steatohepatitis (NASH) is an advanced stage of NAFLD and is 
 characterized by steatosis, hepatocellular injury and infl ammation. While fi brosis 
(generally in zone 3) is not strictly necessary for NASH diagnosis, its presence 
refl ects disease progression. Recent fi ndings have revealed a key role for ASMase 
in NASH. ASMase overexpression has been reported in adipose tissue of  ob/ob  
mice, mice fed an MCD diet, and in liver samples from patients with NASH  [ 78 – 80 ]. 
ASMase deletion superimposed on the genetic background of LDL receptor 
 defi ciency prevented diet-induced hyperglycemia [ 81 ].  ASMase  −/−  mice fed HFD for 
12 weeks were resistant to HFD-induced activation of lipogenic enzymes, including 
Srebp-1c, Acc, Dgat-2 and Fas [ 30 ]. These fi ndings translated to resistance to HFD- 
mediated steatosis, with similar fi ndings observed when mice were fed MCD diet. 
Furthermore, ASMase inhibition with amitriptyline protected wild type mice against 
HFD-induced steatosis, liver injury, infl ammation and fi brosis. ASMase has been 
recently described to regulate HSC activation and hence liver fi brogenesis. Selective 
stimulation of ASMase, but not NSMase, occurs during the transdifferentiation/
activation of primary mouse HSCs to myofi broblast-like cells, coinciding with the 
processing of downstream effectors cathepsin B (CtsB) and D (CtsD) [ 80 ]. ASMase 
inhibition or genetic knockdown by small interfering RNA blunted CtsB/D process-
ing and prevented the activation and proliferation of mouse and human HSCs, 
revealing a key role for ASMase in HSC biology and liver fi brosis. In line with these 
fi ndings, it has been shown that amitriptyline, an ASMase inhibitor, reduces 
 established hepatic fi brosis induced by CCl 4  in mice [ 82 ].  

4.2     GD3 Acetylation Regulates Fibrosis 

 The pattern of gangliosides synthesized in the liver may be cell-dependent, with 
hepatic stellate cells (HSC) expressing a distinct and selective GSLs synthesis 
 ability during activation [ 83 ]. The total ganglioside content in a myofi broblastic 
GRX cell line has been reported to be approximately half the ganglioside content as 
compared to lipocytes. This outcome mirrored the activity of the GM2 synthase, 
indicating that the control of this difference probably operates at the level of 
 synthesis rather than of the turnover of gangliosides. 
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 Using a large scale sequencing of a 3′-directed cDNA library during HSC 
 activation, it has been reported that activated HSC cells express  O -acetyl disialogan-
glioside synthase (OAcGD3S) resulting in increased levels of O-acetyl GD3 in 
active HSC cells as well as in human cirrhotic livers [ 33 ]. These observations are of 
potential signifi cance not only because acetylated gangliosides have been reported 
as mitogens and stimulate cell proliferation [ 84 ] but also because acetylation of 
GD3 impairs its apoptotic potential [ 85 ]. Since GD3 ganglioside promotes  apoptosis 
via a dual mechanism involving mitochondrial targeting and suppression of NF-κB 
survival program [ 86 – 88 ], the acetylation of GD3 during HSC activation may con-
tribute to liver fi brogenesis and apoptosis resistance. Thus, targeting OAcGD3S 
may arise as a novel promising approach in the treatment of liver fi brosis by 
 accelerating or sensitizing activated HSC to apoptotic pathways.   

5     Role of Sphingolipids in HCC and Metastasis 

 As mentioned above SLs play a key role in the activation of cell death and many 
cancer cell therapies such as chemotherapy and ionizing radiation exert their thera-
peutic effects by increasing ceramides levels in cancer cells. Hence, strategies that 
modulate SLs, in particular ceramides content may be of potential relevance to com-
bat cancer. However, the effi cacy of these approaches aimed to raise intratumoral 
ceramide levels may be dependent on the singularity of cancer cells to regulate 
ceramide homeostasis and the type of chemotherapy used. Moreover, the balance of 
ceramide to S1P generation is known to modulate cell fate in response to cancer 
therapy and alterations in SLs metabolism may thus contribute to multidrug 
 resistance in cancer cells [ 11 ]. Thus, in the following sections we summarize the 
strategies and pathways that regulate ceramide homeostasis in HCC, which in turn 
determine the effi cacy chemotherapy treatment (Fig.  1 ). 

5.1     Acid Ceramidase 

 CDases modulate the ceramide/S1P ratio through phosphorylation of sphingosine by 
SKs, and thus these ceramide metabolizing enzymes promote carcinogenesis and 
 determine the effi cacy of cancer therapy. Acid CDase inhibition by the ceramide ana-
logue, B13, has been reported to induce apoptosis in cultured human colon  cancer cells 
and diminish liver metastases  in vivo  [ 89 ]. However, the use of B13 as an acid CDase 
inhibitor may have limited therapeutic potential due to its poor ability to traffi c to lyso-
somes to target the resident acid CDase. Interestingly, cancer cells evade chemotherapy-
mediated cell death by specifi cally inducing acid CDase. For instance, anthracyclines, 
such as daunorubicin, have been shown to activate acid CDase by a post-transcriptional-
dependent mechanism in HCC cells as well as in primary cells from murine liver tumors, 
and acid CDase silencing or pharmacological inhibition with N-oleoylethanolamine 
(NOE) enhanced the ceramide to S1P ration, sensitizing HCC cells [ 12 ]. The enforced 
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ceramide increase following acid CDase antagonism targeted mitochondria resulting in 
reduced in vivo tumor cell growth after daunorubicin treatment. Although these fi ndings 
imply that CDases promote carcinogenesis through the enhanced conversion of the 
 proapoptotic SL ceramide to its antiapoptotic derivative S1P, recent observations have 
shown that a combination of tumor necrosis factor-α (TNF) and cycloheximide (CHX) 
induced apoptosis in HTC cells, a rat hepatoma line, by a mechanism  dependent on 
sphingosine generation and LMP activation [ 90 ]. Acid CDase  silencing prevented TNF/
CHX-mediated LMP and HTC apoptosis by blocking sphingosine formation. Thus, 
 targeting CDase may be an attractive strategy to enhance cancer therapy.  

5.2     Inhibition of CerS by Fumonisin B1 

 Fumonisin B 1  (FB1) is the most important component of the fungus  Fusarium verticil-
lioides , which can contaminate corn and other cereals. FB1 is hepatotoxic and 
 nephrotoxic with the earliest histological changes apoptosis followed by regenerative 
cell proliferation. Dietary exposure to FB1 has been linked to human cancer in certain 
parts of the world, and treatment with FB1 causes oval cell proliferation and liver 
tumors in rats. For instance, FB1 treatment in male F344 rats caused OV-6+ oval cell 
proliferation, correlating with the appearance of hepatic adenomas and cholangiofi -
bromas [ 91 ]. Moreover, FB1 has been shown to induce global DNA hypomethylation 
and histone demethylation in HepG2 cells that causes chromatin instability and may 
lead to liver tumourigenesis [ 92 ]. However, case-control studies nested within two 
large cohorts in China showed no statistically signifi cant association between FB1 
exposure and HCC, thus discarding the participation of FB1 in human liver cancer 
[ 93 ]. These fi ndings, although somewhat preliminary, do not support the association 
between FB1 and HCC. The mechanism underlying the promotion of HCC by FB1 is 
poorly understood. As FB1 prevents SLs neosynthesis by inhibiting CerS [ 94 ], it can 
be speculated that the prevention of ceramide generation by FB1 may contribute to its 
hepatocarcinogenic effect. However, inhibition of ceramide synthesis by FB1 is 
accompanied by increased sphingosine levels and activation of other SLs metaboliz-
ing enzymes, including ASMase as well as the sphingosine kinase 1 [ 95 ]. Besides 
CerS inhibition, FB1 has been described to target other pathways, inhibiting protein 
serine/threonine phosphatases, particularly PP5 while stimulating the activation of 
mitogen-activated protein kinase [ 96 ,  97 ]. Hence, further research is needed to charac-
terize the role of FB1 in human liver cancer and the underlying mechanisms.  

5.3     Neutral and Acid Sphingomyelinases 

 Integrative genomic methylation analysis of human HCC samples identifi ed several 
tumor suppressors genes, including NSMase2 [ 98 ]. Overexpression of NSMase2 by 
stable transfection of inducible constructs into an HCC cell line reduced cell 

SLs in Liver Cancer



200

proliferation, while knocking down NSMase2 expression with small hairpin RNA 
promoted cell invasion and migration in vitro and increased the formation of tumors 
after subcutaneous injection or orthotopic transplantation into mice, confi rming the 
role of NSMase2 as a tumor suppressor gene in HCC. Low levels of NSMase2 were 
associated with early recurrence of HCC after curative surgery in an independent 
patient cohort. Moreover, sodium selenite has been shown to induce cell death in 
different types of cancer cells, including HCC, by a mechanism involving NSMase. 
The ability of selenite to reduce the viability of the HCC cell line Huh7 was accom-
panied by increased levels of long chain C14-, C16-, C18- and C18:1- ceramides. 
Inhibition of NSMase with 3-O-methylsphingosine signifi cantly reduced the 
 cytotoxic effect of selenite [ 99 ]. The cytotoxic effect of selenite was potentiated by 
the SK1 inhibitor SK1-II and was specifi c for HCC cell lines but not to the non- 
tumorigenic hepatocyte cell line MIHA. These fi ndings suggest that a combination 
of selenite and SK1 inhibitors could of potential to kill liver cancer cells at doses 
that are non-toxic to normal liver cells. 

 ASMase transcription is regulated by the methylation status in CpG sites [ 100 ]. 
The epigenetic regulation of ASMase by methylation has been shown in lympho-
blasts from patients with defi cient ASMase expression [ 101 ]. Moreover, incubation 
of lymphoblasts with the demethylating agent 5-aza-2′-deoxycytidine increased the 
expression of ASMase. A recent study explored the potential of recombinant 
ASMase in the treatment of HCC in combination with sorafenib, the only approved 
systemic treatment for unresectable HCC. Recombinant ASMase/sorafenib 
 treatment reduced the viability of Huh7 liver cancer cells more than sorafenib. In 
vivo, using a subcutaneous Huh7 tumor model, mouse survival was increased and 
proliferation in the tumors decreased to a similar extent in both sorafenib and 
recombinant ASMase/sorafenib treatment groups [ 102 ]. However, combination of 
recombinant ASMase and sorafenib treatment signifi cantly lowered tumor volume, 
increased tumor necrosis, and decreased tumor blood vessel density compared to 
sorafenib. Quite intriguingly, these results were obtained despite poor delivery of 
recombinant ASMase to the tumors. The mechanism underlying the low incorpora-
tion of recombinant ASMase in the tumors remains unknown, although it could be 
mediated by low expression of the mannose receptor, which is involved in the 
 endocytosis of ASMase. 

 Furthermore, recent fi ndings examined the role of ASMase in host defense 
against liver metastasis. The involvement of ASMase in liver metastasis of colon 
cancer was analyzed in mice defi cient in ASMase inoculated with SL4 colon cancer 
cells to produce metastatic liver tumors. ASMase −/−  mice exhibited enhanced tumor 
growth and reduced macrophage accumulation in the tumor, accompanied by 
decreased numbers of hepatic myofi broblasts (hMFs), which express tissue inhibi-
tor of metalloproteinase 1 (TIMP1), around the tumor margin [ 103 ]. Tumor growth 
was increased by macrophage depletion or by Timp1 defi ciency, but was decreased 
by hepatocyte-specifi c ASMase overexpression, which was associated with 
increased S1P production. These fi ndings indicate that ASMase in the liver inhibits 
tumor growth through cytotoxic macrophage accumulation and TIMP1 production 
by hMFs in response to S1P. Targeting ASMase may represent a new therapeutic 
strategy for treating liver metastasis of colon cancer.  
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5.4     Gangliosides 

 Early fi nding have suggested a glycolipid-sorting defect in hepatocarcinogenesis 
where gangliosides, and especially monosialogangliosides, e.g., GM3, are diverted 
to internal membranes rather than being correctly transported to the cell surface. For 
instance, while 70–80 % of the lipid bound sialic acid residues were associated with 
plasma membrane in normal liver tissue, this percentage reduced signifi cantly in 
liver tumor cells [ 104 ]. Moreover, recent observations indicated that 
 GM3- suppressed hepatoma cell motility and migration by a mechanism involving 
the inhibition of phosphorylation of EGFR and the activity of PI3K/AKT signaling 
pathway [ 105 ]. Using two related sublines derived from murine ascites hepatoma 
cell lines Hca-F25, selected for their markedly different metastatic potential to 
lymph nodes, it was found that the two cell lined differed in the amount of GM3. 
The low metastatic cell line (HcaP) contained high levels of ganglioside 
GM3, whereas ganglioside GM2 was the preferential species found in the high 
 metastatic cell line (HcaF). Suppression of GM3 enhanced the mobility and migra-
tion of the low metastatic HcaP cells in vitro, while increasing the GM3 content in 
high metastatic HcaF cells by addition of exogenous GM3 inhibited the mobility 
and migration. 

 As mentioned above, ganglioside GD3 has been identifi ed as a lipid death 
 effector, with a dual mechanism involving its interaction with mitochondria leading 
to activation of apoptotic pathways and the suppression of survival programs 
 mediated by NF-κB activation. To explore the potential effect of this dual nature of 
GD3 in HCC, the role of GD3 synthase overexpression in the susceptibility to 
hypoxia was examined in HCC cells and in vivo tumor growth [ 106 ]. Overexpression 
of GD3 synthase increases the levels of GD3, which is synthesized from endoge-
nous GM3, rendering Hep3B cells susceptible to hypoxia-induced ROS generation 
by suppressing the hypoxia-mediated NF-κB activation via tyrosine kinase Src, 
which results in lower expression of the κB-dependent antioxidant 
Mn-SOD. Moreover, GD3 synthase overexpression reduces tumor growth in vivo in 
Hep3B-GD3 xenografts. In line with these fi ndings in HCC, a worst prognosis for 
breast cancer patients correlates with low tumor expression of GD3 synthase [ 107 ]. 
Thus, these fi ndings identify GD3 as a potential relevant therapeutic agent that 
exploits hypoxia as a cancer-reducing factor due to the overproduction of ROS.  

5.5     Nanoliposomal Ceramide 

 Given the function of ceramide as an effective cell death trigger recruiting diverse 
pathways and mechanisms, strategies that result in its accumulation may stand as an 
interesting approach to enhance the effi cacy of current cancer therapy. Recent 
advances in nanotechnology have illustrated the feasibility of generating 
 nanoliposomes that encapsulate hydrophobic compounds, like ceramide. The FDA 
has approved several nanoliposomal formulations containing anti-cancer drugs. 
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One of the features of cancer is a metabolic reprogramming that allows better 
 adaptation to keep an unlimited growth and survival even in suboptimal conditions 
such as nutrient deprivation. Cancer cells exhibit the ability to avidly take up  glucose 
and convert it to lactate, even in the presence of suffi cient oxygen. This altered gly-
colytic dependency known as Warburg effect favors less effi cient generation of ATP 
compared to the oxidative phosphorylation process, which occurs in normal cells. In 
this regard, recent observations have shown that C6-ceramide nanoliposomes target 
the Warburg effect in chronic lymphocytic leukemia [ 108 ]. The effi cacy of nanoli-
posomal ceramide formulation has been tested in HCC as well [ 109 ]. Nanoliposomal 
C6-ceramide, but not ghost nanoliposomes (without ceramide), induced apoptotic 
cell death of SK-HEP-1 cells in vitro, concomitant with an accumulation of cells in 
the G2 phase of the cell cycle and decreased phosphorylation of AKT. In vivo 
administration of ceramide nanoliposomes to mice reduced SK-HEP-1 tumor cell 
growth in xenografts associated with decreased tumor cell vascularization and 
 proliferation. Moreover, ceramide delivery by nanoliposomes has been recently 
shown to potentiate the anticancer effect of current drugs, such as vinblastine, a 
tubulin binding alkaloid that disrupts microtubule function, in hepatocarcinoma and 
colorectal cancer models [ 110 ]. Nanoliposomal C6-ceramide and vinblastine syner-
gistically killed HCC and colorectal cancer cells in vitro and reduced tumor growth 
in vivo. These effects were accompanied by a disruption in autophagy fl ux and 
increased p62 levels. Although vinblastine’s effect on autophagy is non-specifi c, 
likely refl ecting disruption of microtubule formation, Beclin-1 silencing suppressed 
combination treatment-induced apoptosis in vitro, suggesting that the synergistic 
antitumor activity of the nanoliposomal C6-ceramide and vinblastine combination 
is potentially mediated by an autophagy mechanism. Moreover, it has been shown 
that the combination of nanoliposomal ceramide and sorafenib synergistically 
decrease melanoma and breast cancer cell survival [ 111 ], suggesting that a similar 
approach may be of benefi t in the treatment of HCC. However, as cancer cells 
develop strategies to decrease ceramide levels by metabolizing it into other non-
apoptotic derivatives, such as S1P, the combination of sorafenib with inhibitors of 
SK may be of potential relevance in HCC. In this regard, recent fi ndings have 
explored the effi cacy of a SK2 inhibitor, ABC204649, with sorafenib in hepatocel-
lular carcinoma xenografts [ 112 ]. Combining ABC294640 and sorafenib led to a 
decrease in the levels of phosphorylated ERK in SK-HEP-1 cells and reduced 
in vivo HepG2 cell xenografts. These fi ndings correlated with a decrease in the 
levels of S1P in plasma of mice treated daily with 100 mg/kg of ABC294640 for 5 
weeks, which was not affected by co-administration of sorafenib.   

6     Concluding Remarks 

 Although a signifi cant progress has been made in the treatment of liver cancer and 
HCC in particular, with the introduction of sorafenib, the incidence of HCC is 
expected to grow in the near future as it is driven by the increasing incidence of 
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NAFLD worldwide. Besides genetic studies linking the pattern of gene expression 
with prognosis and disease recurrence, a better understanding of the molecular 
 pathways, genetic and epigenetic reprogramming, abnormal signaling pathways 
and lipid homeostasis contributing to HCC may foster the identifi cation of novel 
therapeutic approaches. In spite of the well-known ability of ceramides to activate 
cell death pathways, mediating the mechanism of action of many chemotherapeu-
tics, the exploitation of forced generation of ceramides alone or in combination with 
FDA approved therapies such sorafenib has been explored in a very limited fashion 
as potential therapy for HCC. In addition to basic studies aimed to uncover the 
molecular metabolic alterations of sphingolipid metabolism in HCC models, the 
characterization of a sphingolipidomic signature in samples from HCC patients in 
different stages of the disease may be required to maximize the potential of  targeting 
sphingolipids in combination therapy to combat HCC. With the development of 
new technology including the cluster TOF-SIMS imaging in HCC samples may 
pave the way for a better characterization of the profi le of SLs metabolites to tailor 
more specifi c approaches exploiting the ability of ceramide to kill tumor cells.     
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    Abstract     Sphingolipid metabolism is an area of cancer science that has recently 
risen to prominence in the laboratory and in the clinical arena. This is because 
ceramide, the aliphatic backbone of sphingolipids, can act as a powerful tumor 
 censor; a favorable attribute. However, cancer cells are equipped to effi ciently 
 inactivate ceramide via various metabolic routes: glycosylation to form glucosylce-
ramide, and hydrolysis, which generates sphingosine and then, through the action of 
sphingosine kinase, sphingosine 1-phosphate, a tumor cell mitogen. These actions 
severely blunt ceramide anticancer properties, thwarting potential utility in 
 treatment, and pancreatic cancer, a drug resistant, severely aggressive malignancy, 
is no exception. In this chapter we will review pancreatic cancer epidemiology, clas-
sical treatment options, and progression, and survey sphingolipid metabolism in 
pancreatic cancer as it relates to the action and effi cacy of anticancer drugs. The 
work will conclude with ideas on how targeting ceramide metabolism could reveal 
new vulnerabilities for countering growth of this intractable malignancy.  
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1         Pancreatic Cancer: Historical Perspective 

 Cancer of the pancreas was fi rst described in 1835 [ 1 ] and again shortly thereafter, 
in 1858 [ 2 ]. The earlier work described carcinoma of the pancreas as being scarcely 
distinguishable from infl ammation of the pancreas, but detailed insidious 
 commencement, greater duration, increase suffering, absence of fever, and steady 
augmenting emaciation as hallmark features of carcinoma “[ sic ]”. For treatment, it 
was noted that general bleeding was seldom necessary, and instead recommendation 
was made to apply a dozen leeches to the abdomen immediately over the seat of the 
pancreas. This procedure could be repeated from time to time if pain or tumors 
remain. We can assume these clinicians were not aware that leech saliva contains 
lipase, cholesterol esterase, free fatty acids, and phosphatidic acid [ 3 ,  4 ], which 
might indicate the presence of phospholipases. Unfortunately, current day literature 
makes no mention of sphingolipid-metabolizing machinery in leech saliva, which 
would be apropos in the current context. Also of note was the utility of poultices and 
fomentations, but caution was given regarding severe purging, which should be 
avoided. One hundred years passed before surgical intervention for treatment of 
pancreatic cancer was described [ 5 ,  6 ]. However, with surgery, signifi cant morbidity 
and mortality were common, and cure rates were dismal.  

2     Epidemiology in Brief 

 Pancreatic cancer is the fourth leading cause of death from cancer in men and 
women in the United States. For all stages, the 5-year survival rate is very poor, 
slated at approximately 6 %. This has not changed in the last 50 years. In 2013, 
approximately 45,000 people were diagnosed, and of those cases only 15 % 
 survived. The life-time risk of developing pancreatic cancer is 1 in 78; risk increases 
with age with a steep increase after the age of 50. The disease rarely occurs before 
age 45 and is more common among men. At diagnosis, greater than 90 % of patients 
present with metastatic disease. 

 Some identifi able risk factors for pancreatic cancer include obesity, cigarette 
smoking, diet high in animal fats, and exposure to nickel and chlorinated hydrocar-
bons. African–Americans have the highest rates of pancreatic cancer; however, 
studies suggest that this may be a result of prevalence of risk factors in the  
African–American population [ 7 ]. Obesity also elevates risk, in particular abdomi-
nal obesity [ 8 ]. Interestingly, Vitamin D has been shown to exert a protective role in 
pancreatic cancer with links to sun exposure [ 9 ,  10 ]. 

 Pancreatitis, fi rst described in 1889 [ 11 ], is the topmost risk factor for pancreatic 
ductal adenocarcinoma [ 12 ]. Early on, it was believed that pancreatitis was the 
result of pancreas auto-digestion [ 13 ]; this idea was bolstered by subsequent work 
showing that pancreatic secretions were involved in the digestion of proteins, 
 carbohydrates, and fats [ 14 ]. From this enlightenment, came the notion that pancre-
atic juices could be given to patients with pancreatitis to ameliorate steatorrhea [ 15 ]. 
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 These early observations on pancreatitis and pancreatic auto-digestion have been 
supported by subsequent investigations. Pancreatitis occurs when pancreatic 
 digestive enzymes are activated within the pancreas causing localized tissue dam-
age (see Sect.  4  for discussion of pancreatic digestive enzymes and their activation). 
Pancreatitis can be either acute, which occurs suddenly and from which most 
patients recover completely, or chronic, which results from continual damage to the 
pancreas, usually from alcohol ingestion. A body of work has implicated lipopoly-
saccharides, from gut-derived bacteria, as a potential co-factor of alcoholic pancre-
atitis [ 16 ]. The molecular pathways between chronic pancreatitis and cancer of the 
pancreas are complex and follow a proinfl ammatory route that includes such players 
as K-ras, COX-2, NF-κB, ROS, and proinfl ammatory cytokines [ 17 ]. A number of 
studies have demonstrated a strong association between chronic pancreatitis and 
pancreatic cancer [ 12 ,  18 – 20 ]. Because clinical evidence has confi rmed correlations 
between infl ammation and pancreatic tumorigenesis, the association between alco-
holic pancreatitis, a prevalent form of pancreatitis, with increased risk for pancreatic 
cancer, appears clear.  

3     Treatment Options 

 Discovered and developed by scientists at Eli Lilly and Company, gemcitabine 
(2′,2′-difl uorodeoxycytidine) (GEM) (Gemzar) received FDA approval in 1996 as 
fi rst-line treatment for patients with locally advanced (nonresectable Stage II or 
Stage III) or metastatic (Stage IV) adenocarcinoma of the pancreas in patients previ-
ously treated with fl uorouracil (5-FU). GEM is a nucleoside analog in which the 
hydrogen atoms on the 2′ carbon of deoxycytidine are replaced by fl uorine atoms. 
GEM primarily blocks DNA synthesis by inhibiting DNA polymerase activity. The 
drug is not active until taken up by cells where it is phosphorylated to its active 
metabolites by deoxycytidine kinase to difl uorodeoxycytidine diphosphate and 
difl uorodeoxycytidine triphosphate, metabolites that interfere at different steps in 
the synthesis of DNA. Resistance to GEM, however, is almost universal, posing 
problems for patients and clinicians alike. Resistance to GEM is thought to be 
linked to defects in the intrinsic mitochondrial pathway of programmed cell death, 
thus providing an entrée and rationale for introduction of ceramide, a bioactive 
sphingolipid whose apoptosis-inducing pathways converge on mitochondria (Fig.  1 ) 
[ 21 ]. As depicted, ceramide signaling consists of a complex arrangement of players 
that propel mitochondrial-orchestrated end-point apoptosis either by caspase- 
independent, endonuclease G (ENDOG)- and apoptosis-inducing factor 
 (AIF)-associated events or by caspase-dependent, inhibitor of apoptosis protein 
(IAP)-driven pathways. Upstream, ceramide can mediate the activity of BCL-2 
family members, downregulate AKT to elicit BAX translocation, activate p38 
MAPK, or activate JNK.

   A pivotal study [ 22 ] matching up GEM and bolus 5-FU, clearly defi ned a role 
for GEM as fi rst-line treatment for patients with advanced pancreatic cancer. 
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  Fig. 1    The intrinsic mitochondrial pathway of ceramide-regulated signaling and the induction of 
apoptosis. The intrinsic pathway of ceramide signaling converges on mitochondria and has 
upstream and downstream elements, as depicted. This pathway is mainly regulated by caspases and 
BCL-2 (anti-apoptotic) protein family members. Loss of mitochondrial outer membrane potential, 
due to upstream mitochondrial insult, gives rise to release of pro-apoptotic proteins, such as cyto-
chrome c, apoptosis inducing factor, and other players as indicated. This loss of mitochondrial 
membrane potential is a key element in apoptotic signaling by ceramide.  t-BID  membrane- targeting 
death ligand,  BCL-2  B-cell lymphoma 2 protein regulator of apoptosis,  AKT  protein kinase B,  p38  
mitogen-activated protein kinase,  BAX  member of Bcl-2 family of proteins,  Cyt c  cytochrome c, 
 AIF  apoptosis-inducing factor,  SMAC  second mitochondria-derived activator of caspase,  DIABLO  
direct inhibitor of apoptosis protein (IAP)-binding protein with low PI,  ENDOG  endonuclease G, 
 APAF1  apoptotic protease-activating factor 1,  HRK  harakiri,  JNK  JUN N-terminal kinase       

 



215

Subsequent studies partnering GEM with a platinum drug, 5-FU, or irinotecan, 
demonstrated no survival benefi t in Phase III trials. Of note, regarding cytotoxic 
chemotherapy, is a newer regimen, FOLFIRINOX (Fluorouracil, Leucovorin, 
Oxaliplatin, Irinotecan), which in Phase II/III trials showed superiority to GEM in 
all outcome measures [ 23 ]. 

 Presently we are seeing a new, emerging standard for treatment of metastatic 
pancreatic cancer, Nab-paclitaxel (Nano-albumin-bound paclitaxel). This agent, 
FDA-approved for use in metastatic breast cancer as well as locally advanced or 
metastatic non-small cell lung cancer, is showing promise as a single agent and in 
combination with GEM in patients with advanced pancreatic cancer [ 24 ]. Poor drug 
delivery has always been a factor in treatment failure in pancreatic cancer, and it has 
been suggested that Nab-paclitaxel may diminish delivery roadblock. 

 On the science horizon, ceramide, a pro-apoptotic sphingolipid (SL) metabo-
lite, has generated great interest in the area of cancer therapy [ 21 ,  25 – 30 ]. 
One exciting aspect of using ceramide as chemotherapeutic is the preferential 
selectivity for inducing apoptosis in cancer cells. For example, the short chain, 
cell-permeable ceramide analog, C6-ceramide, induces cell growth arrest and 
apoptosis in breast cancer cells and melanoma, but not in non-transformed 
mammary gland epithelial cells or melanocytes [ 31 – 33 ]. Use of ceramide alone 
or in combination, and targeting SL metabolism are at the threshold of utility in 
treatment of pancreatic cancer [ 34 ,  35 ]. These strategies will be discussed in a 
subsequent section. 

 Gangliosides, complex glycosphingolipids that contain oligosaccharides and 
 N -acetylneuraminic acid (sialic acid), are concentrated on cell surfaces; the 
ceramide moiety of gangliosides is imbedded in the plasma membrane with the 
oligosaccharides located on the extracellular surface. Gangliosides have long 
been considered attractive targets for cancer immunotherapy, and a large body of 
work suggests that glycolipids could be relevant antigens for production of 
 vaccines [ 36 – 39 ]. In this regard, work by Chu et al. [ 40 ] demonstrated that pan-
creatic adenocarcinomas express gangliosides (GM2) and sialyl Lewis antigens 
on the cell surface. Specifi cally, the study revealed that patients with unresectable 
tumors had increased serum levels of total gangliosides compared to patients 
with resectable tumors. It was suggested that increased serum levels of ganglio-
sides, and specifi cally GM2, refl ected shedding and release from the surface of 
tumor cells, and the production of IgM antibody against GM2 and GD1b  indicated 
that these gangliosides are immunogenic antigens and potential targets for active 
immunotherapy. 

 Surgery has also come a long way with improvements in surgical techniques, 
staging, and diagnosis. However, only about 20 % of patients are eligible for the 
Whipple procedure, also known as pancreaticoduodenectomy. The overall fi ve-year 
survival rate is only about 20 % (20–30 % in node-negative patients, 10 % in 
 node- positive patients). Regardless of node status, most patients will receive 
 chemotherapy after surgery, hence the need to zero-in on more effi cacious drug 
treatment options.  
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4      Pancreas Anatomy and Function and Pancreatic Cancer 
Progression 

 The pancreas, located in the abdomen and positioned snugly against the greater 
curvature of the stomach, is part of the digestive system. The organ is normally 
6–10 in. (18–25 cm) in length, and consists of the head, the largest part, located 
close to the duodenum, the body or mid-section, and a tail portion. The pancreas is 
both an endocrine and an exocrine gland. The endocrine function produces 
 hormones, insulin and glucagon, that are released into circulation to control glucose 
metabolism. As an exocrine gland, the pancreas produces and secretes digestive 
juices into the duodenum, juices that in a healthy individual amount to  approximately 
1 L per day. Ductal cells and acinar cells of the pancreas contribute to the production 
of the digestive enzymes, which include trypsinogen, chymotrypsinogen, carboxy-
peptidase, pancreatic lipase that catalyzes hydrolysis of triacylglycerols into fatty 
acids and glycerol, cholesterol esterase that degrades cholesteryl esters to fatty acid 
and cholesterol, phospholipases, mainly of the A 2  type that are selective for the sn-2 
position of glycerophospholipids and produce lysophospholipids, and amylase. The 
enzymes produced are inactive (zymogens) and are activated in the small bowel. 

 The majority of tumors of the pancreas arise in the head (78 %); the body and tail 
each account for 11 %. Symptoms may vary widely, based on the location of the 
tumor. Tumors located in the head of the pancreas often present earlier due to biliary 
obstruction. Because tumors in the body and tail often remain asymptomatic until 
late-stage disease, cure is rarely possible. 

 Early morphological studies provided the fi rst evidence for distinctive  precursor 
lesions to infi ltrating adenocarcinoma of the pancreas [ 41 ]. Later clinical studies 
reported and supported the idea that atypical papillary duct lesions in pancreata 
forecast development of infi ltrating ductal pancreatic adenocarcinoma [ 42 ,  43 ]. 
Molecular analyses provided further proof that ductal lesions are the precursors to 
pancreatic cancer, as nearly all of the genetic mutations arising in ductal 
 adenocarcinomas are present in duct lesions [ 44 ]. In brief, pancreatic lesions 
exhibit activating point mutations in the K- ras  oncogene and overexpress the 
HER-2/ neu  gene product that can activate a number of signaling pathways includ-
ing MAPK, PI3K/Akt, and STAT [ 45 ]. Inactivation/mutation of  p  16 tumor 
 suppressor gene is also a feature of pancreatic cancer, not appearing in histologi-
cally normal pancreatic ductal epithelium; mutations of the  p  16 gene occur in 
pancreatic cancer at a rate higher than that in any other tumor type.  p  16 is one of 
the inhibitors of cyclin-dependent kinases, enzymes that drive cell division. 
Occurring late in the development of pancreatic neoplasia is loss of tumor 
 suppressor genes  p  53,  DCP4  and  BRCA2 .  
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5     Sphingolipid Biology and Chemistry 

 Sphingolipids are a class of lipids containing an organic, aliphatic amino alcohol, 
primarily sphingosine or sphinganine (Fig.  2 ). Sphingolipids comprise a second 
major class of lipids found in cell membranes, the other major classes being 
 phospholipids, which are glycerol-containing, and the sterols. Sphingolipids do not 
contain a glycerol backbone. However, sphinganine does house a 3-carbon unit 
similar to “tri-hydroxy” glycerol but retains only two alcohols with the middle 

  Fig. 2     De novo  synthesis of ceramide. Ceramide synthesis begins with condensation of a fatty 
acyl CoA, (palmitoyl-CoA) with serine, catalyzed by serine palmitoyltransferase. The fi nal step is 
addition of the 4,5- trans  double bond (denoted by red circle), by the enzyme dihydroceramide 
desaturase       
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carbon being attached to an amine. Sphinganine with a fatty acid attached to the 
amine by an amide bond is known as acyl sphinganine or dihydroceramide (Fig.  2 ). 
The fatty acids joined to sphinganine are generally 16–26 carbon atoms in length. 
Ceramide is synthesized  de novo  in the endoplasmic reticulum. The steps begin 
with condensation of serine and palmitoyl-CoA, catalyzed by serine palmitoyltrans-
ferase (SPT). The product, 3-ketosphinganine contains 18 carbons and is reduced to 
sphinganine by 3-ketosphinganine reductase. The next enzyme, often referred to as 
ceramide synthase, does not generate ceramide but produces its saturated precursor, 
dihydroceramide, a step catalyzed by dihydroceramide synthase. Dihydroceramide 
synthases, which currently number six (CERS1-6), have preferences for specifi c 
acyl-CoAs and direct the assembly of a variety of molecular species of dihydrocer-
amides. Lastly, although dihydroceramide is nearly identical in structure to 
ceramide, it lacks the 4,5- trans  double bond (Fig.  2 , circled in red) that is inserted 
by dihydroceramide desaturase to form ceramide. There exists great molecular 
 species diversity among ceramides, and several cellular responses relegated to 
ceramide are known to be species specifi c [ 46 ,  47 ].

   Ceramide, a potent tumor suppressor and understudy in the present review, is the 
precursor of complex sphingolipids such as sphingomyelin (SM), catalyzed by 
sphingomyelin synthase (SMS) and glucosylceramide (GC). GC assembly is 
 catalyzed by glucosylceramide synthase (GCS) (Fig.  3 ). GCS, together with the 
multidrug resistance protein, P-glycoprotein [ 48 ], is important in regulating tumor 
cell sensitivity to ceramide and to chemotherapy [ 49 – 54 ]. Further glycosylation and 
enzymatic modifi cation of GC leads to the generation of gangliosides and  globosides, 
whereas the addition of a galactose to ceramide constitutes step one in the synthesis 

  Fig. 3    Ceramide constructive and destructive metabolism. Enzymes of ceramide metabolism are 
shown in  italics. SMS  sphingomyelin synthase,  SMase  sphingomyelinase,  CERK  ceramide kinase, 
 Gal-cer synthase  galactosylceramide synthase,  GCS  glucosylceramide synthase,  SphK  sphingo-
sine kinase,  LCS  lactosylceramide synthase       
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of sulfatides (Fig.  3 ). Ceramide is also phosphorylated by ceramide kinase to 
ceramide 1-phosphate [ 55 ], and ceramide can be hydrolyzed by ceramidases 
to component sphingosine and fatty acid.

   Sphingolipid metabolism is an area of cancer science that has risen to clinical 
prominence over the last score of years. This is because ceramide, the aliphatic 
backbone of SL, acts as a powerful tumor suppressor, whereas its glycosylated 
product, GC formed by GCS, is anti-apoptotic and a biomarker of multi-drug 
 resistance, as identifi ed in the mid-1990s, by Cabot and colleagues [ 56 ,  57 ]. 
Ceramidase, in particular acid ceramidase (AC), another sentinel enzyme regulator 
of cancer cell growth, has recently been identifi ed as candidate gene for develop-
ment of new cancer diagnostics and touted as a therapeutic target in metastatic 
 cancer [ 58 ,  59 ]. Much like GCS, AC dampens the tumor suppressor properties of 
ceramide via ceramide deacylation, leading to the generation of sphingosine that is 
phosphorylated to form sphingosine 1-phosphate (S 1-P) (Fig.  3 ), a mitogen that 
can contribute to enhanced cancer cell growth [ 60 ]. In some instances, sphingosine 
liberated through ceramide hydrolysis, can be acylated by ceramide synthase to 
regenerate ceramide, a metabolic avenue known as the salvage pathway of ceramide 
synthesis [ 61 ]. Thus, SL metabolism is a dynamic process with complex orchestra-
tion, impact, and clinical applications, presenting druggable targets for exploration 
and application. These observations lend an enlightening stepping stone to future 
studies aimed at deciphering the role of SL in development of pancreatic cancer. 

 Appropriate for the above discussion is a recent study by Jiang et al. [ 62 ], on SL 
metabolism in patients with pancreatic cancer. Using a mass spectrometry-based 
lipidomic approach, the study revealed for the fi rst time unique correlations between 
levels of ceramide species and metastatic disease. For example, results of subgroup 
analysis showed that patients with lymph node-positivity had markedly higher 
 levels of C16:0 and C24:1 ceramide species in their tumor specimens compared to 
node-negative patients and patients with pancreatitis. Additionally, sphingosine, S 
1-P, and glycosylated ceramide were elevated in plasma of patients with nodal 
disease.  

6     Anticancer Drugs and Sphingolipid Metabolism 
in Pancreatic Cancer 

 Many anticancer agents themselves are apt ceramide generators, a property that has 
been shown to contribute to cytotoxicity [ 63 ]. Table  1  lists several such agents, 
some of which promote formation of ceramide in pancreatic cancer cells, the type 
of agent responsible, and the intracellular target that is pinpointed. This brand of 
agent-induced ceramide production could be termed multi-hit because multiple 
enzyme targets serve as starting points for the production of ceramide: the  de novo  
avenue through SPT and through dihydroceramide synthase, and also activation of 
acid sphingomyelinase (SMase) (see Figs.  2  and  3 ).
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   Intracellular ceramide can be generated  de novo  in various types of cancer cells 
by fenretinide, also known as 4-HPR [ 64 ,  65 ], a vitamin A analog in clinical trials 
[ 66 ], etoposide [ 67 ], arsenic trioxide [ 68 ], anthracyclines [ 69 ], paclitaxel [ 70 ], and 
the P-glycoprotein antagonist/multidrug resistance modulator, SDZ PSC 833 (PSC 
833) (Valspodar) [ 71 ]. DT 388 -GM-CSF, a targeted fusion toxin constructed by 
 conjugation of human granulocyte-macrophage colony stimulating factor (GM-CSF) 
with the catalytic and translocation domain of diphtheria toxin, promotes ceramide 
generation via SMase [ 72 ]. The ceramide-generating properties of GEM in human 
pancreatic cancer cell lines, BxPC-3 and PANC-1, have been demonstrated in work 
by Guillermet-Guibert et al. [ 34 ], an interesting fi nding in light of the importance of 
GEM in treatment of pancreatic cancer. Etoposide, although not commonly used in 
treatment of pancreatic cancer, has been paired with GEM in a Phase II trial for 
locally advanced or metastatic disease [ 73 ], and single agent etoposide has been 
shown to induce apoptosis in PANC-1 cells through mitochondrial-, caspase- 
dependent pathways [ 74 ]; however, the extent to which ceramide participates in 
the biochemistry of response was not ascertained. Compared with other neoplasms, 
the fi eld is fallow regarding knowledge of anticancer agents that induce ceramide 
formation in pancreatic cancer. 

 PSC 833, unlike its chemical cousin, cyclosporin A, has been shown to be a 
powerful activator of cellular ceramide formation, irrespective of P-glycoprotein 
expression [ 75 ,  76 ]. In MCF-7 human breast cancer cells, PSC 833 exposure lead to 
a dose-dependent (1–10 μM range) reduction in cell viability [ 75 ] as it did in the 
multidrug resistant cervical carcinoma cell line, KB-V1 [ 76 ]. Ceramide generation 
by PSC 833 could be halted by fumonisin B1, a ceramide synthase inhibitor, and by 
the SPT inhibitor, myriocin [ 77 ], indicating that ceramide was produced by the
  de novo  avenue. 

 Unlike other cancer cell lines previously tested, PANC-1 cells have been shown 
to be relatively refractory to PSC 833 exposure, despite multifold increases in 
 dihydroceramide and ceramide levels [ 77 ]. In both PANC-1 and MIA-PaCa-2 cells, 
ceramide generation in response to PSC 833 was accompanied by concomitant 
 formation of (dihydro)glucosylceramides and (dihydro)sphingomyelins, demarking 

   Table 1    Agents that generate ceramide in cancer cells   

 Agents  Type  Target  References 

  PSC 833   P-glycoprotein antagonist  Serine palmitoyltransferase  [ 71 ] 
  4-HPR   Vitamin A analog  Serine palmitoyltransferase, 

Dihydroceramide synthase 
 [ 58 ,  59 ] 

  Etoposide   Topoisomerase inhibitor  Serine palmitoyltransferase, 
Sphingomyelinases 

 [ 61 ,  109 ] 

  Gemcitabine   Nucleoside analog  Sphingomyelinases  [ 29 ,  93 ] 
  Cannabinoids   Act on cannabinoid 

receptors 
 Serine palmitoyltransferase, 
Sphingomyelinases 

 [ 83 ,  110 , 
 111 ] 

  Bortezomib   Proteasome inhibitor   De novo  synthesis pathway  [ 87 ] 
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robust conversion of (dihydro)ceramides to higher metabolites. This anabolism or 
“constructive metabolism” was speculated to mute ceramide-induced cytotoxicity. 
Noteworthy, however, was that PSC 833 exposure produced decreases in DNA 
 synthesis and in retinoblastoma (RB) phosphorylation in pancreatic cancer cells, 
consistent with cell cycle arrest, as was demonstrated at G1 [ 77 ]. The cytostatic 
effect of PSC 833 could be converted to a cytotoxic end-point by inhibition of AC, 
which resulted in increased expression of LC3, an autophagosome marker, indica-
tive of autophagic response, whereas inhibition of GCS was without infl uence. 
Overall, this suggests that AC plays an important role in pancreatic cancer cell 
homeostasis. AC has of late gained wide attention in the cancer fi eld [ 59 ,  78 ,  79 ]; 
however, there are few reports documenting AC expression and activity in  pancreatic 
cancer, and thus no information on its possible relationship to the intractability of 
this neoplasm. Thus, AC could be a formidable and promising target for study in 
pancreatic cancer. 

 4-HPR is active as a single agent in Hs 766T human pancreatic cancer cells and 
has demonstrated synergy in PANC-1 when co-administered with  L -THREO - 
DIHYDROSPHINGOSINE  (safi ngol) [ 80 ], a protein kinase C inhibitor and inhibitor of 
sphingosine kinase. In a comprehensive study in pancreatic cancer cells, Messner 
and Cabot [ 65 ] showed that 4-HPR triggered PANC-1 cell death by apoptosis 
 associated with caspase activation and that sensitivity appeared to be mediated not 
by ceramide but by generation of reactive oxygen species (ROS), a known mecha-
nism of action of 4-HPR [ 81 ]. It was further demonstrated that cell death was also 
accompanied by increased phosphorylation of JNK and p38, and decreased ERK 
phosphorylation (see Fig.  4 , signaling pathways and targets). Importantly, the study 
showed that clinically relevant concentrations of 4-HPR elicited responses in 
PANC-1 and MIA- PaCa-2 cells.

   Cannabinoids are the active compounds extracted from cannabis [ 82 ]; they have 
wide pharmacological potential, including antitumor activity, and function through 
targeting cannabinoid receptors (CB), of which there are two, CB1 and CB2 [ 83 ]. 
These receptors are highly expressed in human pancreatic tumor cell lines and 
tumor biopsies, compared to normal pancreatic tissue [ 84 ]. Cannabinoids are 
 considered a new family of potential antitumor agents in pancreatic cancer [ 85 ,  86 ]. 
p8 is a stress-induced protein, a downstream target of ceramide [ 87 ] and a key 
player in the regulation of apoptosis in pancreatic tumor cells (Fig.  4 ) [ 86 ,  88 ]. In 
MIA-PaCa- 2 and PANC-1 cell lines, cannabinoid administration induced apoptosis 
and increased ceramide levels in association with upregulated mRNA levels of p8. 
Interestingly, these effects were prevented by either blockade of the CB2 receptor 
or by pharmacological inhibition of  de novo  ceramide synthesis, indicating for the 
fi rst time, in pancreatic cancer, that ceramide is implicated in CB receptor–medi-
ated apoptosis [ 86 ], a fi nding in agreement with a study in glioma cells [ 89 ]. 
Supportive is the work of Salazar et al. [ 90 ], who found that delta(9)-tetrahydrocan-
nabinol, the active component of marijuana, induced ceramide accumulation and 
eukaryotic translation initiation factor 2alpha (elF2alpha) phosphorylation that 
activated an ER stress response that promoted autophagic glioma cell death. The 
response was driven by tribbles homolog 3-dependent (TRB3-dependent)  inhibition 
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of the AKT/mammalian target of rapamycin complex 1 (mTORC1) axis. This 
group also showed that autophagy was upstream of apoptosis in cannabinoid-
induced human cancer cell death and that activation of the above prescribed 
 pathway was necessary for the  in vivo  antitumor activity of cannabinoids. In 
 summation, these studies indicate that the cannabinoid receptor/ceramide/p8/ER 
stress cascade (Fig.  4 ) is a promising target in cancer, inclusive of pancreatic  cancer, 
and moreover open doors to further investigations on the use of cannabinoids to 
treat pancreatic cancer. 

 Bortezomib (Velcade, PS-341), a protease inhibitor, displays antitumor activities 
against many types of cancer [ 91 – 93 ]. Recent study results are encouraging for use 
of bortezomib in treatment of pancreatic cancer, as this agent has shown signifi cant 
antiproliferative activity in pancreatic cancer cells [ 94 – 96 ]. The antitumor activity 
was shown to be associated with induction of apoptosis, ER stress, ASK1/JNK 

  Fig. 4    Utility of ceramide in the targeting prominent signaling pathways in pancreatic cancer 
cells. Intracellular increases in ceramide levels, either via exogenous addition of C6-ceramide or 
by chemotherapy-induced activation of  de novo  and sphingomyelinase pathways, can result in 
blocked phosphorylation of ERK and AKT and in activation of JNK, p21, and P8. These “stop and 
go” signals converge to induce ER stress, cell cycle arrest, and apoptosis.  SMase  sphingomyelin-
ase,  ASK1  Apoptosis signal-regulating kinase 1,  JNK  JUN N-terminal kinase,  pERK  phospho- 
ERK; extracellular signal-regulated kinase,  pAKT  phospho-AKT (protein kinase B),  EGFR  
epidermal growth factor receptor       
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pathway activation, and ceramide generation (Fig.  4 ). It appears that activation of 
the ASK1/JNK pathway is a key signaling element that regulates  bortezomib- induced 
cell death [ 94 ,  97 ,  98 ]. As this pathway is downstream of ceramide, the possibility 
exists that bortezomib induces cell death via generation of ceramide. And, indeed, 
Gong et al. [ 87 ], have shown that bortezomib-induced JNK activation, cytotoxicity, 
and apoptosis, were duly blocked by introduction of the  de novo  ceramide synthesis 
inhibitor fumonosin B1, a strong indication that ceramide regulates bortezomib-
induced cell fate via an ASK1/JNK signaling avenue (Fig.  4 ). 

 In addition to ceramide-generating agents, chemical analogs of ceramide have 
been investigated as therapeutics in pancreatic cancer. Recently, an interesting study 
was presented delineating the cytotoxic effects of a cationic analog of ceramide in 
pancreatic cancer cells [ 99 ]. The analog, LCL 124 [(2S,3S,4E)-2-N-[6′-(1″-
pyridinium)-hexanoyl-sphingosine bromide)], was shown to accumulate in 
 mitochondria and initiate apoptosis via mitochondrial depolarization with little 
activity in non-malignant pancreatic ductal epithelial cells. The analog was also 
effective in inhibiting xenograft growth,  in vivo , and shown to selectively accumu-
late in tumors. Notably, GEM-resistant pancreatic cancer cells became more 
 sensitive to sequential exposure to LCL 124, suggesting utility for this ceramide 
analog in GEM resistance. These studies are apropos in light of what can be termed 
the ceramide rheostat, wherein a delicate balance between ceramide and S 1-P is 
necessary to promote the tumor-suppressor role of ceramide and downplay the 
mitogenic impact of the latter, again and indication that sphingolipid metabolism is 
a dynamic process with complex orchestration. 

 As in other cancers, dysregulation of sphingolipid metabolism is a also a  property 
in pancreatic cancer [ 62 ]. Further, and as discussed in the section below, excess 
ceramide generation appears to be a critical facet in the induction of apoptosis in 
pancreatic cancer cells in response to chemotherapy [ 100 ,  101 ], a response that 
merits exploitation in the clinical realm, especially in light of the need to develop 
new therapeutics for cancer of the pancreas.  

7     Ceramide and Targeting Ceramide Metabolism 
as Therapeutic Approach in Pancreatic Cancer 

 A theme and multiple variations has been composed regarding ceramide and the 
manipulation of ceramide metabolism as a therapeutic entree in pancreatic cancer. 
These variations consist of, (1) direct supplementation with the more soluble, 
membrane- permeable forms of ceramide, C6-ceramide for example [ 102 ], (2) 
 co- administration of a short-chain ceramide with a chemotherapy staple such as 
paclitaxel [ 103 ] or the histone deacetylase inhibitor, trichostatin A [ 104 ], (3) circu-
itous and novel avenues such as co-administration of SM (as the ceramide source) 
and GEM, a regimen that is synergistic for ceramide-mediated apoptosis in 
 pancreatic cancer cells lines [ 100 ], (4) emerging combinatorial therapies that utilize 
nanoliposomal C6-ceramide with either GEM or an inhibitor of GCS to propel 
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programmed cell death cascades [ 35 ], or (5) the use of carbon nanotubes engineered 
to carry multiple agents such as C6-ceramide and paclitaxel [ 105 ]. Table  2  provides 
a listing of agents and modulators that can be employed in combination regimens to 
magnify cellular response to ceramide; the points are discussed subsequently.

   Earlier studies in PANC-1 cells demonstrated that C6-ceramide was a viable sub-
strate for SMS, GCS, and ceramidase, emphasizing the diffi culties inherent in the 
use of single agent ceramide analogs in pancreatic cancer [ 102 ]. The study showed 
that PANC-1 cells, in response to low-dose (0.6 μM) C6-ceramide, converted the 
majority of the supplement to C6-SM, whereas in response to high-dose C6-ceramide 
(12 μM), cells converted the majority of supplemented lipid to C6-GC. It is signifi -
cant to acknowledge that when challenged with high-dose C6-ceramide, the pre-
ferred direction of cellular metabolism was glycosylation, an enzymatic avenue, 
which we propose, was taken in an effort to buffer deleterious effects of excess 
short-chain sphingomyelins that could become membrane-resident and disruptive to 
membrane integrity. PANC-1 cells as well hydrolyzed C6-ceramide, as evidenced 
by large increases in production of intracellular long-chain ceramide by way of the 
salvage pathway that operates via liberation of sphingosine from ceramide by 
ceramidase and subsequent re-acylation by ceramide synthase [ 61 ,  102 ]. 

 In addition to the negative therapeutic impact imparted by effi cient ceramide meta-
bolic machinery, as related above, it has been suggested that ceramide generated in 
pancreatic cancer cells in response to various stimuli might not have access to effector 
molecules responsible for the initiation of apoptosis (Fig.  1 ) [ 34 ,  100 ]. Moreover, the 
levels of ceramide generated by exposure to chemotherapeutic agents may be insuf-
fi cient to elicit anti-proliferative response in pancreatic cancer. In a scenario like this, 
the ceramide clearance pathways likely play a pivotal role in response thresholds, 
because the newly generated and/or supplemented ceramide can be rapidly cleared. 
In addition, limited SM pools, if ceramide is generated via the SMase pathway, could 
dampen responses. Thus, the installation of inhibitors of ceramide metabolism or 

    Table 2    Targeting ceramide metabolism—a strategy for overcoming drug resistance in pancreatic 
cancer   

 Target  Agent  Modulator  Response  References 

  Glucosylceramide synthase   Gemcitabine, 
Bortezomib, 
Trichostatin A 

 PDMP,  D -MAPP, 
PPMP 

 Cell death  [ 87 ,  94 , 
 97 ] 

  Ceramidase   Gemcitabine, PSC 
833 

  D -MAPP, DM102  Cell death  [ 71 ,  94 ] 

  Sphingosine kinase   Gemcitabine, 
Bortezomib 

 SKI-178, siRNA  Cell death  [ 29 ,  87 ] 

  Sphingomyelinase   Sphingomyelin  Gemcitabine  Cell death  [ 93 ,  94 ] 

   PPMP   D -threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol,  d  -MAPP   D -erythro-2- 
tetradecanoylamino-1-phenyl-1-propanol,  siRNA  small interfering RNA,  SKI-178  sphingosine 
kinase inhibitor,  DM102  a pivaloylamide of a 2-substituted aminoethanol, acid ceramidase (AC) 
inhibitor  
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supplementing to enrich SM pool size, could serve to boost the ceramide response 
(Table  2 ). These tactics have been investigated and are discussed below. 

 Some of the fi rst work to demonstrate a role for ceramide in pancreatic cancer 
cell death originated from Modrak et al. [ 100 ]. These authors showed that addition 
of SM (egg yolk) to cultures of PANC-1 cells increased GEM sensitivity; this was 
accompanied by loss of mitochondrial membrane permeability, a hallmark of 
ceramide cytotoxicity and signaling, and increased Annexin V binding, indicative 
of apoptosis. The authors were able to show that GEM activated acid SMase in 
PANC-1 cells (depicted in Fig.  5 ). It was proposed that addition of exogenous SM 
enriched endogenous SM pools and created a rich fi eld for endogenous SMase, a 
manipulation that afforded continuous replenishment with ceramide. The authors 

  Fig. 5    Manipulation of ceramide genesis and metabolism in pancreatic cancer cells and impact on 
cell fate. In this depiction, addition of exogeneous SM contributes to ceramide production via 
GEM-induced activation of acid SMase. Ceramide signaling can be intensifi ed by introduction of 
enzyme inhibitors at junctures shown.  aSMase  acid sphingomyelinase,  GEM  gemcitabine, 
  d  - MAPP      D - erythro -2-tetradecanoylamino-1-phenyl-1-propanol,  C’ase  ceramidase,  siRNA  small 
interfering RNA,  SKI-178  sphingosine kinase inhibitor,  SphK1  sphingosine kinase-1,  S1-P  sphin-
gosine 1-phosphate,  GCS  glucosylceramide synthase,  PPMP   D - threo -1-phenyl-2-palmitoylamino-
3-morpholino-1-propanol,  GC  glucosylceramide       
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suggested that some tumor cells could be intrinsically resistant to chemotherapy 
because of limited pools of signaling SM, and that supplementing these pools would 
provide fodder for SMase-orchestrated ceramide generation and apoptosis. In 
 subsequent studies, it was shown that ceramide elicited GEM-induced senescence 
 and  apoptosis in human pancreatic cancer cells [ 101 ], validating that ceramide lev-
els are critical in cell fate decisions in pancreatic cancer, with cell cycle progression 
being uninhibited at low ceramide levels, senescence induced at moderate levels, 
and apoptosis initiated at higher levels [ 101 ]. By manipulating ceramide  metabolism 
to improve cytotoxic response [ 25 ], it was subsequently shown that blocking 
ceramide glycosylation by using  D - threo -1-phenyl-2-palmitoylamino-3-morpholino-
1- propanol (PPMP) and inhibiting ceramidase activity by addition of  D - erythro -2- 
tetradecanoylamino-1-phenyl-1-propanol ( D -MAPP), increased GEM cytotoxicity 
in PANC-1 cells (Fig.  5 ) [ 101 ].

   The employment of albumin-bound nab-paclitaxel for fi rst-line treatment of 
advanced pancreatic cancer in the United States represents a signifi cant step  forward, 
and in combination with GEM, this regimen delivers a new therapeutic with signifi -
cant improvement in survival [ 106 ]. In the challenging quest to improve cancer 
treatment, scientists and clinicians alike seek drug combinations that can offer 
enhanced effi cacy. Such can be realized by using agents that hit multiple targets to 
converge on cell death via separate avenues. A paclitaxel-ceramide combination is 
a good example of this approach; especially in light of the fi ndings that paclitaxel 
promotes ceramide formation in cancer cells [ 70 ]. Paclitaxel targets microtubules, 
polymerizes tubulin, and blocks cell cycle at G2/M, thus cells cannot form normal 
mitotic apparatus. A study by Qui et al. [ 107 ] revealed a novel regimen consisting 
of paclitaxel and cell-permeable ceramide, work conducted in the human pancreatic 
cancer cell line, L3.6. This drug combination, as opposed to single agents, induced 
pancreatic cancer cell death through differential activation of EGFR-mediated MAP 
kinases. We believe that exploration of novel ceramide-containing drug regimens 
that deliver assorted blows is an important avenue that can be followed to advance 
therapy for pancreatic cancer. 

 Sphingosine kinase (SphK), of which there are two isozymes, is a key enzyme 
that regulates the ratio of cellular ceramide to S1-P. Sphingosine kinase 1 (SphK1) 
is upregulated in many cancers [ 60 ,  108 ], and studies show that this enzyme 
 occupies a central role in signaling events that dictate cell survival in pancreatic 
cancer [ 34 ,  94 ]. Appropriate in this regard, it has been shown that the ceramide/
S1-P ratio is a critical biosensor for predicting pancreatic cancer cell sensitivity to 
GEM. For example, pancreatic cancer cell resistance to GEM has been demon-
strated to be  correlated with SphK1 activity, wherein high SphK1 activity was asso-
ciated with GEM resistance [ 34 ]. Moreover, it was shown that SphK1 activity and 
protein expression increased in pancreatic cells treated with either GEM [ 34 ] or 
bortezomib [ 94 ], important fi ndings revealing a pivotal role for SphK1 and S1-P in 
survival of pancreatic cancer cells. These studies went on to demonstrate that 
 limiting SphK1 enzymatic activity by using specifi c inhibitors such as SKI-178 or 
 anti-SphK1- based RNA interference, sensitized pancreatic cancer cells to GEM- 
and  bortezomib- induced apoptotic cell death. Importantly, these studies reveal that 
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resistance to conventional chemotherapeutics in pancreatic cancer is in part related 
to Sphk1 activity, which we suggest is a crucial weakness or Achilles heel in 
 pancreatic cancer.  

8     Nanoliposomal Ceramide as an Emerging Therapeutic 
in Pancreatic Cancer 

 One exciting aspect of using ceramide as a chemotherapeutic is the preferred 
 selectivity for inducing programmed cell death in cancer cells [ 67 ,  109 ,  110 ]. 
Mechanisms underlying this selectivity are not well understood; however, enhanced 
pro- mitogenic signaling cascades, such as protein kinase C, ERK, and Akt that are 
activated or overexpressed in cancers, may play a role. Another viable mechanism 
for selectivity is ceramide’ s targeting of the Warburg effect [ 111 ], a metabolism 
exhibited by most tumors manifest by a preferential switch to glycolysis. 

 Despite the increased solubility and membrane permeability of short-chain 
ceramide, therapeutic effi cacy can be limited somewhat by poor bioavailability, 
a tendency to precipitate in biological fl uids, and constructive and destructive 
metabolism. To improve solubility, delivery, and stability, investigators have turned 
to nano solutions as a solution [ 33 ], and have produced and tested formulations of 
nanoliposomal C6-ceramide alone or partnered with agents that either deter 
ceramide metabolism or complement activity; many of these regimens operate 
 synergistically. Excellent examples of effective drug combinations in pancreatic 
cancer have been presented in investigations of nanoliposomal C6-ceramide (Lip-
C6) paired with either GEM or the GCS inhibitor,  D - threo -1-phenyl-2-decanoyl-3-
morpholino- 1-propanol (PDMP). For example, Jiang et al. [ 35 ], using 80 nm diam-
eter liposomal formulations that incorporate 30 mol% C6-ceramide, demonstrated 
that whereas single agent Lip-C6 was minimally cytotoxic in PANC-1 cells that are 
known to be GEM-resistant, effi cacy was achieved by partnering Lip-C6 with either 
sub-therapeutic doses of GEM, or with PDMP, which blocks ceramide glycosyl-
ation, a chief ceramide-detoxifi cation pathway in pancreatic cancer cells [ 102 ]. 
These same combinations inhibited tumor growth, in vivo, in human pancreatic 
tumor xenografts in athymic, nude mice. Fittingly, it has been shown that inhibition 
of Akt/PI3 kinase by small molecules can synergize with GEM to induce apoptosis 
in human pancreatic cancer cell lines [ 112 – 114 ]. Whereas GEM was shown 
 ineffective in diminishing Akt phosphorylation, as would be expected for a 
 DNA- intercalating agent, inhibition of Akt phosphorylation was effi ciently affected 
by Lip-C6 administration, an action that signifi cantly enhanced sensitivity to GEM, 
in this “GEM-insensitive” model [ 35 ]. Overall, these studies show that rationally 
designed combinatorial therapies have the potential to achieve synergy in treatment 
of pancreatic cancer (Fig.  4 ).  
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9     Future Directions 

 Whereas a signifi cant amount of effort has been directed toward studies of bioactive 
SL in a myriad of cancer types, including breast, colorectal, prostate, neuroblas-
toma, and hematological malignancies, a review of the literature easily reveals a 
scarcity of work in the area of pancreatic cancer; whether this is due to the lower 
numbers that are affected by pancreatic adenocarcinoma compared to other cancers, 
the intractability and frustration associated with this cancer, less SL machinery of 
which to take advantage, or funding priorities, is unknown to these authors. However, 
as discussed here, there have been a number of interesting studies that present 
inroads for further exploitation of SL metabolism and the roles and function of SL 
in development and treatment of pancreatic cancer. The schematic in Fig.  4  shows 
some of the most prominent signaling pathways in pancreatic cancer and illustrates 
how ceramide might be employed to trigger specifi c cell death cascades. Surgery, 
chemotherapy, and radiation are fi rst-line therapeutic avenues for pancreatic cancer; 
however, it is clear that other strategies must be explored in order to attain more 
favorable clinical results. We believe that in-depth studies of SL metabolism, the 
incorporation of SL metabolism inhibitors (Fig.  5 ), and the design of novel ceramide 
“bullets” will reveal vulnerabilities in pancreatic cancer.     
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    Abstract     Sphingolipids have garnered tremendous attention in the last two decades 
as a class of the bioactive lipids that regulate multiple biological events in addition 
to being important for membrane structures. With the identifi cation of enzymes 
involved in metabolism of various bioactive molecules of the sphingolipid pathway, 
a better and broader understanding has been gained of how cells control signaling 
events, such as proliferation and apoptosis, through regulating levels of sphingolip-
ids. This chapter will focus on recent fi ndings relating to functions of sphingolipids 
in the pathogenesis of lung and head and neck cancers. Specifi cally, recent discover-
ies on the roles of sphingolipids in the regulation of head and neck squamous cell 
carcinoma and lung cancers will be discussed. Moreover, recent efforts on the iden-
tifi cation of sphingolipid metabolism related biomarker development will be 
deliberated.  
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1         Head and Neck Squamous Cell Carcinoma (HNSCC) 
and Lung Cancer Epidemiology 

 Head and neck squamous cell carcinoma (HNSCC), which represents about 85 % of 
all head and neck cancers, is the sixth most common cancer amongst men and the 
eighth for women. With nearly 43,000 new patients diagnosed each year, HNSCC 
embodies the 6 % of newly diagnosed cancers in the USA. Every year approxi-
mately 12,000 deaths are estimated to occur due to HNSCC [ 1 ,  2 ]. The important 
risk factors of developing HNSCC are exposure to heavy smoking, alcohol con-
sumption, and human papilloma virus (HPV) infections. Historically, smoking is 
strongly linked to the development of HNSCC in the larynx, hypolarynx, oral cav-
ity, and fl oor of the mouth [ 3 ]. On the other hand, HPV infections are linked to 
cancers of the tonsils and base of the tongue. More than 70 % of the HNSCC of 
oropharynx tumors have been shown to have HPV infection [ 4 ]. In the clinic, 
HNSCC is usually presents as locally advanced disease with stage III-IV classifi ca-
tion. Traditionally, the treatment of HNSCC has been surgical resection of the 
tumor, radiotherapy, combination chemotherapy, and chemo-radiation therapy [ 5 ]. 
Despite advances in therapeutic modalities, the 5-year survival rate of HSNCC 
remains about 50 % [ 3 ]. Moreover, more that 50 % of newly diagnosed patients with 
HNSCC are predicted to have a relapse of localized tumor or a metastatic secondary 
site cancer. In addition, patients with recurrent and/or metastatic HNSCC are known 
to have poor prognosis with a median survival time of less than a year [ 6 ]. 

 As for lung cancer, it is the leading cause of cancer related deaths worldwide [ 7 ]. 
Approximately 224,000 patients with new lung cancer diagnoses and about 160,000 
lung cancer related deaths are estimated for 2014 in the USA. Currently, lung cancer 
is the second most diagnosed cancer amongst men and women [ 8 ]. The primary risk 
factor for developing lung cancer is smoking. Nearly, 85 % of newly diagnosed lung 
cancer cases are classifi ed under non-small-cell lung cancer (NSCLC), which is 
comprised of adenocarcinoma, squamous carcinoma, and large-cell carcinoma, 
according to histologic analysis [ 9 ]. Adenocarcinomas and squamous cell carci-
noma represent about 50 % and 40 % of NSCLC cases, respectively [ 10 ,  11 ]. In the 
clinic, NSCLC predominantly presents with unresectable stage III disease [ 9 ]. 
Importantly, the 5-year survival rate for NSCLC is less that 15 % and this rate has 
not improved signifi cantly in the last few decades [ 12 ].  

2     Sphingolipid Chemistry and Metabolism 

 Ceramide lies at the center of sphingolipid metabolism and is composed of a fatty 
acyl group linked to the sphingosine backbone with an amide linkage (Table  1 ). 
Biologically, ceramide has been shown to regulate anti-proliferative cellular 
responses such as, apoptosis, senescence, growth arrest, and autophagy [ 13 ,  14 ]. 
Ceramide can be synthesized  de novo , or by the hydrolysis of complex sphingolip-
ids such as sphingolmyelin (SM) and glucosylceramide (GlcCer) (Fig.  1 ).
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    De novo generation of ceramide, which takes place in the endoplasmic retic-
ulum (ER), starts with the condensation of serine and palmitoyl-CoA by the 
action of serine palmitoyltransferase (SPT) resulting in 3-ketosphinganine 
(3- ketodihydrosphingosine) [ 15 ]. SPT has been implicated as one of the rate lim-
iting steps of  de novo  ceramide production. 3-ketodihydrosphingosine reductase 
(KDHR) converts 3-ketodihydrosphingosine to dihydrosphingosine (dhSph). 
3-Ketodihydrosphingosine is a very short-lived metabolite, which suggests that 
KDHR has a very high affi nity for 3-ketodihydrosphingosine [ 16 ]. 

 The acylation of dhSph and generation of dihydroceramide is carried out by 
(Dihydro) ceramide synthases (CerS). After the identifi cation of  longevity assur-
ance gene-1  ( LAG1 ) as the  de novo  ceramide synthase in  Saccharomyces cerevisiae  
[ 17 ,  18 ], mammalian homologues of LAG1 were cloned and shown to regulate fatty 
acyl CoA dependent dihydroceramide generation. One of the mouse homologues, 
upstream of growth and differentiation 1 (UOG1), also known as LASS1 was dem-
onstrated to specifi cally generate dihydroceramide with an 18-carbon fatty acyl 
chain [ 19 ]. Later studies revealed several other LASS homologues (LASS1-6) and 
they were re-named as CerS1-6 [ 20 ,  21 ]. Notably, CerS enzymes have specifi c pref-
erences for different chain length-containing fatty acyl-CoAs to generate distinct 
ceramide species with different fatty acyl chains. For example, while CerS1 is 
mainly responsible for the generation of C18-ceramide [ 19 ], CerS5 and CerS6 

  Fig. 1    Schematic representation of bioactive sphingolipids in HNSCC and lung cancer pathogen-
esis and therapy. The central molecules of the sphingolipid pathway, ceramides, can be synthesized 
by CerS enzymes in the  de novo  pathway or by the hydrolysis of SM. The cellular biological 
responses to elevated ceramides are generally in anti-proliferative nature and include apoptosis and 
cell cycle arrest. Generation of Glc-Cer and S1P are associated with multiple drug resistance and 
pro-survival, respectively. While chemotherapy and cellular stressors can elevate ceramides by 
inducing its production via the  de novo  pathway or SM hydrolysis, ceramide analogs can also 
mimic the actions of endogenous ceramides. Moreover, several inhibitors, such as B13 and PDMP 
have been shown to intervene with the clearance of ceramides. In addition, inhibition of SK1/2 and 
S1P generation can lead to prevention of metastasis and invasion of cancer cells       
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 catalyze the formation of mainly C16-ceramide [ 22 ,  23 ]. On the other hand, very 
long chain (C22–24) ceramide generation is carried out by CerS2 [ 24 ]. Moreover, 
CerS3 catalyzes the generation of ultra long chain ceramides (C26 and longer) [ 25 , 
 26 ]. In addition to being critical enzymes of the  de novo  pathway, CerS proteins also 
utilize sphingosine (Sph) that is produced from the salvage (recycling) pathway to 
generate ceramide [ 27 – 29 ]. The fi nal step of ceramide generation in the  de novo  
pathway is the generation of the double bond between the carbons 4 and 5 of the 
dihydrosphingosine backbone of dihydroceramide. Desaturation and generation of 
ceramide from dihydroceramide is carried out by dihydroceramide desaturase 1 
(DES1) [ 30 ,  31 ]. 

 Ceramide can also be generated by the hydrolysis of complex sphingolipids such 
as sphingomyelin and glucosylceramide. Hydrolysis of sphingomyelin (SM) to gen-
erate ceramide and phosphocholine is catalyzed by sphingomyelinases (SMase) 
[ 32 ]. On the other hand, cleavage of glucose moiety from glucosylceramide (GlcCer) 
and production of ceramide is carried out by cerebrosidase. 

 Ceramide is also a precursor for the synthesis of complex sphingolipids. The 
synthesis of SM is carried out by SM synthase (SMS) enzymes. SMS enzymes 
transfer the phosphocholine group form phosphatidylcholine (PC) to C-1 position 
of ceramide to generate SM and DAG [ 33 ]. SMS enzymes can regulate the levels of 
bioactive lipids DAG and ceramide, with opposing survival and anti-proliferative 
roles, respectively [ 34 ]. Importantly, for SM synthesis to take place at the Golgi, 
ceramide needs to be transported by CERT from ER to Golgi [ 35 ,  36 ]. Ceramide 
can also be glycosylated to form GlcCer and galactosylceramide by glucosylce-
ramide synthase (GCS) and ceramide galactosyltransferase (CGT) [ 37 ]. Notably, 
GCS has been implicated in multiple drug resistance of several cancers [ 38 ]. In 
addition to phosphocholine and glycosyl modifi cations, ceramide can also be phos-
phorylated to form ceramide-1-phosphate (C1P). The phosphorylation of ceramide 
is carried out by ceramide kinase (CERK) and C1P has been implicated in arachi-
donic acid release [ 39 ,  40 ] by directly interacting with cytosolic phospholipase A2 
(cPLA2) [ 41 ,  42 ]. 

 Clearance of ceramide from cells is initiated by ceramidase enzymes (CDase) 
(Fig.  1 ). CDase hydrolyzes the amide bond between the sphingosine backbone and 
the fatty acyl, generating free fatty acyl and sphingosine [ 43 ]. The resulting sphin-
gosine then can be phosphorylated by the action of sphingosine kinase (SK) 
enzymes to generate sphingosine-1-phosphate (S1P). There are two sphingosine 
kinases that are products of two different genes and have different cellular localiza-
tion, namely SK1 and SK2 [ 44 ,  45 ]. While SK1 is mainly cytosolic and can trans-
locate to the plasma membrane upon activation by ERK [ 46 ,  47 ], SK2 is localized 
to nucleus [ 48 ] and membrane structures around the nucleus (nuclear envelope) 
[ 49 ]. Importantly, S1P can act on one of fi ve G protein-coupled S1P receptors 
(S1PR1-5) and activate downstream signaling cascades. The signaling via S1PR 
receptors can control important cellular biologies such as, lymphocyte egress, blood 
vessel formation, and metastasis [ 50 ]. Because of its anti-apoptotic and pro- 
angiogenic nature, S1P has been suggested to be a good target for treatment of many 
pathophysiologic conditions including cancer [ 51 ,  52 ]. The removal of S1P from 
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cellular systems is catalyzed by sphingosine-1-phosphate lyase (SPL). The products 
of S1P degradation by SPL are ethanolaminephosphate and hexadecenal [ 53 ]. In 
addition, complete recycling of hexadecenal to glycerolipid formation had been 
identifi ed recently [ 54 ].  

3     Ceramides and Their Analogs in HNSCC 
and Lung Cancer Therapy 

3.1     Role of Endogenous Ceramides in Mediating 
Cancer Therapy 

 After the identifi cation of ceramide as a bioactive lipid with anticancer properties, 
cellular functions of ceramide and the other sphingolipids in the regulation of can-
cer growth and response to therapeutic agents were studied in multiple cancer types 
including HNSCC and lung cancers (Fig.  1 ). 

 In multiple HNSCC cell lines, overexpression of CerS1, which specifi cally gen-
erates C 18 -ceramide, induced cell death. In addition, FDA approved chemotherapeu-
tic agents gemcitabine (GMZ) and doxorubicin (DOX) in combination were shown 
to increase CerS1 mRNA and activity. Moreover, downregulation of CerS1 with 
short interfering RNA (siRNA) partially prevented caspase 9 and 3 activation, as 
well as, C 18 -ceramide increases in response to GMZ/DOX combination treatment 
[ 55 ]. In other models of HNSCC, employing tetracycline inducible stable expres-
sion of CerS1, C 18 -ceramide induced cell death was mechanistically linked to induc-
tion of mitophagy, selective degradation of mitochondria by autophagosome/
lysosome system. Specifi cally, CerS1 generated C 18 -ceramide was shown to be 
localized to mitochondria and physically associate with microtubule associated light 
chain protein B (LC3B) to target mitochondria for degradation via mitophagy [ 56 ]. 

 Involvement of CerS1 generated C 18 -ceramide in Pc4 photodynamic therapy 
(PTD) of HNSCC was also revealed. It was shown that PTD induced accumulation 
of C 18 - and C 20 -ceramides and caspase 3 like DVEDase activity was prevented in 
cells transfected with CerS1 siRNA [ 57 ]. In another study, PTD in combination 
with tyrosine kinase inhibitor (TKI) desatinib, was shown to induce CerS1 mRNA 
and C 18 -ceramide generation in HNSCC cells [ 58 ]. In addition to PTD, CerS1 was 
also implicated in sensitization of cancer cells to cisplatin-induced cell death [ 59 ]. 

 Ceramide synthase 6 (CerS6) generated C 16 -ceramide was reported to be impor-
tant for the regulation of endoplasmic reticulum calcium homoeostasis in HNSCC 
cells. Briefl y, it was shown that alteration of C 16 -ceramide levels by down- regulation 
of CerS6 activates the ATF6 arm of the ER-stress pathway. Mechanistically ATF6 
activation was linked to alterations in ER/Golgi membrane network and calcium 
release from ER [ 60 ,  61 ]. CerS6 was also found to be important for folate stress 
induced apoptosis in lung cancer cells. Specifi cally, folate defi ciency induced 
CerS6 mRNA upregulation in a p53 dependent manner and prevention of  de novo  
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ceramide generation by fumonisin B1 (FB1) prevented folate stress induced apop-
tosis [ 62 ]. These two studies suggest that CerS6 and C 16 -ceramide have distinct 
roles in mediating apoptosis in HNSCC and lung cancer cell lines. 

 Formation of ceramide through the hydrolysis of sphingomyelin is also linked to 
the regulation of anti-tumor effects of vitamin E and tumor necrosis factor-alpha 
(TNFα) in HNSCC and lung cancer cells. Specifi cally, vitamin E induces acidic and 
neutral sphingomyelinase activation, ceramide generation and apoptosis in HNSCC 
cells and  in vivo  xenografts [ 63 ]. On the other hand, in another study employing 
A549 lung cancer cells, TNF-α was discovered to induce the activation of neutral 
sphingolmyelinase 2 (nSMase2) in a time and dose dependent manner. Upon activa-
tion, nSMase2 generated ceramide was shown to induce ICAM and VCAM expres-
sion and modulate cell adhesion [ 64 ]. Moreover, nSMase generated ceramide was 
found to initiate apoptotic cell death in H1299 lung cancer cells upon overexpres-
sion of p53 and induce apoptosis [ 65 ].  

3.2     Anti-Cancer Mechanism of Ceramides 

 Multiple studies were aimed at identifying the molecular mechanisms of how 
ceramides exert their anti-cancer effects and molecular targets that are modulated 
directly by ceramide have been identifi ed. One of the fi rst downstream targets of 
ceramides to be discovered is protein phosphatase 1 (PP1) and protein phosphatase 
2A (PP2A) [ 66 ]. Mechanistically, increased endogenous ceramides was shown to 
activate PP1 and cause dephosphorylation of serine-arginine rich (SR) proteins in 
A549 lung cancer cells [ 67 ]. In a more recent study, direct interaction of ceramide 
with inhibitor 2 of PP2A (I2PP2A) was found. Interestingly, it was shown that in 
addition to short-chain C 6 -ceramide, endogenous C 18 -ceramide, but not C 16 - 
Ceramide, associated with I2PP2A. Importantly, interaction and inhibition of I2PPA 
by ceramide triggered PP2A activation and in turn, induced cell death in lung cancer 
cells [ 68 ].  

3.3     Sphingolipid Analogs in Cancer Therapy 

 The use of ceramide analogs for the treatment of HNSCC and lung cancers was also 
shown to have promise both  in vitro  and  in vivo  xenograft studies. One strategy is 
to conjugate the pyridinium ring to ceramide and construct cationic ceramide ana-
logues (ceramidoids) (Table  1 ) that are water soluble, therefore more bioavailable, 
and are targeted to cancer cell mitochondria because of their positive charge [ 69 ]. 
Importantly, one of the ceramidoids,  L -threo-C 6 -pyridinium-ceramide (LCL124), 
was found to accumulate in mitochondria of HNSCC cell lines within 6 h and inhib-
ited cell growth [ 70 ]. In addition, after the determination of maximum tolerated 
dose and bio-distribution of LCL124 in mice, researches also showed that LCL124 

Sphingolipids in the Pathogenesis of Head and Neck and Lung Cancers…



246

inhibited HNSCC xenograft growth in SCID mice alone or in combination with 
GMZ. Importantly, LCL124 was shown to accumulate in the tumor xenografts after 
systemic administration, suggesting that tumor targeting of ceramides by chemical 
modifi cation is possible [ 71 ]. Moreover, LCL124 was also shown to accumulate 
in mitochondria and induce cell death in pancreatic cancer and insulinoma cells 
[ 72 ,  73 ]. In addition to short chain ceramidoids, C 16 - and C 18 -pyridinium-ceramides 
were also shown to induce HNSCC cell death through mitophagy [ 56 ]. 

 In different sets of studies, ceramide analogs were revealed to enhance therapeu-
tic cancer cell killing effects of PTD. Mice bearing SCCIV syngeneic oral squa-
mous cell carcinoma were treated with PTD and LCL29, a C 6 -ceramide analog 
(Table  1 ), in combination and it was found that combining LCL29 with PTD 
enhanced intracellular calcium release in HNSCC and amplifi ed the apoptotic 
effects of PTD [ 74 ]. In another study, C 16 -pyridinium-ceramide analog also 
enhanced the apoptotic effects of Pc4 PTD [ 75 ].  

3.4     Role of Ceramide Metabolizing Enzyme Inhibitors 
in Cancer Therapy 

 While initially identifi ed as an immunosuppressant by inhibiting the S1P receptors 
and lymphocyte egress [ 76 ], the sphingosine analog Fingolimod (FTY720) 
(Table  1 ), was shown to induce growth retardation of Lewis Lung carcinoma (LLC1) 
xenografts [ 77 ]. More recently, the growth inhibitory actions of FTY720 were found 
to be linked to activation of PP2A. Mechanistically, FTY720 associated with 
I2PP2A and blocked the inhibition of PP2A causing oncogenic myc dephosphoryla-
tion and degradation [ 78 ]. 

 As several lines of evidence form multiple research groups showed that forma-
tion of ceramide is one of the critical events taking place during cell death and/or 
growth inhibition in response to multiple stimuli, prevention of clearance of 
ceramide by inhibitors, or inhibition of SK1/S1P signaling has also been shown to 
be a valid strategy to sensitize HNSCC or lung cancer cells to anti-cancer therapy 
[ 79 ,  80 ] (Fig.  1 ). 

 After the initial identifi cation of glucosylceramide (GlcCer) as one the factors 
involved in the development of multiple drug resistance [ 81 ] and metastasis [ 82 ], 
several studies focused on validation of GCS and its downstream metabolites as 
targets to prevent multiple drug resistance and to enhance therapeutic effi ciency of 
chemotherapeutic agents [ 83 ]. For example, ganglioside GM3 production was 
linked to attained resistance to etoposide and doxorubicin by up-regulating Bcl-2 
expression in 3LL Lewis lung carcinoma cells [ 84 ]. Furthermore, pharmachological 
inhibition of GCS with PDMP enhanced radiosensitizing effects of vinorelbine in 
lung adenocarcinoma cells [ 85 ]. In another study, generation of  de novo  ceramide 
was responsible for caspase 3 dependent apoptotic cell death in response to doxoru-
bicin and camptothecin treatment in follicular thyroid carcinoma cells. Moreover, 
inhibition of GCS by PDMP leading to accumulation of ceramide enhanced the 
effects of chemotherapeutic agents [ 86 ]. 
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 While discovered to regulate cPLA2 mediated arachidonic acid release [ 87 ], 
C1P was also implicated in the regulation of lung cancer growth such that inhibition 
of C1P generation by siRNA mediated knockdown of ceramide kinase (CERK) 
elevated ceramide levels in cells and in turn induced apoptotic cell death, showing 
that CERK is an anti-cancer target candidate [ 88 ]. Along with this notion, recently, 
a CERK inhibitor (NVP-231) was developed and found to sensitize lung cancer 
cells to staurosporine-induced cell death [ 89 ]. 

 In order to prevent the clearance of ceramide, the ceramidase enzymes were tar-
geted in many studies. For example, inhibition of acid ceramidase (ASAH1) by 
either siRNA or a specifi c inhibitor LCL204, sensitized HNSCC cells to FasL 
induced apoptosis in cell and xenograft models [ 90 ]. In lung cancers, ASAH1 was 
associated with resistance to choline kinase (ChoKα) inhibitors and ASAH1 inhibi-
tion synergistically sensitizes lung cancer cells to the antiproliferative effect of 
ChoKα inhibitors [ 91 ]. Moreover, the ceramidase inhibitor B13 and its sulfonamide 
analogs were also found to inhibit lung cancer cell growth [ 92 ]. 

 Another approach to interfere with sphingolipid metabolism to induce cancer 
cell death was to increase the accumulation of dihydroceramides. This was achieved 
by the development of dihydroceramide desaturase inhibitor XM462 [ 93 ]. 
Importantly, the anti-tumor activity of XM462 in lung cancer cells was also demon-
strated [ 94 ].  

3.5     Sphingosine-1-Phosphate and S1P Receptor Signaling 

 The role of sphingosine-1-phosphate in HNSCC carcinogenesis was defi ned using 
chemical carcinogenesis models. An established carcinogen, 4-nitroquinone-1- 
oxide (4-NQO) induced HNSCC formation was monitored in wild type and SK1 
knockout mice. The data showed that the genetic loss of SK1 signifi cantly reduced 
HNSCC incidence, multiplicity and volume, compared to wild type control mice 
[ 95 ]. In addition to oncogenesis, SK1/S1P was also shown to be involved in govern-
ing HNSCC invasion and metastasis. Briefl y, SK1 generated S1P was shown to act 
through sphingosne-1-phosphate receptor 1 (S1P1) and induce IL-6/STAT3 signal-
ing for initiation of cellular invasion [ 96 ]. 

 Targeting the SK1/S1P signaling was also implied to enhance the effects of anti- 
cancer therapy and overcome resistance [ 97 ]. Notably, inhibition of SK1 by siRNA 
in HNSCC cell lines was found to enhance the anti-proliferative effects of radiation 
therapy both  in vitro  and  in vivo  xenograft studies [ 98 ]. Moreover, the use of SK1 
siRNA nanocomplexed to gold nanorod particles in xenograft studies was shown to 
effi ciently downregulate SK1 and radiosensitize HNSCC tumors [ 99 ]. In other stud-
ies, inhibition of SK1 in H358 lung cancer cells using shRNA decreased cellular 
proliferation and sensitized cells to taxol [ 100 ]. Moreover, the pharmacological 
inhibitor of SK1, SK1-I (Table  1 ), enhanced sensitivity of NSCLC cells to docetaxel 
both  in vitro  and  in vivo  by impacting anti-apoptotic functions of the PI3K/Akt/
NF-κB signaling pathway [ 101 ]. Furthermore, inhibition of SK1 with SKI-II sensi-
tized HNSCC cells to cell death in response to cetuximab, an EGFR inhibitor [ 102 ]. 
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 The activation of S1P receptors by S1P is important for many cancer pathologies 
including inhibition of apoptosis, chemoresistance, and migration/invasion. For 
example, S1P 1  activation by S1P was identifi ed to render lung fi broblast cells resis-
tant to apoptosis. Mechanistically, it was shown that, S1P 1  suppressed caspase 3 
activation by causing anti-apoptotic Mcl1 protein accumulation [ 103 ]. Moreover, in 
a recent study, lung colonization of cancer cells in an  in vivo  model of metastasis 
was linked to activation of S1P 2  [ 104 ]. Furthermore, in another report, activation of 
S1P 3  was linked to increased epidermal growth factor receptor (EGFR) transcrip-
tion through activation of Rho kinase (ROCK) in lung adenocarcinoma cells [ 105 ]. 

 Cellular transport of S1P, in addition to its production by sphingosine kinases 
and signaling through S1P receptors is also implicated as a target to modulate can-
cer cell migration/invasion. S1P is transported from cells to the extracellular space 
by the action of a specifi c transporter, spns2 [ 106 ]. Recently, modulation of spns2 
level was found to modulate the migratory phenotype of lung cancer cells. 
Specifi cally, knockdown of spns2 induced an elevation of cellular S1P levels and 
enhanced migration of NSCLC cells [ 107 ].   

4     Sphingolipids as Biomarkers in HNSCC and Lung Cancer 

 In an effort to identify the molecular mechanisms of carcinogenesis, improve the 
criteria for better diagnosis, and predict the outcomes and response to therapy, mul-
tiple approaches including genomic and proteomic profi ling of tumor samples have 
been in the forefront of cancer medicine. As the machinery and methodologies 
became more developed, lipidomic profi ling of cancers is emerging to be promising 
for biomarker determination. 

 The initial sphingolipidomic profi ling of HNSCC was carried out by Koybasi 
et al. [ 108 ] and defects in the ceramide metabolism were identifi ed. HNSCC tumor 
and normal adjacent tissues (32 pairs) from patients were analyzed for the amounts 
of long chain ceramides using LC/MS and specifi cally C 18 -ceramide levels were 
shown to be decreased compared to their normal adjacent controls in majority of the 
pairs [ 108 ]. Mechanistically, the decreased C 18 -ceramide was linked to reduced 
CerS1 mRNA levels resulting from increased miR-574-5p expression and HDAC1 
activity [ 109 ]. In another study, possible links between the clinical parameters in 
HNSCC and tumor ceramide levels were investigated. Interestingly, decreased C 18 - 
ceramide content of the tumor tissues, compared to normal adjacent, was signifi -
cantly correlated with lymphovascular spread and pathologic nodal metastasis 
[ 110 ], indicating that sphingolipidomics can serve as powerful tool to better charac-
terize HNSCC in the clinic. 

 Additionally, serum sphingolipid levels were measured from HNSCC patients 
who received gemcitabine (GMZ) and doxorubicin (DOX) combination treatment 
as a phase II clinical trial, after failing initial platinum based therapy. The study 
showed that elevated C 18 -ceramide levels in serum correlated with complete 
response, partial response, and stable disease conditions after the conclusion of the 
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trial [ 111 ]. Moreover, in an epidemiologic study serum from lung cancer patients 
was analyzed for sphingolipid content. Interestingly, increased plasma S1P and total 
ceramide content in lung cancer cases compared to age-matched controls were asso-
ciated with increased future risk for developing lung cancer [ 112 ]. Furthermore, in a 
study published by a different research group, serum lipid metabolites of lung can-
cer patients and healthy individuals were measured using Fourier transform ion 
cyclotron resonance coupled to mass spectrometry. Univariate analysis of their 
results identifi ed that sphingomyelin (SM) levels were associated with lung cancer 
progression and C 16 -SM levels could be used as a biomarker to segregate lung can-
cer patients from healthy controls [ 113 ]. Total sphingolipid levels can be identifi ed 
and measured in tissues or in serum by LC/MS; however the information obtained 
does not contain any localization component relative to histopathology of the tissue. 
In order to overcome this handicap, high-resolution MALDI imaging mass spec-
trometry (MALDI-IMS) has been developed and was shown to effectively localize 
and quantitate multiple sphingolipid species on tissues including lung cancers [ 114 ]. 

 In addition to a lipidomics approach, there are examples of the use of histological 
analysis of lung cancers for enzymes of the sphingolipid pathway. Johnson, et al. com-
pared the immunological staining of sphingosine kinase 1 (SK1) in tumors versus 
matched normal tissues from lung cancer patients and reported strongly positive SK1 
staining in tumors compared to normal tissues [ 115 ]. Moreover, tissue microarrays 
found that expression levels of SK1 were signifi cantly increased in HNSCC tumor tis-
sues compared to normal controls. Furthermore, increased protein expression was dis-
covered to correlate with increased SK1 mRNA levels as determined by laser capture 
microdissection coupled to real-time PCR. Notably, elevated SK1 expression was 
associated with shorter patient survival [ 116 ]. In a more recent study, sphingosine 
kinase 2 (SK2) expression levels in 180 NSCLC patient paraffi n embedded tissue sam-
ples were detected using immunohistochemistry. Importantly, increased SK2 expres-
sion correlated with histology grade, lymph node status, clinical stage, and tumor size 
[ 117 ]. Furthermore, also in NSCLC, glucosylceramide synthase (GCS) expression 
levels were discovered to be increased in cancerous tissues compared to matched nor-
mal adjacent control tissues. Also, the study identifi ed that increased GCS expression 
was associated with lymph node metastasis and chemotherapy resistance [ 118 ]. 

 In summary, profi ling of sphingolipids in HNSCC and lung cancer patients using 
LC/MS and/or MALDI-IMS and identifi cation of the expression levels of enzymes 
of sphingolipid metabolism in patient samples pose a great potential for identifi ca-
tion and development of novel sphingolipid biomarkers that are relevant to the clini-
cal characteristics of the diseases.  

5     Conclusions and Future Directions 

 It is clear that a signifi cant amount of work had been done in order to identify the 
cellular functions of sphingolipids in the pathogenesis and therapy of HNSCC and 
lung cancers. Many studies identifi ed the mechanisms by which sphingolipids 
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modulate cellular pathways important for cancer cell growth, invasion, and 
 apoptosis. While some of these studies are still descriptive, others present direct 
cellular targets that can be selected as possible therapeutic foci for treating HNSCC 
and lung cancers. In addition, many critical enzymes of the sphingolipid family, 
such as SK1, have been identifi ed as anti-cancer targets themselves. Furthermore, 
with recent advances in lipidomic technologies, members of the sphingolipid family 
can be detected and identifi ed from clinical samples and associations with clinical 
parameters can be made, implicating sphingolipids as novel biomarkers. However, 
it is apparent that there is little or no effort from clinicians managing HNSCC or 
lung cancer patients at the “bed side” to incorporate the knowledge about the sphin-
golipids to patient care. Therefore, it is critical to identify the defects in the fi eld that 
are delaying the advancement of “sphingo-therapies” to the use in clinic.     
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    Abstract     Aberrations in sphingolipid metabolism and thus levels have been  implicated 
in promoting the aggressiveness of glioblastoma multiforme, one of the most lethal 
cancers in humans. A major player is sphingosine-1-phosphate, that pressures GBM 
cells to exhibit its hallmarks, leading to increased proliferation, invasiveness, stemness, 
angiogenesis and death resistance, this indicating a fi ne balance and interplay between 
S1P function and this malignancy. To the opposite GBM are organized to maintain low 
their ceramide and sphingomyelin levels, which in turn lead to a loss of growth control 
and to a gain of death resistance. While the mechanisms of these alterations are emerg-
ing, the sphingolipid signaling pathway has been implicated in controlling GBM 
action and mass, and in mediating the link of malignancy. Here we describe and dis-
cuss the current understanding on how GBM cells arm themselves with the abilities of 
manipulating sphingolipids, especially sphingosine- 1-phosphate and ceramide, and 
how these alterations, through differential interactions, regulate different signaling 
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pathways, and integrate GBM function and mass, thus providing molecular cues for 
GBM properties and progression. It is a future challenge unrevealing how the multi-
forme features of sphingolipid  signaling could be effectively manipulated as strategies 
to optimize the effi cacy and selectivity of future therapies for GBM.  

  Keywords     Glioblastoma multiforme   •   Glioblastoma hallmarks   •   Sphingolipids   • 
  Sphingosine-1-phosphate   •   Ceramide   •   Sphingosine kinase   •   Ceramide synthase   • 
  Sphingomyelinase   •   Glucosylceramide synthase   •   Sphingomyelin synthase  

  Abbreviations 

   2OHOA    2-Hydroxyoleic acid   
  A-ceramidase    Acid ceramidase   
  A-SMase    Acid sphingomyelinase   
  Bcl2L13    B-cell lymphoma 2-like 13   
  bFGF    Basic fi broblast growth factor   
  CD95L    CD95 ligand   
  CerS    Ceramide synthase   
  ECM    Extracellular matrix   
  EGF    Epidermal growth factor   
  ER    Endoplasmic reticulum   
  GlcCer    Glucosylceramide   
  GSCs    Glioblastoma stem-like cells   
  HIF    Hypoxia inducible factor   
  IL    Interleukin   
  N-SMase    Neutral sphingomyelinase   
  PAI-1    Plasminogen activator inhibitor-1   
  PAS    Plasminogen activator system   
  PERK    Protein kinase R-like endoplasmic reticulum kinase   
  PKCδ    Protein kinase C delta   
  PLD    Phospholipase D   
  PRKD2    Protein kinase D2   
  PTEN    Phosphatase and tensin homolog located on chromosome TEN   
  S1P    Sphingosine-1-phosphate   
  S1P 1–5     Sphingosine-1-phosphate receptors 1–5   
  SPP2    Sphingosine-1-phosphate phosphatase 2   
  THC    Tetrahydrocannabinol   
  TMZ    Temozolomide   
  TNFα    Tumor necrosis factor α   
  VEGF    Vascular endothelial growth factor   
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1           Overview of GBM and Sphingolipids 

 Glioblastoma multiforme (GBM), the highest grade of gliomas (World Health 
Organization Grade IV), is the most common and aggressive primary central ner-
vous system malignancy in adult humans. In sharp contrast to the rapidly growing 
knowledge of GBM pathogenesis and relevant progress achieved in terms of out-
comes for different cancers, GBM remains a serious threat and is widely incurable 
[ 1 ]. Indeed, despite the introduction of aggressive and multi-modal therapy with 
neurosurgery, radiation, and chemotherapy, current treatment regimens have modest 
benefi ts, and recurrence of GBM is nearly universal. The overall median survival 
time of adult patients remains as short as 12–14 months [ 2 ,  3 ], only 3–5 % of 
patients surviving more than 3 years [ 4 ]; patients with recurrent GBM fare even 
worse, with a median survival of only 5–7 months with optimal therapy [ 5 ]. 

 GBM may arise from lower grade gliomas over time (secondary GBM), but most 
of these tumors (>90 %) seem to arise de novo (primary GBM), with no prior symp-
toms or evidence of lower grade tumor. Increasing evidence suggests that GBM 
usually follows the cancer stem cell model where a small population of cancer cells, 
called GBM stem-like cells (GSCs), possess transcriptional and epigenetic pro-
grams that endow them with stemness properties [ 6 ]. Different biological properties 
of GSCs render such a population a critical contributor to tumor initiation, recur-
rence, metastasis, and thus poor patient outcome [ 7 ]. 

 As its multiforme name implies, GBM exhibits complex features and remarkable 
interpatient and intratumor heterogeneity. GBM heterogeneity is evident at different 
levels: (a) macroscopically, with regions of necrosis and hemorrhage; (b) micro-
scopically, with pleomorphic cells and nuclei, regions of microvascular prolifera-
tion, and pseudopalisanding necrosis; (c) cellular, with multiple distinct cell types 
and subclones existing within the tumor cell population, and a repertoire of recruited 
normal cells that contribute to the tumor microenvironment and participate in het-
erotypic interactions with one another; and (d) molecular, with genetic mutations, 
amplifi cations and aberrations affecting multiple signal transduction and metabolic 
pathways [ 8 ,  9 ]. GBM heterogeneity emerges as a direct implication of the GSC 
model, and indicates that cell populations with different properties exist within the 
same tumor [ 10 ]. Of relevance, notwithstanding their multiple heterogeneity and 
different underlying genetic mutations and molecular characteristics, different 
GBMs display the same histopathologic features, and behave in a clinically indistin-
guishable manner [ 11 ,  12 ]. 

 Although the mechanisms of GBM onset and progression remain unclear, recent 
advances in the understanding of the aberrations of signaling pathways associated 
with GBM have opened a new window in the comprehension of GBM’s aggressive 
nature and in the identifi cation of new targets for treatment of resistant GBM cells 
[ 13 ]. Indeed, multiple oncogenic signaling aberrations are associated with GBM, 
and drive its aggressive behavior. Among them, key signaling pathways involved in 
the control of cell proliferation, motility and fate, including p53, tumor suppressor 
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retinoblastoma, PI3K (phosphatidylinositol 3-kinase)/Akt/PTEN (phosphatase and 
tensin homolog, located on chromosome TEN), and the RAS/MAPK signaling 
pathways are the most frequent [ 14 ]. 

 An increasing amount of evidence indicates that also alterations in sphingolipid 
signaling play important roles in GBM, participating in its progression and malig-
nant properties. Sphingolipids are one of the major lipid families in human cells, 
with a wide range of functions in the organization of cell membranes, cell-cell rec-
ognition, and signal transduction, strictly related to cancer [ 15 ]. 

 Of particular relevance in the world of sphingolipids is the persistent battle carried 
out by two molecular forces that act as bioactive mediators with antagonist, opposite 
roles. These are ceramide and sphingosine-1-phosphate (S1P) that are still vying for 
control of both normal and tumor cell fate. Indeed, the ceramide doctrine is ‘fi ght to 
death’, thus to suppress the tumors, whereas the S1P one is ‘survive to extend’. This 
confl ict have led to the so-called ‘sphingolipid rheostat’ [ 16 ], that acts as a binary 
switch between survival and death in cell decisions, and where the relative levels of 
these lipids are important determinants. Strategic in, and peculiar of, this molecular 
battle is the fact that these two fi ghters, ceramide and S1P, are strictly interconnected 
in their metabolic and signaling pathways, both being either precursor or product of 
common metabolic pathways. Consequently, the role played by the different enzymes 
involved in their metabolic production/degradation, and by the two molecules to 
infl uence the cell signaling network is crucial for designing the fi nal winner. 

 This chapter describes the battle scenes observed in one of the deadliest cancer 
type, the GBM, and in the roles of ceramide/S1P in the spectrum of aberrant molec-
ular mechanisms associated with GBM pathobiology. Even if less investigated, we 
will also discuss the role of more complex sphingolipids, namely sphingomyelin 
and glucosylceramide (GlcCer), often disregarded, but of relevance not only for 
their interconnected metabolism with ceramide and S1P, but also for their specifi c 
functional properties. 

 This chapter concentrates on two broad parts: (1) ‘basic aspects’, involved in the 
nuts and bolts of molecular mechanisms and signaling that help sphingolipids and 
their balance operate and interact with other signaling pathways in GBM, and (2) 
‘clinical aspects’, a part with more clinical components, that describes the fi ndings 
in GBM specimens from patients, providing possible translational cues, and reports 
on the diagnostic/prognostic potentials of sphingolipids, as well as emerging prom-
ising therapeutic approaches attempting to target sphingolipid pathways. 

 For readers who are not familiar with the sphingolipid family, propaedeutic to 
this chapter are concepts on sphingolipid structure, metabolism, signaling and func-
tions, described in the fi rst part of this book.  

2     Sphingolipid Aberrations in GBM 

 To reinforce their malignancy and their capacity to survive and colonize, GBMs 
adapt diverse ‘crafty’ strategies and, among them, exhibit aberrations in sphingolipid 
metabolism and thus altered sphingolipid levels. A key point appears to reside in the 
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down-regulation of ceramide levels. Indeed, ceramide levels are lower in human 
GBM tissue compared to normal surrounding brain tissue, and the decrease in 
ceramide in GBMs is directly related to histological grade and patient survival [ 17 ]. 
The decrease in total ceramides with increasing glioma grade was found parallel to 
an increase in S1P content, ceramide and S1P levels being on average twofold lower 
and ninefold higher, respectively in GBM tissues than in normal gray matter [ 18 ]. 

 It is important to recall that ceramide is heterogeneous in its structure, as fatty 
acids with different acyl chain lengths, double bonds and hydroxylations can be 
present in the molecule [ 19 ,  20 ]. Notably, this heterogeneity depends not only on 
the availability of different fatty acyl precursors, but mainly on the action of specifi c 
enzymes controlling the production of specifi c ceramide species [ 21 ]. Differences 
with regard to the fatty acyl chain distributions of ceramides were detected among 
several glioma cell lines using liquid chromatography tandem mass spectrometry 
[ 22 ], suggesting heterogeneity in ceramide subfamilies in different GBMs. Of inter-
est, a specifi c reduction in C 18  ceramide was recently shown in human gliomas as a 
function of their malignancy grade, and, notwithstanding their great heterogeneity, 
low levels of C 18  ceramide were common to different GBMs [ 18 ]. In head and neck 
squamous cell carcinoma, C 18  ceramide was found to be the only form of ceramide 
whose levels were decreased, and its levels inversely correlated with metastasis 
[ 23 ], suggesting that reduced C 18  ceramide levels may also contribute to GBM 
malignancy. In addition, human GBM specimens and tumor cells have markedly 
lower levels of sphingomyelin than non-tumor cells and normal brain, respectively 
[ 24 ,  25 ], and a recent report showed that, besides low ceramide, decreased sphingo-
myelin levels are associated with the GBM tumorigenic transformation [ 26 ]. 

 Recent studied provided evidence about possible molecular explanations respon-
sible for the aberrant levels of ceramide and S1P in GBMs (Fig.  1 ). Indeed, acid 
ceramidase (A-ceramidase), which converts ceramide to sphingosine, was found to 
be signifi cantly up-regulated in GBM specimens [ 18 ]. Moreover, Jensen et al. [ 27 ] 
showed that B-cell lymphoma 2-like 13 (Bcl2L13), an atypical member of the Bcl-2 
family overexpressed in GBM, acts as ceramide synthase (CerS) inhibitor. 

  Fig. 1    Multiple dysregulations in sphingolipid metabolism occur in GBM and lead to unbalanced 
S1P/ceramide rheostat in favor of S1P       
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Interestingly, through its binding to, and inhibiting CerS2 and CerS6 activity, 
Bcl2L13 functions as an anti-apoptotic protein by protecting the mitochondrial 
membrane integrity.

   With regard to the increased level of S1P, a likely explanation should reside in the 
high expression of both SphK1 and SphK2 in GBMs [ 28 – 30 ]. In addition to SphK 
up-regulation, it was found that the S1P phosphatase 2 (SPP2), a S1P specifi c phos-
phohydrolase localized to the endoplasmic reticulum (ER) [ 31 ], is signifi cantly down-
regulated in GBM as compared to normal gray matter samples [ 18 ]. Of note, SPP1 
expression has been shown to increase ceramide levels at the ER by the recycling of 
its product sphingosine [ 32 ], suggesting that the loss of SPP2 expression in GBM not 
only increases S1P but also drives ceramide levels down. Of relevance is also the fi nd-
ing that the chromosomal region containing the gene for S1P lyase is deleted in human 
GBMs [ 33 ], most likely favoring high levels of S1P in this cancer. 

 Thus it emerged that GBM is equipped to down-regulate ceramide and up- 
regulate S1P to drive a systematic shift in sphingolipid balance which may favor 
aggressiveness and protection from death (Fig.  1 ). In agreement, using a mathemati-
cal model to construct how sphingolipid metabolism is altered in GBM cells com-
pared to normal astrocytes, Mora et al. [ 34 ] observed that a key difference is the 
preferential channeling of complex sphingolipids into S1P synthesis in GBM cells, 
whereas in normal astrocytes, sphingosine formed in the lysosomes is mainly recy-
cled into ceramide. 

 S1P exerts multiple roles through its fi ve specifi c receptors (S1P 1–5 ) [ 35 ] and 
S1P 1–3  and S1P 5  receptors were found in human GBM specimens [ 28 ,  36 ,  37 ]. In a 
recent study, Quint et al. [ 30 ] reported that the mRNAs for all these receptors are 
up-regulated in human GBM specimens compared to normal brain, with increasing 
order of magnitude from primary, up to recurrent and secondary GBMs.  

3     Sphingolipid Molecules in the Hallmark Traits of GBM 

 As neoplasia, GBM exhibits hallmark capabilities that are crucial to cancer pheno-
types [ 38 ]. Hallmark features of GBM include uncontrolled proliferation, invasive-
ness, stemness, intense angiogenesis and death resistance; all these features account 
for GBM’s resistance toward therapy and poor prognosis [ 39 ,  40 ]. 

 The emerging scenario is that different sphingolipids act as crucial players in the 
hallmarks of GBM (Fig.  2 ).

   Impressively, the simple lysosphingolipid S1P emerges as a critical mediator of 
the multiple hallmark capabilities of GBM, being supplied as pluripotent molecule 
to the GBM microenvironment, and displaying a spectrum of GBM hallmark- 
facilitating activities. Indeed, S1P appears to act as growth factor that sustains pro-
liferative signaling, as a pro-invasion factor that favors GBM recurrence and 
metastasis, as a stemness-promoting factor that fosters limitless growth and self- 
renewal, as a proangiogenic factor that promotes GBM vascularization, and as a 
survival factor that limits GBM cell death and confers therapy resistance. With mul-
tiple S1P weapons, GBM fi ghts to gain its aberrant cancer properties, against different 

L. Abdel Hadi et al.



265

tumor suppressors, among them ceramide. Moreover, emerging evidence indicates 
a role for complex sphingolipids, such as GlcCer and sphingomyelin in participat-
ing to this scenario (Fig.  2 ).  

4     Sphingolipids in GBM Proliferation 

 GBM is a highly proliferative tumor, and the individual growth potential of a GBM 
results in regrowth, i.e., relapse, after a variable (case-specifi c) time, which is 
inversely correlated to their cell proliferation index. In agreement, the histopatho-
logic assessment in GBM diagnosis includes the identifi cation of a high tumor cell 
mitotic index [ 41 ]. Moreover, the capacity for extensive proliferation and self- 
renewing is a key determinant of GSCs too [ 42 ,  43 ]. 

 GBM cells exhibit the capability to sustain their proliferative potential in an uncon-
trolled and unlimited fashion by different mechanisms [ 38 ]. These include: (1) auto-
crine proliferative stimulation, as they spontaneously produce growth factors, to 
which they respond via the expression of cognate receptors; (2) stimulation of non-
cancer cells within their microenvironment to export appropriate mitogenic stimuli; 
(3) displaying of elevated receptor levels at their cell surface, being thus highly 
responsive to growth factors; and (4) constitutive activation of components of signal-
ing pathways operating downstream of these receptors, being thus independent in 
their activation from exogenous signals. Of relevance, sphingolipids and their signal-
ing pathways, particularly with the participation of S1P and ceramide as mediators, 
emerge as crucial for providing regulatory contribution to all these mechanisms. 

  Fig. 2    Different sphingolipids act as crucial players in the hallmarks of GBM       
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 Changes in cellular metabolism associated with cell proliferation are tightly 
linked to the synthesis of membrane sphingolipids (and phospholipids), supplying 
cells with material to build plasma membrane and the various membranes of intra-
cellular organelles in growing and dividing cells [ 44 ]. During normal cell division, 
sphingolipid metabolism is activated not only to provide a basic supply of structural 
and functional metabolites but also to serve as second messengers [ 45 ]. 

 So far, it is S1P that has been shown to act as the major pro-proliferative sphin-
goid in normal cells, but also in cancer ones. In particular, in the nervous system, 
S1P has been reported to favor propagation of astrocytes [ 46 ], and also of GBM 
cells [ 36 ,  37 ,  47 ]. 

 Excessive growth factor signaling is one crucial component in GBM develop-
ment [ 48 ]. Several growth factors use S1P as a signaling mediator [ 49 ] and, among 
them, those strictly related to GBM, including epidermal growth factor (EGF) [ 50 ], 
basic fi broblast growth factor (bFGF), and vascular endothelial growth factor 
(VEGF) [ 46 ,  51 ,  52 ]. These factors induce rapid and transient activation of SphK1 
and its subsequent translocation to the plasma membrane and S1P export, and can 
exert also long-term effects, by enhancing the SphK1 expression (Fig.  3 ).

   More than 10 years ago, Van Brocklyn et al. [ 47 ] demonstrated that GBM cell 
lines express mRNA encoding the S1P 1–3  and S1P 5  receptors, and respond mitogeni-
cally to nanomolar concentrations of S1P. These receptors were found to be 
expressed in human GBM specimens [ 28 ,  36 ,  37 ], suggesting that S1P signaling 
through its receptors may contribute to GBM growth  in vivo . Indeed, it was found 
that the proliferating effect of S1P involves Gi-coupled receptors, and activation of 
extracellular signal-regulated (ERK/MAP) kinase contributes to mitogenic S1P sig-
naling, by both PI3K-dependent and independent pathways [ 28 ,  53 ]. Among S1P 
receptors, S1P 1  is a transcriptional target for signal transducer and activator of tran-
scription 3 (Stat3), whose persistent activation is critical for the growth of a range 
of cancers. In turn, S1P 1  signaling is necessary for persistent Stat3 activation, form-
ing a positive feedback loop that fuels the development and growth of different 
cancers [ 54 ]. S1P 1  expression was found to be either down-regulated in GBM speci-
mens, and this down-regulation enhances tumor cell proliferation and correlates 
with shorter survival of GBM patients [ 36 ,  37 ], or to be up-regulated [ 18 ,  30 ]. 
Whether these opposite fi ndings depend on the heterogeneity of GBM or experi-
mental conditions remains to be clarifi ed. 

 It was shown that while the overexpression S1P 1–3  contributes to S1P-stimulated 
growth, that of S1P 5  decreases cell proliferation in GBM cells [ 55 ], suggesting that 
a balance between S1P 1–3  and S1P 5  is involved in the control of GBM proliferation. 
However, in confl ict with the anti-growth action of S1P 5  in cultured GBM cells, 
GBM patients overexpressing S1P 5  were reported to have worse prognosis [ 30 ], 
indicating that a more complex situation occurs. In agreement, it was shown that the 
proliferative role of S1P in GBM cells could also occur by mechanisms independent 
from its specifi c receptors, and most probably by its intracellular actions (Fig.  3 ). In 
particular, on investigating the role of SphK activity in tumor necrosis factor α 
(TNFα)-stimulated GBM cell proliferation, it was found that TNFα-stimulated 
DNA synthesis required SphK1 activity, and this promoted Akt phosphorylation, 
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cyclin D expression and cell growth, without the intervention of the S1P-Gi-coupled 
receptors [ 56 ]. Notably, Akt phosphorylation also promotes the vesicular transport 
of ceramide from ER to Golgi apparatus in GBM cells, promoting ceramide metab-
olism to complex sphingolipids [ 57 ], and thus favoring low ceramide levels in 
GBM. Nitric oxide causes inhibition of ER/Golgi traffi c of ceramide and, by lead-
ing to ceramide accumulation in the ER, it exerts an inhibitory effect on GBM cell 
growth [ 58 ]. 

  Fig. 3    S1P produced in response to extracellular stimuli promotes GBM cell proliferation in both 
receptor-dependent and -independently fashion       
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 Recent studies showed that 2-hydroxyoleic acid (2OHOA) (Minerval ® ), a 
 potential antitumor compound, causes cell cycle arrest and death in GBM cells [ 25 ]. 
In particular, 2OHOA treatment of GBM cells strongly increased sphingomyelin 
level, by rapid activating of sphingomyelin synthases (SMS), and SMS inhibition 
diminished 2OHOA effect on cell cycle. It was then demonstrated that sphingomy-
elin accumulation at the plasma membrane is crucial in GBM cell growth, as it 
causes an increase in membrane global order, resulting in modifi ed lipid raft proper-
ties and leading to inhibition of cyclin D and cell cycle arrest [ 26 ]. 

 Strong evidence demonstrates that SphK1 has an important growth-regulatory 
role in different cancer cells, and this enzyme is critically involved in the mitogenic 
and oncogenic action of S1P in human GBM cells. Indeed, SphK1 inhibition results 
in growth arrest of GBM cells both  in vitro  and  in vivo  [ 28 ,  29 ,  56 ,  59 ]. SphK1 was 
found to be involved in the proliferative action of interleukin 1 (IL-1), a pro- 
infl ammatory cytokine secreted by the majority of GBMs [ 60 ]. Indeed it was found 
that IL-1 up-regulates SphK1, but not SphK2, at the transcription level, resulting in 
a correlation between its level and that of SphK1 in GBM cells [ 61 ]. Surprisingly, 
although SphK2 expression has been shown to be unrelated to survival in GBM 
patients, SphK2 knockdown inhibits GBM cell proliferation more potently than did 
SphK1 knockdown [ 28 ], suggesting that, besides SphK1, also endogenous SphK2 
infl uences cell growth and aggressive behavior of GBM. In agreement, the partici-
pation of both SphK1 and SphK2 isoforms to the proliferation of GBM was docu-
mented in a recent report describing SphK effects on GBM cell proliferation under 
hypoxia [ 62 ]. This study showed that both SphK1 and SphK2 are involved in GBM 
cell proliferation in hypoxic conditions, but act through distinct signaling pathways 
and mechanisms of action. Indeed, the SphK1-dependent proliferative effect 
required ERK activation, mediated by S1P receptors, whereas ERK was not involved 
in the SphK2-dependent one. Moreover, when SphK1 or SphK2 were inhibited, the 
cell cycle arrested in G2⁄M phase or in S phase, respectively. Thus, despite SphK1 
mediates proliferative signaling in GBM, as it occurs in various cancer cells [ 63 ], 
inhibitory strategies that target both SphKs appear to be required to halt the prolif-
erative potential of GBM cells, particularly in hypoxic regions.  

5     Sphingolipids and GBM Invasive Behavior 

 GBM is an aggressive tumor, that not only proliferates rapidly but also exhibits a 
high propensity to invade the surrounding parenchyma and to widely disseminate 
within normal brain [ 7 ]. In fact, individual GBM cells can be found many centime-
ters away from the primary tumor site, often crossing great distances into the con-
tralateral hemisphere, and represent sources for tumor recurrences after resection or 
radiation [ 64 ]. Using  in vivo  multiphoton laser scanning microscopy, it was shown 
that a single or a few GBM invasive cells are capable of remodeling and multiplying 
the host vasculature, thus improving the conditions for GBM to thrive [ 65 ]. 
Moreover, GBM can spread to nearly any tissue in the body via hematogenous and/
or lymphatic dissemination [ 66 ]. 
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 The invasion of GBM cells requires the degradation of the extracellular matrix 
(ECM), which depends on the activation/inhibition of proteinases and their inhibi-
tors, respectively. This process includes two main proteolytic systems: the 
 plasminogen activator system (PAS), which controls the activation of the proteinase 
plasmin from inactive plasminogen, and the matrix metalloproteinases and their 
inhibitors [ 67 ]. The attachment at the leading edge of a migrating cell, and the con-
current detachment at its trailing edge are imperative for effi cient migration and 
invasion (Fig.  4 ). More importantly, the enhanced expression of the PAS compo-
nents may provide attachment or detachment depending on the ratio of urokinase 
plasminogen activator (uPA) and its receptor (uPAR), and plasminogen activator 
inhibitor-1 (PAI-1), at opposite cell edges. The uPA–uPAR binding leads to the 
degradation of the ECM, and provides attachment via the uPA/uPAR/integrins com-
plex. In contrast, the enhanced expression of PAI-1 on the trailing edge of migrating 
cells induces the internalization of the uPA/uPAR/integrin complex, and results in 
cell detachment [ 68 ], a crucial step for the cell to proceed with its invasion.

  Fig. 4    SphK1/S1P/S1PRs axis contributes to GBM invasivity by regulating the attachment (at the 
leading edge) ( right ) and the detachment (at the trailing edge) ( left ) of a migrating cell through 
plasminogen activator system and matrix metalloproteinases       
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   Different studies demonstrated that S1P acts as important signal to regulate both 
migration and invasiveness of GBM cells, mainly through receptor-dependent mech-
anisms. The three S1P receptors commonly expressed in GBM, S1P 1–3 , have different 
effects on GBM cell motility, S1P 1  and S1P 3  stimulating, and S1P 2  decreasing cell 
migration [ 53 ]. The S1P 2 -mediated inhibition of GBM cell migration is associated 
with activation of Rho A, and suppression of Rac1 through Rho signaling pathways 
[ 69 ]. Instead, all the three receptors contribute, in a coordinated fashion, to promote 
GBM invasiveness ( [ 53 ,  70 ]; Young and [ 71 ]) (Fig.  4 , right). This occurs through a 
SphK1-dependent up-regulation of uPA and its receptor, as well as secretion of the 
pro-invasive molecule CCN1 [ 72 – 74 ]. Only S1P 1  and S1P 2  receptors contribute to 
CCN1 induction, whereas all S1P 1–3  receptors cooperate to induce expression of 
members of the uPA system, with S1P 1  being the most potent. The relevance of S1P-
induced invasiveness of GBM cells is supported by evidence that neutralizing anti-
bodies directed against uPA or CCN1 signifi cantly decrease both basal and 
S1P-stimulated GBM cell invasiveness, and that SphK inhibition potently blocks uPA 
activity and GBM invasion [ 74 ]. Recently protein kinase D2 (PRKD2), a PKC iso-
form highly expressed in GBM [ 75 ], was identifi ed as a target activated by S1P recep-
tors and as an intracellular mediator of S1P-induced migration and invasion [ 76 ]. 

 It was shown that highly invasive GBMs express high levels of PAI-1, which 
parallel those of EGF receptor, and both levels are related to worse prognosis, sup-
porting PAI-1 as important determinant of GBM invasiveness [ 77 ]. Interestingly, 
SphK1 was found as an important mediator of EGF signaling that leads to enhanced 
expression of PAI-1 in GBM cells (Fig.  4 , left). EGF signaling occurs via the rapid, 
sequential phosphorylation of c-Src and protein kinase C delta (PKCδ), followed by 
the translocation of both PKCδ and SphK1 to the plasma membrane [ 78 ]. 
Furthermore, SphK1 is crucial for both EGF-induced c-Jun phosphorylation and 
PAI-1 expression. 

 Overall, the SphK/S1P/S1P receptor signaling contributes to favor GBM inva-
siveness by providing multiple coordinated mechanisms of GBM cell control. 
Indeed, besides regulating GBM cell motility, S1P effi ciently participate to promote 
cell detachment, to enhance the extracellular matrix degradation, and fi nally to 
 disseminate within normal brain.  

6     S1P in GBM Stemness 

 GBM origin, progression and recurrence are currently largely attributed to the rare 
subpopulation of GSCs. Indeed, increasing experimental studies support the hypoth-
esis that GBM is initiated and maintained by this subpopulation of GBM cells that 
owns unlimited proliferation capacity, ability to self-renew, multipotent properties, 
invasive behavior, evasion of cell death and intrinsic resistance to the current GBM 
treatments [ 79 – 81 ]. GSCs are able to generate and propagate new tumors when 
transplanted, and to differentiate into the different cellular subtypes that form the 
tumor mass [ 82 ]. 
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 Growing evidence implicates a complex interplay between GSCs and their 
microenvironment in determining GSC properties and maintenance ([ 83 ], [ 84 ]). 
GSCs are localized in specialized niches within the tumor, namely hypoxic and 
perivascular microenvironments. These niches are composed by differentiated cell 
types that secrete several factors that are crucial for GSC homeostasis and regulate 
the balance between self-renewal and differentiation. Among its multiple roles in 
GBM phenotype, S1P has emerged as a key mediator in determining GSC stemness 
and aggressiveness and as crucial component of the GSC niche. Indeed, as described 
below, different pieces of evidence suggest a chief role for S1P as an autocrine/
paracrine signal connecting GSCs to their niche. 

 We recently demonstrated that GSCs are equipped with effi cient molecular 
machinery which allow them to rapidly synthesize S1P from sphingosine, as well as 
to export the newly produced S1P in their microenvironment [ 85 ,  86 ]. GSCs appear 
to share with normal cells of the nervous system, such as neurons and astrocytes, 
and also human GBM cells the capability of releasing S1P in the extracellular milieu 
[ 18 ,  87 ,  88 ]. Of relevance, the amount of extracellular S1P provided by GSCs was 
found to be markedly higher (about tenfold) than that by astrocytes and non-stem 
GBM cells [ 85 ]. It is worth noting that, among stem cells, the export of S1P seems 
specifi c to GSCs, as neural stem cells have been reported to be uncapable of this 
export [ 89 ]. Thus it appears that, different from neural stem cells, GSCs possess the 
unique ability to enrich their extracellular milieu with S1P, that in turn could act as 
a autocrine/paracrine signal favoring tumor progression. 

 The effi ciency of S1P export by GSCs is strictly dependent on the availability of 
its substrate sphingosine [ 86 ], that can be released from necrotic cells. The enrich-
ment of GSCs in perinecrotic regions [ 90 ], suggests that in these locations S1P 
biosynthesis and release occurs very rapidly and to a high extent in GSCs, providing 
these cells a favorable environment. Of interest, the proliferative and stemness prop-
erties of GSCs are related to a gain in extracellular S1P, paralleled by a down-regu-
lation of ceramide levels due to its increased fl ux to complex sphingolipids [ 86 ], 
indicating that the imbalance of the sphingolipid rheostat, with the S1P domination 
in the GSC niche, provides an advantage to the stemness qualities of GSCs. 

 Differently from GBM cells, GSCs express all the fi ve S1P receptors, including 
S1P 4 , this last being absent in cells of the nervous system and GBM cells. S1P 1 , S1P 
 2 , and S1P 4  are highly expressed in GSCs [ 91 ]. As described below, emerging litera-
ture supports that S1P, after receptor binding, exerts different actions on GSCs 
which favor and potentiate their malignant features. 

 A key determinant of GSCs is their capacity for extensive proliferation and self- 
renewing [ 42 ,  43 ]. When exposed to exogenous S1P, GSCs switch to a faster growth 
mode implying that S1P can act an autocrine signal for GSCs to grow and prolifer-
ate. Indeed, S1P sends a proliferative signal to GSCs that is strong enough to pro-
mote cell cycle and progression into G2/M phase of GSCs [ 86 ]. A consistent body 
of studies indicates that EGF is an important factor in the GSC environment, sup-
porting GSC growth and inhibiting their spontaneous differentiation [ 92 ,  93 ]. 
Noteworthy, EGF receptor III variant level, particularly expressed in GSCs and 
 crucial for their stemness and tumorigenic potential [ 92 ,  94 ], is directly related to 
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SphK1 activity, that in turn determines a proliferative and survival advantage [ 95 ]. 
Furthermore, EGF and bFGF, which are crucial factors supporting GSC growth and 
stemness, promote S1P export by GSCs [ 86 ]. S1P proliferative action in GSCs seems 
dependent on its receptor binding, as it is inhibited by FTY720, a sphingosine ana-
logue that, after cellular internalization and phosphorylation, is released extracellu-
larly and down-regulates S1P receptors, acting as functional antagonist of S1P [ 96 ]. 

 Interestingly, besides changing the growth pattern of GSCs, S1P induced ele-
vated levels of different stem cell markers in GSCs, thus enhancing their stemness 
phenotype [ 86 ]. Since S1P did not induce stemness marker expression in non-stem 
primary GBM cells, it is likely that the stemness promoting action of S1P resides in 
its ability to favor the selective expansion of GSCs. 

 Moreover, S1P was shown to induce GSCs migration, that was more pronounced 
than in the bulk of GBM cells [ 34 ,  91 ], and SphK inhibition promoted neurosphere 
dissociation, and GSC death [ 34 ]. In addition, the administration of FTY720 
decreased GSC proliferation, invasiveness and viability, and enhanced the cytotoxic 
effect of temozolomide (TMZ), the mainstay of GBM therapy, promoting survival 
in a GBM xenograft mouse model [ 97 ]. 

 Very recently, we reported that GSCs derived from U87 GBM cells and those 
isolated from a human GBM specimen can release S1P extracellularly, and that S1P 
acts as a fi rst messenger to enhance GSC chemoresistance [ 85 ]. 

 Overall, our current knowledge implicates the imbalance of the sphingolipid 
rheostat in favour of S1P as an important cue in determining GSC characteristics, 
with extracellular S1P emerging as a key modulator of proliferation, migration, 
stemness, and therapy resistance in these stem cells, thus reinforcing the role of this 
sphingoid in GBM progression and malignancy.  

7     Sphingolipids in GBM Angiogenesis 

 GBM is one of the most highly vascularized tumor in man, and its blood vessels 
show enhanced endothelial cell proliferation, which is a key feature of their classi-
fi cation in the WHO grading system. Moreover, a marked increase in angiogenesis, 
that is in new blood vessel formation from preexisting ones, plays a critical role in 
the biological behavior of GBM, being crucial for its growth, survival and coloniza-
tion in the brain [ 98 ]. 

 Angiogenesis is a complex process with the involvement of several cells, particu-
larly GSCs and endothelial cells, and different molecular mediators [ 99 ]. 

 The main trigger of angiogenesis processes in GBM is hypoxia, mainly localized 
in the center part of the tumor, and driven primarily by VEGF. GBM cell response 
and adaptation to low oxygen conditions is primarily controlled by hypoxia induc-
ible factors (HIFs). These are transcription factors which promote adaptation to 
hypoxic conditions through the regulation of more than 150 genes involved mainly 
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in angiogenesis, metabolism, proliferation and cell migration [ 100 ]. VEGF is 
induced by HIFs and is up-regulated in GBM, where it regulates endothelial cell 
survival, proliferation, permeability, and migration, with the end result of produc-
tion of immature, highly permeable blood vessels [ 101 ]. 

 Importantly, under hypoxia SphK1 up-regulates HIF-1 in GBM cells, by stabiliz-
ing HIF-1α through the Akt pathway and preventing its proteasomal degradation 
[ 102 ]. It was also shown that HIF-2α up-regulation of SphK1 in GBM cells leads to 
enhancement of neovascularization [ 103 ], and its product S1P acts as potent media-
tor of angiogenesis as VEGF [ 104 ], most likely through its specifi c receptor S1P 1  
[ 49 ]. Moreover, S1P is a downstream target of different pro-angiogenic growth fac-
tors such as VEGF, EGF, PDGF, bFGF and pro-angiogenic cytokines such as IL-6 
and IL-8 leading to a positive signaling loop [ 105 ]. 

 Interestingly, it was found that in GBM cells SphK1 down-regulation, but not 
that of SphK2, reduced extracellular S1P levels, which in turn decreased both 
migration and tube formation in co-cultured vascular endothelial cells [ 88 ]. In addi-
tion, VEGF down-regulation was unable to block the angiogenic switch triggered 
by GBM-derived S1P. 

 In GBM cells S1P is able to initiate endothelial cell sprouting, which is represen-
tative of a multistep angiogenic process, and SphK1 plays an essential role in regu-
lating paracrine angiogenesis, favoring the early sprouting response of endothelial 
cells by increasing both number and length of sprouts [ 18 ]. Notably this effect was 
induced by S1P released by GBM cells, and was not affected by VEGF [ 18 ], sug-
gesting that S1P signaling is required even when potent angiogenic factors such as 
VEGF are present.  

8     Sphingolipids in GBM Cell Death 

 Sphingolipid imbalance is deeply implicated in protecting cells from death, favor-
ing GBM survival even in diverse, cytotoxic conditions. Before analyzing the sphin-
golipid alterations underlying the propensity of GBM cells to stay alive, we describe 
how sphingolipids, especially ceramide can act as an effective mediator of GBM 
death. 

 Ceramide was identifi ed as ‘the tumor suppressor lipid’ more than 15 years ago 
[ 106 ], and a huge amount of literature reports on the apoptotic role of ceramide in 
cancer cells, including GBM cells. Indeed it is widely recognized that ceramide acts 
as a crucial mediator in cancer cell death, acting in different death mechanisms by 
regulating an ‘orchestra’ of signal molecules involved in the control of cell fate 
[ 107 ,  108 ], including that of GBM cells. As described below, ceramide plays an 
important role in the execution of GBM cell death induced by different agents, such 
as radiation, chemotherapeutics and proapoptotic TNF family ligands. 
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8.1     Ceramide in GBM Apoptosis 

 The apoptotic machinery is hijacked in GBM, and the ability of GBM cells to 
 maintain their ceramide levels low appears crucial in favoring their survival. Several 
studies on GBM cells revealed that ceramide acts as cellular apoptotic messenger in 
the two principal pathways of caspase-3 activation, the key event of apoptotic death. 
Indeed ceramide participates as crucial mediator to the ‘extrinsic apoptosis path-
way’ that is triggered by the engagement of cell surface ‘death receptors’ by exog-
enous signals, such as CD95 ligand (CD95L) and TNFα, as well as the ‘intrinsic 
apoptosis pathway’ that is provoked by various forms of stress, such as radiations 
and chemotherapeutic drugs. 

8.1.1     Ceramide in the Extrinsic Apoptotic Pathway of GBM Cells 

 One of the fi rst indicators of ceramide’s involvement in GBM apoptosis was 
prompted by evidence that the TNF receptor CD95 is highly expressed in 
GBM. These studies demonstrated that radio-resistant GBM cell lines are suscep-
tible to CD95-mediated cell death, and ceramide is required as the mediator of 
apoptosis [ 109 ,  110 ] (Fig.  5 ). After inducing apoptosis in GBM cells by an anti-
 CD95 antibody, ceramide formation by caspase-8-dependent activation of acid 
sphingomyelinase (A-SMase), but not neutral sphingomyelinase (N-SMase), was 
observed [ 111 ]. CD95-induced ceramide formation and apoptosis was shown to 
proceed regardless of p53 status or reactive oxygen species (ROS). A mechanism by 
which ceramide acts as pro-apoptotic molecule and is essential to CD95-mediated 
apoptosis in GBM cells was provided in a study were ceramide was found to down-
regulate cFLIP, the cellular FLICE (caspase 8) inhibitory protein, a protein able to 
inhibit CD95-mediated apoptosis [ 112 ]. Notably, the CD95 receptor is highly 
expressed in GBMs and is almost exclusively located in perinecrotic areas, where 
cells undergoing apoptosis accumulate. This suggests that CD95-mediated cell 
death may play a role in the pathogenesis of necrosis which constitutes a histologi-
cal hallmark of GBM.

   In GBM cells, the extrinsic pathway of apoptosis can be also activated via the 
TNFRα/TNFα receptor-ligand system, and ceramide is involved in this pathway too 
[ 113 ] (Fig.  5 ). Two separate signaling cascades, ROS-dependent (p53-induced), and 
ROS-independent, contribute to the TNFα-induced apoptotic death of human GBM 
cells. Interestingly, the p53-induced ROS-dependent signaling cascade is triggered 
by ceramide formation by the activation of N-SMase, whereas the A-SMase activa-
tion is independent of functional p53 [ 114 ]. Mitochondria participate in TNFα- 
induced apoptosis of human glioma cells by cytochrome c release through ceramide 
generated via p53-mediated ROS-dependent and -independent pathways, both of 
which are initiated by the activation of caspase-8.  

L. Abdel Hadi et al.



275

8.1.2     Ceramide in the Apoptotic Intrinsic Pathway of GBM Cells 

 Killing GBM cells by diverse cytotoxic approaches such as γ-irradiation and 
 anticancer drugs was shown to be mediated through induction of apoptosis. The 
underlying mechanism for initiation of an apoptotic response upon cytotoxic ther-
apy can be different for various stimuli and is only partially understood. However, 
damage to DNA or to other critical molecules and/or subcellular structures of GBM 
cells appears to be a common early hit by some inducers which is then propagated 
by the cellular stress response. Among the multiple stress-inducible molecules, 
ceramide has a profound impact on apoptotic pathways in GBM and thereby its 
management. Several studies reported the pioneering role of ceramide in driving 
apoptosis by affecting the mitochondria, the ‘engine of the apoptotic intrinsic path-
way’, as well as regulating different intracellular effectors that mediate the activa-
tion of the apoptotic process. 

  Fig. 5    The activation of death receptors results in caspase 8-dependent activation of SMases, that 
leads to ceramide formation, which in turn acts as a trigger of GBM cell apoptotic death       
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 In GBM cells, γ-radiations and diverse antineoplastic drugs and stress stimuli 
require ceramide as an effector of their apoptotic effects. Mutations of tumor sup-
pressor p53 are common in GBM, and the sensitivity to γ-radiations of GBM cell 
lines is infl uenced by their p53 status, cells with functional p53 being more resistant 
to γ-radiation than those with mutant p53 [ 115 ]. It was reported that γ-irradiation 
induced apoptosis in human GBM cells with mutant p53 by activating A-SMase, 
and the formed ceramide triggers caspase activation [ 116 ,  117 ]. on the fl ip side, 
cells with wild-type p53 avoid the pro-apoptotic ceramide signal through both 
blockade of A-SMase and up-regulation of A-ceramidase, a ceramide degrading 
enzyme. These results support that ceramide functions as mediator of γ-radiation- 
induced p53-independent apoptosis in human GBM cells, and suggest that aberrant 
ceramide signaling—both increased A-ceramidase expression and blockage of 
A-SMase activation—underly the γ-radiation resistance of GBM cells with wild 
type p53. Of interest, it has been recently demonstrated that cell permeable 
C6-ceramide can effectively kill human GBM cells by inducing a p53-dependent 
apoptotic pathway, suggesting that p53 can be downstream of the ceramide-induced 
apoptosis [ 118 ]. 

 In contrast to these fi ndings, a recent study showed that lentivirally induced 
A-SMase overexpression does not sensitize LNT-229 GBM cells to irradiation, 
despite leading to increased A-SMase activity and ceramide level [ 119 ]. Since the 
LNT-229 cell line is wild-type p53, it appears likely that up-regulation of A-SMase 
alone is not suffi cient  per se , and the activity of A-ceramidase might be relevant to 
avoid γ-radiation-induced and ceramide-mediated apoptosis. 

 Diverse chemotherapeutic agents, including gemcitabine, doxorubicin, cisplatin, 
and etoposide, activate sphingolipid signaling to produce ceramide and fi nally 
induce apoptosis in cultured GBM cells. In particular, a study implicated A-SMase 
in apoptotic ceramide generation and in sensitizing GBM cells to gemcitabine and 
doxorubicin [ 120 ]. After increasing the expression and activity of A-SMase via 
reactive oxygen species (ROS), the Authors demonstrated a signifi cant sensitization 
of U373MG GBM cells to drug treatment, and suggested that chemotherapeutic 
drugs activate this enzyme via ROS. In another study investigating the mechanism 
of gemcitabine-triggered glioma cell death, it was shown that this drug exerts apop-
totic effects in GBM cells by activating A-SMase in the lysosomes, where the 
enzyme normally resides. In this site, the accumulated ceramide directly interacts 
with the aspartic protease cathepsin D, and mediates its activation. Cathepsin D then 
translocates to the cytosol and cleaves Bid to truncated Bid, which activates Bax to 
initiate the intrinsic apoptosis pathway [ 121 ,  122 ]. The fi nding that cathepsin D is a 
direct ceramide target to induce cell death in GBM is of relevance because this pro-
tease is overexpressed in this cancer, its serum level being predictive of poor prog-
nosis and aggressive tumor behavior [ 123 ]. 

 Ceramide has also been closely implicated in GBM cell apoptosis induced by 
cisplatin, a common drug used in the treatment of malignant brain tumors through 
activation of caspase-3-like proteases [ 124 ]. Inhibition of N-SMase suppressed 
cisplatin- induced apoptosis, suggesting a pro-apoptotic implication of this SMase 
during cisplatin treatment. Moreover, treatment of resistant glioma cells with the 
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A-ceramidase inhibitor N-oleoylethanolamine increased their sensitivity to 
 cisplatin, suggesting that A-ceramidase is involved in cisplatin resistance too [ 124 ]. 
The role of N-SMase in generating pro-apoptotic ceramide was also observed after 
treatment of C6 glioma cells with etoposide, a topoisomerase II inhibitor acting as 
potent apoptotic inducer in several cancer types [ 113 ]. The Authors reported that 
etoposide treatment of GBM cells induces ceramide generation through both acti-
vation of N-SMase and increase in serine palmitoyl transferase activity. In turn, 
elevated ceramide acts as mediator of etoposide-induced apoptosis through the 
increase in the Bax/Bcl-2 ratio, followed by cytochrome c release from mitochon-
dria and caspases- 9 and -3 activation [ 113 ]. 

 Furthermore, the de novo synthesis of ceramide has been shown as crucial for 
cannabinoid-triggered ER stress and apoptosis in GBM cells [ 125 ], suggesting that 
not only ceramide generation from sphingomyelin, but also its new synthesis are 
effective in generating the apoptotic ceramide signal.   

8.2     Ceramide in Necrotic and Autophagic Death of GBM Cells 

 Although apoptotic cell death is a recognized mechanism of ceramide-induced 
death, ceramide is capable of activating cell death by totally distinct mechanisms 
from apoptosis in GBM cells, among them necrotic and autophagic death. It appears 
that ceramide causes either apoptotic or non-apoptotic cell death depending on the 
cell type and the experimental conditions, suggesting that different GBM cells and 
environmental conditions may infl uence the mechanisms by which ceramide exerts 
its fatal effect. 

 As pertaining to necrosis, ceramide was shown to induce a caspase-independent 
cell death with necrotic-like morphology in some human GBM cell lines, by inhibiting 
the Akt protein kinase [ 126 ], or the anti-apoptotic transcriptional factor NF-κB [ 127 ]. 

 Autophagy is a Janus-faced process able to regulate the balance between cell 
survival and death, being able to act either as a protective mechanism, that may 
prevent cell death in stress conditions, or as a direct cause of cell death, and both 
may be associated with apoptosis in some model systems [ 128 ]. In cancer cells like 
GBM cells, autophagy occurs in response to anticancer therapies, and can overcome 
the therapeutically induced stress and cellular damage, or can be the mechanism 
responsible for cell death; the switch from survival to death likely depends on the 
cellular stress threshold [ 129 ]. Of interest, recent fi ndings demonstrated that GBMs 
have lower expression of autophagy-related proteins when compared with low- 
grade gliomas [ 130 ] and that progression of astrocytic tumors is associated with a 
decrease in autophagic capacity [ 131 ]. Several studies have also shown that modu-
lation of autophagy sensitizes brain tumor cells to standard chemotherapy and 
radiotherapy induced death. 

 In several GBM cell lines, ceramide was shown to trigger autophagic death by 
enhancing the expression of the mitochondria-associated cell death protein BNIP3 
that induces non-apoptotic cell death through decreasing mitochondrial membrane 
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potential [ 132 ]. Similarly, treatment of malignant glioma cells with arsenic trioxide 
up-regulates BNIP3 to induce caspase-independent cell death [ 133 ,  134 ]. 

 Interestingly, enforced expression of IL-24 in GBM cells induced autophagy, and 
this was shown to overlap with activation of the pro-apoptotic pathway culminating 
in cell death [ 135 ]. Ceramide was found to be important as a mediator of IL-24, 
promoted the generation of reactive oxygen species (ROS), and resulting in autoph-
agic GBM cell death [ 136 ]. In particular, induced expression of IL-24 in GBM cells 
results in accumulation of IL-24 protein in the ER. A series of subsequent events 
follows, including activation of the stress kinase PERK (protein kinase R–like ER 
kinase), cytosolic Ca 2+  increase, ceramide and ROS generation. PERK inhibition 
blocked ceramide generation, which was critical for Ca 2+  elevation and subsequent 
ROS formation [ 136 ]. It was also demonstrated that histone deacetylase inhibitors 
enhance toxicity of IL-24 in invasive primary human GBM cells by synergizing 
with IL-24 killing effect [ 137 ]. Interestingly, enhanced lethality correlated with 
increased autophagy that was dependent on the expression of CerS6. In addition, 
exposure of human GBM cells to TMZ promoted autophagic cell death by the pro-
duction of ceramide [ 138 ]. 

 Similar to IL-24, de novo synthesis of ceramide has been shown as crucial for 
Δ9-tetrahydrocannabinol (THC)-triggered ER stress and GBM cell death [ 125 ]. 
The mechanism of THC antitumoral action was shown to rely on the ceramide- 
dependent activation of an ER stress-related signaling route that leads to the upreg-
ulation of the transcriptional coactivator p8 and its target the pseudokinase tribbles 
homologue 3 [ 139 ], which promoted autophagy and was indispensable for the pro-
apoptotic and antitumoral action of THC [ 140 ,  141 ]. Moreover, the combined 
administration of THC and TMZ produced strong antitumoral action in glioma 
xenografts, even in TMZ-resistant GBMs, and activation of autophagy plays a cru-
cial role on the mechanism of action of this drug combination too [ 142 ]. All these 
fi ndings support the notion that the combined administration of TMZ and cannabi-
noids could be therapeutically exploited for the management of GBM. 

 Ceramide was also involved in antagonizing the protective role of autophagy. 
Indeed, in a recent study examining the effect of perifosine in GBM cells, Qin et al. 
[ 143 ] found that this Akt inhibitor induced a potent protective autophagy, and that 
inhibition of autophagy led to enhanced perifosine-induced cytotoxicity by apopto-
sis. Of relevance, when perifosine was administered in combination with 
C6-ceramide, it was able to induce GBM cell apoptosis. Thus a potential role for 
ceramide is emerging in the inhibition of oncogenic autophagy and the sensitization 
of glioma cells to apoptosis. 

 Of interest, increased level of sphingomyelin at the plasma membrane through 
activation of SMS was described as a further mechanism for inducing GBM cell 
autophagy. Indeed sphingomyelin accumulation at the plasma membrane was found 
crucial for inducing a sequence of events in GBM cells such as growth inhibition, 
differentiation and autophagic death [ 25 ]. These effects appeared to be mediated by 
perturbations of membrane properties consequent to increased sphingomyelin lev-
els, which resulted in modifi cations of signal transduction pathways leading to 
decreased survival and increased pro-death signals [ 26 ].   
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9     Sphingolipids in GBM Cell Survival and Death Resistance 

 As described above, ceramide plays a key role as mediator of GBM cell death, and 
GBM cells appear to exhibit different strategies to avoid this. Among these mecha-
nisms, ceramide down-regulation, which limits this critical pro-apoptotic mediator, 
appears crucial in GBM. The overexpression of Bcl2L13, a CerS inhibitor, does 
contribute to the low levels of pro-apoptotic ceramide species in GBM [ 27 ]. Notably, 
Bcl2L13, through its binding to and inhibiting CerS2 and CerS6 activity, acts as an 
anti-apoptotic protein by protecting the mitochondrial membrane integrity. 

 Besides keeping down their ceramide, GBM uses S1P to maintain and promote 
cell survival. In GBM cells S1P is a chief ‘fi ghter’ promoting survival pathways and 
antagonizing the players of death signaling, including those involving ceramide. In 
facts, the increase of S1P synthesis and level in both GBM cell lines and human 
GBM is critical strategy to survive and GBM enhances its death resistance by up- 
regulating S1P. Moreover, patients with GBM display a high expression levels of 
SphK1, and the expression of this enzyme is correlated with a signifi cant poor 
patient survival [ 28 ]. 

 Overall it appears that the ceramide/S1P imbalance confers to GBM cells a 
potent mechanism for protection against death, sustaining their survival propensity 
(Fig.  6 ).

   Phospholipase D (PLD) is a recognized survival mediator in GBM, and  promotes 
survival signaling through direct regulation of Akt [ 144 ,  145 ] demonstrated that 
PLD is implicated in the ceramide-induced apoptotic process in C6 glioma cells, 

  Fig. 6    Antagonism between S1P and ceramide in apoptosis/survival of GBM and their cross-talk 
with GBM deregulated signaling pathways controlling cell fate       
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showing that ceramide exerts multiple effects to down- regulate PLD and thus favor 
cell death. Indeed, ceramide was able to inhibit the GTPγS-dependent activation of 
PLD, to suppress the ADP-ribosylation factor 1 activation of membrane-associated 
PLD, as well as to down-regulate PLD expression. 

 Alterations in signaling are of crucial importance in the biology of GBM, and 
overall activation of signal transduction pathways differs markedly between GBM 
and the normal brain. A chief pathway altered in GBM is the PI3K/Akt/PTEN sig-
naling. Mutations of PTEN are found in approximately 70–90 % of GBM [ 40 ], and 
particularly in primary GBM. Due to this loss, the PI3K/Akt pathway is up- 
regulated, and Akt appears to control crucial functions related to GBM malignant 
features, including their resistance to cytotoxic treatments [ 14 ,  40 ]. 

 An inverse correlation between ceramide level and Akt activation has been 
reported in human GBM cells when exposed to ceramide, suggesting that ceramide- 
induced Akt inactivation is one of the contributing mechanisms by which ceramide 
causes GBM cell death [ 146 ]. In agreement, in human GBM cells, ceramide was 
shown to inhibit the constitutive phosphorylation and activity of the pro-survival 
kinase Akt [ 146 ] through the activation of protein phosphatase 2A. Of note, Akt 
activation promotes the ER to Golgi vesicular transport of ceramide in human GBM 
cells, resulting in a reduction in the ceramide levels at the ER and increased synthe-
sis of complex sphingolipids [ 57 ]. Thus it appears that ceramide-induced cell death 
may be inhibited by Akt activation, suggesting the survival role of PI3K/Akt signal-
ing in GBM may reside, at least in part, on its facilitating effects on ceramide trans-
port and thus metabolic utilization. 

 It is recognized that S1P can exert its biological effects both intracellularly, by 
acting as a second messenger, and in the extracellular milieu, where it mainly acts 
as a ligand for the specifi c cell surface G-protein coupled receptors S1P receptors 
[ 147 ]. High expression of S1P 1  in GBM specimens was found to correlate with poor 
patient prognosis [ 36 ,  37 ]. Moreover, blocking S1P receptors in GBM cells was 
revealed as an effi cient pro-apoptotic strategy. Indeed, the S1P functional antagonist 
FTY720 induced apoptosis of GBM cells by promoting FAK dephosphorylation, 
cutting off the FAK-PI3K pathway, and fi nally activating caspase-6 [ 148 ]. 

 Opposite to ceramide’s actions, S1P exerts a protective role in GBM cells by 
activating the PI3K/Akt pathway. Indeed, SKI, an SphK1 inhibitor induced apopto-
sis in GBM cells [ 149 ], was shown to inhibit Akt phosphorylation, and this was 
functional to reduce tumor growth rate and enhance mouse survival in orthotopic 
GBMs [ 59 ]. As a mechanism underlying the anti-apoptotic role of S1P, Guan et al. 
[ 150 ] showed that SphK1 action blocks apoptosis in GBM cells by down-regulation 
of Bim, a pro-apoptotic Bcl-2 family member, and this was mediated through acti-
vation of PI3K/Akt/FOXO3a signaling. The fi nal effect was suppression of UV 
radiation- and adriamycin-induced apoptosis, i.e., promotion of GBM cell survival 
[ 150 ]. Moreover, through binding to S1P 3 , exogenous S1P was shown to stimulate 
the phospholipase C/Ca 2+  system and phospholipase D (PLD) in C6 glioma cells 
[ 151 ], thus opposing the effect of ceramide and favoring cell survival. 

 Multidrug resistance poses a major problem in the treatment of GBM. Besides its 
intrinsic resistance to therapeutic stimuli toxicity, GBM acquires resistance to the 
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chemotherapeutic(s) used during treatment. To do so, it adopts new strategies to 
limit or circumvent death, and fi nally to exhibit enhanced death resistance. 

 Ceramide metabolism in malignant cells has gained considerable interest as a 
key contributor to chemoresistance. The upregulation of GlcCer synthase has been 
implicated as a major chemoresistance mechanism. 

 One key mechanism adopted by GBM cells to avoid drug toxicity is the rapid 
consumption of ceramide to prevent cell death. In particular, ceramide consumption 
pathways are mediated by A-ceramidase and GlcCer synthase, which lead to forma-
tion of sphingosine (and then S1P) and GlcCer, respectively. 

 Some studies reported that ceramide consumption by GlcCer synthase is respon-
sible for the resistance of GBM cells to some chemotherapeutic drugs, and that 
inhibition of GlcCer synthase restores sensitivity of resistant GBM cells. Dumitru 
et al. [ 122 ] showed that gemcitabine triggers ceramide accumulation and cell death 
in the bulk population of GBM cells, but not in cells selected for resistance to the 
drug. It was found that resistant cells rapidly consume ceramide upon gemcitabine 
treatment, and the activity of GlcCer synthase mediates ceramide consumption. In 
addition, selection of drug-resistant GBM cell by gradual exposure to increasing 
drug concentrations, revealed an up-regulation of GlcCer synthase protects GBM 
cells against autophagic and apoptotic death induced by TMZ and paclitaxel, and 
contributes to their chemoresistance [ 138 ]. 

 Some studies have shown the correlation between SphK1 and S1P in chemore-
sistance due to ceramide/S1P imbalance. SphK1, S1P and its receptors play a vital 
role in induction of cancer chemoresistance. Selection of TMZ-resistant GBM cells 
has been shown to be associated not only with an increase in GlcCer synthase [ 138 ], 
but also with SphK1 expression [ 149 ]. However, in spite of GSC inhibition hinder-
ing resistance to TMZ-induced autophagic death [ 138 ], SphK1 down-regulation 
was found to have a similar proapoptotic effect on TMZ-sensitive and -resistant 
cells [ 149 ]. A possible explanation of this difference may reside in the heterogeneity 
of GBM cells, and particularly in the different intrinsic resistance of the GBM mod-
els used in these studies, which is also refl ected by the different mechanisms of 
death, autophagic and apoptotic, exerted by TMZ and SphK1 inhibition. 

 Overall, these studies on cell drug sensitivity suggest that GBM cells take advan-
tage of ceramide-removing and S1P-enriching pathways in order to survive the 
stress of chemotherapy.  

10     Clinical Aspects 

10.1     Sphingolipids and Sphingolipid-Related Enzymes 
as Possible Diagnostic/Prognostic Markers 

 As reported above, diverse alterations of sphingolipid signaling have been described 
in tumor specimens from GBM patients and some of them emerged as potential 
markers for clinical prognosis (Table  1 ).
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   Analysis of ceramide expression in GBM showed an inverse correlation between 
ceramide level and disease progression as well as patient survival [ 17 ], suggesting 
the measure of ceramide level could be a tool in GBM prognostication. Although 
Abuhusain et al. [ 18 ] reported an increase of A-ceramidase in GBM, so far the role 
of the enzymes/proteins involved in ceramide metabolism and their potential use in 
clinical prognosis remains to be investigated. 

   Table 1    Sphingolipid levels and sphingolipid-related proteins correlated with diagnosis, prognosis 
and survival in GBM patients   

 Sphingolipids 
and related 
proteins  Variation 

 Clinical 
correlation  Note  References 

  Ceramide   Decreased levels a,b   Poor patient 
survival 

 Inversely related to 
histological grade 

 [ 17 ] 

 Specifi c reduction in 
C18-ceramide 

 [ 18 ] 

  S1P   Increased levels b   Poor patient 
survival 

 Increase in S1P content 
with increasing glioma 
grade 

 [ 18 ] 

  Acid 
ceramidases  

 Increased expression b   ?  Inversely related to 
histological grade 

 [ 18 ] 

  CerS2/6   Decreased activity a   ?  Decrease is parallel by 
over-expression of the 
CerS inhibitor Bcl2L13 

 [ 27 ] 

  SphK1   Increased expression a,b   Poor patient 
survival 

 Directly related to 
histological grade; 
positive correlation 
between SphK1 mRNA 
and S1P level 

 [ 18 ,  28 – 30 , 
 36 ,  37 ,  59 ] 

  SphK2   Increased expression 
in primary GBM; 
decreased expression 
in recurrent and 
secondary GBM a  

 Poor 
prognosis in 
patient with 
primary 
GBM 

 SphK2 decrease b  was 
observed in GBM by 
[ 18 ] 

 [ 30 ] 

  SGGP   Decreased expression b   Poor patient 
survival 

 Inversely related to S1P 
levels 

 [ 18 ] 

  S1P   1–3    Increased expression 
in primary, through 
recurrent, to secondary 
GBM a,b  

 Poor patient 
survival 

 In contrast, S1P1 was 
found down- regulated 
and inversely correlated 
to patient survival by 
Yoshida et al. [ 36 ,  37 ] 

 [ 18 ] 
 [ 30 ] 

  S1P   4    High and exclusive 
expression in GSCs 

 ?  Possible indicator of 
GBM stemness 

 [ 88 ] 

  S1P   5    Increased expression 
in primary, through 
recurrent, to secondary 
GBM a,b  

 Poor patient 
survival 

 S1P5 was identifi ed as 
an independent 
prognostic factor 

 [ 18 ,  30 ] 

   a vs. healthy brain 
  b vs. normal gray matter  
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 Clinical correlation supports S1P as a GBM promoter. Accordingly, a marked 
increase (about tenfold) in S1P level was shown in GBM tissues when compared to 
normal gray matter [ 18 ]. This elevation, together with increased expression of SphK1 
strongly correlates with short survival rate in patients with GBM [ 28 ,  29 ,  37 ,  59 ]. 
In addition, a higher expression of S1P 5  was directly associated with poor survival in 
GBM patients, and among different receptors S1P 5  was found as an independent 
prognostic factor in multivariate analysis [ 30 ].  

10.2     GBM Therapy: The Potential Application of Sphingolipid 
Targeting Drugs in GBM 

 GBM remains a major health issue, its localization in the brain, its invasive behav-
ior, and its extreme therapy resistance making it one of the most dreaded forms of 
cancer. The overall median survival time is as short as 12–14 months [ 2 ,  3 ] despite 
aggressive therapy, actually including the combined actions of neurosurgery, radia-
tion, and chemotherapeutic drugs. The alkylating cytostatic drug TMZ constitutes, 
in combination with radiotherapy, the current standard of care for GBM [ 152 ,  153 ]. 
However, the action of TMZ may be counteracted in the tumors by expression of the 
DNA repair enzyme MGMT which repairs the TMZ-induced DNA lesion [ 154 ], 
and almost all GBM patients undergo tumor recurrence, 90 % of GBMs recurring at 
the primary site [ 7 ]. 

 A lot of effort has been made in the last decades to identify molecular targets and 
signaling pathways to which GBM cells are ‘addicted’, and subsequently to render 
these cells more susceptible towards therapy-induced death. However, the effective-
ness of current therapies is limited resulting in disease recurrence, and interventions 
are complicated by resistance mechanisms towards therapeutic agents building up a 
threshold for therapeutic effi cacy. The highly infi ltrative nature of GBM makes 
complete resection with clean margins nearly impossible, and appears a major rea-
son for recurrence. In addition, extensive regions of hypoxia in GBMs limit the 
effi cacy of radiotherapy by decreasing the generation of DNA-damaging free radi-
cals [ 155 ]. 

 The slow development of an effective therapy is in sharp contrast to the rapidly 
growing knowledge of the molecular pathogenesis of the disease. In the last years, 
the key for having an improved and greater control on GBM growth and relapse 
emerged to be the development of a therapeutic that is able to kill GBM cells effi -
ciently by modulating critical signaling pathways on which GBM cells rely for their 
survival. However, different attempts at targeting a single molecule or pathway 
revealed modest effi cacy or failure, possibly due to molecular heterogeneity among 
patients, within a single tumor and the existence of parallel or compensatory path-
ways [ 156 ]. It is now believed that truly effective therapies will result from the use 
of divergent targeting approach, with complementary combinations of targeted 
agents, or combination of targeted agents with other treatment modalities, and also 
with patient-specifi c treatments [ 157 ]. 
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 It is in this complex and intricate context that novel therapeutic strategies against 
GBM have been proposed to target sphingolipids. Based on the knowledge that 
GBM cells enforce their aggressiveness and develop resistance to therapy by arming 
themselves with the abilities to enhance elevations of S1P and to avoid of those of 
ceramide, targeting different players of sphingolipid signaling is emerging to be a 
promising strategy to improve the response to cancer therapy. Different molecules 
have been proven to antagonize the disrupted metabolism of ceramide and S1P in 
cancer; these are different agents that, by down-regulating S1P and/or up-regulating 
ceramide are able to exert toxic effects in GBM. 

 As discussed above, ceramide metabolism is tightly regulated in GBM cells, 
elevated ceramide often resulting from treatment with anticancer drugs and also 
irradiation, and being important for modulating responses to therapy. Moreover, 
limiting ceramide generation is one of the mechanisms exploited by GBM cells in 
order to evade therapeutic treatments. This supports the rationale for the potential 
benefi ts of a ceramide-based chemotherapy in patients harboring GBM. 

 The development of ceramide-based therapies has been somewhat limited by the 
innate resistance of cancer cells, which is driven by the up-regulated metabolic 
clearance of Cer or by its conversion to pro-mitogenic and pro-survival S1P, making 
it diffi cult to attain therapeutic levels of Cer. In this context, the increase of GlcCer 
synthase represents an important strategy to survive in GBM. It was shown that 
drug-resistant GBM cells have higher levels of GlcCer than sensitive ones, and 
GlcCer synthase inhibition  in vitro  and  in vivo  can restore sensitivity of drug- 
resistant GBM cells to cytotoxic insults of different proapoptotic and proautophagic 
drugs [ 138 ,  158 ,  159 ]. The mechanism by which GlcCer synthase might regulate 
drug sensitivity biochemically remains to be clarifi ed. At present, two mechanisms 
appear feasible. First, based on the critical death-inducing role of ceramide, it is 
likely that the inhibition of this enzyme results in an increase in ceramide, which 
acts as death mediator. However it is also conceivable that GlcCer synthase inhibi-
tion results in the failure of the formation of GlcCer, which by itself may act as 
pro-survival mediator [ 160 ]. 

 Overall, as described above, targeting the proteins that regulate the ceramide 
level, as the trio composed of GlcCer synthase, A-ceramidase and SMS by agents 
such as  N -( n -nonyl)deoxygalactonojirimycin, cannabinoids and 2OHOA appears 
promising as a useful tool to manipulate and halt the pro-survival GBM properties 
and to induce GBM cell death. It is worth noting that a large number of pharmaco-
logical and molecular approaches have been investigated to increase ceramide and 
to modulate sphingolipid signaling in different cancer cells [ 107 ,  161 ,  162 ], but the 
potential action of most of them remains to be investigated in GBMs. 

 As discussed above, S1P signaling is implicated in multiple GBM cell proper-
ties, which are associated with their hallmarks. Due to these important roles of S1P, 
targeting its signaling appears a potential target for cancer therapy. Since S1P is 
generated from sphingosine by SphKs, decreasing SphK activity and the factors 
that regulate the balance of the ceramide-S1P rheostat towards ceramide may be 
candidates for anti-cancer drug development. Among them the SphK1 inhibitor 
SKI [ 163 ] was shown to inhibit colony formation and activate caspase-3 in both 
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TMZ- sensitive and -resistant cells [ 149 ], and to prevent tumor growth and induce 
 apoptosis in GBM xenografts [ 59 ]. However in a recent study it was shown that the 
targeting GBM with novel, more effective inhibitors of SphKs is without relevant 
effect on GBM cell viability [ 164 ], leading to a contrasting scenario, and suggest-
ing uncertainty of non- in vivo  approaches. 

 The S1P specifi c monoclonal antibody LT1009 has been formulated for phase I 
clinical trials in cancer, and was shown to reduce tumor progression and eliminate 
measurable tumors in murine xenograft and allograft models [ 165 ]. Even if not yet 
tested in GBM, this antibody should be taken in consideration as effective for GBM 
therapy. 

 One of the most promising treatment options for patients with GBM appears to 
be the sphingosine analogue FTY720 (Fingolimod ® ), currently used in clinical trials 
as an immunosuppressant in multiple sclerosis and organ transplant rejection [ 166 ]. 
FTY720 is phosphorylated by SphK2  in vivo , and down-regulates the expression of 
S1P receptors [ 96 ]. FTY720 has emerged as a potential effective drug for several 
cancers, causing suppression of tumor growth, as well as induction of apoptosis in 
multiple tumor cell types [ 167 ], including GBM cells and stem cells [ 86 ,  95 ,  97 ]. In 
spite the down-regulation of S1P receptors appears of relevance in the anti-cancer 
effects of FTY720, this drug is also able to exert effects on S1P formation, by pro-
moting the proteolysis of SK1 [ 168 ]. It is worth mentioning that one mechanism 
contributing to the effectiveness of FTY720 in many cancer models is its ability to 
down-regulate nutrient transporters also via ceramide generation [ 169 ]. Besides its 
capacity to antagonize the survival propensity of GBM, FTY720 exhibits different 
features, such as low toxicity and the ability to cross the blood–brain barrier and to 
accumulate at high levels in the brain [ 170 ], which appear of relevance for making 
it an attractive candidate for GBM therapy.   

11     Conclusions 

 Taken together, evidence from numerous studies indicates that SLs play signifi cant 
roles in determining GBM cell properties and fate. However, there are still several 
discrepancies as well as unanswered questions. Among them, little is known about 
the mechanisms underlying ceramide and S1P dysregulation, and if or how GBM 
cells can compensate for the lack of a single component of their signaling. It is also 
unclear how the multiplicity of functional actions of S1P is utilized by GBM as 
signal enhancement for their microenvironment, and the possible molecular circuits 
that integrate sphingolipids with other cell-regulatory elements of GBM. Last, but 
not least, it remains largely unknown what the impact and mechanisms of sphingo-
lipid signaling on the intra- and inter-tumor heterogeneity of GBMs is, and if this 
further strengthens tumor growth and increases chances to escape therapy. 

 Although hard work is required for unraveling the multiple roles of the sphingo-
lipid machinery malfunctions in GBMs, sphingolipid targeting strategies appear 
promising not only due to the observed benefi cial effects in GBM models, but also 
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due to the multi-functional potential of these approaches. Indeed, the multifaceted 
metabolism and the multitarget regulatory properties of ceramide and S1P, together 
with their intricate interconnection appear promising target qualities for helping 
‘terminate’ what once was defi ned—and until now remains—‘the terminator’ [ 11 ]. 
It is a future challenge to unravel how the multiple features of sphingolipid signaling 
could be effectively manipulated as strategies to halt or slow down the multiforme 
aggressiveness of GBMs, particularly if applied in combination with other drugs. 

 In conclusion, a dedicated understanding of sphingolipid aberrations in GBM 
cells and GSCs is mandatory for a better knowledge of the biology of GBM, for 
identifying novel vulnerabilities, for developing effective therapeutic strategies, 
and, hopefully, for eradicating, or at least slowing, this lethal cancer. Rigorous sci-
entifi c methods will be needed to do so, and more defi nitive solutions will depend 
on the ability of sphingolipid basic science to point diagnosis and treatment into 
these new directions. A major challenge remains to be the translation of pre-clinical 
fi ndings to clinical trials for GBMs. Although the challenges are still substantial, if 
we build on past advances, there is every reason for optimism that novel break-
through in the sphingolipid scenario of GBM will occur in the foreseeable future, 
with an impact.     
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    Abstract     The importance of sphingolipid metabolism and bioactive sphingolipid 
products in cancer development and disease progression is now well established 
(see other chapters in this volume). However, much remains unknown in terms of 
the signaling mechanisms and downstream pathways affected by sphingolipids in 
cancers, such as which sphingolipid pathway is involved, which sphingolipid spe-
cies contributes to a specifi c cancer’s biologic response, and which regulatory path-
ways are modulated by these bioactive sphingolipids. Due to the connectivity of 
sphingolipid metabolic network, it is diffi cult to address the above questions using 
conventional experimental approaches because manipulation of any one enzyme 
often results in a metabolic “ripple effect” across the network that are not easy to 
predict. In this chapter, we introduce a systems biology framework for deciphering 
signaling roles of distinct sphingolipid species and enzymes and for exploring novel 
mechanisms involving these pathways. These approaches have been successfully 
developed, applied, and validated in yeast systems. One component of the frame-
work involves systematically perturbing sphingolipid metabolism using physiologi-
cal and pharmacological approaches while monitoring lipidomic and transcriptomic 
responses to the perturbations are monitored; then different computational models 
are designed and applied to reveal relationship between specifi c sphingolipid spe-
cies with transcriptomic modules, as a means to reveal signaling roles of distinct 
sphingolipid species. This component has successfully identifi ed specifi c signaling 
pathways regulated by phytosphingosine-1-phosphate and clearly demonstrated 
that distinct ceramides encode disparate cellular signals. Another component of the 

        X.   Lu      (*) 
  Department of Biomedical Informatics ,  University of Pittsburgh , 
  5607 Baum Blvd ,  Pittsburgh ,  PA   15206 ,  USA   
 e-mail: xinghua@pitt.edu   

    W.  J.   Zheng      
  School of Biomedical Informatics, University of Texas Health Science Center 
at Houston ,   7000 Fannin St. Suite 600 ,  Houston ,  TX   77030 ,  USA   
 e-mail: Wenjin.J.Zheng@uth.tmc.edu   

    Y.  A.   Hannun      
  Stony Brook Cancer Center ,  Stony Brook University ,   Stony Brook ,  NY ,  USA   
 e-mail: yusuf.hannun@stonybrookmedicine.edu  

mailto:xinghua@pitt.edu
mailto:Wenjin.J.Zheng@uth.tmc.edu
mailto:yusuf.hannun@stonybrookmedicine.edu


298

 framework concentrates on systematically identifying novel genes that could infl u-
ence the activity of sphingolipid pathways. More specifi cally, we mined the litera-
tures of yeast genes, constructed an Ontology Fingerprint of for each gene and 
developed an Ontology Fingerprint derived gene network, which were used to dis-
cover novel genes that modulates the activities of the sphingolipid pathway. This 
approach expanded our knowledge of the sphingolipid pathway by fi nding novel 
genes whose functions have not been associated with the pathway before. In sum-
mary, we show that systems biology approaches can effectively complement the 
experimental research and have a great potential to enhance the research of sphin-
golipids in cancers.  

  Keywords     Sphingolipids   •   Systems biology   •   Modeling   •   Signal transduction  

1         Introduction 

 The importance of sphingolipid signaling in cancer is now well known (as illustrated 
by the scope of this volume). However, much remains to be learned about the exact 
cellular signaling mechanisms through which this family of bioactive lipids contrib-
utes to the development of cancers and maintenance of cancer cell homeostasis. In 
this respect, the fundamental questions include: Whether different sphingolipid spe-
cies contribute to distinct cancer process? If yes, in which signaling pathways do the 
distinct sphingolipid species are involved? How are these pathways regulated? What 
is the impact of perturbed sphingolipid metabolism on the pathways? How sphingo-
lipid-mediated signaling contributes to cancer development and progression? 

 Since sphingolipid metabolism forms a highly connected network rather than a 
linear pathway, perturbing any part of sphingolipid network, for example overex-
pression of an enzyme in a tumor, often leads to broad changes in multiple sphingo-
lipid metabolites. This convoluted lipidomic landscape makes it diffi cult to pinpoint 
which sphingolipid species are the “drivers” contributing to a specifi c cancer pro-
cess in tumors, which are ‘reactive’ changes, and which are “passengers”, and as 
such the connectivity of metabolites defi es conventional experimental approaches 
attempting to pinpoint driver lipid species. This would be of high signifi cance as it 
not only informs us as to what lipid to focus on in elucidating the mechanisms 
involved, but also in defi ning ‘vulnerability points’ for intervention. Such consider-
ations invite system-level approaches that can make use of the increasing availabil-
ity of ‘omic’ type data such as sphingolipidomic measurements, transcriptomic 
responses, systematic screens for gene function, systematic studies on protein–
protein interactions, and many others. In accordance, in the past decade we have 
developed a systems biology framework to address these challenges. The principle 
of applying systems biology techniques to decipher the signaling roles of distinct 
sphingolipids has been successfully applied in yeast ( Saccharomyces cerevisiae ) 
cell systems, and we believe that these principles can be applied in the cancer 
research setting. In particular, with a large volume of cancer genomic data, such as 
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those from The Cancer Genome Atlas (TCGA) and International Cancer Genome 
Consortium (ICGC) projects, it is foreseeable that systems biology approaches 
developed in our studies will play a more signifi cant role in deciphering the role of 
sphingolipid metabolisms in cancers. This could be particularly useful after we used 
the Ontology Fingerprint based systems biology approach to identify novel genes 
that could infl uence the activity of the sphingolipid pathway, as the cancer genome 
data could not only help us to identify novel genes linking cancer and the sphingo-
lipid pathway, but also help us to decipher mechanisms and missing links between 
cancer and the known sphingolipid genes.  

2     Strategies of System Biology Study of Sphingolipid Signaling 

 Systematic perturbation, such as yeast and drosophila deletion libraries, has long 
been exploited by researchers as a powerful tool to investigate signal transduction 
pathways in model organisms [ 1 – 5 ]. However, the conventional approach of per-
turbing a single gene and monitor certain phenotypes as refl ections of the functional 
roles of the gene cannot be directly applied to study the signaling roles of metabo-
lites, because perturbing metabolic enzyme often results in a “ripple” effect across 
an entire metabolic network; that is, manipulating an enzyme not only affects the 
concentrations of the substrates and products of the enzyme but also recursively 
affects the metabolites connected to the substrates and products. Under such a situ-
ation, it is diffi cult to pinpoint which metabolite, among many affected, is respon-
sible for an observed phenotype. To address this challenge in our setting, we 
hypothesized that, if a suffi cient number of physiological and pharmacological per-
turbations is applied to the sphingolipid metabolic system such that different parts 
of the metabolic network are decoupled under certain perturbations, computational 
approaches can be applied to deconvolute the signaling roles of sphingolipid. For 
example, deletion of yeast sphingosine kinases  LCB4  and  LCB5  disrupts the meta-
bolic connection (thereby the statistical correlation) between sphingoid bases and 
sphingosine-1-phosphate. We further hypothesized that, since many signal trans-
duction pathways eventually regulate cellular functions through regulating gene 
expression, transcriptomic data collected under different perturbation conditions are 
the readouts of the states of cellular signaling pathways. As such, if the concentra-
tion of a sphingolipid species is, under various perturbation conditions, consistently 
associated with the differential expression of a set of genes involved in related func-
tion (a molecular phenotype), it is likely that the lipid species is involved in the 
signaling pathway regulating the differentially expressed genes (DEGs). 

 Based on the above hypotheses, we set out to study the signaling roles of differ-
ent sphingolipids in two studies [ 6 ,  7 ]. In the fi rst study, we concentrated on 
 determining the signaling roles of phytosphingosine-1-phosphate (PHS1P); in the 
second study, we concentrated on determining whether distinct ceramides have 
 disparate signaling pathways. The signaling roles of sphingosine-1-phosphate in 
mammalian cells and in cancers are well established, but it is unclear whether the 
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two sphingoid base- 1-phosphate species, dihydrosphingosine-1-phosphate 1  and 
phytosphingosine- 1-phosphate (PHS1P), play any signaling role in yeast because 
yeast cells lack the homologue of mammalian G-protein-coupled sphingosine-1- 
phosphate receptor. On the hand, ceramide biosynthesis in yeast generates more 
than 30 distinct species that can be identifi ed by contemporary mass spectroscopy- 
based lipidomic approaches [ 8 ]; in mammals, the total number of ceramide species 
may exceed 200 [ 9 ]. While it is well accepted that ceramides, as a family of bioac-
tive lipids, participate in important biological processes of yeast cells, it is unclear 
whether distinct ceramide species play different signaling roles; in other words, 
whether the diverse ceramide species underlie the apparently multifaceted functions 
attributed to ceramides in yeast. 

 In both studies, we adopted systematic perturbation approaches to disrupt the 
sphingolipid metabolic network. In the PHS1P study [ 10 ], yeast cells were subjected 
to heat stress and myriocin treatments in wild type ( wt ), and in the  lcb4Δ/lcb5Δ , and 
the  dpl1Δ  deletion strains, and microarray data were collected from each combination 
of conditions. Heat stress induces a large number of DEGs as well as abroad changes 
in sphingolipids. In fact,  de novo  synthesis of sphingolipids by the serine palmitoyl-
transferase (SPT), which can be blocked by myriocin, is a required program for yeast 
to survive the stress [ 11 – 13 ]. Therefore treatment with myriocin in the presence and 
absence of heat stress separates sphingolipid-mediated DEGs from those regulated by 
other pathways during heat stress. Double deletion of sphingoid (dihydro- and phyto-
sphingosine) kinases  LCB4  and  LCB5  eliminates the production of PHS1P whereas 
deletion of the sphingoid base phosphate lyase  DPL1  prevents the degradation of 
PHS1P. These manipulations created certain conditions in which PHS1P was decou-
pled from the rest of sphingolipids, allowing us to deconvolute the signaling roles of 
the species. In the ceramides signaling study [ 7 ], we also employed heat stress and 
myriocin treatments to induce sphingolipid changes; in addition, we developed a 
novel approach to perturb ceramide metabolism by treating cells with free fatty acid 
myristate to perturb abundance of ceramides with specifi c lengths of acyl side chain. 

 We simultaneously collected lipidomic and transcriptomic data from the above 
experiments, and we further integrated existing genomic data regarding transcrip-
tion factor (TF) binding sites to perform integrative analysis.    Figure  1  (reproduced 
from [ 10 ]) shows the overall scheme of our approaches. In this fi gure, we collected 
lipidomic data (Fig.  1a ), transcriptomic data (Fig.  1b ) and existing genomic data 
(Fig.  1c ); we then combined the lipidomic and transcriptomic data to perform cor-
relation analysis to identify genes that are signifi cantly correlated with specifi c 
sphingolipids, and we paid special attention to the genes correlated to PHS1P, which 
was the focus of the study (Fig.  1d ); we combined the knowledge of TF-binding 
sites and transcriptomic data to infer the activation states of TFs under each experi-
mental condition using a Bayesian regression model [ 10 ] (Fig.  1e ); we performed 
logistic regression analysis to detect if any TFs are likely regulated by PHS1P 
(Fig.  1f ); we identifi ed a specifi c pathway and performed validation experiments to 
validate that the target genes were indeed regulated by PHS1P (Fig.  1g ).

1   Due to some technical diffi culties and low levels, our mass spectrometry measurement of the 
dihydrosphingosine-1-phosphate was not accurate; therefore we only studied the signaling role of 
phytosphingosine-1-phosphate. 
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3        Systematic Perturbations Creates Suffi cient Conditions 
to Deconvolute Signaling Roles of Sphingolipids 

 In the above two studies [ 7 ,  10 ], the heat stress or manipulation of individual enzymes, 
e.g., the deletion of  LCB4  and  LCB5 , led to broad changes in lipidomic profi les 
beyond the substrates and products of the perturbed enzymes. However, when suffi -
cient numbers of well-designed perturbations were applied to the metabolic system, 
it was possible to generate lipidomic profi les such that some normally highly corre-
lated lipid species were decoupled. For example, in the ceramides signaling study 
[ 7 ], systematic perturbations were able to induce distinct profi les separating cerami-
des with different specifi c modifi cations, e.g., phytoceramides (with a 4-OH) versus 
dihydroceramides, as well as to separate ceramides with the same head groups but 
with different  N- acyl side chains, e.g., dihydroceramides with C14–C16 side chains 
versus those with C18–C20 side chains, as shown in Fig.  2  (reproduced from [ 7 ]). In 
particular, using consensus-clustering analysis [ 14 ], we showed that ceramide 

  Fig. 1    Overview of the integrative systems approach. (a–c) The lipidomics, transcriptomic, and 
genomic data were collected from experiments and existing databases. (d) Integrating the lipidomic 
and transcriptomic data in a correlation analysis led to a gene‐versus‐lipid correlation coeffi cient 
matrix, shown as a heat map. (e) Genomic and transcriptomic data were combined to infer the 
activation states of TFs under each experiment, shown as a TF‐versus‐condition heat map repre-
senting the activation states in (e). The inferred activation states of TFs from (e) were combined 
with lipidomic data (a) to model the relationship between lipid mass and activation of TFs, shown 
as a heat map representing the signifi cant logistic parameters in (f). The results from (e) and (f) 
resulted in the hypothesis that PHS1P mediated regulation of a subset of genes through activation 
of the HAP complex, which was tested in a series of genetic and pharmacological experiments (g)       
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profi les (the abundance of a ceramide species across all experimental conditions) 
were organized into clusters, with each cluster consisting of lipids that are metaboli-
cally inseparable. The results indicate that, to a certain degree, systematic perturba-
tion disrupted the correlation (convolution) structure of sphingolipids and rendered 
them independent of each other under specifi c conditions, and reduced covariance 
attenuates the confounding effects of lipids when we set out to investigate the rela-
tionships among sphingolipids and transcriptomic responses to such perturbations.

4        Distinct Signaling Roles of Sphingolipids are Revealed 
by Identifying Specifi c Transcriptomic Responses 

 As mentioned before, the central hypothesis of our framework is that, if the covari-
ance patterns of sphingolipid are disrupted by systematic perturbation, one can dis-
cern the cellular signals encoded by changing levels of a lipid species by examining 
if it is signifi cantly associated with a particular cellular or molecular phenotypes. In 
our studies, we used transcriptomic measurements as the molecular phenotypes 
refl ecting the state of signaling pathways, and we examined correlation between 

  Fig. 2    Lipid groups revealed through systematic perturbation of ceramide metabolism. (a, b) 
Ceramide profi les under different experimental conditions in which sphingolipid metabolism is 
perturbed by the following factors: control (C), heat stress (H), ISP1 treatment (I), heat shock in the 
presence of ISP1 (H+I); control in low free fatty acid medium (C), myristate supplement (M), and 
myristate treatment in the presence of ISP1 (M+I). The insets in (a) and (b) show the enlarged 
results for C14 saturated a-hydroxyl ceramide under the above seven conditions, where total amount 
of the species in control is normalized to 1. (c) Lipid groups revealed through consensus clustering. 
The pseudo-colored heat map shows the tendency of different lipids being assigned to a common 
cluster during repeated re-sampling and clustering analyses of lipid profi les across the above seven 
experimental conditions. A red cell indicating two lipids is rarely assigned to a common cluster 
during analysis; a non-red cell refl ects the degree of tendency of two lipids belonging to a common 
cluster (with a spectrum from orange to yellow, and to white refl ecting increasing tendency)       
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sphingolipid abundance and gene as a means to discover regulatory relationship 
between lipid and transcribed genes. Note that, when we observe a signifi cant cor-
relation between a sphingolipid species and the expression value of a gene, it is 
more likely that the sphingolipid regulates the expression of the gene rather than the 
reverse, because the abundance of lipids were manipulated by multiple  experimental 
perturbations specifi cally targeted at sphingolipid metabolic systems, i.e., random-
ized trials. We measure the strength of association between sphingolipids and gene 
expression using different approaches, including linear correlation analysis as well 
as non-linear information-theory-based metrics [ 15 ]. The results revealed many sig-
nifi cant correlations (linear or nonlinear) between specifi c sphingolipids, including 
PHS1P and ceramide species or ceramide groups, and gene expression despite the 
diversity of lipid and gene response to different perturbations, thus supporting the 
hypotheses that causal relationships exist between these sphingolipids and genes.  

5     Functional Analyses Support the Notion That Distinct 
Sphingolipids Regulate Specifi c Signaling Pathways 

 Observing the correlation between a specifi c sphingolipids and a set of genes indi-
cates that the lipid may participate in a signaling pathway regulating the genes. We 
then applied different functional analyses to search for the evidence for delineating 
sphingolipid-mediated signaling pathways. For the PHS1P study [ 10 ], we devel-
oped and applied a Bayesian regression model to infer which TFs were activated 
and their relationship to the sphingolipid-sensitive genes under each experiment 
condition (Fig.  1e ), and we then applied logistic regression to further identify the 
sphingolipids that likely regulate the activities of TFs. This led to the discovery that 
PHS1P concentration is signifi cantly associated with the activities of the HAP tran-
scription factor complex (including  HAP2  and  HAP4 ), which regulates the expres-
sion of a set of mitochondrial proteins [ 16 ]. We then set out to experimentally 
validate this hypothesis, and the results strongly support it, see [ 10 ] for details. 

 In the ceramides signaling study [ 7 ], we identifi ed genes likely regulated by spe-
cifi c ceramide groups (from Fig.  2 ) through a regularized regression model known 
as  elastic net  [ 17 ], using expression value of a gene as dependent variable (target) 
and concentrations of the ceramide groups (each group is represented as the aver-
aged abundance of the species within it) as independent variables (predictors). This 
model is capable of identifying the ceramide that is most predictive of the expres-
sion value of a DEG, thus potentially regulating the expression of the gene. After 
identify the candidate target genes for each ceramide group, we further performed 
the Gene Ontology analysis of the genes to divide genes into non-disjoint functional 
modules, and we searched for TFs that potentially regulate the genes within such a 
module. We were able to identify many such functional modules and their corre-
sponding TF regulators. 

 The above analysis revealed that, indeed, distinct ceramide groups are associated 
with different genes and functional modules (Fig.  3 , reproduced from [ 7 ]), indicating 
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that different ceramide exert disparate signaling effects. For example, our study 
revealed, for the fi rst time, that heat stress suppresses the abundance of dihydrocer-
amides through activation of alkaline dihydraceramidase (encoded by  YDC1  gene), 
which mediate differential expression of a large numbers genes; more intriguingly, 

  Fig. 3    Modeling relationship between lipidomic and gene expression data. (a) Organizing genes 
demonstrating signifi cant correlation with specifi c ceramides. Genes (rows) are organized accord-
ing to their association with the different lipid subgroups. A green block represents a set of genes 
negatively correlated to a lipid, and a red block represents a set of genes positively correlated to a 
lipid. Examples of major enriched GO terms within gene blocks are shown. (b) Defi ning pathways 
of specifi c biologic modules that respond to specifi c ceramides, perform related functions, and 
share transcription factors. Two example modules are shown (see   http://www.dbmi.pitt.edu/publi-
cations/YeastCeramideSignaling for all modules    ). Rectangles represent lipid-correlated genes, 
triangles indicate the transcription factors shared by the genes; an edge from a transcription factor 
to a gene indicates that the gene has the binding sites for the transcription factor in its promoter. 
The function performed by the genes in a module is represented with a GO term       
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we showed that dihydroceramides with different  N- acyl side chains, e.g., long-chain 
dihydroceramides (LC-HDCs) with C14–C16 side chains versus very-long-chain 
dihydroceramides (VLC-DHCs) with C18–C20 side chains, regulate different func-
tional modules, indicating they participate in different pathways. We focused on the 
two gene modules that were negatively correlated to LC-DHCs or VLC-DHCs 
respectively. We predicted that increasing the respective lipids would repress genes 
in the corresponding modules and would produce phenotypes mimicking those 
resulting from deletion of module genes. We performed experiments to validate the 
predictions, and the results support our hypotheses (Fig.  4 , reproduced from [ 7 ]). 
These fi ndings revealed previously unappreciated complexity of ceramide-mediated 
signaling, in that almost all moieties of ceramide molecules may contribute to differ-
ent signaling function of the ceramides.

6         Identify Novel Players of the Sphingolipid Pathway 
from the Ontology Fingerprint Derived Gene Networks 

 While the experimental approach described above to perturb sphingolipid pathway 
helps us to understand pathway and lipid function, other computational methods 
may allow us to infer novel genes that could regulate the pathway; thus, providing 
an additional dimension to expand our scope of understanding pathway regulation. 
In this section, we describe a literature based systems biology approach to identify 
novel genes that may have impact on sphingolipid metabolism beyond those genes 
encoding known sphingolipid enzymes. 

 The complexity of lipid metabolism far exceeds a simple collection of individual 
signaling modules such that one agonist may regulate several enzymes or the bioac-
tive product of one enzyme (e.g., ceramide) may serve as a substrate for another 
enzyme generating a different bioactive molecule (such as diacylglycerol or sphin-
gosine). Instead, the complexity of lipid metabolism serves to provide a highly 
regulated and coordinated network of bioactive molecules with distinct and overlap-
ping functions. This network then serves to  integrate  and  coordinate  complex 
responses of cells to various agents and environmental stimuli. Such complexity 
raises a critical question that could help us fully understand the underlying mecha-
nisms of this complex regulation: are there any novel pathway players beyond those 
genes we already know that can modulate lipid metabolism? 

 Identifying novel players for a biological pathway is not a trivial task, and several 
approaches based on gene networks have been conducted to identify these novel 
players of known pathways. One theoretical foundation of systems biology is that 
genes work in concert to execute cellular functions. Therefore, we hypothesize that 
putting pathway genes in a gene network could help to identify novel players of the 
pathway based on the network substructure and connectivity. 

 Networks built upon gene–gene interactions occur in various forms and have 
been investigated in many different ways. The protein–protein interaction (PPI) 
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  Fig. 4    Experimental validation of lipid-dependent phenotypes. (a) Confi rmation of published genetic 
phenotypes as positive controls. Published phenotypes for deletion mutants from the LC-DHC-
sensitive gene module (green font) or the VLC-DHC-sensitive gene module (blue font) were used to 
predict ceramide and fatty acid-specifi c growth defects. One phenotype was confi rmed for each treat-
ment employed. Conditions were selected from the literature based on phenotypes of genes within 
each module [5, 23–28]. (b) Validation of LC-DHC- or VLC-DHC-sensitive phenotypes. Rows: spe-
cifi c phenotypes predicted to manifest in response to C14 or C18:1 dihydroceramides, given the indi-
cated treatment condition. Cells were spotted onto agar containing specifi ed treatment plus vehicle (0.1 
% ethanol), or saturating (1 mM) myristate or oleate. SCD is no treatment. Spots represent 1:10 serial 
dilutions of a single mid-log culture. Green font: phenotypes of the LC-DHC-sensitive module pre-
dicted to be induced by myristate treatment. Blue font: phenotypes of the VLC-DHC-sensitive module 
predicted to be induced by oleate treatment, and 2 % glycerol is associated with both modules       
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network measures the physical interaction of gene products to generate an interac-
tion network, and approaches based on this have been used in species ranging from 
bacteria all the way to human. In yeast, another approach to study gene–gene inter-
action is the genetic interaction among non-essential genes—genes that can be 
deleted from the genome without impairing a cell’s viability. Genetic interaction 
refers to the deletion of two non-essential genes together resulting in severe conse-
quences, ranging from defects in growth to inviability (synthetic lethality), and such 
genetic interaction is an indication of functional relevance [ 18 ]. Genome wide 
investigation of gene–gene interactions have been performed [ 19 ], and the results 
from these studies are compiled into the BioGRID database [ 20 ]. While these net-
works captures certain aspects of biology and helped to make new discoveries, there 
is a lack of comprehensiveness in their content due to the fact that each of these 
networks focuses on a single aspect of biology such as protein–protein interaction. 

 The scientifi c literature as a comprehensive source of information could overcome 
the networks built upon a single biological character such as protein–protein interac-
tion. Publications about a gene studies the gene’s many aspects, and provides an over-
all picture of how that gene functions, what gene products it interacts with, and how 
the gene is regulated, to name a few. To overcome this drawback of the current net-
works focusing on a single aspect of biology, we developed the Ontology Fingerprints, 
upon which we constructed a novel gene network [ 21 ]. Ontology Fingerprint for a 
gene is a set of Gene Ontology (GO) terms that are overrepresented in the PubMed 
abstracts linked to the gene together with the terms’ enrichment p-value. Because the 
fi ngerprint is extracted from all the publications about that gene—it captures compre-
hensive information. Such comprehensive characterization of a gene has been proven 
to effectively assess the relevance between genes and diseases [ 21 ]. 

 The Ontology Fingerprint derived network is constructed by comparing the 
Ontology Fingerprints between two genes across the whole genome. For each gene 
pair in the network, a weight is generated from the similarity of the genes’ fi nger-
prints. This weighted network is rich in subnetwork structures, and initial evaluation 
showed that the subnetwork structures have functional implication as genes that are 
functionally relevant tend to be in the same subnetwork structure. The network is 
typical of a biological network as it is scale-free with some interesting hub genes. 
Table  1  shows the top fi ve enriched GO terms among the hub genes in the network. 
Furthermore, the relationship between two genes in the network encompasses com-
prehensive information captured in Gene Ontology and summarized through all the 

   Table 1    Top 5 enriched GO terms among the hub genes in the yeast gene network   

 GO ID  GO term  FDR 

  GO:0030687   Preribosome, large subunit precursor  1.19E-12 
  GO:0042273   Ribosomal large subunit biogenesis  6.37E-08 
  GO:0030684   Preribosome  7.19E-08 
  GO:0005730   Nucleolus  7.42E-08 
  GO:0006364   rRNA processing  8.93E-08 

  The enriched GO terms among the hub genes were identifi ed by DAVID [ 22 ] 
 As shown in Table S5   , the top 5 enriched GO terms are related to preribosome, nucleolus and 
rRNA, indicating the biological function of translation  
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publications about the two genes. Such comprehensiveness could capture the bio-
logical relevance more precisely than a single factor such as protein–protein interac-
tion, thus it has the potential to identify other novel genes relevant to the sphingolipid 
pathway. This notion is supported by the observation that functionally relevant 
genes form subnetwork structures in this network—an indication that network 
structure and function are closely related in our Ontology Fingerprint derived gene 
network.

   In order to fi nd novel players of the sphingolipid metabolic pathway, we fi rst 
identifi ed 30 genes that are known to belong to the pathway. We then put these 
sphingolipid genes in the Ontology Fingerprint derived gene network. Given our 
observation that functionally relevant genes form subnetwork structure in this net-
work, we used these genes as a bait to fi sh out the associated subnetwork structure 
(Fig.  5 ) by calculating a Total Score. This subnetwork was then used to identify the 
novel players of the sphingolipid metabolic pathway.

   In this subnetwork we identifi ed, the 30 yeast sphingolipid genes were classifi ed 
into six functional categories including de novo biosynthesis, synthesis of complex 
sphingolipids, fatty acid elongation, sphingolipid degradation, hydrolytic function, 
and unknown functions according to the annotation by a group of sphingolipid path-
way experts. The proportion of connections in the sub-network that overlapped with 
biological interactions (either PPI or genetic interactions) is remarkably high among 
top 40 candidate genes predicted by Total Score. This demonstrated that the net-
work does capture the biological associations, especially among highly weighted 

  Fig. 5    A subnetwork of the known sphingolipid genes (triangle) and the candidate genes (circle 
and square), as well as connections between the two group genes. The functional groups of sphin-
golipid genes and interaction types between sphingolipid genes and non-sphingolipid genes are 
highlighted by different colors         
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edges. Based on the functional classifi cation of the known sphingolipid genes and 
the functional association between sphingolipid genes and candidate genes in the 
network, the potential roles of candidate genes in the yeast sphingolipid pathway 
were inferred. For instance, gene TGL5, the top 1 ranked candidate gene, is func-
tionally associated with 25 out of 30 sphingolipid genes; the GO enrichment test 
revealed that “membrane lipid metabolic process” is the most enriched functions 
among the 25 sphingolipid genes, indicating that gene TGL5 is probably related to 
the yeast sphingolipid pathway via the membrane lipid metabolic process, consis-
tent with the fact that TGL5 is a bifunctional enzyme with triacylglycerol lipase and 
lysophosphatidic acid acyltransferase activity involved in triacylglycerol mobiliza-
tion and it is integral to membranes. 

 From the genes in the subnetwork structure associated with the sphingolipid path-
way genes, we removed genes associated with any publication mentioning sphingo-
lipid or ceramide to fi nd novel players of the sphingolipid metabolic pathway. The 
remaining genes were subjected to experimental analysis, and this resulted in 14 
novel genes whose deletion could infl uence the in vivo activity of the sphingolipid 
pathway as measured by the changed sensitivity of deletion strain to myriocin. 

 The functions of these novel genes are also interesting (Fig.  6 ). For example, one 
set of these genes relates to chromatin organization and histone modifi cation. Recent 
experimental evidence shows that sphingolipid function could infl uences cell cycle 
checkpoint while no underlying mechanism has been identifi ed for such an observa-
tion. The fi nding that genes related to the chromatin organization and histone modi-
fi cation infl uence the sphingolipid pathway in vivo could be a hint of the missing 
link between the sphingolipid pathway and the cell cycle. The fi nding could provide 
some new directions in deciphering the roles of sphingolipid in cell cycle check 

  Fig. 6    Functional categories of the experimentally validated genes infl uencing sphingolipid path-
way activity in vivo       
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point. Finding like this in human could help to identify novel therapeutic targets 
surrounding the sphingolipid pathway for cancer treatment.

   Another interesting fi nding is the role of the Pfa4 gene in modulating the sphin-
golipid pathway. While deleting pfa4 could result in an increased sensitivity of cells 
to myriocin, adding exogenous sphingolipids actually reversed the effect, indicating 
that the infl uence of pfa4 on sphingolipid pathway is lipid related. 

 Combining literature mining with ontology and systems biology is a powerful 
tool and could help to identify novel pathway players without performing laborious 
and time consuming experiments. The method could help to expand our knowledge 
about sphingolipid pathway regulation and its role in cellular functions. The new 
discovery could also help to shape new directions of the future research.  

7     Discussion and Future Directions 

 The studies summarized above demonstrate the value and capability of systems 
biology approaches to decipher signaling roles of distinct sphingolipids in yeast and 
defi ne novel regulatory components. Combining systematic perturbation and unbi-
ased systems biology approaches enabled us to reveal the complexity of sphingo-
lipid signaling in yeast and provided mechanistic evidence to support the notion that 
sphingolipids play essential roles during responses to environmental stresses in 
yeast cells. The very principles applied in these studies are applicable in mamma-
lian cells to study the roles of sphingolipids in cellular signaling under physiologi-
cal and pathological conditions such as cancers. In a foreseeable future, genome 
sequencing and transcriptomic profi les from tumors will be routinely acquired from 
individual tumors in a clinical setting, and there is a need to also examine the lipi-
domic profi les from a reasonably large number of tumors to investigate the impact 
of genomic alterations of sphingolipid metabolic enzymes on lipidomic changes 
and their relationship to transcriptomic profi les. Such data will provide a foundation 
to investigate the role of sphingolipids in cancer development and maintenance of 
cancer cell homeostasis.     
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    Abstract     Sphingolipids (SLs) serve the dual roles of acting as structural entities in 
cellular membranes as well as bioactive signaling molecules that modulate signal 
transduction. As the already immense database of identifi ed bioactive SL subspecies 
continues to expand, the need for structure-specifi c identifi cation and quantifi cation 
continues to rise.  The characterization and analysis of the sphingolipidome by mass 
spectrometry has advanced steadily over the last 20 years with the aid of improve-
ments in technological advancements in instrumentation, coupled with optimization 
of lipid extraction methodologies, and an increasing library of available reference 
standards.  Pivotal advances in sphingolipidomics include the adoption of soft ion-
ization techniques, including electrospray ionization (ESI), tandem mass spectrom-
etry (MS/MS), and matrix-assisted laser desorption ionization (MALDI), as well as 
the use of multiple reaction monitoring (MRM), all of which have aided in improv-
ing the quality of analysis of often complex lipid extracts from mammalian, yeast, 
and even plant cells.  In this chapter we explore qualitative and quantitative mass 
spectrometry methods used for structural elucidation and quantitation of sphingo-
lipids found in cells as well as tissues.  Sections included here detail extraction and 
HPLC methodologies, in vitro labeling techniques, use of internal and calibration 
lipid standards for quantitation, and data analysis of sphingolipids derived from 
mammalian and yeast sources.  
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1         Overview 

 Over the last two decades, research from several laboratories has established that 
while the role of sphingolipids (SL) includes serving as important structural entities, 
it in fact extends far beyond this scaffolding function due to the demonstration that 
they can also act as dynamic biologically active signaling molecules whose fl uxes 
are key modulators of metabolism, cell stress response, and cell signaling. Therefore, 
the ability to monitor these fl uxes is important in understanding underlying regula-
tory mechanisms of action. The number of bioactive sphingolipid subspecies within 
each class of sphingoid bases is signifi cantly great. The highly interconnected nature 
of this network of lipids has necessitated the development of increasingly structure-
focused qualitative and quantitative analyses of multiple components of this net-
work. When a particular species’ levels are perturbed within this web-like network, 
it causes shifts in the levels of many other species or nodes within the network, a 
metabolic ripple effect. Thus the importance of sphingolipidomics has only increased 
over the last decade, and will continue to do so as signaling and function of these 
molecular components continue to be elucidated. Mass spectrometry offers comple-
mentary structural and quantitative analyses that are enabling novel approaches to 
the study of bioactive sphingolipids.  

2     Classes of Sphingoid Bases and Ceramides 

2.1     Structural Characteristics 

 The diverse structural nature of lipids necessitates their broad classifi cation. This is 
classically based upon common biological precursors and/or shared physical and 
chemical properties of said species, leading to class identity derived from shared 
head groups, fatty acyl/chain length, and additional moieties. A broad-based 
systematic classifi cation of bioactive lipids, along with their functions, has been 
reviewed in recent years [ 1 ,  2 ]. Among these classes are sterols, fatty acids, glycero-
phospholipids, and sphingolipids. Briefl y, sterols are bioactive lipids found in many 
metabolic processes in mammalian (cholesterol, fat-soluble vitamins, steroid 
hormones), plant cells (campesterol, sitosterol), as well as fungi (ergosterol). 
Glycerophospholipids are defi ned by the hallmark phosphate moiety esterifi ed to a 
hydroxyl group of its glycerol backbone, coupled with acylation or alkylation within 
the backbone. Sphingolipids (SLs) are biologically active molecules that are found 
in all eukaryotes, and to a lesser extent prokaryotes and viruses. With greater than 
400 possible head-groups, many of which exist in combination with several carbon 
backbone chain length possibilities (in some cases chain length permutations exist 
in the double digits for a given head-group) and additional modifi cations (such as 
desaturation, hydroxylation), to say the size of the lipidome is expansive is an under-
statement. The focus of this section will be primarily sphingolipid classifi cation.  
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2.2     Grouping by Class and Involvement in Signaling 
Cascades and Regulatory Roles 

 Long-chain bases (LCBs) or sphingoid bases, are the initial products of  de novo  SL 
biosynthesis, and are the foundational components of all SLs. Sphingosine, also 
known as  D -erythro-sphingosine, is the most abundant of the sphingoid bases found 
in mammals. The full scientifi c name is (2S,3R, 4E)-2-aminoaoctadec-4-ene-1,3- 
diol, but a more commonly used shorthand to the longer sphingoid base nomencla-
ture exists for convenience. This nomenclature involves using a letter designation as 
a prefi x to denote the number of hydroxyl groups present within the molecule (d=di, 
t=tri), then the number of carbons in the backbone of the compound, followed by 
unsaturations following a colon (along with their stereochemistry if known). 
In the case of sphingosine derived from mammalian cells, this would be denoted as 
d18:1transD4, or the even more abbreviated d18:1, as the stereochemistry and posi-
tional unsaturation are well-known. With its fl exibility, this shorthand is able to 
denote additional hydroxylation sites, differing carbon backbone lengths, as well as 
other structural hallmarks. In mammals, SLs are comprised of a sphingoid base 
backbone, consisting of either sphingosine (Sph) [(2S, 3R, 4E)-2-amino-1,3- 
dihydroxyalkenes], or its saturated precursor sphinganine (Sa) [2S, 3R)-2-amino- 
1,3-dihydroxy-alkanes]. Moreover, the most abundant SL species are those 
comprised of an 18 carbon backbone [2-amino-1,3-dihydroxyocadecene and 
2-amino-1,3-dihydroxyoctadecane, or 18C-Sph and 18C-Sa respectively]. In yeast, 
the endogenous sphingolipids are comprised of either the sphingoid base Sa, or 
phytosphingosine (phytoSph) [(2S, 3R, 4R)-2-amino-1,3,4-trihydroxyalkanes], 
with the more abundant species comprised of 18 carbon phytosphingosine as their 
core building block [2-amino-1,3,4-trihydroxyoctadecane]. In addition to the core 
sphingoid base, SLs are comprised of a variable head group moiety attached to the 
primary hydroxyl group, and an N-acyl group. These sphingoid bases are the core 
components of all SLs, and include a broad spectrum of alkanes and alkenes rang-
ing in chain length from approximately 14–22 carbons in length, and are known to 
vary in positional unsaturation, hydroxylation, and methylation positions within 
this carbon backbone (Fig.  1 ).

    Sphingolipids can be further categorized into bioactive signaling molecules, 
including ceramides (Cer) and ceramide-1-phosphates, sphingoid bases, and 
sphingoid base-1-phosphates. Mammalian ceramides are N-acyl-derivatives, and 
can be sub-classifi ed as  N -acylsphingosines (Ceramides)  N -acylsphinganines 
(dihydroceramides), and  N -acyl-4D-hydroxysphinganines (phytoceramides). 
Phytoceramides are not to be confused with alpha-hydroxyceramides, which bear 
a hydroxyl group on the fatty acyl moiety. The fatty acid components of cerami-
des exist in aliphatic chain lengths ranging from 14 to 26 carbons (and even lon-
ger in some tissues such as skin), typically found as either completely saturated or 
containing a single unsaturation. Nomenclature designates sphingoid base fi rst, 
then fatty acid attributes following either semicolon or backslash. The sphingo-
sine-based ceramide  N -(octadecanoyl)-sphing-4-enine would be designated as 
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     Fig. 1       Abbreviated sphingolipid metabolic pathway with structures of sphingoid bases and sphin-
golipids. Enzymatic reactions are numbered as follows, with enzymes responsible for reverse reac-
tions indicated in brackets: ( 1 ) Serine Palmitoyl transferase, ( 2 ) 3-ketosphinganine reductase, ( 3 ) 
dihydroceramide synthases [ceramidases], ( 4 ) dihydroceramide desaturases, ( 5 ) ceramidase 
[ceramide synthases], ( 6 ) sphingosine kinase [sphingosine-1-phosphate phosphatase], ( 7 ) gluco-
sylceramide synthase [β-glucocerebrosidase], ( 8 ) sphingomyelin (SM) synthase [SMases], ( 9 ) 
ceramide kinase [ceramide-1-phosphate phosphatase]       
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Cer(d18:1/18:0), whereas its sphinganine-based dihydroceramide counterpart, 
 N -(ocatdecanoyl)-sphinganine, would be abbreviated Cer(d18:0/18:0. Saturated 
trihydroxies (t18:0) are also known as phytosphingosine, and are found in yeast 
and plant cells, and in low levels in animal tissues, including in the cells of the 
intestine, kidney, and skin. 

 Moreover, “complex” sphingolipids include phosphosphingolipids and glyco-
sphingolipids, and contain a ceramide backbone, along with either a phospho- or gly-
cosyl- headgroup moiety at the 1-hydroxy position. Ceramide phosphates and 
ceramide phosphocholines, or sphingomyelins (SM) as they are more readily known, 
make up the major subgroups of phosphosphingolipids. Glucose (glc) and galactose 
(gal) are the most abundant glycans that comprise glycosphingolipids, defi ned by their 
beta-glycosidic bond, and which can be further elongated with additional glycans or 
other functional groups. Other neutral glycosphingolipids bear other uncharged sug-
ars including  N -acetylglucosamine (GlcNAc),  N -acetylgalactosamine (GalNAc), and 
fucose (fuc). Glycosphingolipids can also be acidic, bearing a charged Sialic acid, 
phosphate or sulfate functional moieties. Glycosphingolipid nomenclature and corre-
sponding structural information details are coordinated between the glycobiology and 
lipid fi elds, and can be found both with the Consortium of Functional Glycomics as 
well as the LIPID MAPS Consortium websites (  www.glycoforum.gr.jp     and   www.
sphingomap.org    ).  

2.3     Deoxysphingolipids 

 Serine Palmitoyl Transferase (SPT) is the enzyme responsible for the committed 
step of SL biosynthesis, and is essential for the generation and regulation of SLs. 
The reaction involves the condensation of Serine with Palmitoyl-CoA to generate 
the intermediate 3-keto-dihydrosphingosine followed by dihydrosphingosine. The 
ability for SPT to utilize amino acids other than Serine has been observed via 
examination of a point mutation in the catalytic site of SPT known to cause the 
human disease HSAN1 [ 3 – 5 ]. These groups demonstrated this mutant SPT has a 
shifted substrate specifi city that allows for the use of the non-canonical amino 
acids Alanine (Ala) and Glycine (Gly) to generate two novel deoxysphingolipids 
(dSLs): 1-deoxysphinganine (dSa) and 1-deoxymethylsphignanine (dmSa). SPT 
substrate promiscuity was fi rst suggested in regards to fatty acid alternatives to 
Palmitoyl- CoA. Previous work by the Hannun laboratory demonstrated that SPT is 
able to use Stearoyl-CoA as a substrate in the generation of C20 sphingolipid spe-
cies, due to the presence of a small subunit, Tsc3p, an 80 amino acid peptide associ-
ated with SPT, and was later confi rmed in mammals by Han et al. [ 6 ,  7 ]. These data 
widen the array of known sphingoid bases, and open the possibility of an even 
larger, as yet undiscovered set of sphingoid bases ranging in chain length and func-
tional groups present.   
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3     Existing Methodologies for Detection of Bioactive SLs 

3.1     Classical Radiolabeling and Thin Layer 
Chromatography (TLC)  

 The classical methodology for detection of sphingoid bases has been metabolic 
radiolabeling coupled with TLC and autoradiography. This has involved introduction 
of heavy-labeled precursor compounds of sphingolipid biosynthesis to cells (tradi-
tionally Serine or palmitate to follow incorporation and synthesis from the commit-
ted step of the pathway), and has allowed for analysis and quantitation of lipid 
contents in both mammalian and yeast cells. While this technique does allow for 
following of bulk SL class production, it does have several drawbacks. One is the low 
level of uptake and subsequent incorporation of heavy label into different cell types. 
Next are the low resolution capabilities and low sensitivity levels of detection of 
both TLC and autoradiography. In addition, though TLC does allow for resolution 
of classes of sphingoid bases, identifi cation of individual species can be cumber-
some and dependent upon existing standards being available for the species of inter-
est in suffi cient quantities for detection. Finally, there are the drawbacks of 
generation of radioactive waste in the laboratory. Heavier labels tend to give 
improved resolution, but this comes at the expense of exposure to more harmful 
heavy isotopes, as well as their disposal. It is for these reasons that mass spectrom-
etry has grown increasingly attractive as an alternative methodology for detection 
and quantitation of SLs. It offers detection with lower amounts of starting material, 
higher sensitivity of low abundance species, the option of label-free quantitation, 
higher resolution of individual subspecies of sphingoid bases within a molecular 
class, simultaneous qualitative and quantitative analyses of different classes of 
sphingoid bases within a single analysis, and high-throughput quantitative analyses 
of samples within an experimental set.  

3.2     High Performance Liquid Chromatography (HLPC) 

 Sphingolipids are capable of being resolved by HPLC using a reverse-phase C8 or 
C18 column, in conjunction with either a binary gradient of methanol and water for 
complex mixtures (e.g., cell lysates), or an isocratic one for less complex samples 
(e.g., those containing fairly purifi ed components from  in vitro  reactions). Gradients 
can be fortifi ed with ammonium formate and formic acid when HLPLC is coupled 
to mass spectrometry to enhance ionization effi ciency. HPLC is a useful technique 
when combined with heavy metabolic radiolabeling, or when lipids are derivatized 
with a chromophore at their free amine, to aid in their detection by ultraviolet (UV)/
visible or fl uorescence spectroscopy [ 8 ]. Drawbacks of this methodology include 
the need to use labeling for detection purposes, as well as large quantities of starting 
material necessary for detection of derivatized materials, and the fact that the 
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compounds being studied are being chemically modifi ed, which add both complex-
ity and additional steps to the sample and data analyses. For additional details 
regarding derivatization, see Sect.  3.3.2.3 . 

 Evaporative Light Scattering Detection (ELSD) is another alternative that was 
designed for use with HPLC, and can be used to analyze non-UV absorbing sub-
stances, without the need for derivatization [ 9 ]. Here, a heated nebulizer atomizes 
analyte eluate and signal is generated based on light scattering. Though signal is 
produced in a direct relationship to the number of particles present, shortcomings 
include a lower sensitivity for lower molecular weight materials, interference from 
salt-containing solvents, and that this instrument does not produce a linear response. 
The most signifi cant drawback of this technique is the lack of specifi city in detec-
tion, as any particle may contribute to signal regardless of structure.  

3.3     Mass Spectrometry (MS) 

 A signifi cant step towards bringing quantitative and comprehensive lipid analyses 
into the realm of—omics studies has been cross-class specifi c lipid structural 
assignment within a single sample, coupled with reproducible quantitative measure-
ments of levels of these lipids. This was a major step forward for two reasons. First, 
it imparted exactitude to the species being reported (specifi c levels reported for the 
subspecies, i.e., C16, C18, C24-Ceramide; in contrast to levels of ceramide as a bulk 
class), allowing for more focused directions for follow-up studies as well as exami-
nation of the biological activity of several subspecies being regulated. Second, it 
moved away from monitoring a single compound thought to be of signifi cance in a 
given study, and began examining global changes of an entire network and the 
implications and repercussions of a single player within that network having ripple 
effects on those other players in a more dynamic fashion. This opened up the oppor-
tunity to look at the interplay of sphingoid bases within the network, and treated the 
nodes of the pathway less as static entities and more as the dynamic molecules they 
are. Specifi cally in the case of sphingolipidomics, this has involved defi ning the 
sphingoid base backbone, the N-linked fatty acids, the headgroups, and other poten-
tial modifi cations along the long chain bases. Class-specifi c lipidomics by HPLC-
ESI- MS (HPLC-electrospray ionization mass spectrometry) has been used to 
identify sphingoid bases, ceramides, hexosylceramides (HexCer), SMs, and glyco-
sphingolipids, and has been evolving over the last two decades [ 10 – 16 ]. 

 An exhaustively nuanced and thorough nomenclature exists, though an important 
caveat that should be mentioned is that it is not always possible to defi nitively dem-
onstrate, solely by MS techniques alone, every characteristic of a molecule’s struc-
tural architecture, including the stereochemistry within the compound as well as 
positions of unsaturation along the carbon backbone. Using biochemical studies as 
a ‘database’ of sorts, we can favor one predicted structure over another based on 
those previously reported within a species or a cell line. This is a routine and estab-
lished practice for the other—omics fi elds, including genomics, glycomics, and 
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especially proteomics. In a case where the stereochemistry is both in question and of 
potential biological signifi cance, synthesized compounds can be utilized and classi-
cal biochemical techniques employed to attempt to elucidate the positional 
stereochemistry. 

 MS offers the ability to carry out a combination of structurally specifi c and quan-
titative analyses of bioactive subspecies of sphingolipids. This “sphingolipidomics” 
analysis can be conducted by several different approaches of sample preparation, 
instrumentation, HPLC conditions and ionization modes, all designed to cater to 
analysis of particular SL classes. A hallmark of mass spectrometry is that amongst 
instruments, sources, methodologies, and even compound classes, ionization effi -
ciencies will vary, sometimes signifi cantly. These alternative methods have been 
developed and refi ned based on structural characteristics of the different sphingo-
lipid classes to limit this variability depending upon MS instrumentation: sphingoid 
base, polar head group, and N-acyl chain length and saturation state are the major 
structural hallmarks that help defi ne the above-stated parameters for a given class of 
molecules. Later, methods for accounting for remaining ionization effi ciency differ-
ences based upon chemical compound characteristics through selection of internal 
standards will also be discussed. 

3.3.1     Extraction Methodologies 

   Bligh and Dyer and Other Modern Lipid Extraction Protocols 

 The importance of extraction methodology for accurate and reproducible lipid mea-
surements cannot be understated. It is essential to empirically test effi ciency of extrac-
tion for different sample types for one’s system (solid samples from mammalian cells 
and tissue, as well as yeast cells; versus liquid samples derived from serum, plasma, 
and other biological fl uids). The original extraction solvents of the early 1900s were 
very harsh and composed of ethanol and diethyl ether (3:1), and involved heating 
samples to approximately 60 °C over several hours [ 17 ]. As drawbacks of the extrac-
tion method became apparent, including peroxidation in mammalian lipids, ineffi -
cient lipid extraction, and phospholipid fl uxes in plant samples attributed to residual 
phospholipase activity, an alternative method was proposed by Folch and published 
in 1951. This involved the classic chloroform methanol extraction, where the combi-
nation of the nonpolar solvent and polar alcohol allowed for highly effi cient extrac-
tion of total lipids, including the phospholipids, resulting in a more complete overall 
extraction when used in Folch’s 2:1 ratio at room temperature, in combination with 
large volume aqueous washes to purify out contaminant cell remnants (i.e., proteins, 
DNA, carbohydrates). Although chloroform:methanol extractions were highly effi -
cient, the issue of emulsion formation was a signifi cant drawback, and eventually led 
to the replacement of this extraction method by one that is most widely used and is 
considered the traditional lipid extraction methodology: Bligh and Dyer. In 1959, 
Bligh and Dyer published their lipid extraction methodology for use on marine tissue, 
specifi cally muscle tissue from fi sh. The innovation here was accounting for the 
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presence of signifi cant aqueous content of the samples for a two-step extraction, and 
using that to generate an initial chloroform:methanol:water ratio of 1:2:0.8, and a 
fi nal ratio of 2:2:1.8. This allowed for initial generation of a single extraction phase, 
followed by biphasic extraction through the addition of water and chloroform, where 
lipids are recovered from the lower chloroform phase and non-lipid sample contents 
remain the upper methanol:water portion. After this water:methanol wash, the lower 
chloroform phase is dried under nitrogen, and the dried extracts are stored at −20 °C 
or colder. Currently, the Bligh and Dyer extraction, sometimes accompanied with 
minor variations of the standard protocol, is still widely in use for SL sample analy-
ses, as this extraction method is compatible with several differential downstream 
applications including TLC, HPLC, and MS. 

 Drawbacks include extraction effi ciency differences for polar lipid species, 
including the phosphorylated sphingoid bases sphingosine-1-phosphate and 
dihydrosphingosine- 1-phosphate, as well as lyso-sphingomyelin. In response to the 
need for more effi cient and reproducible extraction and detection of the broadest 
and most inclusive list of sphingoid bases, base hydrolysis has been included as part 
of the fi rst chloroform extraction to cleave ester linkages of glycerolipids and other 
co-extracted compounds that act as major contaminants concomitantly extracted 
with sphingoid bases. This mild alkaline hydrolysis is highly recommended when 
monitoring SM levels, as it depletes the interfering compound phosphatidylcholine 
from the fi nal extract. This is important for MS analysis, where overlapping precur-
sor ion masses and similar fragmentation patterns complicate accurate peak identi-
fi cation and quantitation. In addition, a possible undesired consequence of base 
hydrolysis is the inadvertent hydrolysis of 1-O-acyl-ceramide species. Even if one 
is not interested in monitoring fl uxes in this class of compounds, the effects of their 
hydrolysis will inadvertently affect ceramide levels observed by infl ating them sig-
nifi cantly. This infl ation can be taken advantage of if one is interested in levels of 
this class of compounds, as one can differentially treat control and experimental 
sample sets with and without base hydrolysis, and account for experimental fl uxes 
in levels of specifi c 1-O-acyl-ceramides by measuring the difference in ceramide 
levels due to the base hydrolysis. Additional sensitivity for these polar species can 
be achieved through adjustments to HPLC gradient coupled with scan ranges and 
MRM (multiple reaction monitoring) segmentation (as discussed in    Sect. 3.4.5). 

 A number of alternative solvent systems that are suitable for lipid extractions for 
a multitude of lipid classes have also fallen into routine use. These include the 
Folch, original Bligh and Dyer, acidifi ed Bligh and Dyer, methanol-tert-butyl 
methyl ether (TBME) and hexane-isopropanol. Currently Bligh and Dyer remains 
the extraction solvent of choice for broad range lipidomics studies, though Folch 
extractions are still popular for some tissue extractions. TBME has gained popular-
ity in recent years due to lack of toxic chlorinated solvents in the extraction solvent, 
and has been successfully used for highly aqueous samples for sphingolipidomics 
studies, providing lipid profi les similar to Bligh and Dyer extractions for human 
plasma. It is diffi cult to compare effi ciencies from different studies conducted by 
different groups, as extraction solvents, as well as MS mobile phases and instru-
mentation will all factor in ionization effi ciency, separation, fragmentation, and 
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detection capabilities. An in depth analysis of effi cacy of differential extraction 
solvents across lipid classes was conducted recently to provide a baseline compari-
son of solvent extraction effi ciencies [ 18 ]. Reis et al. found that although the major 
lipid classes showed small if not negligible differences in extraction effi ciency 
when sample source, solvent volumes as per each extraction protocol, and ioniza-
tion effi ciency on various MS instrumentation are taken into account, less abundant 
species did show more signifi cant yields in a solvent-specifi c manner. Folch and 
acidifi ed Bligh and Dyer were found to yield the highest extraction effi ciency across 
the broadest range of lipid classes, and these studies make the case for optimization 
of extraction conditions in a lipid class-dependent manner. 

 In our laboratory, we currently use a one-phase (azeotropic) solvent extraction 
which utilizes ethyl acetate: isopropanol: water at a 60:30:10 ratio for cell and tissue 
extractions, and at 85:15:0 for aqueous/media samples, all by volume (Fig.  2 ) (For 
recent examples, see [ 19 ,  20 ]). This system allows for total lipid extraction with 
minimal loss of the labile O-acyl groups and notoriously diffi cult to recover S1P and 
dhS1P species [ 21 – 23 ].

3.3.2         In Vitro Labeling 

   17C-Labeling Methodology 

 Taking advantage of synthetically generated sphingosine (2-amino-1,3- 
dihydroxyheptadecene) and sphinganine (2-amino-1,3-dihydroxyheptadecane) whose 
sphingoid base consists of an aliphatic chain length of 17 carbons instead of the natu-
rally occurring 18 carbon backbone, we can metabolically label downstream products 
of some enzymes within the sphingolipid pathway, such as ceramide synthases and 
sphingosine kinase [ 24 ]. Cells are treated with C17-Sphingosine at a concentration 
dependent upon the cell line utilized, typically in the micromolar range, either directly 
in media, or concomitantly with other treatments. Harvested cells are washed with 
PBS, and cell pellets are subjected to standard lipid extraction using ethyl acetate: 
isopropanol: water as described above (60:30:10 (v/v)) using 50 pmol each of 
13C16Cer and 13C22Cer as internal standards at the time of extraction. The calibra-
tion curve for this method consists of the unnatural C17/C16, C17/C18, C17/C24, and 
C17/C24:1 Ceramides (now commercially available from Avanti Polar Lipids), to 
maximize the number of different chain length ceramides accurately quantifi able. A 
similar calibration curve that is comprised of the C18 dihydroceramides can also be 
used to measure these additional species of interest within the same experimental set.  

    13 C and Deuterated SL Precursor Metabolic Labeling 

 Metabolic labeling using chemical isotopes of lipid precursors, such as deuterated 
Serine or [U- 13 C]-Palmitate, allow for monitoring of turnover and kinetics of forma-
tion for a broad range of lipid classes, including sphingolipids, phospholipids, and 
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  Fig. 2    Lipid extraction procedure. Samples from media, cell, or tissue sources are extracted using 
ethyl acetate: isopropanol: water extraction solvent in different ratios depending on sample type. 
All samples are spiked with 50 picomoles of internal standards of interest prior to extraction 1 
(exception is 250 picomoles for SM samples). Following a second extraction, supernatants or 
organic phases (dependent upon whether samples were from media or cell/tissue sources) are 
pooled together, and aliquots for phosphate and SM analyses are removed prior to drying down 
lipid extract. Dried lipid fi lm is then resuspended in MS Mobile Phase B prior to injection on a 
triple quadrupole mass spectrometer       
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acyl-CoA. This would involve culturing cells in media containing the labeled pre-
cursor and BSA for a short pulse or up to 24 h, extracting lipids as described, and 
then analyzing for mass shifts between standard peaks and the heavier isotopic 
peak, which should differ by several mass units. In the case of D3-Serine, which 
bears three positions of deuteration and therefore increases mass of species it is 
incorporated into by 3 Da, this peak shift should be detectable on a triple quad 
instrument. For smaller mass shifts, a more sensitive and mass accurate mass spec-
trometer, such as an Orbitrap, would be more appropriate [ 25 ,  26 ]. For additional 
details regarding labeling methods, see Sect.  5 .  

    Derivatization 

 A decade ago, it was necessary to derivatize some lipid classes in order to aid in 
their ionization for gas chromatography-MS (GC-MS). Due to the inverse relation-
ship between lipid size and vaporizability [ 27 ], bulky lipids such as the eicosanoids 
and polar ones such as sterols required not only derivatization in order to achieve 
vaporization and transition to the gas phase, but different subspecies required dis-
tinct methods of derivatization in order to allow for effi cient volatility of the com-
pounds of interest [ 28 – 30 ]. Today, ESI-MS circumvents this issue by allowing for 
liquid chromatographic (LC) separation and introduction of the analytes in aqueous 
form at the source interface. For neutral lipids whose ionization remains problem-
atic even when carrying out ESI-MS, these species can be detected in positive ion 
mode via cationic adducts (ammonium, sodium) [ 31 – 34 ]. Derivatization is still car-
ried out in some instances where samples need to be analyzed initially by HPLC/
UV and later by MS analysis. In this case, derivatization may still be necessary to 
achieve adequate chromatographic separation as well as detection of SLs (see 
HPLC-ESI-MS). While derivatization does not inherently interfere with mass spec-
trometry, it can complicate lipidome-type analyses, due to higher amounts of frag-
mentation generating more complex spectra. For these reasons, it is preferred to 
keep compounds in their intact (underivatized) form, to avoid these analytical 
complications.    

3.4     Instrumentation 

3.4.1     Electron Ionization MS (EI-MS) 

 Structural determination of ceramides and glycosphingolipids were fi rst carried out 
using EI-MS in the late 1960s [ 35 – 39 ]. EI-MS allowed for intact characterization of 
sphingolipids through observation of diagnostic fragmentation patterns, but it also 
required derivatization using permethyl ethers or trimethylsilyl ethers to increase 
their volatility by counteracting the polar nature of these bulky molecules that were 
otherwise diffi cult to ionize to the gaseous phase [ 40 – 43 ]. Considered a “hard” 
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ionization method due to its utilization of high energy to force fragmentation, a 
major drawback of this method included overly extensive, inconsistent fragmenta-
tion which led to some molecular ions not being observed [ 44 ]. Though lowering 
the fragmentation energy did allow for improved fragmentation for some mole-
cules, this was at the expense of a loss of intensity from decreased ionization effi -
ciency at the lower electron energy level. Another shortcoming was the low 
resolution and complicated spectra generated from complex mixtures of sphingo-
lipids. Product ions from various precursors (multiple sphingoid bases, N-acyl 
chains and headgroup species from different lipids present in the sample) produced 
complex spectra.  

3.4.2     Electrospray Ionization MS (ESI-MS) 

 ESI-MS was fi rst developed in the late 1960s, but its fi rst practical applications 
arose by way of John B. Fenn in the 1980s, and its advent revolutionized both 
qualitative and quantitative mass spectrometry across the—omics disciplines, and 
paved the way for modern lipidomics capabilities [ 27 ]. ESI-MS involves sphingo-
lipid analytes in solvent being introduced by infusion to the ion source of the mass 
spectrometer via a narrow metal capillary or “needle”, concomitant with the 
application of high potential to said needle. This high potential can be either posi-
tive or negative in nature, and selection of which ion mode to utilize is dependent 
upon lipid class(es) being analyzed. As volatile solvent fi lled with mostly cationic 
or anionic analytes fl ows through and exits the tip of the needle, the solvent stream 
bursts into an aerosol of fi ne droplets and is exposed to both high potential and 
vacuum pressure as the droplets enter the orifi ce of the mass spectrometer. As the 
charged droplets get further desolvated in the presence of N 2  gas, they form still 
smaller droplets, continuing to subdivide further still until completely desolvated. 
The result is the production of a charged solute/analyte that exists as a gas-phase 
solute ion (Fig.  3 ). This “softer” ionization technique yields primarily intact 
molecular ions that have not undergone “in-source” fragmentation (i.e., fragmen-
tation within the ion source that occurs prior to complete desolvation, where it is 
not desirable for our purposes, as it occurs prior to precursor ion detection in Q1) 
[ 10 ,  14 ,  45 – 47 ].

3.4.3        HPLC-ESI-MS 

 HPLC is a widely used separation technique that allows for isolation, purifi cation 
and resolution of compounds using liquid chromatography in tandem with various 
detectors. Previously, derivatization was necessary to carry out HPLC with lipids in 
order to allow for UV detection. This was necessitated due to the fact that intact 
natural SLs absorb mainly in the 200–210 nm range, which overlaps with the 
absorption range of routinely used lipid-compatible solvent systems, causing a 
masking effect by the solvent and preventing effi cient detection [ 48 ,  49 ]. 
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 The coupling of HPLC online with ESI-MS has taken advantage of the separa-
tion power of the liquid chromatography system prior to infusion of analytes into 
the mass analyzer. This has allowed for separation of lipid subclasses, as well as 
individual species separation and desalting of samples (cations can cause ion sup-
pression), the amalgamation of which has resulted in enhanced sensitivity. In addi-
tion, this separation promotes a less complex mixture of analytes eluting off the 
column and entering the mass spectrometer for identifi cation and quantifi cation at 
any given time over the course of a sample run, reducing compound-to-compound 
interferences as well as ion suppression.  

3.4.4     Solvent Systems 

 When designing a gradient system, it is important to develop a method compatible 
with an array of compounds of varying properties (polar to nonpolar, water soluble 
and insoluble) in order to capture the entire lipidome in a single profi le. Normal 
phase and reverse phase HPLC are both used for ESI-MS of lipids, depending on 
the nature of the lipid classes being monitored [ 10 ,  23 ,  50 – 53 ]. Normal phase is 
utilized for separation of species by headgroup (i.e., Cer, Cer-P, SM, HexosylCer), 
whereas it is more standard practice to use reverse phase when separating based on 
carbon backbone length, as well as the saturation of N-acyl chains (i.e., Sph, 
dhSph, Sph1P, dhSph1P, Cer-P). Complete chromatographic separation of sphin-
golipid subclasses can be diffi cult, but it is not essential for accurate detection and 
quantitation when using HPLC-ESI-MS, with the understanding that each of the 
overlapping/co-eluting species has a unique precursor ion m/z, as well as unique 
product ion m/z. It is the uniqueness of these precursor and product ion transition 

  Fig. 3    MS sample analysis on QqQ. MS samples are separated on a C8 column, and eluent is 
sprayed from the ion source and desolvated before entering the ion transfer tube and subsequently 
the three series of quadrupoles (Q1, q2, Q3). Q1 is where precursor ions are selected based on m/z 
values inputted (A, B, C …). Precursor ions continue to the collision cell (q2) where they undergo 
fragmentation by CID. Resulting fragmentation products that correspond to inputted product ion 
m/z values (a, b, c…) are separated by Q3 and measured by the detector, and are reported as rela-
tive intensity over the course of the chromatographic run       

 

N.A. Rana et al.



327

pairs that allow the mass spectrometer to distinguish similar compounds that may 
be co- eluting. A notable caveat to complete chromatographic separation not always 
being essential is that care must be paid to monitor for potential isotopic effects 
that can skew quantitative results for compounds of similar m/z values. Sphingosine 
(Sph) and dihydrosphingosine (dhSph) are a classical example of this issue. Sph 
has a precursor ion mass to charge ratio of 300 while dhSph is 302 m/z. Each 
sphingoid base also has a unique transition ion; 282 and 284 m/z, respectively. The 
issue lies in the [M + 2] isotope of sphingosine, which has an approximately 2.0 % 
abundance naturally, and this Sph isotope’s precursor and product ion m/z values 
are identical to those of dhSph [ 54 ]. Further compounding the issue is the fact that 
dhSph is of signifi cantly lower abundance in most biological samples (up to an 
order of magnitude). In this case, it is ideal to adjust gradient elution of the LC 
mobile phase system to increase separation and resolve these species chromato-
graphically [ 55 ].  

3.4.5     Scan Modes 

 There are different types of mass analyzers that can be coupled to LC systems, 
including ion traps and quadrupole systems, which range in mass accuracy and 
application. Here we will discuss the basic parameters of triple quadrupole instru-
ments. Triple quadrupole mass spectrometers are ideal for sphingolipidomics quan-
titation as they provide reasonable mass accuracy and allow for MRM, where a set 
of precursor and product ion pairs for sphingolipids of interest are selected and 
fragmented by the instrument. They contain three quadrupoles (Q1, q2, Q3), where 
the fi rst and last cells (Q1, Q3) are mass analyzers, and the central quadrupole (q2) 
is a collision cell that utilizes radiofrequency (RF) only and induces fragmentation 
by Collision Induced Dissociation (CID) via a collision gas (Fig.  3 ) [ 44 ]. During a 
sample run, there are several types of scan modes that the tandem mass spectrome-
ter can be utilized for, and they are described here:

  Product/Fragment Ion Scan 
  In product ion scans, Q1 acts as a fi lter, where a parent or “precursor” ion of 
selected m/z value is identifi ed and monitored only (MS1). The selected ion 
undergoes CID within q2, resulting in fragmentation into daughter or “prod-
uct” ions that act as a fi ngerprint that helps defi ne the identity of the precur-
sor ion by providing structural information. These product ions are then 
analyzed within Q3 over a user-defi ned mass range and measured by the 
detector (MS2).   

  Precursor/Parent Ion Scan 
  In precursor ion scan mode, Q1 scans precursor ions across a user-specifi ed mass 
range, subjects these ions to fragmentation in q2, and then Q3 acts as the fi lter, 
monitoring only a specifi c diagnostic “product” ion of a selected m/z, and report-
ing data only for those precursor ions that resulted in formation of the specifi ed 
product ion m/z.   
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  Neutral Loss Scan 
  In neutral loss scans, both Q1 and Q3 are scanned together, but with a constant 
mass offset between them. This is particularly useful in discovery work, where 
one can monitor a mixture of unknown analytes losing a common fragment, e.g., 
water molecule (a standard diagnostic used for monitoring sphingolipids), which 
presents as a neutral loss of 18 mass units, to determine the presence of SLs. 
Neutral loss scans can also be used to monitor other labile moieties such as gly-
can modifi cations which can also result in an observable neutral loss.   

  MRM Scanning 
  MRM takes advantage of being able to defi ne specifi c precursor ion m/z for Q1 
and pairs it with a specifi c product ion m/z for Q3, allowing for quantitative 
analysis of sphingolipids identifi ed by any of the above mentioned scan modes. 
The advantage of MRM is that, as the name implies, multiple precursor and 
product ion pairs (i.e., multiple sphingolipids) can be monitored during the 
course of a single chromatographic run, allowing for complex samples contain-
ing multiple sphingolipid classes and subspecies to be quantitated for these tran-
sitions simultaneously.    

 As product ion abundance is dependent upon effi ciency of fragmentation, adjust-
ment of collision energies (CE) can optimize fragmentation, and this CE optimiza-
tion should be carried out for each class of SLs being analyzed, as well as for 
subspecies within classes. The general trend observed across laboratories is that 
ionization parameters for sphingoid bases of 17–20 carbons tend to be similar. 
Unsaturations, additional hydroxyl modifi cations, and N-methylation, along with 
increased carbon chain length tend to require increases in CE in order to achieve 
adequate CID. Diagnostic fragmentation patterns for sphingoid bases are single and 
double-dehydration products (Fig.  4 ). The ratio between these products can be 
shifted to bias one over the other by adjusting CE values as well, and this can be 
benefi cial depending upon which SL class one is monitoring, and whether there are 
overlapping precursor/product ion transition m/z values and isotopic effect is a 
concern.   

3.5     Lipid Standards 

3.5.1     Internal Standards 

 The selection of which internal standards to include within a single experiment, 
an experimental set, and even within project(s) is a signifi cant technical detail that 
can greatly improve the quality of the single experiment, consistency within an 
experimental set, and allow an investigator the ability to return back to a previ-
ously prepared and analyzed set of samples, this time examining the same treat-
ment conditions for changes in the levels of a different class of lipids, without 
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  Fig. 4    Standard MS/MS fragmentation of class-representative sphingolipids. Fragmentation of 
long-chain base sphingosine whose parent ion is 300 m/z (panel  a ) results in a water loss at the 
3-postion ( 1 ) yielding a 282 m/z ion and a second dehydration at the 1-position ( 2 ) resulting in a 
major product ion of 264 m/z. Long-chain base phosphate sphingosine-1-phosphate (panel  b ) 
undergoes loss of phosphate at the 1-position ( 1 ) followed by dehydration at the 3-position. ( c ) 
Galactosylceramide (panel  c ) undergoes loss of hexose at the 3-position, and dehydration at the 
1-position ( d ) Sphingomyelin loses its choline group at the 1-position, resulting in the diagnostic 
fragmentation product ion of 184 m/z       
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having to re-culture and treat cells, harvest, re-extract, normalize, and fi nally 
quantify additional species of their new focus/interest. The consensus across 
research groups including the LIPID MAPS consortium has been that use of a 
single internal standard as a single point calibrant is ill-advised [ 22 ]. The issue 
here lies in the ionization effi ciency and fragmentation of that selected internal 
standard being able to produce an MS response level equivalent to all molecular 
species within the same class. This is a poor practice as these responses are known 
to vary greatly based on several structural characteristics of the compound in 
question, including number of carbon atoms in the sphingoid base backbone, 
presence of unsaturations, and any potential branching (such as those found in 
yeast phytosphingoid bases). LIPID MAPS advises inclusion of one compound 
per class of lipid being quantitated to mimic all the analyte classes within a bio-
logical sample that are to be monitored. Although a compound chemically identi-
cal to the sphingolipids being analyzed would be the ideal internal standard (i.e., 
 13 C-labeled SLs), this is not practical based on synthesis costs and number of 
compounds that would be necessary for so many different classes of SLs. Most 
researchers rely on SLs of unnatural chain length fatty acyl groups (i.e., 
17C-Sphingosine). Our laboratory has made the use of 17-carbon sphingoid base 
SLs as internal standards a routine practice for lipidomics experiments, as physi-
cochemical properties are shared with the naturally occurring 18-carbon counter-
parts and reliably consistent (these include diagnostic fragmentation pattern and 
retention time and elution order between species) [ 23 ].  

3.5.2     Calibrants 

 Quantitation capabilities of laboratories carrying out lipidomics experiments have 
expanded in recent years with the increased availability of authentic and unnatural 
standards across the SL classes. Previously this was only achievable by research 
groups that had a strong synthetic chemistry collaboration to custom synthesize 
standards for the various classes [ 23 ]. While for some subspecies this is still the 
case, there are currently an everexpanding number of options available from both 
Avanti Polar Lipids Inc. (Alabaster, AL) and Matreya Inc. (Pleasant Gap, PA). In 
practice, to achieve the most accurate quantitation for all sphingolipid species of 
interest, a calibration curve should be generated that contains as many representa-
tive species as possible. The working linear range of calibrants should be deter-
mined empirically on each instrument to account for differences in solvent 
systems, ionization effi ciency, in-source dehydration, instrument sensitivity and 
instrument calibration differences. Peak identifi cation is aided by consistent 
retention times, where elution times of subspecies for which standards are avail-
able can be used to calculate predicted elution times for theoreticals (lipid species 
for which an authentic standard does not exist). As with internal standards, ioniza-
tion effi ciency and fragmentation of standards are a concern for authentic 
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standards too, and has lead to our use of an eight-point calibration curve for each 
analyte [ 21 ]. Authentic standards are prepared with internal standard(s) of choice 
spiked in, and subjected to extraction and analyzed in positive ion mode by 
MRM. To generate SL species- specifi c calibration curves, analyte and internal 
standard peaks at known retention times are integrated using instrument software 
(LC Quan for the TSQ Quantum triple quadrupole MS), and analyte/internal stan-
dard peak area ratios are plotted for each of the eight concentrations. For those 
sphingolipids that standards are currently unavailable either commercially or by 
custom synthesis, the nearest related lipid is assigned for quantitation based on 
chain length, head group, and other structural hallmarks in common (e.g., C22-
Phytoceramide does not have an available standard, and C24-Phytoceramide is 
utilized for quantitation).    

4     Data Processing 

 Quantitative analysis of lipid levels by mass spectrometry is typically reported in 
picomoles for a given SL species within a lipid extraction sample injection. 
Results are typically then normalized to a parameter that is expected not to devi-
ate across samples and treatment conditions. The most commonplace are phos-
pholipid content, total protein, and cell count. Of the three, the most stable appears 
to be the phospholipid content (reported in nanomoles) by quantitation of phos-
phate content relative to a standard phosphate analysis curve, and can be carried 
out readily for mammalian and yeast cells having undergone Bligh and Dyer 
extraction. Normalization to protein levels (reported in milligrams of total pro-
tein) or to total number of cells isolated for lipid extraction and also contained 
within Bligh and Dyer extracts, are also benefi cial stable parameters of normal-
ization. Care should be taken to report these values as percentages or fold-changes 
relative to the control. In addition, data post-normalization via phosphate levels 
versus protein levels do look different, though trends are the same [ 21 ,  22 ]. Of 
note, lipid datasets can also be normalized to the dry weight of extracted lipids, as 
in the case of yeast and plant samples. However, accurate calculation of the dry 
weights is often not feasible for mammalian samples due to low post extraction 
lipid amounts. It is highly recommended that, once a researcher has established a 
normalization parameter compatible with their experiments, they continue using 
that parameter for normalization of all subsequent experiments within that data 
series and study, in order to obtain the most quantitative and comparable data-
sets. Having the foresight to use the same normalization routinely will also give 
fl exibility to the investigator to compare data sets between experimental sets as 
well as projects carried out over time, and without having to account for this 
deviation. If for example a set of samples previously used for one project is ana-
lyzed for different lipid profi le contents at a later time, but were normalized to 
different parameters, the results will not be quantitatively consistent.  
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5      Alternative Methodologies 

5.1     Stable Isotope Labeling 

 Over the years radioisotope labeling involving the incorporation of  14 C from labeled 
acetate has been used extensively to follow lipid metabolism within the cell. Another 
approach to study lipid metabolic fl ux is the use of tritiated water. However, both 
these approaches have certain drawbacks and are now less commonly used. For 
example, while  14 C-acetate is incorporated into the acetyl-CoA pool by the enzyme 
acetyl-CoA synthetase,  14 C-acetate label may be readily diluted by the unlabeled 
acetate pool of the cell. It is quite diffi cult to determine the dilution factor in such 
cases. A similar dilution effect is also observed in the case of tritiated water where the 
 3 H pool is affected by unlabeled hydrogen atoms coming from the NADPH pool of 
the cell. Other concerns include tedious sample preparation and radiation hazards. 

 In recent years, stable isotope labeling has provided a suitable alternative to radio-
active labels for studying lipid metabolic pathways. Molecules with certain number 
of incorporated isotope labels ( 13 C or deuterium (D) in case of stable isotopes) into a 
compound are referred to as mass isotopomers [ 56 – 58 ]. The distribution and enrich-
ment of the label within a mass isotopomer can be determined by its mass spectrum, 
referred to as mass isotopomer distribution analysis (MIDA) [ 56 – 58 ]. Although the 
mass isotopomers have similar masses, these may be resolved using ultra-high reso-
lution mass spectrometry, or in some cases by increasing chromatographic separation 
on the LC system prior to MS analysis. Stable isotope labeling coupled with high 
throughput mass spectrometry based lipidomics is a robust method to understand 
the synthesis and turnover of lipids, and is a very useful approach to study SL 
metabolism. 

5.1.1     Stable Isotope Labeled Polar Precursors 

 Polar precursors like D 2 O,  13 C-acetate and [U- 13 C]-glucose are often used to study 
lipid synthesis and turnover [ 58 ]. However, labeled head groups present a more 
selective approach to profi le lipids. For example in the case of SLs, a [U- 13 C, 15 N]-
serine label can be incorporated at the very beginning of the SL biosynthetic path-
way [ 59 ] (Fig.  5 ). This approach allows the coverage of all SL classes. Another 
stable isotope D 9 -choline, which labels phosphocholine, is incorporated into SM by 
sphingomyelin synthase. The D 9 -choline label therefore is more specifi c towards 
monitoring SM fl ux [ 60 ]. The lipids can be analyzed by LC-ESI-MS/MS. Polar 
head group labeling is advantageous over the other labeling methods because: (a) 
these are water-soluble, therefore are easy and safe for cell and  in vivo  experiments; 
(b) single step labeling allows scanning of all the species of the biosynthetic path-
way under study. However there are certain disadvantages to the polar head group 
labels. Polar head group labels often result in smaller mass shifts that are diffi cult to 
differentiate from the isotopic peaks of unlabeled lipid species. Also poor labeling 
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effi ciency may also result in isotopic overlap between labeled and unlabeled species 
due to low mass shifts. A correction for this overlap is necessary. High-resolution 
MS separation of labeled and unlabeled species without any fragmentation could be 
advantageous to this labeling approach. Another disadvantage of serine labeling is 
that the label might be diluted by the high endogenous serine pool.

5.1.2       Stable Isotope Labeled FA 

 SL species can also be traced using stable isotope labeled FA.  13 C-labeled palmitate 
is the most commonly used label for studying SL such as Cer, HexCer and SM [ 61 , 
 62 ]. In SLs,  13 C-labeled palmitate label can be incorporated both in the N-linked 
acyl chain and the sphingoid base. This results in higher mass shift (16 Da if at one 
position and 32 Da if at both positions), which is one of the major advantages of this 
labeling method. The incorporation of label on these positions can be monitored by 
MS. Similar to serine, the labeled FA pool is diluted by the endogenous palmitate 

  Fig. 5    Stable isotope labeling of sphingolipids. Stable isotope-labeled precursors are shown in 
 bold  and the examples are represented as:  * represents U- 13 C- or  13 C 4 - palmitate;   ¥  represents U- 13 C- 
or  15 N-serine;  § represents D 9 -choline;   #  represents  13 C 12-17 -Cer d18:0/16:0-OH or  13 C 4 -Cer 
d18:1/16:0.  Cer  ceramide,  DihCer  dihydroceramide,  DhSph  dihydrosphingosine,  S-1-P  
sphingosine- 1-phosphate,  SM  sphingomyelin,  Sph  sphingosine       
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pool, and therefore higher concentrations of the label may be required for effi cient 
labeling. An important factor to consider is choice of position of label on FA, as the 
FA label might be lost during the FA elongation or desaturation processes, and a 
labeled FA residue incorporated as an amide may be lost upon CID. Administration 
of labeled FAs is an issue in vivo experiments and is required to be administered as 
either lipid emulsions or BSA complex.  

5.1.3    Stable Isotope Labeled SL 

 Stable isotopes labeled SL are not very often used to study SL metabolism. However, 
labeled SLs such as  13 C4-Cer d18:1/16:0 and  13 C12-17-Cer and d18:0/16:0-OH 
have been used to study the uptake and metabolism of these molecules [ 63 ,  64 ]. 
This labeling approach is limited to analyze specifi c reactions. Apart from the nar-
row spectrum of lipid species that can be analyzed using these tracers, administra-
tion is another issue and requires vehicles for their delivery such as 
methyl-β- cyclodextrin, a cyclic oligosaccharide used as a stabilizing agent for 
hydrophobic molecules. Advanced MS based methodologies are now available to 
scan various SL groups and the species therein in a high throughput manner [ 65 ]. 
Recently, there has been a movement to develop computational methods that are 
able to correct for the isotopic overlap between the labeled and unlabeled species, 
and for the proper integration of these datasets [ 66 ]. Overall, the stable isotope 
labeling combined with high resolution MS presents a robust method to analyze SL 
metabolism.   

5.2     Mass and Relative Elution Time (MRET) Profi ling 

 MRET profi ling is based on the assumption that lipids when resolved in LC may 
follow a specifi c elution pattern based on their chain length under isocratic elu-
tion conditions. Thus SLs can be characterized using a relationship between 
mass and retention time (RT). In a recent study Hejazi et al. used C8 column to 
separate Cer and dhCer standards of 12–24 carbon N-acyl chain lengths, and 
could show that elution of these lipids follows a quadratic relationship under 
isocratic conditions [ 67 ]. This equation can be used to calculate the theoretical 
RT for each analyzed lipid species. The difference between observed RT and 
theoretical RT, the ‘relative RT’, is plotted against m/z to generate a 2D map. 
Separation of Cer and dhCer species along x and y axis of this 2D plot is based 
upon the differences in N-acyl chain lengths, number of acyl chain double bonds 
and hydroxyl groups. This MRET approach based 2D map allows the separation 
of lipid species for which synthetic or purifi ed standards are not available. 
MRET combined with the MS is a powerful tool for the separation and structure 
determination of complex SLs.   
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6     Conclusions 

 HPLC-ESI-MS is a powerful method that has allowed for the quantitative analysis 
of multiple classes of sphingolipid metabolites present within a single biological 
system. This methodology has been utilized for analyses across a multitude of 
mammalian cell lines, assorted tissues, as well as in yeast and even plants. As the 
number of standards available continues to increase and additional novel MS tech-
niques are developed, the fi eld of lipidomics will continue to grow and progress.     
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MALDI imaging workfl ow for on-tissue identifi cation of sphingolipids and 
 glycosphingolipids using tissues derived from mouse models known to accumulate 
ceramides (Farber disease) and globotriaosylceramides (Fabry disease). A combina-
tion of CID and on-tissue enzyme digestions was utilized for structural confi rmation 
prior to being added to the comprehensive sphingolipid and glycosphingolipid 
library. Two example case studies related to the modulation of sphingolipid metabo-
lism are provided to illustrate the potential applications of MALDI imaging. In the 
fi rst case study, distinct ceramides were visualized in relation to Lewis lung carci-
noma tumors. In the second case study, tissues were derived from a tumor xenograft 
model treated with a drug targeting the sphingosine-1-phosphate/ceramide nexus. 
Representative images of ceramide and hexose ceramides in relation to cancer alone 
or drug distribution correlating to an increase or decrease in sphingosine-1- 
phosphate or ceramide species are provided. These MALDI imaging workfl ows can 
be readily adapted to assess the distribution of sphingolipids and glycosphingolipids 
in any tissue system of interest.  

  Keywords     MALDI mass spectrometry imaging   •   Ceramide   •   Glycosphingolipid   • 
  Lysosomal storage disease   •   Sphingolipid  

1         Introduction 

 As described throughout the chapters in this volume, sphingolipids, glycosphingo-
lipids and their metabolites play a role in many cellular processes including signal-
ing, recognition, proliferation, differentiation, apoptosis, and autophagy. Altered 
sphingolipid metabolism has been linked to a variety of disorders, including cancer 
[ 1 – 6 ]. Identifi cation of the specifi c sphingolipid and glycosphingolipid species 
associated with cancer development and progression in affected tissues is impera-
tive, as these tumor specifi c bioactive lipids could serve as biomarkers of disease or 
novel therapeutic targets [ 7 – 9 ]. Currently, the standard approach for identifi cation 
of sphingolipids in a tissue sample is liquid chromatography mass spectrometry 
(LC-MS), which provides a quantitative analysis of the lipids in a sample of interest. 
A disadvantage of utilizing LC-MS alone, however, is its inability to link a sphingo-
lipid of interest to the histopathology features of the tissue sample. Laser capture 
microdissection (LCM) is an approach that can be used to identify individual lipids 
from specifi cally captured tissue regions/cells, however, a two-dimensional map of 
the distribution of all detected lipids across an entire tissue section is not possible. 
Additionally, there has been evidence that the polymer coating used to isolate the 
cells may contribute interfering ions for downstream mass spectrometry analysis 
[ 10 ]. Alternatively, MALDI-IMS, or matrix assisted laser desorption ionization 
imaging mass spectrometry, is an emerging technology with the ability to profi le the 
distribution of multiple sphingolipid ions simultaneously across an entire tissue sec-
tion, directly linked to the histopathology of the tissue [ 11 ,  12 ]. A limitation is that 
the data generated are more qualitative relative to other more quantitative LC-MS 
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lipidomic analysis strategies, but both approaches can provide complimentary 
information. Based on our recent research experience [ 13 ], this chapter provides a 
methodological workfl ow and summary of approaches for the comprehensive anal-
ysis and two-dimensional mapping of sphingolipids and glycosphingolipids in tis-
sues using MALDI-IMS (Fig.  1 ). Example data generated from brain and kidney 
tissues derived from lysosomal storage disorder (LSD) models and tumor models 
are provided.

2        Applying MALDI-IMS to Tissue Profi ling of Sphingolipids 
and Glycosphingolipids 

 MALDI-IMS workfl ows were originally developed to profi le proteins and peptides 
within tissue sections, however, new classes of versatile high-resolution (up to 
2,500,000) Fourier transform ion cyclotron resonance (FTICR) mass spectrometers 
have increased the range of biomolecules that can be effectively imaged in tissues. 
In addition to their high resolving power, FTICR mass spectrometers also have high 

  Fig. 1    Overview of the MALDI-IMS approach utilized for construction of a comprehensive 
sphingolipid tissue library. ( a ) Representative diagram of the systematic approach which was uti-
lized to generate database of sphingolipid and glycosphingolipid species. ( b ) The MALDI-IMS 
workfl ow schematic including three different sample tissue sets. For analysis the frozen tissue was 
sectioned at 10 μm and either ( 1 ) sprayed with matrix for profi ling or ( 2 ) processed for on-tissue 
enzyme digestions prior to matrix application and lipid analysis       
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mass accuracies (<1 ppm) and sensitivities (attomole–femtomole concentrations), 
characteristics imperative for identifi cation of smaller biomolecules such as 
 sphingolipids [ 14 ,  15 ]. The implementation of these new high-resolution mass spec-
trometers within imaging workfl ows has greatly increased the number of bioactive 
molecules identifi able [ 16 – 21 ] along with the spatial resolution at which they can be 
imaged. Within imaging workfl ows, the spatial resolution is one of the limiting fac-
tors since this is dependent upon laser size, raster width and matrix type/deposition. 
Using sublimation, a spatial resolution of 10 μm has been achieved [ 22 ], however, 
this greatly increases the analysis run time. Combined with the size of the target 
tissue, spatial resolution and analysis time are factors that must be considered in the 
experimental design. Accordingly, FTICR MALDI-IMS experiments cataloguing 
libraries of lipids, N-linked glycans, metabolites, and small drug molecules are 
forthcoming [ 13 ,  16 ,  17 ,  21 ,  23 ]. 

 For example, the tissue distributions of many of the abundant phospholipid 
classes are being characterized down to variations in fatty acyl chain lengths [ 19 ,  24 ]. 
The profi ling of lower abundance sphingolipid classes such as sphingosine-1- 
phosphate (S-1-P), the ceramides, and hexose ceramides, however, have proven 
more challenging due to the low levels at which these sphingolipids exist in most 
tissue sections. Their low concentration, particularly in the background of more 
abundant phospholipids, has made structural assignment and on-tissue confi rmation 
diffi cult. 

 To address these challenges different MALDI-IMS workfl ows are being assessed, 
with success being highly dependent on the starting material and instrumentation 
[ 13 ,  24 – 31 ]. In addition to our studies using lysosomal storage disease models [ 13 ], 
MALDI-IMS has been used to identify panels of elevated ceramides in the skin 
epidermis, including some with very long acyl chains [ 32 ]. MALDI-IMS experi-
ments profi ling gangliosides have also been achieved in different tissue models of 
diabetic nephropathy [ 15 ], mouse brain [ 33 ] and Tay-Sachs disease [ 20 ,  27 ], sug-
gesting that there may be specifi c populations of gangliosides which are disease or 
injury specifi c. An extensive characterization of 544 lipids detected in positive ion 
mode and negative ion mode using high resolution FTICR-MALDI imaging on a 
porcine adrenal gland tissue has also recently been reported [ 19 ], and included 
ceramides, sphingomyelins and glycosphingolipids. The success of these studies 
and data generated has been helpful in highlighting several key factors necessary to 
expand and improve the MALDI-IMS profi ling of sphingolipids in tissues: (1) the 
ability to initially identify and characterize sphingolipids, and in particular 
 glycosphingolipids, may be largely dependent upon instrumentation and starting 
material; (2) developing easily adaptable MALDI-IMS workfl ows to identify the 
lower abundant sphingolipids is necessary, and (3) a comprehensive sphingolipid 
and glycosphingolipid reference database of MALDI-IMS data is needed. 

 To more effectively address these issues, our approach was to synergize these 
different components into an integrated methods workfl ow, summarized in Fig.  1a . 
One primary goal was to generate a comprehensive MALDI ion database of sphin-
golipid and glycosphingolipid species detected in tissues, including their salt adducts 
(H+, Na+, K+). Key to these efforts was the use of tissues from mouse models of 
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lysosomal storage disorders (e.g., Farber Disease [ 34 ] and Fabry Disease [ 35 ]) that 
are essentially  in situ  biological reservoirs of accumulated sphingolipid and 
 glycosphingolipid species. These tissues further facilitated structural verifi cation of 
targeted sphingolipids by comparison with chemical standards, on-tissue fragmenta-
tion and structural confi rmation facilitated by the instrument, and on- tissue bio-
chemical characterization using degradative enzymes (Fig.  1b ). Each of these 
components will be discussed individually or in context with the data examples 
throughout this chapter. In addition to the Farber and Fabry model tissues, an exam-
ple application of the workfl ow to other tissues systems are described for a Lewis 
lung carcinoma mouse model, and human kidney tumor xenografts treated with a 
cationic ceramide analogue (LCL124).  

3     FT-ICR MALDI-IMS of Farber Disease Mouse Tissues 
for on-Tissue Identifi cation of Ceramides 
and Sphingomyelins 

 Farber disease is an autosomal recessive lysosomal storage disorder, characterized 
by a defi ciency of the enzyme acid ceramidase (ACDase). Farber Disease patients 
generally suffer from impaired growth and development, shortened life span and 
intralysosomal accumulation of ceramides in various tissues [ 34 ]. The role of 
ACDase defi ciency in the development of the Farber Disease phenotype was recently 
evaluated using a novel  Asah1  gene ‘knock in’ Farber disease mouse model that 
represents the fi rst model of systemic ACDase defi ciency [ 34 ]. Homozygous 
 Asah1   P361R/P361R   animals exhibit ACDase defects and manifestations including accu-
mulation of tissue ceramides. To aid in the development and establishment of 
MALDI-IMS workfl ows for ceramide identifi cation, kidney and brain tissues from 
homozygous  Asah1   P361R/P361R   animals were utilized. The brain was chosen due to its 
known involvement in disease pathology and histopathologically relevant features, 
and the kidney was chosen as an organ that is not obviously affected by the disease. 

 Images of representative sphingolipids in a sagittal tissue slice of a homozygous 
 Asah1   P361R/P361R   Farber mouse brain, including ceramides, sphingomyelin and 
ceramide-1-phosphate, are shown in Fig.  2 . Brains and kidney tissues were  sectioned 
at 10 μm and thaw mounted onto ITO (indium tin oxide) slides. 2,5-Dihydroxybenzoic 
acid (DHB) matrix was applied at a concentration of 30 mg/mL using an ImagePrep 
sprayer (Bruker Daltonics). Spectra were acquired across the brain sections using a 
raster width of 100 μm for the brains and 60 μm for the kidneys. Spectra were 
loaded into FlexImaging 4.0 (Bruker Daltonics) software where intensities were 
normalized using root mean squares (RMS). Distribution of a ubiquitous phospha-
tidylcholine (PC) is included for comparison (Fig.  2c ). Glycosphingolipids were 
also assessed within the Farber model. As MALDI-IMS cannot distinguish between 
galactose or glucose, the term hexose-ceramide (HexCer) is used to represent either 
species. In the Farber tissues, glycosphingolipids specifi c to tissue regions could be 
identifi ed. For example, in the brain a HexCer 18:1/24:0 was concentrated in the 
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cerebellum compared to a HexCer 18:1/22:0, as shown individually and as an over-
lay of both species (Fig.  3a ). This was also true in the Farber kidney, as HexCer 
18:1/24:0 is localized in the cortex, while HexCer 18:1/26:0 is in the medulla 
(Fig.  3b ). A Farber model-specifi c hexose ceramide, HexCer 18:1/24:1, was detected 
in both brain and kidney as being more abundant than wild-type tissues (Fig.  3c ).

4         Approaches to Confi rm the Assigned Structures 
of Tissue Sphingolipids by MALDI 

 There are multiple approaches to verify the assigned structures of the sphingolipids 
indicated in Figs.  2  and  3 . The general workfl ow for ceramide and sphingomyelin 
identifi cation and verifi cation was (1) on-tissue profi ling to identify all the sphingo-
lipids present by cross referencing the masses of the precursor ion with those listed 
in LIPID MAPS database (  http://www.lipidmaps.org    ); (2) on-tissue verifi cation and 
structural assignment in which the ion of interest was isolated from the tissue and 
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  Fig. 2    A panel of sphingolipids identifi ed in the Farber Disease mouse brain with FTICR MALDI- 
IMS. Brain tissues derived from homozygous  Asah1   P361R/P361R   mice were analyzed. ( a ) H&E stain 
of a serial brain section and representative MALDI-IMS data distribution of a panel of ceramide 
and sphingomyelin species across the Farber brain. ( b ) Ceramide-1-phosphate distribution in the 
Farber brain. ( c ) PC 32:0 + Na is an abundant brain lipid which is included to demonstrate its 
homogenous distribution across the Farber brain compared with the ceramide species       
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fragmented using CID, then comparing the ms/ms fragmentation patterns with the 
species standard; (3) global assessment of the sphingolipid or glycosphingolipid of 
interest using novel on-tissue enzyme digestions with recombinant bacterial cerami-
dase (bCDase), recombinant bacterial sphingomyelinase (bSMase), or endoglycoc-
eramidase II (EGCaseII); and (4) comparison of confi rmed sphingolipids to tissue 
histopathology to determine species of interest (Figs.  4  and  5 ). Inherent in this 
workfl ow is the initial use of tissue from a model where the concentration of the 
target species of interest is known to be elevated, such as the case with the Farber 
disease model (Fig.  1a ).

    On-tissue CID fragmentation patterns were compared with those from a com-
mercial standard for the same lipid. This was done using a sphingolipid panel of 
molecular standards representing ceramide, S-1-P, sphingomyelin, and glycosphin-
golipid species (data not shown). These standards were spotted on a steel MALDI 
plate with DHB matrix and analyzed using the Bruker Solarix 7T FTICR mass 
spectrometer. For comparison, the same standards were measured on a separate 
MALDI instrument, a Bruker AutoFlexIII MALDI-TOF/TOF in linear and refl ec-
tron modes. Use of the FTICR instrument was superior and readily identifi ed the 
expected parent masses of each sphingolipid standard, while standards on the other 

  Fig. 3    Glycosphingolipids identifi ed in Farber disease mouse brain and kidney with FTICR 
MALDI-IMS ( a ) HexCer 18:1/22:0 + Na and 18:1/24:0 + Na distribution across a Farber brain 
shows localization of species in different brain regions. This is shown individually and as an over-
lay of  blue  and  red . ( b ) The distribution of a HexCer 18:1/24:0 + Na and a HexCer 18:1/26:0 + Na 
shows differential distribution in medulla and cortex. This is shown individually and as an overlay. 
( c ) HexCer 18:1/24:1 + K is elevated in both the Farber brain and kidney in comparison to the 
wild-type       
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  Fig. 4    Representative workfl ow for ceramide identifi cation ( a ) H&E stain of a serial kidney sec-
tion. Ceramide confi rmation was achieved by ( b ) on-tissue CID and ( c ) on-tissue enzyme diges-
tions with bCDase, which produces a sphingosine and fatty acid. ( d ) Representative picture of the 
results typically seen following the on-tissue enzyme digestions. Digestions were carried out by 
mounting mirror image sections on an ITO coated slide. The tissues on the  left  part were sprayed 
with bCDase while the  right  side was covered prior to enzyme application. ( e ) Representative 
spectra from a tissue that was treated minus ( top ) or plus ( bottom ) bCDase. In the  top panel  several 
ceramides are present as indicated with the  red arrows  which are absent or at much lower levels in 
the tissue digested with bCDase       
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platform frequently had loss of water and sometimes greater fragmentation. These 
effects are related to the different ionization environments of the two instruments. 
The MALDI-FTICR instrument is confi gured with a high-pressure collisional cool-
ing source that, following laser ionization, aids in reducing the heat of ionization to 
keep the molecules intact [ 36 – 38 ]. Standard non-FTICR MALDI instruments are 
under high vacuum, and the heat of laser ionization is not dissipated, which can lead 
to degradations like loss of hydroxyls and other fragmentations [ 36 ]. This is one 
aspect of why sphingolipid species, and specifi cally glycosphingolipids, are less 
stable in MALDI-TOF instruments without this cooling source. Overall, the con-
fi guration of the FTICR instrument facilitates accurate analysis and detection of 
sphingolipids. 

 Another function of the MALDI-FTICR instrument that is useful, termed 
Continuous Accumulation of Selected Ions/Collision-induced dissociation (CASI/
CID), is that it allows fragmentation of ions of interest to further confi rm the 

  Fig. 5    Representative workfl ow for sphingomyelin identifi cation. ( a ) H&E stained section of a 
Farber kidney. ( b ) Sphingomyelins were confi rmed using on-tissue CID and enzyme digestions 
with bSMase. ( c ) bSMase digestion produces a sphingosine and choline-phosphate. ( d ) On-tissue 
digestions were carried out by thaw mounting mirror image sections on an ITO coated slide. The 
tissues on the left part were sprayed with bSMase while the right side was covered, prior to enzyme 
application       

 

Detection and Distribution of Sphingolipids in Tissue…



348

expected structural components. The CASI feature is an ion trap that collects 
 specifi ed ions following laser excitation from a tissue, followed by CID of the cap-
tured ions. For all ceramide species tested with an 18:1-sphingoid base, a peak at 
m/z 264.1 was detected by CID (Fig.  4c ), as also reported by other analysis meth-
ods [ 26 ,  39 ]. The presence of this m/z = 264.1 fragment after CID provides confi r-
matory evidence of a ceramide species. Fragmentation of sphingomyelins produced 
CID patterns characterized by the loss of their phosphocholine head group (Fig.  5c ), 
and for S-1-P, loss of phosphate. 

 Because verifi cation and fragmentation of selected lipids from a tissue can be 
time consuming, and in the case of ceramides complicated by the presence of neigh-
boring ions from more abundant phospholipids within the same mass range, an on- 
tissue enzyme digestion with a recombinant bacterial ceramidase (bCDase) [ 40 ] 
was developed and incorporated into the imaging workfl ow (Fig.  4c ). bCDase from 
 Pseudomonas aeruginosa  cleaves ceramides into a sphingosine and a fatty acid. 
When sprayed on tissue, the ceramides present will be digested and the loss of their 
signal can be detected in comparison to untreated tissues (Fig.  4d, e ). The experi-
ment was performed by making a mirror image slide in which one piece of tissue 
was covered, while the other was sprayed with 8 mU bCDase .  By comparing the 
decrease in signal of the ceramides on the treated tissue, the ion can then be verifi ed 
as a ceramide as opposed to a phospholipid or sphingomyelin. An example is shown 
in Fig.  4d  for a ceramide (d18:1/18:0) present in the Farber mouse kidney tissue. 
The bCDase digestion provides rapid verifi cation of global ceramides expressed 
within the tissues, and complements the determinations made by CASI/CID and 
LIPIDMAPS evaluations.  

5     Tissue Imaging of Sphingomyelins 

 In general, sphingomyelin species are present at much higher concentrations than 
ceramide species and are easier to detect by MALDI-IMS. They also have odd- 
number molecular masses, allowing easier identifi cations relative to the predomi-
nantly even-number masses of phospholipids and ceramides. While their detections 
may be less challenging, a similar workfl ow as described for ceramides was devel-
oped for their identifi cation and verifi cation in tissues (Fig.  5 ). Fragmentation of 
sphingomyelins produced CID patterns characterized by the loss of their choline-
phosphate head group, of 184 mass units (Fig.  5c ). Similar to the bCDase, enzyme 
digestions with bacterial sphingomyelinase (bSMase) from  Bacillus cereus  [ 40 ] were 
carried out to verify sphingomyelins. bSMase releases choline-phosphate and 
ceramide as products. As shown in both the image and representative spectra in 
Fig.  5d , for a sphingomyelin d18:1/16:0 at m/z = 703.57, the Farber kidney tissue slice 
treated with 2 mU bSMase had a signifi cant decrease in the detection of this sphingo-
myelin ion as compared to the tissue not treated with bSMase. While this approach is 
not particularly critical for the most common C16 and C18 sphingomyelin species, it 
is useful for the verifi cation of less abundant, longer chain acyl species.  
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6     MALDI-IMS of Glycosphingolipids in the Negative 
and Positive ion Modes 

 Determining the parent masses of the individual ceramide species in the Farber 
disease model greatly facilitated subsequent analysis of hexose and lactosylce-
ramide species, the precursor structures for the more complex ganglioside and glo-
botrioacylceramide species. As noted earlier, the hexose and lactosylceramides are 
readily detected in positive ion mode with DHB matrix (Fig.  3 ). Addition of 162 Da 
for hexoses and 324 Da for lactoses to the parent ceramide masses were indicative 
of these species. These structures can be similarly confi rmed by on-tissue CID [ 13 ], 
and characteristically the intact glycan masses can be subtracted from the parent 
masses in the fragmentation spectra. In addition to the examples shown for the 
Farber Disease tissues, we have recently reported the detection of hexose and lacto-
sylceramides that accumulate in a mouse model of lupus [ 41 ]. 

 For the glycosphingolipids that contain sialic acid residues, including ganglio-
sides, analysis in the negative ion mode is the most effective approach. Some gan-
glioside species have been previously identifi ed in MALDI imaging experiments 
[ 17 ,  27 ,  42 – 45 ]. The negatively charged gangliosides were also identifi ed in Farber 
brains in negative ion mode using similar approaches and matrix as utilized with the 
ceramides and sphingomyelins (Fig.  6 ). Confi rmation of these species was achieved 
again using CASI/CID to track the loss of the intact glycans as compared to stan-
dards. An on-tissue digestion with endoglycoceramidase II (ECGase II) was uti-
lized and aided in distinguishing the gangliosides from other lipids detected in the 
negative ion mode. ECGase II is an endoglycohydrolase which cleaves the linkage 
between the oligosaccharide and ceramide of acidic and neutral glycosphingolipids 
(Fig.  6a ). ECGase II enzyme digestions were carried out similar to the bCDase and 
bSMase experiments, in that adjacent Farber brain tissue slices were mounted on 
ITO slides, and one slice was digested while the other was covered and protected 
from digestion. The ganglioside species GM 3 , GM 2 , GM 1 , GD 1  and GT 1  were suc-
cessfully identifi ed (Fig.  6b ), and each species shown was susceptible to on-tissue 
ECGaseII digestion. A raster width of 80 μm was utilized during analysis. Data was 
loaded into FlexImaging 4.0 and normalized using RMS as stated previously. There 
are many uncharacterized ganglioside species that remain to be localized with 
MALDI-IMS approaches, and we plan similar studies using tissues from animal 
models of lysosomal storage diseases that accumulate ganglioside species.

   Other negative ion mode sphingolipids, such as the sulfatides, can also be identi-
fi ed in these models. Sulfatides are a class of galactosylated ceramides usually with 
one (or more) 3-O-sulfate groups attached to the sugar, and are highly abundant in 
brain, retina and kidney [ 46 ]. Sulfatide species, especially the ST d18:1/24:1 at 
m/z = 888.6, are one of the most common negative mode ion sphingolipids reported 
in MALDI imaging experiments [ 10 ,  17 ,  43 ,  46 – 48 ].  
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7     FTICR MALDI-IMS of Fabry Disease Mouse Tissues 
to Identify Globotriaosylceramides 

 Fabry disease is a rare genetic lysosomal storage disorder linked to a variety of 
symptoms including pain, renal complications and dermatological manifestations. 
Diagnosis is based on clinical presentation and the presence of a defective alpha- 
galactosidase enzyme which leads to an accumulation of globotriaosylceramides 
(Gb 3 ) in tissues. These species contain one glucose and two galactose residues, 
biosynthetically derived from galactosylation of lactosylceramides. To characterize 
the distribution and detection of Gb 3 , kidneys from a Fabry disease mouse model 
were utilized [ 35 ]. Kidneys were sectioned to 10 μm, sprayed with 2,5-DHB matrix 
and analyzed using a raster width of 150 μm. Data was loaded into FlexImaging 4.0 
and normalized using RMS. A panel of Fabry specifi c Gb 3  species of varying chain 
lengths were identifi ed (Fig.  7b ), including the Na ions of Gb 3  C22:0, 24:1 and 24:0. 
The newly identifi ed globotriaosylceramides were cross-referenced with the litera-
ture and correlate with Gb 3  species elevated in the blood and plasma of Fabry 
 disease patients [ 49 ].

  Fig. 6    On-tissue digestion with endoglycoceramidase (ECGase II) on Farber disease brains to 
identify gangliosides ( a ) ECGase II cleaves gangliosides into an oligosaccharide and a ceramide. 
( b ) H&E stained section of Farber brain. ( c ) Adjacent Farber brain sections were mounted on an 
ITO slide in which the left side of the slide was sprayed with ECGase II while the right side was 
covered prior to matrix application. GM species were identifi ed by the decrease following diges-
tion. An abundant sulfatide (C22:0) is included to show enzyme specifi city and for distribution 
comparison       
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8        Example Studies Using the MALDI-IMS Sphingolipid 
Workfl ows 

 Summaries of two example case studies are described below as illustrations of how 
the tissue sphingolipid structural database (Table  1 ) can be applied to other tissue 
systems.

    Case 1: Identifi cation of Tumor Specifi c Ceramides in Lewis Lung Carcinoma 
Model Tissues 
 A widely used model for testing therapies and mechanisms of metastasis is the 
Lewis lung carcinoma model in mice [ 50 ]. An intravenous tumor cell injection is 
done resulting in spontaneous, metastasizing tumors forming in the lung. Lungs 
from two mice with established tumors in the lung were profi led by MALDI-IMS to 
examine whether ceramide and S-1-P distribution in the tumor could be readily 
distinguished from normal lung tissue (Fig.  8 ). Tissues were sectioned and pro-
cessed according to the previously established methods, using 2,5 DHB as the 
matrix, and a raster width of 100 μm. It is clear that S-1-P in the tumor tissues could 
be distinctly identifi ed (Fig.  8b ). The distribution of two representative ceramide 
species (d18:1/18:0 and d18:1/24:1) is also shown. The levels of C24:1 ceramide 

  Fig. 7    FTICR MALDI-IMS identifi es globotriaosylceramide (Gb 3 ) species specifi c to Fabry 
Disease kidneys. An H&E stain of the serial kidney sections of the control and Fabry disease kid-
ney tissues utilized. The panel of Gb 3  species identifi ed are Fabry specifi c and include C22:0, 
C24:1, and C24:0       
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   Table 1    Cumulative list of the sphingolipids identifi ed using FTICR MALDI-IMS in the LSD 
tissues   

 m/z 
 Sphingosine-1- 
phosphate   m/z 

 Hydroxylated 
ceramides  m/z  Ceramide-1-phosphate 

 379.25  S-1-P  648.53  Cer(d18:1/20:0) + K 
OH 

 656.61  Cer(d18:1/16:0) + K 

 380.25  S-1-P + H  676.52  Cer(d18:1/22:0) + K 
OH 

 740.63  Cer(d18:1/22:0) + K 

 704.64  Cer(d18:1/24:0) + K 
OH 

 766.57  Cer(d18:1/24:1) + K 

 m/z  Ceramide  m/z  Globotriaosylceramides 

 482.44  Cer(d18:1/12:0) + H  m/z  Sphingomyelins  1046.75  Gb3 C16:0 + Na 

 504.43  Cer(d18:1/12:0) + Na  703.57  SM(d18:1/16:0) + H  1074.78  Gb3 C18:0 + Na 

 510.48  Cer(d18:1/14:0) + H  705.58  SM(d18:0/16:0) + H  1102.77  Gb3 C20:0 + Na 

 520.41  Cer(d18:1/12:0) + K  731.61  SM(d18:1/18:0) + H  1128.74  Gb3 C22:1 + Na 

 532.47  Cer(d18:1/14:0) + Na  741.53  SM(d18:1/16:0) + K  1130.75  Gb3 C22:0 + Na 

 538.51  Cer(d18:1/16:0) + H  753.58  SM(18:1/18:0) + Na  1146.73  Gb3 C22:0- + K 

 548.44  Cer(d18:1/14:0) + K  769.56  SM(d18:1/18:0) + K  1156.77  Gb3 C24:1 + Na 

 560.51  Cer(d18:1/16:0) + Na  797.53  SM(d18:1/20:0) + K  1158.78  Gb3 C24:0 + Na 

 566.55  Cer(d18:1/18:0) + H  m/z  Hexose Ceramides  1174.76  Gb3 C24:0- + K 

 576.46  Cer(d18:1/16:0) + K  766.52  HexCer 
(d18:18:0) + K 

 1186.78  Gb3 C26:0 + Na 

 594.58  Cer(d18:1/20:0) + H  778.54  HexCer 
(d18:1/20:0) + Na 

 604.54  Cer(d18:1/18:0) + K  806.51  HexCer 
(d18:1/22:0) + Na 

 m/z  Gangliosides 

 616.56  Cer(d18:1/20:0) + Na  822.45  HexCer 
(d18:1/22:1) + K 

 1152.77  GM3 (18:1/16:0) 

 622.61  Cer(d18:1/22:0) + H  834.59  HexCer 
(d18:1/24:0) + Na 

 1207.78  GM3 (18:1/20:0) -H 

 632.53  Cer(d18:1/20:0) + K  840.62  HexCer 
(d18:1/26:0) + H 

 1235.75  GM3 (18:1/22:0)-H 

 644.59  Cer(d18:1/22:0) + Na  848.54  HexCer 
(d18:1/24:1) + K 

 1292.78  GM3 (18:1/26:0) 

 648.62  Cer(d18:1/24:1) + H  850.35  HexCer 
(d18:1/24:0) + K 

 1355.79  GM2 (18:1/16:0) 

 650.64  Cer(d18:1/24:0) + H  860.45  HexCer 
(d18:1/26:1) + Na 

 1383.82  GM2 (18:1/18:0) 

 660.56  Cer(d18:1/22:0) + K  862.26  HexCer 
(d18:1/26:0) + Na 

 1545.01  GM1 (18:1/18:0) 

 672.63  Cer(d18:1/24:0) + Na  878.53  HexCer 
(d18:1/26:1) + K 

 1573.01  GM1 (18:1/20:0) 

 676.66  Cer(d18:1/26:1) + H  880.45  HexCer 
(d18:1/26:0) + K 

 1892.15  GD1 (18:1/22:0)-H 

 678.67  Cer(d18:1/26:0) + H  1836.22  GD1 (18:1/18:0) 

 686.58  Cer(d18:1/24:1) + K  2128.44  GT1 (18:1/18:0) 

 688.59  Cer(d18:1/24:0) + K 
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were elevated in the tumor, but also in the adjacent non-tumor regions of the tissues. 
The C18 ceramide was primarily detected in regions adjacent to the tumor in one of 
the tissues. While only limited examples are shown, applying MALDI-IMS analysis 
of tumor tissue models like this one pre- and post-therapy could provide a unique 
tool to assess the role of ceramides and S-1-P in treatment effi cacies.

     Case 2: FTICR MALDI-IMS Detection of the Drug LCL124 and its Target 
Lipids in ACHN Kidney Tumor Xenografts 
 LCL124 (L-t-C6-CCPS; SPG103) from SphingoGene, Inc. is a cationic ceramide 
analogue which initiates apoptosis via depolarization of the mitochondria [ 4 ]. In a 
recent study using a pancreatic tumor model with LCL124 treatment, tumors 
showed drug accumulation and increased apoptosis [ 4 ]. LC-MS analysis of the 
tumors identifi ed a panel of ceramides elevated in response to LCL124. LCL124 
distribution in the treated tissues was also visualized with FTICR MALDI-IMS, 
which could distinguish the small molecule drug at m/z = 475.4. To determine 
whether changes in the levels of ceramides could be detected after LCL124 treat-
ment, the MALDI-IMS workfl ows were applied to a human K562 kidney tumor 
xenograft mouse model, using 2,5 DHB matrix and a raster width of 100 μm. Tumor 
bearing animals were treated seven times with LCL124 (40 mg/kg, once daily) or 
PBS. Upon completion of the treatment schedule, tumor xenografts were harvested, 
and prepared for FTICR MALDI-IMS analysis. LCL124 could be readily detected 
at m/z = 475.4 in the treated tumor tissue (Fig.  9a ). Ceramides of varying chain 
lengths were identifi ed with higher intensities in the treated tissues, a characteristic 
which is more prominent in the longer chain Cer 18:1/24:1 K and 18:1/24:0 K 

  Fig. 8    Lewis lung carcinoma ceramides. ( a ) H&E of two mouse lung tissues with Lewis lung 
carcinoma tumors. The  circled  regions ( orange ) highlight the tumors. MALDI-IMS distribution of 
S-1-P ( b ) and two representative ceramides, ( c ) Cer d18:1/18:0 + K and ( d ) Cer d18:1/24:1 + K, are 
shown       
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species (Fig.  9b ). Sphingomyelin species were also identifi ed and verifi ed with on- 
tissue digestions with bSMase (data not shown).

   As glucosylceramides are synthesized directly from ceramides, these are addi-
tional biomolecules to monitor and detect when assessing modulation of tissue 
ceramide levels in a treatment regime. Two HexCer species, 18:1/22:0 Na and 
18:1/24:1 K, were identifi ed and localized to areas of the tumor where LCL124 is 
absent (Fig.  10a ). Similar to the fi ndings with ceramides, the overlays indicate that 
LCL124 may be modulating the levels of glucosylceramides (Fig.  10b ). Given that 
the regulation of glucosylceramide synthase and glucosylceramide biosynthesis has 
been linked to decreased apoptosis and increased chemo-resistance, this was an 
interesting fi nding [ 51 ]. Studies are ongoing to better defi ne the levels of glucosyl-
ceramides with and without drug treatment, as well as defi ning other glycosphingo-
lipid classes with larger carbohydrate components, such as gangliosides. The 
cumulative information gathered will be used in conjunction with other mechanistic 
studies to better defi ne the action of LCL124 in disrupting mitochondrial function 
in cancer cells.

  Fig. 9    FTICR MALDI-IMS of ceramides and LCL124 in ACHN mouse xenografts following 
LCL124 treatment. ( a ) Detection of LCL124 (m/z = 475.39) across the non-treated and 7× treated 
xenografts. ( b ) Panel of ceramides identifi ed in xenografts as compared to distribution of LCL124. 
( c ) Sphingomyelins 18:1/16:0 + H and 18:1/20:0 + K distribution across the xenografts       
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9         Summary and Extension of the Approach 

 This chapter focuses on the use of FTICR MALDI-IMS to identify sphingolipids 
and glycosphingolipids in disease and cancerous tissues. Using tissues derived from 
two lysosomal storage disorders known to accumulate ceramides and glycosphin-
golipids, respectively, a comprehensive database was constructed which could then 
be applied to other tissue studies [ 13 ]. The approach used to generate this list of 
largely uncharged sphingolipids in the Farber and Fabry disease model tissues is 
currently being applied to other lysosomal storage disease models. There is a par-
ticular emphasis on defi ning ganglioside species in these models. 

 The extra step of confi rming structures using exogenously added enzymes, like 
bCDase, offers biochemical specifi city to the chemical structure information 
obtained with the mass spectrometer. Given the high mass accuracy and resolving 
power of the FTICR mass spectrometer whereby analytes can differ by less than 
1 amu, this layer of biochemical verifi cation proved benefi cial. On-tissue digestions 
can also be used to quickly sort for candidate analytes of interest in a particular 
structural class. Quantitative assessment of the analytes detected is limited to ion 
intensity comparisons in a given tissue, and is affected by tissue type, matrix choice 
and other factors related to the MALDI process. For low abundance ceramide and 
glycosphingolipid species, it certainly does not replace the need for quantitative 

  Fig. 10    FTICR MALDI-IMS of hexose ceramides in LCL124 treated ACHN mouse xenografts. 
( a ) HexCer 18:1/22:0 + Na and HexCer 18:1/24:1 + K have higher intensities where LCL124 detec-
tion is low as shown individually. ( b ) Co-localization of HexCer 18:1/22:0 + Na ( red ) and LCL124 
( green ), and HexCer 18:1/24:1 + K ( red ) and LCL124 ( green )       
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measures provided by LC-MS/MS approaches. Combining the two methods 
 provides synergistic information in relation to ion distribution and relative abun-
dance of individual ions in a given tissue [ 13 ]. 

 The LCL124 example indicates the potential utility of MALDI-IMS to detect 
drug distribution in tissues of interest, along with the molecular effects of the drug 
linked to its mechanism of action. This will be particularly effective for drugs that 
modulate lipid pathways, and could include statins and NSAID modulators of pros-
taglandins. Analyzing bioactive lipid derived components, like prostaglandins and 
the ceramides described herein, can be challenging due to their lower levels in tis-
sues and physical properties. Currently, an instrument platform with high resolution 
like that conferred by a MALDI-FTICR is needed to target these types of molecules, 
especially when linking their distribution with the uptake and localization of drugs. 
Determining the metabolic correlates of drug distribution and effi cacy in target tis-
sues like the sphingolipids and glycosphingolipids described herein will also aid in 
identifying therapeutic biomarker candidates. 

 Overall, the functional applications of MALDI-IMS will continue to evolve to 
better defi ne the tissue distribution of small molecule therapeutic agents and cellular 
metabolic correlates of their activity. The options and potential applications of using 
exogenous degradative enzymes added to tissues to quickly confi rm structural fea-
tures of target molecules are only just now being explored. There is great opportu-
nity for expanding these options to meet the continued challenge of using 
MALDI-IMS for tissue imaging analysis. As instrumentation becomes more sensi-
tive and approaches the capability of single cell level analysis, this type of approach 
could prove particularly helpful in the data interpretation of molecular changes in 
response to therapeutic treatments.     

         References 

    1.    Larsen PJ, Tennagels N (2014) On ceramides, other sphingolipids and impaired glucose 
homeostasis. Mol Metab 28:252–260  

   2.    Hannon YA, Obeid LM (2011) Many ceramides. J Biol Chem 286:27855–27862  
   3.    Morad SA, Cabot MC (2013) Ceramide-orchestrated signaling in cancer cells. Nat Rev Cancer 

13:51–65  
     4.    Beckham TH, Lu P, Jones EE et al (2013) LCL124, a cationic analog of ceramide, selectively 

induces pancreatic cancer cell death by accumulating in mitochondria. J Pharmacol Exp Ther 
344:167–178  

   5.    Saddoughi SA, Ogretman B (2013) Diverse functions of ceramide in cancer cell death and 
proliferation. Adv Cancer Res 117:37–58  

    6.    Ponnusamy S, Meyers-Needham M, Senkal CE et al (2012) Sphingolipids and cancer: 
ceramide and sphingosine-1-phosphate in the regulation of cell death and drug resistance. 
EMBO Mol Med 8:761–765  

    7.    Slotte JP (2013) Biological functions of sphingomyelins. Prog Lipid Res 52:424–437  
   8.    Vouk K, Hevir N, Ribic-Pucelj M et al (2012) Discovery of phosphatidylcholines and sphingo-

myelins as biomarkers for ovarian endometriosis. Hum Reprod 27:2955–2965  
    9.    Zhu J, Wang Y, Yu Y et al (2013) Aberrant fucosylation of glycosphingolipids in human hepa-

tocellular carcinoma tissues. Liver Int 34:147–160  

E.E. Jones et al.



357

     10.    Liu Y, Chen Y, Momin A et al (2010) Elevation of sulfatides in ovarian cancer: an integrated 
transcriptomic and lipidomic analysis including tissue-imaging mass spectrometry. Mol 
Cancer 9:186  

    11.    Schwamborn K, Caprioli RM (2010) MALDI Imaging mass spectrometry—painting molecu-
lar pictures. Nat Rev Cancer 10:639–646  

    12.    Irie M, Fujimura Y, Yamato M et al (2014) Integrated MALDI-MS imaging and LC-MS tech-
niques for visualizing spatiotemporal metabolomics dynamics in a rat stroke model. 
Metabolomics 10:473–483  

          13.    Jones EE, Dworski S, Canals D et al (2014) On tissue localization of ceramides and other 
sphingolipids by MALDI mass spectrometry imaging. Anal Chem 19:8303–8311  

    14.    Stoeckli M, Chaurand P, Hallahan DE et al (2001) Imaging mass spectrometry: a new technol-
ogy for the analysis of protein expression in mammalian tissues. Nat Med 4:493–496  

     15.    Gessel MM, Norris JL, Caprioli RM (2014) MALDI imaging mass spectrometry: spatial 
molecular analysis to enable a new age of discovery. J Proteomics 107:71–82  

     16.    Berry KA, Hankin JA, Barkley RM et al (2011) MALDI imaging of lipid biochemistry in tis-
sues by mass spectrometry. Chem Rev 111:6491–6512  

      17.    Angel PM, Spraggins JM, Baldwin HS et al (2012) Enhanced sensitivity for high spatial reso-
lution lipid analysis by negative ion mode matrix assisted laser desorption ionization imaging 
mass spectrometry. Anal Chem 84:1557–1564  

   18.    Sun N, Ly A, Meding S et al (2014) High-resolution metabolite imaging of light and dark 
treated retina using MALDI-FTICR mass spectrometry. Proteomics 7–8:913–923  

     19.    Wang X, Han J, Pan J et al (2014) Comprehensive imaging of porcine adrenal gland lipids by 
MALDI-FTMS using quercetin as a matrix. Anal Chem 86:638–646  

    20.    Chen Y, Liu Y, Sullards MC et al (2010) An introduction to sphingolipid metabolism and 
analysis by new technologies. Neuromolecular Med 12:306–319  

     21.    Powers TW, Jones EE, Betesh LR et al (2013) A MALDI imaging mass spectrometry work-
fl ow for spatial profi ling analysis of N-linked glycan expression in tissues. Anal Chem 
20:9799–9806  

    22.    Chaurand P, Cornett DS, Angel PM, Caprioli RM (2011) From whole-body sections down to 
cellular level, multiscale imaging of phospholipids by MALDI mass spectrometry. Mol Cell 
Proteomics 10:O110.004259  

    23.    Castellino S, Groseclose MR, Sigafoos J et al (2012) Central Nervous system disposition and 
metabolism of Fosdevirine (GSK2248761), a non-nucleoside reverse transcriptase inhibitor: 
an LC-MS Matrix-assisted laser desorption/ionization imaging MS investigation into central 
nervous system toxicity. Chem Res Toxicol 2:241–251  

     24.    Chughtai K, Jiang L, Greenwood TR et al (2013) Mass spectrometry images acylcarnitines, 
phosphatidylcholines, and sphingomyelin in MDA-MB-231 breast tumor models. J Lipid Res 
54:333–344  

   25.    Chaurand P, Cornett DS, Angel PM et al (2011) From whole-body sections down to cellular 
level, multiscale imaging of phospholipids by MALDI mass spectrometry. Mol Cell Proteomics 
2:o110.004259  

    26.    Chen Y, Liu Y, Allegood J et al (2010) Imaging MALDI mass spectrometry of sphingolipids 
using an oscillating capillary nebulizer matrix application system. Methods Mol Biol 656
:131–146  

     27.    Chen Y, Allegood J, Liu Y et al (2008) Imaging MALDI mass spectrometry using an oscillat-
ing capillary nebulizer matrix coating system and its application to analysis of lipids in brain 
from a mouse model of Tay-Sachs/Sandhoff disease. Anal Chem 80(8):2780–2788  

   28.    Le CH, Han J, Borchers CH et al (2012) Dithranol as a MALDI matrix for tissue imaging of 
lipids by Fourier transform ion cyclotron resonance mass spectrometry. PLoS One 7(11), 
e49519  

   29.    Fulop A, Porada MB, Marsching C et al (2013) 4-Phenyl-α-cyanocinnamic acid amide: screen-
ing for a negative ion matrix for MALDI-MS imaging of multiple lipid classes. Anal Chem 
85:9156–9163  

Detection and Distribution of Sphingolipids in Tissue…



358

   30.    Cerruti CD, Touboul D, Guerineau V et al (2011) MALDI imaging mass spectrometry of lipids 
by adding lithium salts to the matrix solution. Anal Bioanal Chem 401:75–87  

    31.    Goto-Inoue N, Hayasaka T et al (2010) The detection of glycosphingolipids in brain tissue 
sections by imaging mass spectrometry using gold nanoparticles. J Am Soc Mass Spectrom 
11:1940–1943  

    32.    Goto-Inoue N, Hayasaka T, Zaima N et al (2012) Imaging mass spectrometry visualizes 
ceramides and the pathogenesis of dorfman-chanarin syndrome due to ceramide metabolic 
abnormality in the skin. PLoS One 7(11), e49519  

    33.    Colsch B, Woods AS (2010) Localization and imaging of sialylated glycosphingolipds in brain 
tissue sections by MALDI mass spectrometry. Glycobiology 6:661–667  

      34.    Alayoubi AM, Wang JC, Au BC et al (2013) Systemic ceramide accumulation leads to severe 
and varied pathological consequences. EMBO Mol Med 5:827–842  

     35.    Pacienza N, Yoshitmitsu M, Mizue N et al (2012) Lentivector transduction improves outcomes 
over transplantation of human HSCs alone in NOD/SCID/Fabry mice. Mol Ther 7:1454–1461  

     36.    Baykut G, Fuchser J, Witt M et al (2002) A combined ion source for fast switching between 
electrospray and matrix-assisted laser desorption/ionization in Fourier transform ion cyclotron 
resonance mass spectrometry. Rapid Commun Mass Spectrom 16:1631–1641  

   37.    O’Connor PB, Costello CE (2001) A high pressure matrix-assisted laser desorption/ionization 
Fourier transform mass spectrometry ion source for thermal stabilization of labile biomole-
cules. Rapid Commun Mass Spectrom 15:1862–1868  

    38.    O’Connor PB, Mirgorordskaya E, Costello CE (2002) High pressure matrix-assisted laser 
desorption/ionization Fourier transform mass spectrometry for minimization of ganglioside 
fragmentation. J Am Soc Mass Spectrom 13:402–407  

    39.    Pettus BJ, Bielawska A, Kroesen BJ et al (2003) Observation of different ceramide species 
from crude cellular extracts by normal-phase high-performance liquid chromatography cou-
pled to atmospheric pressure chemical ionization mass spectrometry. Rapid Commun Mass 
Spectrom 17:1203–1211  

     40.   Canals D, Hannun YA (2013) Novel chemotherapeutic drugs in sphingolipid cancer research. 
Handb Exp Pharmacol 211–38  

    41.    Nowling TK, Mather AR, Thirumagal T et al (2015) Renal glycosphingolipid metabolism is 
dysfunctional in lupus mice and patients with nephritis. J Am Soc Nephrol 26:1402  

    42.    Whitehead SN, Chan KH, Gangaraju S et al (2011) Imaging mass spectrometry detection of 
gangliosides species in the mouse brain following transient focal cerebral ischemia and long- 
term recovery. PLoS One 6, e20808  

    43.    Grove KJ, Voziyan PA, Spraggins JM et al (2014) Diabetic nephropathy induces alterations in 
the glomerular and tubule lipid profi les. J Lipid Res 55:1375–1385  

   44.    Woods AS, Colsch B, Jackson SN et al (2013) Gangliosides and ceramides change in a mouse 
model of blast induced traumatic brain injury. ACS Chem Neurosci 4:594–600  

    45.    Richards AL, Lietz CB, Wager-Miller J et al (2012) Localization and imaging of gangliosides 
in mouse brain tissue sections by laserspray ionization inlet. J Lipid Res 53:1390–1398  

     46.    Honke K, Zhang Y, Cheng X et al (2004) Biological roles of sulfoglycolipids and pathophysi-
ology of their defi ciency. Glycoconj J 21:59–62  

   47.    Yuki D, Sugiura Y, Zaima N et al (2011) Hydroxylated and non-hydroxylated sulfatide are 
distinctly distributed in the human cerebral cortex. Neuroscience 193:44–53  

    48.    Marsching C, Eckhardt M, Grone H et al (2011) Imaging of complex sulfatides SM3 and SB1a 
in mouse kidney using MALDI-TOF/TOF mass spectrometry. Anal Bioanal Chem 401:53–64  

    49.    Manwaring V, Boutin M, Auray-Blais C (2013) A metabolomic study to identify new 
globotriaosylceramide- related biomarkers in the plasma of Fabry disease patients. Anal Chem 
19:9039–9048  

    50.    Yamaura T, Doki Y, Murakami K, Saiki I (1999) Model for mediastinal lymph node metastasis 
produced by orthotopic intrapulmonary implantation of lung cancer cells in mice. Hum Cell 
12:197–204  

    51.    Giussani P, Tringali C, Riboni L et al (2014) Sphingolipids: key regulators of apoptosis and 
pivotal players in cancer drug resistance. Int J Mol Sci 3:4356–4392    

E.E. Jones et al.



359© Springer International Publishing Switzerland 2015 
Y.A. Hannun et al. (eds.), Bioactive Sphingolipids in Cancer Biology 
and Therapy, DOI 10.1007/978-3-319-20750-6_16

      Sphingoproteomics: Proteomic Strategies 
to Examine Sphingolipid Biology       
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    Abstract     Interest in sphingolipids has increased in the past couple of decades as 
the number of biological activities identifi ed has greatly expanded. These include 
roles in infl ammation, proliferation, survival, and metastasis. Sphingolipids can 
exert these effects through an increasing number of identifi ed interacting cellular 
targets. To facilitate the understanding of the intrinsic biology of sphingolipids and 
the development of sphingolipid-based therapeutics, further knowledge is needed. 
Various analytical protocols assist this endeavor, with mass spectrometry-based 
techniques seeing increasing usage, especially for measuring steady-state lipid lev-
els. The area of mass spectrometry-based proteomics is also seeing increased usage 
in the study of lipid biology. This chapter provides an introduction to hypothesis- 
generating and hypothesis-testing protein-based analytical approaches to investi-
gate sphingolipids and sphingolipid-metabolizing enzymes. These tools can serve 
to identify how sphingolipids regulate the proteome, to defi ne how post- translational 
modifi cations control enzymatic activity, to identify protein–protein and protein–
lipid interactions as well as to facilitate inhibitor development, among other con-
cepts. These approaches can help delineate the roles and consequences of 
perturbations of sphingolipid metabolism in cancer.  
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1         Introduction 

 Mass spectrometry-based lipidomic strategies to investigate sphingolipid 
 metabolism have revealed a diverse array of sphingolipid changes in various 
 cancers. These data largely consist of results from a multitude of cell lines in 
response to multiple therapeutic strategies and factors believed to regulate cancer 
progression. The implication that there are specifi c sphingolipids modulating phe-
notypic outcomes, such as proliferation, metastasis, and cell death, has greatly 
increased interest in investigating these molecules. These results also include 
research into sphingolipid alterations within human specimens, such as breast [ 1 ], 
head and neck [ 2 ,  3 ], lung [ 4 ], and pancreatic [ 5 ] cancers. These human specimen 
studies have, in part, challenged conventional dogma, such as ceramides being ele-
vated in cancer, and point to the need for further studies to understand the roles of 
sphingolipids in cancer biology and cancer therapeutics. 

 The advantage of analyzing lipid metabolites (lipidomics) themselves is they 
represent the fi nal outcomes of changes to genotype (e.g. epigenetic, mutation, 
chromosomal rearrangements), RNA, and protein levels and modifi cations. 
However, these steady-state lipid measurements need to be coupled with other anal-
yses such as metabolic fl ux and protein measurements. This combination will allow 
a better understanding of the mechanisms of steady-state lipid alterations within  in 
vitro  and  in vivo  models of cancer as well as clinical specimens. As an example, 
sphingosine kinases are often implicated for changes in sphingosine-1-phosphate 
levels; however the contributions of lipid phosphatases and lyases in sphingosine-1- 
phosphate levels are often overlooked. The objective here is to introduce mass 
spectrometry- based proteomics strategies as an additional investigative tool to fur-
ther understand sphingolipid metabolism and mechanisms of action in cancer 
(Fig.  1 ). A diverse array of hypothesis-generating and hypothesis-testing techniques 
exists to aid this endeavor.

  Fig. 1    The alphabet soup of 
mass spectrometry and 
proteomics       
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2        Discovery Proteomics 

 Discovery-based proteomics is typically what people think about in regards to mass 
spectrometry-based proteomics. Such strategies attempt to take an unbiased approach 
to examine global differences in protein presence or levels between groups. Discovery 
proteomics is sometimes referred to as “shotgun” proteomics. The term “shotgun” 
takes a different meaning here as opposed to shotgun lipidomics. While both are 
profi ling methods, shotgun lipidomics refers to non- chromatographic infusion-based 
methodologies to introduce the sample into the mass spectrometer [ 6 ], whereas 
shotgun proteomics methods usually employ chromatography. 

 These approaches have yielded a wealth of information for various diseases and 
pathways, including cancer. As sphingolipids have been implicated in several facets 
of cancer progression and as a mediator of therapeutic strategies (i.e. radiation and 
chemotherapy), these types of approaches have the potential to increase our under-
standing of how sphingolipid metabolism can regulate the proteome leading to phe-
notypic changes. These methodologies could be applied to a large variety of sources, 
including tissues from genetically modifi ed animals, samples arising from gene 
deletion and knockdown strategies such as siRNA/CRISPR/TALEN-based 
approaches, and inhibitor treatments to understand the consequences and adapta-
tions of cells to these variations. 

 There have been few publications that have utilized discovery proteomics in the 
realm of sphingolipids. Proteomic analysis of C6-ceramide treated HCT-116 cells 
(a colon carcinoma cell line), was assessed by 2D-gel electrophoresis followed by 
Matrix-assisted laser desorption/ionization (MALDI)-time of fl ight (TOF)-MS [ 7 ]. 
This group discovered 43 proteins differentially regulated by C6-ceramide treat-
ment. A similar approach was used with the same cell line in response to C16- 
ceramide exposure to identify 51 differentially regulated proteins [ 8 ]. This included 
elevated levels of the Bcl-2-associated transcription factor (Btf). Further work 
showed that Btf regulates p53 and BAX expression to regulate C16-ceramide- 
induced apoptosis [ 8 ]. Proteomic analysis was also undertaken to investigate pertur-
bations of C6 glioma cells in response to 2′-hydroxy C16-ceramide [ 9 ]. The 28 
proteins changed with short-term treatment suggested further investigations into 
MAPK and Akt signaling pathways [ 9 ]. 

 Proteomics can also be utilized at a subcellular/organelle level. For example, a 
proteomics screen was used to identify lysosomal proteins elevated in response to the 
DNA damaging agent, camptothecin [ 10 ]. These results demonstrated an increase in 
prosaposin, a precursor to saposin, which regulates lysosomal glycosphingolipid 
degradation [ 10 ]. Proteomics has also been utilized to identify changes in fi broblast 
proteins within lipid microdomains upon C8-lactosylceramide treatment [ 11 ]. 

 The general workfl ow for discovery proteomics (Fig.  2 ) requires the isolation of 
total protein, which can be cellular, subcellular or extracellular in origin. Most 
approaches utilize a “bottom-up” strategy, where isolated proteins are subjected to 
proteolytic digestion, usually with trypsin. A wide variety of published protein iso-
lation and cleanup protocols exist, including organic precipitation of proteins, urea 
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or other chaotrope denaturation, SDS denaturation, in preparation for proteolytic 
digestion. The resulting proteolytic peptides can then be used as is (unlabeled) for 
label-free quantitation strategies, or labeled either pre- or post-digestion for multi-
plex quantitation using heavy isotopes. Post-digestion labeling strategies may 
employ options such as isobaric tags (iTRAQ, TMT) or dimethyl labeling, while 
metabolic  15 N-labeling or SILAC (Stable Isotope Labeling by Amino acids in Cell 
culture) quantitation studies can be performed by growing cells in the presence of 
heavy-isotope elements ( 15 N) or amino acids (SILAC) rather than adding an 
isotopically- tagged label post-digestion. In addition, combinations such as SILAC 

     Fig. 2    A general workfl ow for proteomics strategies. Proteins are derived from a source such as 
cell culture models, animal models, or clinical specimens. The protein can then be directly sub-
jected to enrichment strategies that include antibodies, lipid, and drug affi nity. The enriched sam-
ples are then digested and analyzed by mass spectrometry. Alternatively, proteins can be 
immediately digested and subjected to fractionation techniques (e.g. electrophoresis, chromatog-
raphy) or enrichments can be done at the peptide level with or without prior fractionation. Samples 
are then subjected to mass spectrometry analysis. Analysis entails peptide and protein identifi ca-
tion, quantifi cation, and data interpretation (e.g. functional enrichment, network analysis)       
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and isobaric tags have been used to obtain up to a 54-plex level of quantifi cation 
[ 12 ]. Stable Isotope LAbeling in Mammals (SILAM) can also be used in animal 
models via the use of isotopically-labeled lysine or  15 N-labeled spirulina as a protein 
source in the diet [ 13 ]. SILAM can theoretically also be coupled with post-digestion 
isobaric tags for multiplexing. Ultimately, label-free strategies in data-dependent 
acquisitions are less quantitative, but can be advantageous since label-free 
approaches have reduced sample preparation complexity and no potential for 
incomplete labeling with reduced costs. Furthermore, for clinical-specimen-based 
studies greater statistical power can be more readily obtained. There are isobaric 
approaches to increase statistical power, such as using the same sample in multiple 
sets of iTRAQ or TMT-based labeling experiments or to utilize spike-in or super- 
SILAC [ 14 ]. For super-SILAC, a representative cell line that closely matches the 
source material is labeled via SILAC and then mixed with the sample of interest. 
The individual protein ratios between samples are then assessed.

   After digestion, most approaches utilize a multi-dimension fractionation-based 
approach to reduce the complexity of peptides that enter the mass spectrometer for 
analysis. These multiple strategies can employ electrophoresis, strong anionic 
exchange (SAX), strong cationic exchange (SCX), hydrophilic interaction (HILIC), 
electrostatic repulsion (ERLIC), or high pH/basic reverse phase chromatography 
among other techniques in the fi rst dimension. This is usually followed by low pH 
reverse phase chromatography from which the desalted eluate is more compatible 
with mass spectrometry for ionization and detection of peptides. The additional 
work of adding more dimensions of separation can also yield impressive results. A 
three dimensional chromatography approach (basic pH C18 reverse phase, SAX, 
acidic pH C18 reverse phase on a 1 m analytical column) identifi ed 11,352 gene 
products (~70 % of the proteome), which is similar to the coverage provided by 
RNA-seq strategies [ 15 ]. Importantly, this covered a wide dynamic range enabling 
detection of lower abundance proteins such as several of the sphingolipid metabo-
lizing enzymes, which included peptides from sphingosine kinase 2, alkaline 
ceramidase, serine palmitoyltransferase, ceramide kinase, several ceramide syn-
thases, among others. Though this approach took 8 days of dedicated instrument 
time to acquire data, performing the fi rst and/or second dimension fractionation 
offl ine could decrease the instrument time. As newer instrumentation become faster, 
more sensitive, and with increased dynamic range, in depth proteome coverage will 
become easier. 

 Currently, two types of mass spectrometers are the predominant workhorses for 
discovery-based proteomics. These may be Fourier transform ion cyclotron reso-
nance (FT-ICR) or Kingdon/orbitrap-based, which include an orbitrap mass  analyzer 
or hybrid instruments with a Q1 quadrupole in front as well as the newer “Tribrid,” 
containing a quadrupole, orbitrap and linear ion trap. The other major instrument 
type is the quadrupole-time of fl ight (qTOF) instrumentation. The use of matrix-
assisted laser desorption/ionization (MALDI) has decreased for general proteomics 
work in recent years, and some major manufacturers have discontinued develop-
ment. Nonetheless, with proper sample preparation MALDI-based mass spectrom-
etry can currently identify 2000–3000 proteins from a single sample and the different 
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ionization mode in MALDI-based instrumentation can offer several advantages. 
Comparison of a protein digest between a 5600 TripleTOF, a qTOF mass spectrom-
eter and a 5800 MALDI-TOF instrument, both from AB Sciex, emphasizes the 
synergistic nature of different instrument types (Fig.  3 ). Though there were close to 
three times as many total protein identifi cations from the 5600 proteomics workfl ow 
than from the 5800 MALDI workfl ow, there were however a signifi cant number of 
strong IDs that came only from the 5800 MALDI workfl ow. Some existing compa-
nies are still working on newer MALDI instrumentation and new MALDI-based 
instrument companies have also been starting up (SimulTOF Systems). MALDI 
usage continues to evolve and has seen increased marketing on other uses such as 
the identifi cation of microorganisms isolated from human specimens and mass 
spectrometry-based imaging. MALDI also offers several advantages for glycosyl-
ated peptides due to the differential fragmentation that can facilitate structural elu-
cidation. In sum, it is a complementary tool and can usually add protein and peptide 
identifi cation and information not seen from other instruments.

   Discovery-based approaches can be further extended to understand perturbations 
in post-translational modifi cations (PTMs). There are several strategies to assess 
phosphorylation, glycosylation, acetylation, nitrosylation, ubiquitination, palmi-
toylation among other post-translational modifi cations. These techniques typically 
employ affi nity-based peptide enrichment that can be via antibodies, use of biotin- 
switch, lectin, and/or metals. 

 There are several challenges with global post translational modifi cation (PTM) 
analysis. One of the main challenges is enrichment/isolation from unmodifi ed peptides. 

  Fig. 3    Complementation of mass spectrometry techniques. Various techniques exist, each with 
their own advantages and disadvantages. This Venn diagram demonstrates the difference in protein 
identifi cations (5 % false discovery rate) of an identical sample run on a nanospray 5600 TripleTOF 
f ( orange ) or a 5800 MALDI-TOF/TOF ( blue ) instrument. Though the nanospray workfl ow 
yielded more protein identifi cations, there was a subset of proteins that were uniquely identifi ed by 
the 5800 workfl ow       
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For phosphopeptides, though a large number of proteins are phosphorylated 
(~30 %), the stoichiometry for a specifi c site can often be low. Of this, the great 
bulk of phosphorylated peptide sites are phosphorylated serines. Phosphoamino 
analysis suggests a ratio of pSer:pThr:pTyr at around 1800:200:1 [ 16 ], though up to 
~1.5 % pTyr has been reported [ 17 ]. The choice of enrichment strategy is dependent 
on experimental goals and the depth one wants to attempt to uncover. As an exam-
ple, for phosphoproteomics, fi rst dimensional ERLIC and SCX separation of pep-
tides are complementary with one leading to preferentially acidic and the other 
basic phosphopeptides. Both strategies, even after further enrichment via immobi-
lized metal ion affi nity chromatography (IMAC) and titanium dioxide procedures, 
will co-purify other modifi cations such as glycosylation. Since glycosylation is 
more prevalent than phosphorylation, to maximize the time a mass spectrometer 
spends on phosphopeptides, incorporation of a glycosidase (e.g. PNGase) can be 
benefi cial. There are also strategies to multiplex different PTM analyses, such as 
glycosylation and phosphorylation [ 18 ] and phosphorylation with acetylation of 
lysines and ubiquitination [ 19 ]. 

 One of the main issues with discovery PTM analysis is that stoichiometric infor-
mation is needed to put any change into perspective. It needs to be clear if a change 
in the level of a modifi ed peptide observed between treatments is, in fact, due to a 
change in the percent of that peptide carrying the PTM (stoichiometry) versus a 
change in parent protein level. Several strategies exist to overcome this issue. This 
can be done by assessing the levels of the unmodifi ed peptide if an unenriched (or 
enriched fl ow-through) is measured. A challenge with this is that in a discovery 
mode using data-dependent method (IDA or DDA), MS/MS may not be triggered 
for suffi cient identifi cation and measurement of the unmodifi ed peptide. Thus, fur-
ther analysis and validation may need to be done through a targeted approach or a 
data-independent acquisition (DIA) approach such as MS E  on a Waters instrument or 
SWATH MS (Sequential Window Acquisition of all THeoretical Mass Spectra) [ 20 ] 
or a SWATH-like acquisition on AB Sciex or Thermo accurate mass instruments. 

 An additional challenge is most PTMs are undefi ned with regards to function. 
Therefore, it is not clear if they are activating, priming, inactivating, localization- or 
stability-conferring, or have some other effect on a given protein. Utilization of 
bioinformatic-based processing post-acquisition can be used to look for things such 
as commonalities in phospho-site motifs, or functional enrichment to cluster pep-
tides into families. This information can potentially identify mechanisms of regula-
tion and consequences of these changes. Ultimately, these discovery-based 
approaches provide a foundation to ask more targeted questions and need to be 
corroborated with other techniques.  

3     Targeted Proteomics 

 The Merrill laboratory has shown signifi cant parallels between gene expression data 
(mRNA) and sphingolipid composition [ 21 ]. However, the overall correlation 
between RNA and protein expression is around 0.41 [ 22 ,  23 ]. This low correlation 
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is attributed to factors that include differences in turnover, degradation, and 
 translational control. As there are several sphingolipid proteins that exert the same 
enzymatic function, such as the ceramidases or the sphingomyelinases, it is impor-
tant to obtain a larger view of sphingolipid enzymes to correlate with lipid changes. 
Western blotting has been the traditional method of choice for investigators examin-
ing specifi c protein levels. The challenge with antibody-based approaches for 
sphingolipid- regulating enzymes is that they are not particularly effective, with a 
few exceptions, due to a lack of specifi city or sensitivity, and in some cases the 
necessary antibodies have yet to be produced. 

 The use of targeted proteomics is an option that can allow one to quantify altera-
tions in sphingolipid enzymes even in the absence of specifi c antibodies. Using 
selected or multiple reaction monitoring (SRM or MRM), it is possible to multiplex 
measurements of dozens of proteins within a single analysis. This also offers unpar-
alleled specifi city (in addition to quantifi cation) compared to antibody-based 
approaches. The specifi city is obtained by examining multiple peptides (3–4 pep-
tides per protein) and 3–4 transitions (MS/MS fragments) per peptide. This can 
typically equate to up to 16 MRMs per protein in a typical analysis. Validation can 
also be obtained by use of a spiked-in stable-isotope labeled peptide, a technique 
originally termed AQUA (Absolute QUantitation of Proteins) [ 24 ]. An extension of 
this is Stable Isotope Standards and Capture by Anti-Peptide Antibodies (SISCAPA) 
[ 25 ]. Use of the anti-peptide antibodies greatly improves the sensitivity and through-
put by enriching for peptides of interest and removing matrix components. This 
approach allows for the examination of co-elution of the isotopic and endogenous 
peptide and facilitates normalization and more accurate quantifi cation provided by 
the combination of the internal standard with an external standard curve. Due to the 
stable isotope labeling, the mass spectrometer can easily distinguish between the 
native and isotopically-labeled peptides. As costs of these synthetic peptides can be 
a roadblock for many when examining a large number of peptides, normalization 
and relative quantifi cation can also be achieved using an endogenous control akin to 
what many laboratories do with western blotting. 

 There are many challenges in MRM applications and there can be a large amount 
of method development that goes into the process. Not all tryptic peptides are 
equally detectable, thus the optimal peptides will need to be determined. The mass 
spectrometer settings will need to be optimized, which includes determination of 
collisional energies for each peptide fragment and the ideal peptide fragments for 
quantifi cation. This can be facilitated with software and repositories described fur-
ther below. On an accurate mass instrument (e.g. qTOFs, orbitraps), the parent pep-
tide can be targeted to readily gather all the product ion information, but the settings 
will not be ideal for each fragment in a single scan. Ultimately, newer generation 
triple-quadrupole instrumentation typically offers more sensitivity and faster MS/
MS acquisition times for a higher level of targeted multiplexing. On the other hand, 
high resolution accurate mass instruments offer the capability of data-independent 
acquisitions. This can allow for the collection of all the ions and fragment ions in a 
single acquisition allowing for retrospective analyses. In contrast, with a triple 
quadrupole-based analysis, you can’t go back and look for a different peptide of 
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interest without rerunning a sample. On newer instrumentation, data-independent 
analyses can provide comparable linear dynamic ranges with a high level of repro-
ducibility. The sensitivity of data-independent-based analyses have been in the past 
lower than those achievable on triple quadrupole instruments, though this gap has 
been diminishing. Both of these approaches offer advantages over data-dependent 
discovery-based approaches. While discovery-focused analyses offer a high number 
of identifi cations within a sample, such data-dependent acquisitions show lower 
levels of reproducibility due to stochastic sampling of peptide ions in different runs, 
particularly for less abundant peptides. Figure  4  shows some of the process towards 
developing an assay to assess glucosylceramide synthase.

   To facilitate targeted analysis and quantitation of peptides or in data-independent 
acquisitions when ion libraries are lacking or insuffi cient, there are several resources 
that can be utilized to help select good peptides to use. There are several software 
options, such as Skyline [ 26 ] and PeptidePicker [ 27 ]. Several repositories exist that 
can also aid in the process via searching for peptides that other researchers have 
observed under experimental conditions. These include the Proteomics Database 
(  https://www.proteomicsdb.org    ) [ 28 ], the Human Proteome Map (  http://humanpro-
teomemap.org/    ) [ 29 ], and SRMAtlas (  http://www.srmatlas.org/    ) [ 28 ]. The complete 
Human SRM Atlas is currently available as a pre-publication preview. PeptidePicker 

  Fig. 4    LC-MS/MS analysis of glucosylceramide synthase. Glucoslyceramide synthase derived 
from human embryonic kidney cells was digested and analyzed to facilitate development of a 
targeted proteomics method. ( a ) The chromatograph shows nine readily detectable peptides of 
glucosylceramide. ( b ) Shows the product ion spectra from one of these peptides and the y and b 
fragment ions that allow for peptide identifi cation       
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has the capability of integrating information from several sources, including 
 repositories to expedite the process [ 27 ]. 

 Targeted analysis can also be coupled to labeling strategies (iTRAQ, TMT, 
SILAC) to increase throughput. SILAC can also be utilized with data-independent 
analysis. Overall, the major roadblock towards comprehensive analysis of several 
sphingolipid-related proteins is sensitivity. Assuming a good antibody (both spe-
cifi c and high-affi nity), an antibody-based technique can often offer more sensitiv-
ity, since the mass spectrometry-based detection of sphingolipid enzymes depends 
both on the ionization effi ciency of peptides and the copy number (abundance) of a 
given protein.  

4     Post-Translational Modifi cations of Sphingolipid-Related 
Proteins 

 As with other proteins, sphingolipid-related proteins are modifi ed by post- 
translational events to regulate aspects such as activity and localization. Various 
strategies have been put to use over the years to identify such modifi cations. 
Bioinformatic strategies examining phosphorylation prediction and species conser-
vation were used to identify putative phosphorylation sites within acid sphingomy-
elinase [ 30 ]. Site-directed mutagenesis helped validate a PKCδ phosphorylation site 
within this protein [ 30 ]. Changes at this site were followed by a phospho-serine 
PKC substrate antibody on immunopurifi ed acid sphingomyelinase [ 31 ]. Metabolic 
labeling with radiolabeled orthophosphate and site-directed mutagenesis was used 
to show that the extracellular signal regulated kinases 1 and 2 (ERK1/2) directly 
phosphorylates SphK1 at Ser225 [ 32 ]. Phosphorylation of neutral ceramidase using 
radiolabeling has also been demonstrated though the specifi c site(s) were not identi-
fi ed [ 33 ]. Another group showed that phosphorylation of Ser354 is involved in neu-
tral ceramidase regulation as determined by site-directed mutagenesis and a serine 
residue modifi er [ 34 ]. Modulation of tyrosine kinases through use of inhibitors was 
shown to regulate ceramide kinases and ceramidase activities by following metabo-
lism of a fl uorescent ceramide [ 35 ]. 

 Though most work thus far has focused on PTM identifi cation and validation via 
bioinformatics, labeling, and site-directed mutagenesis, mass spectrometry strate-
gies are now seeing increased usage. Such an approach was utilized to examine 
ceramide kinase [ 36 ]. This work identifi ed serine phosphorylation at positions 340 
and 408. Though no function could be identifi ed at position 408, phosphorylation at 
Ser340 reduced stability of the active enzyme conformation [ 36 ]. 

 Assessment of PTMs is not restricted to phosphorylation. Glycosylation of acid 
ceramidase (aCDase), which is important for enzymatic activity, was demonstrated 
by enzymatic deglycosylation, and the specifi c sites determined by site-directed 
mutagenesis of  N -glycosylation consensus sequences [ 37 ]. A follow-up study fur-
ther characterized the glycosylation using mass spectrometry to validate the sites of 
glycosylation with some elucidation of the glycans [ 38 ]. 
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 A mass spectrometry-based strategy to identify post-translational modifi cations 
must take into account several factors. These include the source of protein, proteo-
lytic strategies to obtain wide coverage of the protein or region of interest, account-
ing for potentially low stoichiometric events, and the strengths and weaknesses of 
the particular type of mass spectrometric analysis used. 

 The protein source could be obtained from endogenous or overexpressed sources. 
Overexpression offers several advantages for obtaining suffi cient material for anal-
ysis and purifi cation via affi nity tags. The major disadvantage of an overexpressed 
source is that the stoichiometry of a particular PTM may be lower than physiologi-
cal. This could be attributed to the excess amount of protein relative to the modify-
ing enzyme. Some sources of protein are also not suitable for PTM analysis. One 
must insure the overexpressing source has the ability to modify the protein appro-
priately, such as avoiding bacterial expression systems to study phosphorylation of 
recombinant proteins, since bacterial sources do not contain the requisite kinase 
activity. 

 Proteolytic strategies must take into account the peptide size and ionization prop-
erties of the peptides produced by a particular proteolytic enzyme. If a specifi c 
region is of interest, then  in silico  digests can be performed to determine enzymatic 
strategies that will produce optimally-sized peptides preferably containing few or 
no potential PTM-sites other than the PTM site of interest. Looking at multiple 
proteolytic cleavage patterns is also useful for attempting to examine an entire pro-
tein. It is not common for a single enzyme to be suitable for suffi ciently covering an 
entire protein. This can be due to the size of the peptides produced, location of puta-
tive cleavage sites, and amino acids near a cleavage site. For example, trypsin pre-
dominantly (~95 %) cleaves after arginines and lysines. However, cleavage before a 
proline is not favored, though such cleavages have been reported [ 39 ]. As an exam-
ple, Ser225 of SphK1 demonstrates the complexity that can arise. This site exists 
within a 58 amino acid long tryptic peptide that is too big for effi cient ionization and 
fragmentation on most mass spectrometers. However, modifi cation of this site can 
be observed due to a non-typical trypsin cleavage between a histidine and leucine 
yielding a much more MS-compatible 16 amino acid long peptide ([ 40 ] and unpub-
lished observations). Strategies that utilize different enzymes such as trypsin, chy-
motrypsin, GluC, AspN, either in separate reactions or in combination are often 
needed. For example, when phosphorylation of ceramide kinase was examined, 
82 % coverage of the total protein was achieved using trypsin, chymotrypsin, and 
proteinase K digestions [ 36 ]. 

 Low stoichiometry can also be a challenge when a modifi ed peptide exists in a 
low amount. Enrichment strategies, as discussed previously, are suitable here. This 
can be useful in determination and validation of modifi ed amino acids. Such enrich-
ment strategies are however not suitable for trying to determine whether or how 
much a particular site’s occupancy (modifi ed versus unmodifi ed residue) changes in 
response to an agonist or other biological condition. An alternative approach is to 
split a sample in half, remove the modifi cation from one portion (e.g. phosphatase, 
deglycosylation treatments) leaving the other still attached [ 41 ,  42 ]. The two pools 
are recombined after isotopic labeling with modifi ers such as iTRAQ, TMT, or 

Sphingoproteomics: Proteomic Strategies to Examine Sphingolipid Biology



370

dimethyl groups. This technique allows for quantitation of low abundance 
 modifi cations when the modifi ed peptide itself may not be visible on the mass spec-
trometer (measured as the increase in the unmodifi ed peptide form in the dephos-
phorylated or deglycosylated aliquot). However, the specifi c site of modifi cation 
must already be known, since it cannot be determined in this type of experiment if 
more than one potential modifi cation site exists. 

 Lastly, the type of mass spectrometry analysis utilized can have different advan-
tages and disadvantages. While a triple quadrupole-based instrument can typically 
offer the most sensitivity in targeted analyses, for discovery-based approaches it 
will lead to more false discovery than an accurate mass and high mass resolution- 
based instrument. However, a triple quadrupole-based instrument would be suitable 
for monitoring PTM changes of a known site. This can be coupled with an isotope- 
labeled peptide for validation and more accurate quantifi cation. Another challenge 
is that many PTMs are labile. Mass spectrometer-labile PTMs include phosphoryla-
tion (more so pSer and pThr than pTyr), glycosylation, sulfonation, and nitrosyl-
ation. This means that upon fragmentation and MS/MS spectra accumulation, 
information on the location of a specifi c modifi cation can be lost. There are two 
methods of fragmentation typically used for this analysis, collision-induced disso-
ciation (CID) and electron-based dissociation. If phosphorylation is being exam-
ined, multiple serines, threonines and/or tyrosines within a given peptide may 
preclude site identifi cation if a collision-induced method is utilized. With CID, the 
collision-based vibrational energy distributes throughout the peptide, and the labile 
phosphoryl group may fall off before any peptide chain fragments are formed. This 
results in no peptide fragments still containing the phosphoryl group being visible. 
Electron-based dissociation, such as electron-collision dissociation (ECD) or elec-
tron-transfer dissociation (ETD), fragment the peptide at whatever point they impact 
it. This prevents distributing the energy through the peptide chain, and can thus 
preserve the labile PTMs and produce fragment masses still containing the phos-
phoryl electron transfer dissociationcrapome group whenever the site of electron 
collision is not at the phosphorylated residue itself. However, the overall effi ciency 
of ECD and ETD is lower than CID. In global analyses collision-based and elec-
tron-based can yield different phosphopeptides [ 43 ], meaning one technique is not 
necessarily better than the other, but rather complementary to each other. 
Furthermore, chromatography can usually separate a peptide that is differentially 
modifi ed, assisting in validation with isotopically- labeled peptides. For glycosyl-
ation, an alternative approach to produce differential fragment ions, such as MALDI, 
may be needed for elucidation of glycan composition and branch points. 

 An alternative approach for investigators is to bypass mass spectrometry and 
make use of existing proteomics mass spectrometry data. Many of these published 
and unpublished fi ndings are curated at phosphosite.org, which serves as a reposi-
tory for phosphorylation and other post-translational modifi cations. Such a strategy 
is how phosphorylation at Ser115 of the Ceramide transport (CERT) protein was 
chosen for further investigation. This site was found to be important for interactions 
with the ER protein VAP and regulation of ceramide traffi cking [ 44 ]. Though such 
sources can provide cues for further examination, they are not without their 
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 limitations. For example, some modifi ed sites may be the result of false discovery, 
modifi cations may not be produced in different model organisms, and most studies 
utilize trypsin-digested peptides, which will not always yield suitable peptides for 
analysis of an entire protein. 

 Whether mass spectrometry-based methods, radiolabeling, bioinformatics or 
some other approach is used, further validation work will usually be needed. This 
will involve understanding the function of the modifi cation on the protein and the 
biological system, sequential and spatial crosstalk amongst other modifi cations, and 
the regulatory mechanisms that govern the modifi cation. For phosphorylation, this 
would include determination of the upstream kinase and phosphatase that regulate 
the site. In addition to PTMs, other mass spectrometry techniques, such as induc-
tively coupled plasma mass spectrometry (ICP-MS) can be utilized to determine the 
true metal co-factors involved in regulation the enzymatic activity of sphingolipid 
enzymes. Such “metalloproteomics” is an emerging fi eld and has expanded what is 
known about what metals are taken up by the cell and bound to macromolecules 
within the cell [ 45 – 47 ].  

5     Protein–Protein Interactions 

 Sphingolipid-related proteins, like other proteins, can interact with a wide array of 
proteins that regulate various aspects such as activity, localization, function and 
stability. Considering the diverse roles that sphingolipids have in various cellular 
processes, understanding the composition of protein complexes can shed vital infor-
mation on cellular function. 

 Sphingosine Kinase 1 (SphK1) is the most studied sphingolipid-related protein 
that has been investigated in this regard. Discoveries of SphK1 interacting proteins 
have used a myriad of techniques. The most prevalent has been the use of a yeast-2- 
hybrid approach. Using SphK1 as bait, interactions with δ-catenin [ 48 ], eukaryotic 
elongation factor 1A [ 49 ], LIM-only factor FHL2 (SLIM3) [ 50 ], PECAM-1 [ 51 ], 
SPHK1-interacting protein (SKIP) [ 52 ], aminoacylase 1 [ 53 ], cytosolic chaperonin 
CCT (chaperonin containing t-complex polypeptide) [ 54 ], RPK118 [ 55 ], and 
Filamin A [ 56 ] have been described previously. SphK1 has shown calmodulin- 
sepharose binding [ 57 ], though yeast-2-hybrid studies revealed interactions with 
Calcium- and Integrin-binding Protein 1 (CIB1, also known as calmyrin and KIP) a 
protein with 54 % homology to calmodulin [ 58 ] and thus may possibly be the true 
target. The use of the Bovine Viral Diarrhea Virus NS3 protein as bait has also 
shown to interact with SphK1 [ 59 ]. Other approaches have utilized recombinant 
protein to demonstrate direct phosphorylation, such as with Erk1/2 [ 32 ], or dephos-
phorylating counterpart, PP2A, via a GST-pulldown [ 60 ]. Co-immunoprecipitation 
is another often used tool and has been used to examine SphK1 complexes with 
PP2A [ 60 ], interactions with the tyrosine kinases Lyn [ 61 ] and Fyn [ 62 ] as well as 
TRAF2 [ 63 ] and co-associating with CD31/PECAM and integrin αvβ3 [ 64 ]. 
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 These techniques have not been limited to SphK1. Other examples include the 
detection of heterodimerization of ceramide synthases via co-immunoprecipitation 
[ 65 ], purifi cation of acid ceramidase has implicated binding to saposin D [ 66 ], and 
co-immunoprecipitation has helped reveal FAN ( f actor  a ssociated with  n eutral 
sphingomyelinase) as a protein that links neutral sphingomyelinase with the TNF 
receptor [ 67 ]. 

 Use of mass spectrometry has seen wide usage in discovery and dissection of 
protein-complexes, but the use for examining sphingolipid-related proteins has been 
limited. One example includes the use of MALDI-TOF to show that heat shock 
protein 60 co-purifi es with neutral sphingomyelinase 2 from brain tissue [ 68 ]. The 
typical mass spectrometry-based approach utilizes affi nity purifi cation. This can be 
an antibody against the endogenous protein, but this requires a high quality anti-
body. Furthermore, this may require larger-scaling up to purify suffi cient protein. A 
more common approach is the used of overexpressed proteins with affi nity tags at 
one of their termini (e.g. FLAG). Tandem-affi nity purifi cation (TAP), where two 
affi nity tags are used, will lead to less non-specifi c binding than a single affi nity tag 
approach at the potential expense of losing weaker interacting proteins. The use of 
a tag and the choice of tag location(s) is largely dependent on what, if any, disrup-
tion it may have on the protein. Overexpression of protein, compared to examining 
endogenous protein, will have the potential drawbacks of creating artifacts. These 
include cellular localization changes, activity changes, perhaps due to a change in 
stoichiometry with interacting proteins, and non-typical interactions with other 
proteins. 

 A general challenge with purifi cation schemes from endogenous or ectopically 
expressed proteins is non-specifi c binding. Thus, appropriate controls are necessary 
to minimize these false positives that result from cell lysis and non-specifi c interac-
tions with affi nity approaches including binding to the resin. Both label-free and 
labeling techniques are applicable for detection of protein–protein interactions and 
offer different approaches in minimizing unauthentic interactions. For label-free 
methods, various statistical approaches exist to examine protein–protein interac-
tions [ 69 ]. These can be based on spectral counting (precursor signal intensity), 
which is defi ned as the total number of spectra observed for peptides from a specifi c 
protein, or on MS1 peak signal quantifi cation. For spectral counting, the number of 
spectra for an identifi ed protein is compared between a capture and a control 
 immunoprecipitation to determine the background. Extensions of spectral counting 
include methodologies such as normalized spectral abundance factor (NSAF) [ 70 ] 
and protein abundance factor (PAX,   http://pax-db.org/    ) [ 71 ], signifi cance analysis 
of interactome (SAINT) [ 72 ,  73 ], the Comparative Proteomic Analysis Software 
Suite (CompPASS) [ 74 ], MasterMAP [ 75 ], and mass spectrometry interaction sta-
tistics (MiST) [ 76 ]. These various approaches, and others currently in development, 
attempt to overcome limitations of spectral counting, account for a wide dynamic 
range in peptide intensities observed as well as providing confi dence scores to 
detected interactions. 

 Labeling methods can also be utilized for determination of a protein’s interac-
tome. Use of SILAC-based approaches allows for simultaneous sample processing 
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of samples for comparison. This minimizes experimental variations and improves 
accuracy in relative quantifi cation. Post-immunoaffi nity purifi cation labeling 
through the addition of labels such as iTRAQ, dimethyl, and ICAT can also mini-
mize system (chromatography and mass spectrometer) variability, though the sam-
ples are independently prepared and combined prior to sample injection. Techniques 
to enable distinguishing contaminants from an associated protein also share 
acronymic- names. These include the isotopic differentiation of interactions as ran-
dom or targeted (I-DIRT) [ 77 ] and the quantitative immunoprecipitation combined 
with knockdown (QUICK) [ 78 ] methods. The QUICK method relies on an RNA 
interference strategy to reveal the non-specifi c contaminating proteins. The ratios of 
the different labels are compared to each other and controls with a user-defi ned 
threshold to help defi ne putative interactions. 

 The CRAPome database (  http://www.crapome.org/    ) serves as an additional 
resource; a repository of common background contaminants that are typically 
observed in affi nity purifi cation protocols [ 79 ]. This resource can be used to assess 
the presence of a protein within the database and facilitate analysis of user-acquired 
datasets to help score detected interactions. 

 An additional challenge associated with identifying protein complex composi-
tion is the detection and determination of transient versus stable interactions. Cross-
linking- based approaches can be used to elucidate transient or weak interactions 
that may otherwise be lost during standard affi nity purifi cation procedures. 
Comparing data obtained using SILAC labeled proteins by mixing the heavy and 
light labeled proteins before (PAM SILAC) or after (MAP SILAC) affi nity purifi ca-
tion can also be utilized to identify dynamic interactions by examining for exchang-
ing between heavy and light protein complexes [ 80 ]. 

 Regardless of the method utilized, validation of interactions is needed. 
Co-immunoprecipitation of two proteins does not prove a direct protein–protein 
interaction. Complementary approaches to utilize may include performing a recip-
rocal immunoprecipitation, use of yeast-2-hybrid, or surface plasmon resonance. 
These approaches are not limited to discovery of unknown protein complex identi-
fi cation. When some knowledge of binding partners is known, a MRM/SRM or a 
data-independent analysis such as SWATH can be utilized to quantify differences 
under various conditions. Perturbations in protein–protein interactions may also 
lead to clues as to the function of these interactions. 

 Mass spectrometry can be used to investigate several details of known protein–
protein interactions. These include investigating conformational changes, subunit 
and protein-complex assembly. While the discovery-based approaches provide 
information on the relative abundance of the complex components, this can be 
expanded into analyses of undigested protein complexes, which shed light onto the 
stoichiometry of protein–protein interactions. 

 Use of ion mobility-MS can be utilized to investigate shape and conformational 
changes to characterize protein architectures and dynamics. There are three major 
types of ion mobility; (1) drift tube, (2) traveling wave, and (3) Field Asymmetric 
Waveform Ion Mobility Spectrometry (FAIMS, also referred to as DMS for differ-
ential mobility separation). All three techniques have the ability to separate 
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 conformers, though FAIMS may be less able to separate subtle differences than the 
other two ion mobility types. An advantage of FAIMS/DMS is the ability to sepa-
rate before Q1, which could allow for selectively transmitting proteins (or other 
biomolecules) at a particular voltage. For proteomics workfl ows, this can be used as 
an orthogonal technique to selectively reduce the complexity of a mixture prior to 
entry into the mass spectrometer. Use of a drift tube or traveling wave option allows 
for the calculations of collisional cross-sections (CCSs), which depend strongly on 
the ion shape. This technique has been used to investigate the assembly of protein 
complexes as well as the macromolecules themselves [ 81 ,  82 ]. 

 An additional approach to delineate protein–protein and protein subunit associa-
tions by mass spectrometry is the use of hydrogen/deuterium exchange [ 83 ,  84 ]. 
Here, mapping of the interactions is obtained by proteolysis, usually with acidic pH 
optimum pepsin, after the exchange reaction. Steps such as immediate MS injection 
by inline pepsin digestion should be taken to minimize back-exchange, which is 
also discouraged by the acidic medium optimal for pepsin digestion. High resolu-
tion can be obtained through the use of fragmentation; however CID can cause the 
deuterium position to scramble to other locations [ 85 ,  86 ]. On the other hand, frag-
mentation produced by electron capture dissociation or electron transfer dissocia-
tion can produce minimal deuterium movement [ 87 ,  88 ]. 

 Cross-linking strategies can also facilitate elucidation of protein complexes 
[ 89 – 91 ]. The protein complex is cross-linked to convert non-covalent interactions 
into covalent bonds. The protein complex is then enzymatically digested. An enrich-
ment step can also be added to improve analyses. Various cross-linking strategies 
exist towards different functional groups [ 92 ]. These typically target primary amines 
(e.g.  N -hydroxysuccinimide), though other complementary approaches such as 
acidic amino acid (aspartic and glutamic acid) cross-linkers [ 93 ] also exist and can 
be coupled to stable isotope-labels to aid in quantifi cation [ 94 ]. These types of 
approaches are suitable for investigating several aspects of sphingolipid enzymes, 
including subunit assembly of serine palmitoyltransferase and homo/heterodimer-
ization of ceramide synthases.  

6     Protein–Lipid Interactions 

 While sphingolipids have biophysical properties that can infl uence protein function, 
they also directly bind to various proteins, act as signaling molecules via fi rst- or 
second- messenger functions, are metabolized, and are transported. The increasing 
discovery of lipid–protein binding partners for sphingolipids is of importance to 
determine mechanisms of actions and the roles of specifi c sphingolipids in cellular 
phenotypes. 

 A wide variety of approaches, including mass spectrometry, have been utilized 
to assess and identify sphingolipid–protein interactions. We have utilized ceramide-
1- phosphate (C1P) containing liposomes to identify C1P-interacting proteins. 
One of these interacting proteins, annexin-A2, was shown to mediate cellular 
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migration and invasion [ 95 ]. These interactions were also validated by surface 
plasmon resonance, lipid–protein ELISAs, and mass spectrometry detection of 
C1P from immunoprecipitates. Interactions between TRAF2 and sphingosine-
1-phosphate (S1P) were characterized by S1P immobilized on agarose beads, the 
use of  32 P-labelled S1P, and mass spectrometry detection of S1P from immunopre-
cipitated TRAF2 [ 96 ]. Ceramide has been shown to have several binding partners. 
These include, but are not exclusive to, cathepsin D (identifi ed via ceramide affi n-
ity chromatography [ 97 ]), c-Raf (via radiolabeled ceramide and modulation of 
activity [ 98 ]), kinase- suppressor of ras (via modulation of activity [ 99 ]), PP2A 
(identifi ed via protein fractionation [ 100 ]), and PKCζ (via modulation of recom-
binant protein activity [ 101 ,  102 ]). Sphingosine interactions with 14-3-3ζ was 
also detected from 14-3-3ζ immunoprecipitates [ 103 ]. 

 Usage of mass spectrometry-based approaches to investigate protein–lipid inter-
actions is very similar to investigation of protein–protein interactions. For discovery 
approaches, a means of enrichment of target proteins is often needed, and this can 
be achieved via a positive selection approach. Tactics that utilize liposomes, or 
nanodiscs [ 104 ] can better mimic a membrane environment. Alternatively, a single 
lipid can be used in an affi nity approach using either an affi nity tag for purifi cation 
or linked to a stationary support. As examples, a biotin-C6-ceramide has been used 
to identify 97 interacting proteins in D6P2T Schwannoma cells [ 105 ]. A ceramide 
linked to a stationary support identifi ed interactions between cathepsin D and 
ceramide [ 97 ]. A biotin-sphingosine was utilized to identify interaction with acidic 
leucine-rich nuclear phosphoprotein-32A (ANP32A) [ 106 ]. While the use of artifi -
cial membranes can better recapitulate physiological interactions between proteins 
and lipids compared to a single pure lipid, this can lead to higher non-specifi c bind-
ing and thus background contaminants can become a factor. Use of a pure lipid that 
has been modifi ed to facilitate attachment to a stationary support or an affi nity tag 
can potentially alter interactions to a protein. Regardless of the enrichment tech-
nique utilized, they are amenable to label-free and labeling techniques to allow for 
minimizing the impact of background proteins to more confi dently identify authen-
tic interactions. 

 An emerging topic in sphingolipid biology is the roles of specifi c fatty acyl com-
position. Ceramide synthases show various specifi cities towards different fatty-acyl 
CoAs in the  de novo  pathway to generate distinct sphingolipid species (for review, 
see [ 107 ]). This raises the possibility of protein specifi city differences for sphingo-
lipids with different fatty acyl chain length. As examples, glucosylceramide syn-
thase shows a preference for ceramides with shorter fatty acyl lengths [ 108 ], whereas 
ceramide kinase may [ 109 ] or may not [ 110 ] show a preference for longer (>C12) 
chain ceramides. The role of the sphingoid backbone (d18:0, d18:1, d18:2, d20:1, 
etc.) is even less defi ned. These are important factors as increasing evidence sug-
gests that all ceramides are not equal. Examples include data showing a role for 
elevated CerS6/C16-ceramide in tumor growth, whereas siRNA-mediated knock-
down of CerS6 induced ATF-6 activation and apoptosis [ 111 ]. In contrast, an apop-
totic role of C16-ceramide and a proliferative role of C24-ceramides have been 
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described [ 1 ]. Thus, identifi cation of proteins that show preferential interactions 
may shed light on different properties of different sphingolipids. 

 While the above focuses on identifying proteins, mass spectrometry can also be 
used to identify lipids bound to purifi ed proteins. Some examples include annexin 
A2-C1P [ 95 ] and TRAF2–S1P interactions [ 96 ]. These were identifi ed by a targeted 
MS analysis, but use of various lipid analysis techniques, such as precursor ion 
scanning, neutral loss scanning, data-dependent, and/or data-independent analyses 
can be used to identify lipids interacting with proteins. Such approaches can be 
invaluable since in addition to interactions with sphingolipids, sphingolipid enzymes 
have been demonstrated to interact with other lipids. For example, the anionic lipids 
phosphatidic acid was shown to bind SphK1 using lipids-conjugated beads and lipo-
somes [ 112 ] and phosphatidylserine via surface plasmon resonance [ 40 ]. 

 Use of ion-mobility or hydrogen/deuterium exchange to investigate specifi c 
lipid–protein interactions is also possible, but has seen minimal usage. A large num-
ber of studies of protein–drug/ligand interactions have been performed with hydro-
gen/deuterium exchange, though most studies involving lipids have focused on lipid 
vesicles to investigate membrane binding. For example, both ion mobility (traveling 
wave) and hydrogen/deuterium exchange were used to examine interactions and 
secondary structure changes of α-synuclein upon binding to model membranes 
[ 113 ]. Evidence from studies with P-glycoprotein demonstrated that specifi city may 
be possible [ 114 ]. These studies using ion mobility-MS revealed a preference for 
anionic lipids over zwitterionic lipids (phosphatidylcholine and phosphatidyletha-
nolamine). As P-glycoprotein may also serve as a fl ippase for glucosylceramides 
[ 115 ], these interactions could be probed in a similar manner. Though interactions 
would need to be preserved in a gas phase environment for ion mobility to be useful, 
such an environment may be more physiologically relevant due to the dielectric 
constant of a vacuum having similarity to a membrane environment. 

 As with protein–protein interactions, these approaches serve as initial discovery 
tools. Additional validation approaches will still be needed to prove an authentic 
interaction, such as employing recombinant protein, surface plasmon resonance, 
activity/functional assays, structural biology studies (e.g. x-ray crystallography, 
NMR, small-angle scattering), and/or site-directed mutagenesis to produce comple-
mentary data.  

7     Chemical Proteomics 

 From initial discovery, drug development can take an average of 10 years with costs 
between $868 million and $1.24 billion to obtain approval [ 116 ]. This can be a huge 
cost for a drug that doesn’t fail until late in the pipeline, or when in clinical use (e.g. 
Vioxx). A large number of inhibitors have been generated against a variety of sphin-
golipid enzymes. Though many of these compounds have shown effi cacy within  in 
vitro  and  in vivo  models, the pharmacokinetics, liberation, absorption, distribution, 
metabolism, and excretion and off-target effects of these compounds are largely 
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unknown. Likewise, the intracellular concentration and metabolism of a compound 
can lead to changes in selectivity for the target of interest compared to “off-target” 
molecules. More extensive screening of off-target effects through proteomic analy-
sis could improve the effi ciency of weeding out “bad” candidates earlier. 

 Pointing to the importance of these off-target effects, FTY720 (aka Fingolimod 
or Gilenya) can modulate S1PRs upon phosphorylation by sphingosine kinase 2 
[ 117 ]. However, other identifi ed targets include S1P lyase [ 118 ], SphK1 [ 119 ], 
ceramide synthases [ 120 ] acid sphingomyelinase [ 103 ], cPLA2 [ 121 ], CB1 canna-
binoid receptor [ 122 ], and 14-3-3 proteins [ 103 ]. A sphingosine kinase inhibitor, 
SKI-II, has recently been shown to also inhibit dihydroceramide desaturase [ 123 ]. 
Ultimately, the extent of knowledge about the specifi city of a given compound is 
determined by the number of protein targets it is screened against. 

 There are several proteomic strategies that can be utilized to identify a drug’s 
protein-binding partners. One category of approach is termed “compound-centric 
chemical proteomics [ 124 ,  125 ]. These approaches are very similar to several of the 
protein–protein and protein–lipid interaction strategies described above. These 
methods rely on immobilization of the drug to facilitate affi nity purifi cation. 
Compound immobilization can be via the attachment of specifi c chemical groups 
(e.g. carboxyl, hydroxyl, amino) or through chemical modifi cation of the compound 
to facilitate attachment, such as use of a linker. When a compound needs to be modi-
fi ed for immobilization, it is important to assess this modifi cation with an appropri-
ate biochemical or cell-based assay to ensure that activity is retained. This approach 
usually requires some knowledge of how the inhibitor interacts with the protein of 
interest (structure-activity relationship [ 126 ]), so that any effects on binding with 
target proteins upon drug modifi cation are minimized. This approach can poten-
tially eliminate some “off-target” binding to the now-modifi ed region. 

 Drug immobilization can also be coupled with surface plasmon resonance. After 
protein capture, proteins are eluted for mass spectrometry-based identifi cation 
[ 127 ]. An advantage of surface plasmon resonance is that other parameters, such as 
equilibrium constants and kinetic rates can be obtained. Furthermore, the  interaction 
strength can be characterized with increasing salt or other washes. This may also be 
useful to minimize identifi cation of non-specifi c proteins. 

 With a properly immobilized drug-matrix, comparisons between drug–protein 
with an inactive-drug analog, control matrix, and/or unrelated compounds can be 
performed to help distinguish a background contaminant from an authentic interac-
tion. As with affi nity approaches for protein–protein and protein–lipid interactions, 
these approaches can employ label-free, or protein/peptide labeling strategies. 
Likewise, these methods do not prove a direct protein-drug interaction as some 
detected proteins can be the result of interacting with the already associated true 
drug-interacting protein. 

 An alternative approach uses energetics-based target identifi cation by measuring 
the change in the conformational stabilities of proteins upon ligand binding to iden-
tify target proteins. This differs from the affi nity-based capture approaches men-
tioned above, as these methods do not require modifi cation or immobilization of the 
test ligand. Use of a method termed Stability of Proteins from Rates of Oxidation 
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(SPROX) depends on the conformation shifting or stabilizing interaction of the 
drug–protein interaction to keep some methionines protected from oxidation with 
hydrogen peroxide under titrated conditions where the same methionine-containing 
peptide is not protected without the compound. These conformation shifts are then 
measured by mass spectrometry analysis of the peptides and ratio of modifi cation/
no modifi cation at particular points in the titration curve [ 128 – 130 ]. So far this 
approach has only been described in yeast and not in human/mammalian samples, 
which have at least 3–4 times the number of proteins. This method should be amend-
able to larger and more complex proteomes, but will require strategies to acquire 
more in depth proteomics data as discussed above under discovery proteomics. 

 As “targeted” drugs are often found to be promiscuous, delineation of drug– 
protein interactions can help enable the design of more effective next-generation 
drugs by improving the effi cacy and minimizing side effects through reducing unde-
sirable off-target interactions. It also offers the potential of identifying the true 
mechanism of action and alternative therapeutic targets.  

8     Conclusions 

 This chapter outlines the diversity of mass spectrometry-based proteomics 
approaches to discover and assess perturbations in protein levels, protein–protein 
interactions, and protein–lipid interactions as well as provide a means of investigat-
ing protein-drug interactions and protein function. There are multiple approaches 
for each experimental question that can be utilized, each with their own advantages 
and disadvantages, though the main determinants of experimental success is judicial 
experimental design and computational biology/bioinformatics expertise to facili-
tate data interpretation. Regardless of the method utilized, mass spectrometry repre-
sents just a single tool and other approaches are needed to validate and complement 
studies as well as to determine the importance of such fi ndings. These strategies will 
however help address fundamental questions in both basic science and clinical 
research to better understand the roles of sphingolipids, their metabolizing enzymes, 
and interacting partners to delineate the roles in cancer.     
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    Abstract     Caged compounds possess a photolabile covalent bond. This chapter 
reviews studies of caged derivatives of two important sphingolipid signaling mole-
cules, ceramide and ceramide 1-phosphate. Biophysical studies were carried out 
after a 6-bromo-7-hydroxycoumarinyl-ceramide conjugate was inserted into model 
bilayer membranes. Uncaging with long-wavelength UV light liberated 
 N -palmitoylceramide, and reorganization of lipid domains in the bilayer was moni-
tored. Two derivatives of  N -palmitoyl-ceramide 1-phosphate in which the phosphate 
group was esterifi ed to a caging group were investigated in macrophages; in one 
derivative the cage is 7-( N , N -diethylamino)coumarin (DECM-C1P)while in the 
other it is a 4-bromo-5-hydroxy-2-nitrobenzhydryl moiety (BHNB-C1P). The caged 
derivatives were delivered to macrophages in aqueous solution. The photolytic 
uncaging process then released ceramide 1-phosphate in the cytosol of macro-
phages, which was accompanied by stimulation of macrophage proliferation, reac-
tive oxygen species production, and other intracellular signaling events. A distinction 
can thus be made in some cells between extracellular events evoked by ceramide 
1-phosphate, as for example by its interaction with a putative cell-surface receptor, 
from its intracellular bioactivities. These studies show that elevation of ceramide or 
ceramide 1-phosphate levels by uncaging of their inactive caged forms enable 
investigations of a wide variety of biophysical and biochemical processes.  
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1         Introduction to Caged Biomolecules 

 This chapter will focus on investigations of ceramide (Cer) and ceramide 1- phosphate 
(C1P) in cells and model membranes using “caged” derivatives of these sphingolip-
ids. The cage is a photoremovable group that is covalently attached to a biomolecule 
of interest (denoted as the “ligand” in Fig.  1a ). The conjugated derivative is biologi-
cally inactive; if the bond between the ligand and the cage masks a charged group 
in the ligand, the caged compound may become cell permeable. On irradiation with 
light, the ligand is released from the caged precursor molecule, and its bioactivity 
can then be assessed.

   To extend our interest in studying the biochemical and biophysical behavior of 
Cer and C1P, we have explored the synthesis and use of caged analogs of Cer and 
C1P because analogs labeled with a photoactivatable moiety offer the possibility of 
inserting these compounds into the cytosol of cells or into lipid bilayers. Thus, in 
this review, the ligands attached to various cages are Cer and dihydro-Cer (Fig.  1b ), 
C1P (Fig.  1c ). When the caged compound is activated by absorption of light, the 
bond between the ligand and the cage is cleaved irreversibly, and the concentration 
of the free ligand is elevated. The caged Cer and C1P derivatives were synthesized 
by coupling the cage to a site in the molecule that abolishes its bioactivity. In caged 
Cer, a carbonate linkage was used to couple the C-1 hydroxyl group of Cer to the 
cage, since this linkage is known to be susceptible to cleavage by light [ 1 ]. In caged 
C1P, the phosphate headgroup (which, as an anionic group, would block the passive 
transport of C1P across cell membranes) is esterifi ed to the cage [ 2 ]. 

 The criteria for the design of cages include the following features. (a) The ease 
of chemical modifi cation of the ligand needs to be considered so that, ideally, estab-
lished methodologies in organic synthesis can be applied to couple the biomolecule 
with the caging group. (b) The caged compound should have appreciable aqueous 
solubility and must not self-associate in water at the concentrations employed. After 
a solution of the caged compound is prepared in subdued light, the caged compound 
is incubated with cells in the dark to permit passive transport across the plasma 
membrane, and then uncaging is initiated by subjecting the cell suspension to photo- 
illumination. (c) The caged molecule must be resistant to endogenous proteases and 
lipases, and must have a high stability against spontaneous hydrolysis in aqueous 
buffer. Alternatively, it is possible to employ cages that are released by an endoge-
nous enzyme such as an esterase that removes the cage to release the bioactive 
ligand by hydrolysis rather than by photolysis. This approach is not discussed in this 
chapter. (d) The by-product(s) of the photo-irradiation reaction, which is either the 
cage itself (e.g., a coumarin derivative) or a derivative of the cage molecule, should 
be shown in a control experiment to be devoid of bioactivity if the caged molecule 
is to be compatible with biological applications. 

 The photophysical properties of the caged compound must meet a number of 
criteria in order for the photolytic reaction to proceed effi ciently, releasing the free 
ligand. The wavelength of the light for excitation of the caged compound should not 
damage cellular components. Long-wavelength UV light (>350 nm) or visible light 
is essential in order to avoid cell damage. A brief fl ash of light of >350 nm or a 
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  Fig. 1    ( a)  Structures of 2-nitrophenylethyl (NPE), 7-( N , N -diethylamino)coumarin (DECM), 
7-bromo-6-hydroxycoumarin (Bhc), 8-bromo-7-hydroxyquinoline (BHQ), and 4-bromo-5- 
hydroxy-2-nitrobenzhydryl (BHNB) cages. ( b ) Structures of Bhc-C16-Cer and Bhc-C16-dihydro- 
Cer. ( c)  C1P analogs bearing a 7-( N , N -diethylamino)-coumarin (DECM) or 
4-bromo-5-hydroxy-2-nitrobenzhydryl (BHNB) group in a photolabile ester bond. The cage masks 
the ionizable phosphate head group and is released on photolysis. ( d)  Structure of a caged S1P 
bearing two NPE groups esterifi ed to the phosphate polar head group       
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prolonged period of irradiation with an apparatus of low-light intensity may be 
used, depending on the photochemical equipment available to the researcher. 
Examples of the excitation source include a hand-held UV light set to the long-UV 
light mode, a non-UV transilluminator, or a Rayonet photoreactor containing 
numerous lamps and fi lters providing a wavelength of ~350 nm. An attractive alter-
native is to use a cage that can be excited with an intense fl ash of a 2-photon near- 
infrared laser beam (e.g., ~720–900 nm); then, highly localized release of the 
bioactive molecule can be achieved. Thus a very short exposure of the caged mole-
cule to a high-intensity light source permits the study of physiological functions in 
a temporally and spatially confi ned fashion. Two-photon cages coupled to neu-
rotransmitters have been used to achieve uncaging of neurotransmitters in a local-
ized region (several μm) of tissues or neurons. 

 Various photocleavable moieties have been used as cages of bioactive molecules 
for irradiation at >350 nm. The fi rst-generation cages were substituted nitro- 
aromatic compounds such as 2-nitrobenzyl derivatives that are photo-released with 
a relatively low quantum effi ciency. The 1-(2-nitrophenyl)ethyl (NPE) group 
(Fig.  1a ) is an example of such a classical caging group. Cages based on the 
6-bromo-7-hydroxycoumarin-4-ylmethyl (Bhc) group [ 3 ] and the 8-bromo-7- 
hydroxyquinolinyl (BHQ) group [ 4 ] (Fig.  1b ) have improved photolytic effi ciency 
and have been used to prepare many caged biomolecules including lipids, neu-
rotransmitters, nucleotides, nucleic acids, peptides, and proteins. For a recent review 
of caged lipids and citations of previous reviews of caged compounds, see [ 5 ]. 

 The Bhc and BHQ cages have been shown to release various functionalities, 
such as alcohols, aldehydes, amines, carboxylic acids, diols, ketones, phosphates, 
and thiols. In addition to having a higher photochemical cleavage effi ciency than 
2- nitrobenzyl derivatives at wavelengths >350 nm, they can also be released using 
two-photon excitation conditions. Near-infrared 2-photon photolysis is desirable in 
studies with tissue preparations because tissue destruction is minimized and deeper 
penetration into the tissue is possible. The phenolic hydroxyl group of Bhc is par-
tially in the phenolate ion form at pH 7.4, as estimated from the two bands (λ max  
338 and ~380 nm) in the UV absorption spectrum of Bhc-dihydro-C16:0-Cer [ 1 ]; 
the longer wavelength band arises from the anionic form. This enhances the hydro-
philicity of the caged compound. In medicinal chemistry involving putative drug 
candidates that are membrane permeable, the lipophilicity of small molecules is 
frequently estimated by molecular hydrophobicity parameters for 1-octanol/water 
partition coeffi cients. The calculated log P (CLogP) value based on chemical struc-
ture can be estimated using computational approaches (such as the widely used 
ChemBioDraw Ultra Suite); programs that use other algorithms for calculating 
lipophilicity, such as ALOGPS and logD, are also available (http://www.vcclab.
org/lab/alogps). The bromine atom lowers the pK a  of the adjacent phenolic 
hydroxyl group of Bhc and BHQ and thus enhances the aqueous solubility; it also 
increases the extinction coeffi cient for light absorption of the chromophore and 
may contribute to intersystem crossing to the triplet state, which is the photochemi-
cally reactive state [ 6 ]. 

R. Bittman and A. Gomez-Muñoz



389

 Although sphingosine derivatives are not discussed in this chapter, it should be 
noted that a caged sphingosine 1-phosphate compound featuring two NPE cages 
esterifi ed to the phosphate group (Fig.  1d ) was reported in 1998 [ 7 ]. Photolysis of 
the caged S1P mobilized Ca 2+  from thapsigarin-sensitive stores in human neuroblas-
toma (SK-N-MC), human liver carcinoma cell line (HepG2), and human embryonic 
kidney (HEK-293) cell lines, indicating that S1P acts on intracellular targets [ 8 ]. 
Similarly, photolysis of the caged S1P compound in human endothelial pulmonary 
cells tightened the endothelial barrier via mobilization of intracellular Ca 2+  and 
modulation of various signal transduction pathways; these results are indicative of 
S1P activities on intracellular targets independent of activation of the fi ve cell- 
surface S1P receptors [ 9 ].  

2     Caged Cer 

 A great deal of attention has been paid to ceramides ( N -acylsphingosines) because 
they participate in a multitude of signaling pathways and cellular functions. Studies 
suggest that some of the functions of ceramides are chain-length dependent [ 10 ]. 
However, the high lipophilicity and low cell permeability of naturally occurring 
ceramides has spurred investigators seeking to incorporate exogenous Cer into cells 
to use synthetic Cer analogs with a short ( N -acetyl to  N -octanoyl) fatty amide chain. 
Short-chain ceramides have a higher solubility in water, making them amenable to 
cell uptake, a requirement for most biological studies. Unfortunately, short-chain 
ceramides differ from natural ceramides in many functions [ 11 ]; for example, they 
do not form gel-phase domains readily, are unable to stabilize rafts, and fail to dis-
place cholesterol effi ciently from liquid-ordered domains. Alternatively, formula-
tions of ceramides with a natural, long  N -acyl chain have employed mixtures of the 
hydrocarbon dodecane with ethanol as a means to deliver natural ceramides to cells. 
This solvent delivery approach may be accompanied by unwanted cellular defects, 
depending on the dodecane concentration used; concentrations that have been 
reported range from <0.1 to 2 %. Therefore, we explored the use of caged ceramides 
with a long  N -acyl chain as new tools for analyzing Cer-mediated cell signaling 
events. Our synthetic route [ 1 ] allows for the synthesis of Bhc-ceramides with dif-
ferent  N -acyl chains to be prepared. Future studies may then explore the effects of 
the various natural ceramides generated by ceramide synthases in various intracel-
lular signaling pathways. 

 We review here biophysical and biological studies with Bhc-C16:0-Cer (Bhc- 
Cer) and Bhc-C16:0-dihydro-Cer performed with cells, small unilamellar vesicles 
(SUVs), and supported bilayers in aqueous solution at neutral pH. Figure  1b  shows 
the structure of Bhc-C16:0-Cer in which the cage is linked via a carbonate tether to 
the primary hydroxyl group of Cer [ 1 ]. Bhc-Cer is stable in aqueous buffer in the 
dark at room temperature; its half-life is ~30 h, as monitored by HPLC. On photoly-
sis of SUVs containing Bhc-Cer, the C-O bond between the C4-methylene group 
and the carbonate oxygen of Bhc-Cer is cleaved, yielding Cer; 50 % conversion of 
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Bhc-Cer to Cer and free Bhc was observed at ~4 min under the photolysis  conditions 
employed (Fig.  2a ). The release of C16:0-dihydroceramide from Bhc-C16:0-
dihydro- Cer on photolysis at 350 nm for 5 min in KMops buffer (pH 7.4) containing 
50 % EtOH was monitored by HPLC [ 1 ]. The chromatograms [see reference [ 1 ], 
supporting material] showed that the uncaging of Bhc-C16:0-Cer afforded C16:0- 
dihydroceramide; the retention time of C16:0-dihydroceramide generated by pho-
tolysis was 7.5 min, and the retention time of a commercial sample of C16:0-ceramide 
was 7.3 min.

   The by-product of the photolytic reaction is free Bhc, which is readily detected 
by HPLC equipped with a fl uorescence detector. Figure  2b  shows the uptake of 
Bhc-Cer into the cytosol of macrophages. After a 5-min exposure to 350-nm light, 
the weakly fl uorescent Bhc-Cer (Fig.  2b , top) is replaced by free Bhc (Fig.  2b , bot-
tom), which is highly fl uorescent in water. 

 The photolysis of Bhc-Cer in supported bilayers was also examined (Fig.  3 ) [ 12 ]. 
Irradiation of a spatially confi ned area of the supported bilayer resulted in formation 
of transient Cer-enriched gel-phase domains. Therefore, this method for insertion of 
Cer into bilayers is an attractive alternative to the use of exogenous Cer or addition 
of sphingomyelinase to generate Cer in domains of sphingomyelin-containing 
bilayers [ 13 ]. Photocleavage of caged Cer permits one to control the concentration 
of Cer within localized regions of the membrane, which cannot be achieved with 
other methods used to elevate the Cer level. The chemical generation of Cer by 

  Fig. 2    ( a ) Photolysis of Bhc-C16:0-Cer in SUVs as a function of time. The decrease in the con-
centration of the caged BHC-Cer ( blue ) and the increase in the concentration of free Bhc ( red ) 
were quantifi ed by HPLC analysis. The photolysis was carried out using a Rayonet photolysis 
apparatus at 350 nm. The SUVs were prepared from DOPC, egg SM, cholesterol, and Bhc-C16:0- 
Cer in a molar ratio of 8:7:4:1. ( b ) Fluorescence microscopic images of J774 macrophages after 
uptake of Bhc-16:0-Cer (20 μM in KMops, 5 % EtOH) for 2 h in the dark followed by UV irradia-
tion for the following time periods: 0 min ( top ), 3 min ( left-hand side ,  bottom ), and 5 min ( right- 
hand side ,  bottom ). Initially, the fl uorescence intensity in the cytosol is very low because Bhc-Cer 
has a low quantum yield in water (0.02). However, after a 5-min period of photolysis in the Rayonet 
apparatus at 350 nm ( right-hand side ,  bottom ), there is a large fl uorescence enhancement because 
free Bhc has a very high quantum yield in water (0.47). (Taken from [ 1 ], with permission)       
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 reaction of sphingosine with fatty acids [ 14 ] or by other reactions [ 15 ] is also diffi -
cult to control. The role of compartmentalization of Cer in bilayers can also be 
studied with caged ceramides. As shown in Fig.  3 , fl uorescence imaging revealed 
that a conjugate of the ganglioside GM1 with a protein (cholera toxin subunit B, 
Ctx-B) partitioned into the newly generated Cer-enriched domains after photolysis, 
as monitored with the Alexa 667-labeled cholera toxin B subunit [ 12 ]. Furthermore, 
in bilayers comprised of both liquid-ordered and liquid-disordered domains, 

  Fig. 3    GM1 is localized in ordered Cer-rich domains after photolysis of Bhc-Cer in planar 
 supported bilayers on mica. The bilayers contained 1-palmitoyl-2-oleoyl- sn -glycero-3- 
phosphocholine (POPC), Bhc-Cer, and GM1 in a molar ratio of 90:10:1. 1,1′-Dieicosanyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI-C20) (0.5 mol%) ( green ) was included as a marker 
of the liquid-disordered phase in the bilayers. As cholera toxin exhibits a high affi nity for liquid- 
ordered domains, recombinant Alexa Fluor 647/Ctx-B conjugate was used as a label for raft 
domains ( red ). The ganglioside-protein (GM1-Ctx-B) complex is distributed throughout the fl uid 
POPC supported bilayer prior to photolysis. After photolysis (60 min) to release Cer from Bhc- Cer, 
the Cer-rich domains with GM1 were visualized with Alexa Fluor 647/Ctx-B. Similar results were 
obtained using Alexa-488 labeled protein.  Scale bar  = 2 μm (Taken from [ 12 ], with permission)       
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 photolysis of Bhc-Cer led to a reorganization of the liquid-ordered domains [ 16 ]. 
Thu this caged Cer is a new probe for biophysical examination of lipid domains in 
model membranes.

3        Caged C1P 

 The phosphorylated sphingolipid metabolites sphingosine 1-phosphate (S1P) and 
C1P regulate a multitude of physiologic and pathologic functions, including cell 
growth and survival, infl ammation, chemotaxis, and modulation of immune 
responses. Most of the activities of S1P are mediated by its action as an extracellular 
signaling molecule following binding to a family of fi ve G protein coupled recep-
tors, S1P 1 –S1P 5 , at the cell surface; however, S1P signaling also takes place by 
non- receptor mechanisms when intracellularly generated S1P binds to as yet 
unidentifi ed targets in the cytosol [ 17 – 19 ]. 

 As with S1P, C1P has also been postulated to act both intracellularly and through 
interaction with an as yet unidentifi ed plasma membrane receptor. In particular, it has 
been shown that C1P regulates numerous cellular functions, including arachidonic acid 
release, mast cell degranulation, calcium ion mobilization, translocation of lipid-
metabolizing enzymes, cell proliferation, apoptosis, and cell migration [ 20 – 29 ]. 

 C1P was shown to stimulate glucose uptake and ATP production in RAW264.7 
macrophages, suggesting that C1P is a regulator of carbohydrate metabolism [ 30 ]. 
The mechanism by which C1P stimulated glucose incorporation into the macro-
phages involves translocation of the GLUT3 glucose transporter from the cytosol to 
the plasma membrane, enhancement of the affi nity of the glucose transporter for its 
substrate, and activation of the phosphatidylinositol 3-kinase/protein kinase B 
(PKB, also known as Akt) pathway. However, although it is clear that C1P binds to 
a specifi c site at the plasma membrane of cells to stimulate cell migration or glucose 
uptake, a receptor for C1P still remains to be isolated or cloned. Nonetheless, the 
binding site of C1P is coupled to pertussis toxin-sensitive Gi proteins and was 
shown not to bind S1P [ 28 ,  29 ]. 

 Most of the cellular functions that are regulated by C1P are associated with 
tumorigenesis and tumor metastasis. In fact, C1P was fi rst isolated from human 
leukemia HL-60 cells [ 31 ], and Cer kinase, the enzyme responsible for C1P biosyn-
thesis, has been demonstrated to participate in stimulation of human neuroblastoma 
cell proliferation [ 32 ].  

4     Caged C1P Derivatives 

 A caged-C1P analog (DECM-C1P or BHNB-C1P; see structures in Fig.  1c  is a 
powerful molecular tool for three reasons [ 2 ]. First, it is soluble in buffer without 
the need to fi rst dissolve it in harsh organic solvents such as dodecane that might 
introduce defects in cell membranes. Second, it is cell permeable. Third, when incu-
bated with cells in the dark, it crosses the plasma membrane in its biologically 
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inactive form and thus can be used to distinguish between the intra- and extracel-
lular effects of C1P, especially in cells that cannot be effi ciently transfected to over-
express any specifi c protein of interest. For instance, this is the case of primary bone 
marrow derived macrophages [ 33 ] and possibly many other primary cell types. 

 Figure  4  displays evidence that BHNB-C1P delivers C1P intracellularly in pri-
mary macrophages on photoactivation. Relatively low concentrations of DECM- 
C1P (compound  1a , 2.5 μM) or BHNB-C1P (compound  2a , 1.0 or 2.5 μM) stimulated 
proliferation of bone marrow derived macrophages or RAW264.7 cells potently 
upon light irradiation, whereas no effect of either DECM-C1P or BHNB- C1P was 
observed when the cells were incubated with these compounds in the dark [ 2 ].

  Fig. 4    Delivery of DECM-C1P ( 1a ) and BHNB-C1P ( 2a ) into RAW 264.7 macrophages (panel  A ) 
and primary bone marrow derived macrophages (panel  B ) stimulates cell growth.  Open bars : 
After the cells were incubated with compound  1a  or  2a  in the dark for 30 min, the cells were 
exposed to 400–500 nm light for 60 min in a Dark Reader non-UV transilluminator (DR45M from 
Clare Chemical Research, Denver, CO, USA) equipped with a 9 W lamp.  Filled bars : The cells 
were incubated in the dark with the compounds. (A) The cells were incubated for 48 h in the 
absence of FBS or (B) for 24 h with 1.5 % macrophage colony stimulating factor (MCSF) prior to 
the addition of the compounds. Mean ± S.D. of three independent experiments (Taken from [ 2 ], 
with permission)       
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   C1P-stimulated cell proliferation in primary bone marrow derived macrophages 
was mediated in part by the production of relatively low concentrations of reactive 
oxygen species (ROS) [ 34 ]. By using the photolabile BHNB-C1P analog, we dem-
onstrated that ROS production was caused by intracellular C1P, since increased ROS 
generation in the macrophages was observed with light-irradiated BHNB-C1P- 
loaded cells but not when cells were incubated with BHNB-C1P in the dark (Fig.  5 ).

   Recently, we found that irradiation of BHNB-C1P with 400–500 nm light to 
release C1P intracellularly caused phosphorylation of ERK1/2 and Akt, two well- 
known kinases involved in the regulation of cell growth and viability (Fig.  6 ). This 
is consistent with the stimulation of cell proliferation by light-irradiated BHNB-
C1P- treated cells. However, contrary to exogenous C1P, uncaging of BHNB-C1P in 
the cytosol failed to stimulate cell migration (unpublished work) or glucose uptake 
by macrophages, two actions that were demonstrated to be dependent upon interac-
tion of C1P with a specifi c plasma membrane site [ 29 ,  30 ]. The fact that light- 
irradiated BHNB-C1P fails to stimulate migration but causes ERK phosphorylation 
validates the use of this technique to discriminate between the extra- and intracel-
lular effects of C1P. It should be noted that caged compounds bypass cell-surface 
receptors, and therefore the effects elicited by these compounds can only be 
observed when they are released into the cytosol after light irradiation. These 
 observations suggest that intracellular accumulation of C1P is absolutely necessary 
for eliciting cell proliferation. Ongoing experiments in our laboratories indicate that 
intracellular C1P, but not C1P that was added exogenously as an aqueous suspen-
sion, is also necessary for promoting cell survival.

  Fig. 5    ROS are generated by C1P acting intracellularly. Macrophages were incubated with 1.0 or 
2.5 μM BHNB-C1P or with a concentrated aqueous dispersion of C1P (40 μM). The cells were 
then exposed to 400–500 nm light for 1 h using a transilluminator ( open bars ) or were allowed to 
stay in the dark ( fi lled bars ). Intracellular ROS generation was measured after 8 h of incubation. 
The results are expressed as mean ± SEM of three independent experiments performed in dupli-
cate, except for the point at 1.0 μM BHNB-C1P, which is the mean ± range of two experiments 
(Taken from [ 34 ], with permission)       
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5        Conclusions and Future Developments 

 Non-damaging light irradiation with one- or two-photon excitation triggers the 
uncaging of the caged Cer and C1P precursors, making possible investigations of 
the important roles they play in the organization of membranes and in the regulation 
of intracellular biological processes. The in vitro studies with cell cultures presented 
in this review show how the utilization of caged C1P derivatives has enhanced our 
understanding of the functions of C1P. For example, it is now clear that intracellular 
C1P regulates cell proliferation, whereas cell migration and glucose uptake require 
the interaction of C1P with a putative plasma membrane receptor. Our results pre-
sented in Fig.  6  show that C1P stimulates intracellular cell signaling pathways. 
Moreover, the ability to prepare caged derivatives of Cer and C1P bearing a variety 

  Fig. 6    Stimulation of ERK1/2 and Akt phosphorylation by BHNB-C1P in macrophages. Bone 
marrow derived macrophages were seeded at 1 × 10 6  cells/60 mm dish in 1 mL of medium. The 
cells were incubated in RPMI 1640 without MCSF (Ctrl) or BNHB-C1P (1.0 μM), as indicated. 
Then, the macrophages were either incubated in the dark ( black bars ) or exposed to 400–500 nm 
light at the indicated times, using a transilluminator equipped with a 9 W lamp for 60 min at a 
distance of 1.5 cm at 37 °C, so as to release the C1P into the cytosol ( white bars ). The cells were 
lysed by sonication. ( a ) ERK1/2 phosphorylation was analyzed by western blotting using a specifi c 
antibody to phospho-ERK1/2 (p-ERK1/2). Equal loading of protein was monitored using a spe-
cifi c antibody to total ERK1/2. ( b ) Results of scanning densitometry of exposed fi lm. Similar 
results were obtained in each of three replicate experiments. Data are expressed as arbitrary units 
of intensity relative to the time 30 min without the light value and are the mean ± SEM of three 
replicate experiments (** p  < 0.01). ( c ) Akt phosphorylation was analyzed by western blotting 
using a specifi c antibody to phospho-Akt (p-Akt). Equal loading of protein was monitored using a 
specifi c antibody to total Akt. ( d ) Results of scanning densitometry of exposed fi lm. Similar results 
were obtained in each of three replicate experiments. Data are expressed as arbitrary units of inten-
sity relative to the time 30 min without the light value and are the mean ± SEM of three replicate 
experiments (** p  < 0.01)       
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of long-chain fatty amide chains [ 1 ,  2 ] enables the role of the  N -acyl group of Cer 
and C1P in intracellular biological events to be explored. Thus these caged sphingo-
lipids may have utility in a plethora of biochemical applications.     
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    Abstract     It is well established that sphingolipids are crucial signal transducers 
regulating several cellular processes like growth, proliferation, response to stress, 
differentiation, senescence, autophagy and apoptosis. The critical role of sphingo-
lipids in cancer initiation, progression, pathogenesis and metastasis has led to an 
expanding interest in developing treatment strategies that perturb native sphingo-
lipid balance towards anti-proliferative and apoptotic signaling by elevating levels 
of intracellular ceramide. Research has revealed numerous intervention points in the 
sphingolipid pathway, primarily targeting enzymes of this pathway, that can be 
exploited alone or in conjunction with chemotherapeutic agents to enhance the 
effectiveness of current treatment modalities. A multitude of pre-clinical investiga-
tions have yielded promising results for treatment with sphingolipid analogs or 
modulators of sphingolipid metabolism alone or in combination with current cancer 
therapeutics. This chapter serves to review existing literature on chemotherapy and 
sphingolipid metabolism with the aim to discuss sphingolipid pathway in the con-
text of cancer therapeutics. We focus on discussing sphingolipid-modulating effects 
of chemotherapeutic drugs and exploiting potential therapeutic targets in the sphin-
golipid pathway for effective cancer therapy.  
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1         Introduction 

 The fi rst reports highlighting the role of sphingolipids in signal transduction were 
published in the late 1980s. Since then, interest in studying sphingolipid biology, 
sphingolipid pathways, signal transduction mechanisms and the relevance of sphin-
golipids in diseases has grown exponentially. The role of sphingolipids in cancer 
pathogenesis and treatment has been of particular interest to the sphingolipid 
research community. First reports describing the involvement of sphingolipids in 
mediating apoptosis in cancer cells came in early 1990s. It was reported that syn-
thetic short chain ceramide analogs like C2-ceramide induced cell death in HL60 
leukemic cells and caused internucleosomal DNA fragmentation [ 1 ]. Tumor necro-
sis factor α (TNFα) and ionizing radiation induced apoptotic cell death in cancer 
cells, which was mediated by sphingomyelin hydrolysis and subsequent ceramide 
generation [ 2 ,  3 ]. Apoptotic cell death through CD95 crosslinking in U937 cells 
also utilized the sphingomyelin pathway and depended on ceramide production [ 4 ]. 
The fi rst body of work demonstrating the role of sphingolipids in mediating 
chemotherapy- induced apoptosis in cancer cells was published in 1995, wherein the 
authors showed that daunorubicin, a chemotherapeutic drug, induced apoptosis in 
P388 and U937 leukemia cells by elevating intracellular ceramide levels. This 
increase in the intracellular ceramide pool was not due to the action of sphingomy-
elinase, but rather via activation of ceramide synthases, which increased  de novo  
ceramide synthesis within cells [ 5 ]. This revelation of a potential role of sphingo-
lipid metabolism in mediating chemotherapy-induced cytotoxicity generated 
immense interest in the scientifi c community to decipher the connection between 
chemotherapy and sphingolipid metabolism. Since then, a large body of research 
has been conducted to establish an in-depth understanding of how sphingolipid 
metabolism mediates, enhances, or impedes chemotherapy-induced cytotoxicity, 
with the goal of identifying critical therapeutic targets and better therapeutic regi-
mens for management and cure of cancer. 

 Among the major sphingolipids that play a role in regulating cancer cell fate, 
ceramide is termed as a “tumor suppressor lipid” because of its ability to potentiate 
signaling cascades that lead to cell death. By contrast, sphingosine-1-phosphate 
(S1P) is considered as a pro-survival lipid. Thus, in the context of sphingolipids, 
the ceramide-S1P rheostat dictates cancer cell fate. The role of ceramide in mediat-
ing cancer cell death has been extensively studied over the last two decades. Both 
stimulus- induced intracellular ceramide generation and exogenous cell-permeable 
short-chain ceramides induce death in cancer cells by apoptosis, necrosis or autoph-
agy. It is well known that ceramide can induce apoptosis in cancer cells through the 
extrinsic or intrinsic pathway. The extrinsic pathway of apoptosis occurs by the 
activation of pro-apoptotic receptors at the plasma membrane like CD95, TNFR1, 
TRAILR1 and TRAILR2. Receptor activation leads to ceramide synthesis at 
ceramide-enriched membrane platforms by the  de novo  pathway or activation of 
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sphingomyelinases. The ceramide-enriched membrane platforms act as scaffolds 
for localization of pro-apoptotic proteins that initiate intracellular signaling for cell 
death, some of which possess ceramide-binding domains. Similarly, it is known 
that ceramide mediates apoptosis through the intrinsic pathway by perturbing 
 mitochondrial integrity and function. Ceramide accumulation in the mitochondrial 
outer membrane leads to formation of ceramide channels that, in conjunction with 
BAX, induce mitochondrial outer membrane permeabilization (MOMP) [ 6 ]. 
Subsequent apoptotic signaling involves release of pro-apoptotic proteins like cyto-
chrome c from the mitochondria and activation of the caspase cascade. Despite the 
fact that ceramide is a promoter of autophagy, its role in mediating autophagic cell 
death is confounded by the role of autophagy in cancer cells, i.e. lethal versus sur-
vival autophagy. Increased levels of long-chain ceramides (C14:0–C20:0 cerami-
des) and especially dihydroceramides have been associated with both lethal and 
survival autophagy in different cancer cell types [ 7 ,  8 ]. It is believed that the fate of 
the autophagolysosome dictates the function of autophagy as lethal versus survival. 
Intracellular generation of sphingosine and S1P in the autophagolysosomes by the 
hydrolysis of dihydroceramides and ceramides promotes pro-survival autophagy. 
In contrast, accumulation of dihydroceramides in the autophagolysosomes can 
enhance autophagolysosomal membrane permeability and cause the release of 
cathepsins, thereby causing apoptotic cell death [ 9 ]. In this case, ceramides pro-
mote lethal autophagy in cancer cells. In addition to induction of cell death, 
ceramide has also been shown to regulate cell cycle and induce cell cycle arrest in 
cancer cells. Ceramide causes G1 phase arrest by inhibition of cyclin-dependent 
kinase 2 (CDK2) and by increased association of p21 with CDK2. Additionally, 
ceramide-mediated suppression of survivin expression induces cell cycle arrest at 
the G2 phase [ 7 ]. 

 Thus, as described above, altering the sphingolipid balance in cancer cells to 
potentiate cytotoxicity of chemotherapeutic drugs would aim at either elevating pro- 
apoptotic sphingolipids, especially ceramide, or down-regulating pro-survival 
sphingolipids such as sphingosine-1-phosphate. This can be achieved by: (i) 
chemotherapy- induced synthesis of pro-apoptotic ceramides or breakdown of pro- 
survival sphingolipids; (ii) disruption of ceramide metabolism to enhance ceramide 
accumulation; and (iii) delivery of exogenous ceramides to induce apoptotic signal-
ing (Fig.  1 ). This chapter reviews existing literature on chemotherapy and sphingo-
lipid metabolism with the aim to discuss sphingolipid pathway in the context of 
cancer therapeutics. We will mostly focus on sphingolipid-modulating effects of 
chemotherapeutic drugs and exploiting potential therapeutic targets in the sphingo-
lipid pathway for effective cancer therapy.
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2        Chemotherapy-Induced Ceramide Generation 

2.1     Ceramide Generation by the  De Novo  Pathway 

 Many chemotherapeutics increase ceramide levels by upregulating the  de novo  
pathway of ceramide synthesis (Fig.  2 ). This is accomplished by increasing the 
activity of serine palmitoyl transferase (SPT), ceramide synthase (CerS), or both. 
SPT catalyzes the fi rst step in the  de novo  pathway, adding palmitate to serine to 
produce 3-ketosphinganine [ 10 ]. Later in the pathway, CerS converts sphinganine to 
dihydroceramide, which can then be converted to ceramide [ 10 ]. There are six CerS 
isoforms (CerS1–6), which are also known as longevity assurance (LASS) genes, 
with each isoform corresponding to specifi c resulting carbon chain lengths of 
ceramide [ 11 ]. CerS1 produces C18 ceramide, CerS2 C20–C26, CerS3 C22–C26, 
CerS4 C18 and C20, CerS5 C16, and CerS6 C14 and C16 ceramide [ 11 ]. The reader 
should also be aware that several inhibitors are routinely used to study the  de novo  
pathway, including fumonisin B1 (FB1), which inhibits CerS; and  L -cycloserine 
and myriocin, which inhibit SPT.

   The taxanes docetaxel and paclitaxel are two chemotherapeutic agents that 
increase ceramide levels by the  de novo  pathway. Both of these drugs act by pre-
venting microtubule disassembly, leading to cell cycle arrest [ 12 ]. Docetaxel, which 
is used to treat metastatic ovarian, breast, lung, head and neck, and prostate cancer, 

  Fig. 1    Strategies to alter the sphingolipid balance in cancer cells to potentiate cytotoxicity of 
chemotherapeutic drugs. ( 1 ) Chemotherapy-induced synthesis of pro-apoptotic sphingolipids or 
breakdown of pro-survival sphingolipids; ( 2 ) Disruption of metabolism of pro-apoptotic sphingo-
lipids to enhance accumulation; and ( 3 ) Nanoscale-based delivery of exogenous pro-apoptotic 
sphingolipids in combination with standard chemotherapeutic drugs to induce apoptotic signaling       
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increases CerS1 and CerS2 levels, while decreasing sphingosine kinase 1 (SK-1) 
levels in prostate cancer cells [ 13 ]. It has also been demonstrated that ceramide is a 
critical regulator of taxane-induced cell death since overexpression of the ceramide 
transfer protein, CERT, reduces the sensitivity of cells to taxanes [ 14 ]. Similarly, 
paclitaxel-induced apoptosis in breast cancer cells is dependent on ceramide that 
has been produced by the  de novo  pathway [ 15 ]. 

 In addition to the taxanes, the anthracyclines doxorubicin and daunorubicin also 
affect ceramide metabolism in tumors. Doxorubicin, which intercalates into DNA, 
is used to treat malignant lymphoma, breast cancer, small cell lung cancer, a variety 
of sarcomas, head and neck cancer, and neuroblastoma [ 12 ]. In addition to its effects 
on DNA, doxorubicin also causes a CerS-dependent increase in ceramide levels in 
neuroepithelioma and neuroblastoma cells [ 16 ]. However, inhibition of  de novo  
ceramide generation using FB1 surprisingly has no effect on doxorubicin-induced 
apoptosis in these cells [ 16 ]. On the other hand, in head and neck cancer cells, doxo-
rubicin alone or in combination with gemcitabine causes apoptosis that is dependent 
on CerS1 and the generation of C18:0 ceramide [ 17 ]. This was confi rmed in an 

  Fig. 2    Points of intervention in the sphingolipid pathway. Enzymes catalyzing ceramide synthesis 
or ceramide metabolism can be activated or inhibited respectively to cause ceramide accumulation 
and induce death in cancer cells.  SPT  serine palmitoyl transferase,  CerS  ceramide synthases, 
 DDase  dihydroceramide desaturase,  SMase  sphingomyelinase,  SMS  sphingomyelin synthase, 
 SphK  sphingosine kinase,  GCS  glucosyl ceramide synthase,  PPMP  1-phenyl-2-palmitoylamino-
3- morpholino-1-propanol,  PDMP  1-phenyl-2-decanoylamino-3-morpholino-propanol,  4-HPR 
N -(4-hydroxyphenyl) retinamide,  DHS   L - threo -dihydrosphingosine,  SKI II  2-(p-hydroxyanilino)-
4-(p-chlorophenyl) thiazole       
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animal model of head and neck cancer in which doxorubicin in combination with 
gemcitabine caused a decrease in C16:0 ceramide in the tumor, but an increase in 
intratumoral CerS1 and C18:0 ceramide [ 17 ]. Similar to doxorubicin, camptothecin 
also exerts antitumor properties in follicular thyroid carcinoma through ceramide 
accumulation via  de novo  synthesis. Both of these drugs cause activation of ceramide 
synthesis without any effects on sphingomyelinases. Apoptosis is mediated by 
ceramide elevation and can be enhanced by the use of inhibitors of ceramide clear-
ance [ 18 ]. Similar to doxorubicin, daunorubicin also acts by intercalating into DNA 
[ 12 ] and induces apoptosis in leukemia cells by  de novo  ceramide generation and 
ceramide generation by the action of sphingomyelinase [ 5 ]. It is used to treat acute 
myeloid leukemia (AML) and AIDS-related Kaposi’s sarcoma (liposomal formula-
tion) [ 12 ]. 

 Besides the taxanes and the anthracyclines, vorinostat in combination with 
sorafenib also modulates ceramide metabolism. Vorinostat is a histone deacetylase 
inhibitor that is used to treat cutaneous T-cell lymphoma, and sorafenib is a kinase 
inhibitor that is used to treat hepatocellular carcinoma (HCC), advanced renal cell 
cancer, and differentiated thyroid cancer. Vorinostat in combination with sorafenib 
causes  de novo  pathway-dependent reactive oxygen species (ROS) production and 
cell death in HCC cells [ 19 ]. This is accompanied by an increase in C16 ceramide, 
as well as C16, C18, C22, C24:0, and C24:1 dihydroceramide [ 19 ]. 

 Another chemotherapeutic agent that increases ceramide levels is fl udarabine, an 
inhibitor of DNA synthesis that is used to treat chronic lymphocytic leukemia (CLL) 
[ 12 ]. Fludarabine causes a  de novo  pathway-dependent 2.5- to 3-fold elevation in 
ceramide levels in CLL cells 6 h after treatment. Pretreatment with fumonisin B1 
signifi cantly rescues fl udarabine-induced ceramide generation and apoptosis [ 20 ]. 
In addition, CLL cells treated with non-physiological, short chain C6 ceramide 
undergo apoptosis and necrosis [ 20 ,  21 ], suggesting that fl udarabine may kill CLL 
cells via upregulation of ceramide. 

 Certain chemotherapeutic drugs generate ceramide by acting on SPT. Etoposide- 
induced apoptosis in human leukemia cells is mediated by ceramide synthesized by 
the activation of SPT. Ceramide formed by this pathway has distinct functions in 
this model system as compared to that formed by the sphingomyelinase pathway. 
Ceramide synthesized by the de novo pathway in this model is not involved in 
caspase- induced poly(ADP-ribose) polymerase (PARP) cleavage but instead per-
turbs membrane integrity [ 22 ]. 

 In addition to current chemotherapies, there are drugs approved by the United 
States Food and Drug Administration (FDA) for other uses that are currently being 
investigated as potential anti-cancer agents. One of these is the COX-2 inhibitor 
celecoxib, which is currently used to treat pain, infl ammation, and arthritis, and to 
prevent polyposis coli [ 12 ]. Recent work indicates that celecoxib decreases cell 
viability in colorectal carcinoma cells in a CerS6-dependent manner [ 23 ]. This is 
accompanied by an increase in sphingosine, dihydrosphingosine, C14:0 ceramide, 
C16:0 ceramide and C18:0 ceramide, and a decrease in C24:0 ceramide [ 23 ]. 
Furthermore, C16:0 ceramide is found at elevated levels in tumors treated with cele-
coxib in an  in vivo  model of colorectal carcinoma [ 23 ]. A number of investigational 
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chemotherapeutics also upregulate ceramide via the  de novo  pathway. Investigational 
drugs such as Valspodar, inostamycin, and spisulosine induce apoptosis in a variety 
of cancer cell types via  de novo  ceramide generation [ 24 – 28 ]. More recently, the 
endocannabinoid analog R (+)-methanandamide (RMA) has been shown to increase 
C16 ceramide levels in neuroglioma cells via the  de novo  pathway [ 29 ]. RMA, 
which increases CerS3 and CerS6 in mantle cell lymphoma (MCL) cells, also 
increases C16, C24, and C24:1 ceramide levels via the  de novo  pathway in MCL 
cells [ 30 ]. This is functionally signifi cant, as RMA-induced cell death in these cells 
is also dependent on the  de novo  pathway [ 30 ]. 

 In addition to RMA, another investigational drug that increases ceramide levels 
is fenretinide (4-HPR). It is a synthetic retinoid  N -(4-hydroxyphenyl) that induces 
cell death in various cancers like neuroblastoma [ 31 ] and in cell lines from cervical 
carcinoma [ 32 ] and acute myeloid leukemia (AML) [ 33 ]. Studies have shown that 
the drug elevates intracellular ceramide levels via  de novo  synthesis by increasing 
the activity of both SPT and ceramide synthases [ 34 ], and induces p53- and caspase- 
independent apoptosis in neoplastic cells [ 35 ]. Another study reported that 4-HPR 
functions as a dose-dependent inhibitor of ceramide desaturase [ 36 ], indicating that 
the cytotoxic sphingolipid species may be dihydroceramide or dihydrosphingosine 
rather than ceramide [ 37 ]. Moreover, 4-HPR-induced cytotoxicity is synergistic 
with inhibitors of ceramide metabolism like sphingosine kinase inhibitors and glu-
cosylceramide synthase inhibitors [ 38 ]. Other effects induced by 4-HPR include 
generation of reactive oxygen species and enhanced expression of LC3B (form II). 
4-HPR is currently in clinical trials for ovarian cancer, neuroblastoma, lymphoma 
and leukemia [ 39 ]. 

 Finally, the investigational AMPK inhibitor Compound C has been shown to 
cause an increase in CerS5, C16:0 ceramide, and C18:0 ceramide, and a decrease in 
sphingosine in breast cancer cells [ 40 ]. Clearly, many current and investigational 
chemotherapeutics cause an increase in ceramide levels by targeting the  de novo  
pathway. This increase in ceramide, in turn, induces apoptosis in cancer cells.  

2.2     Ceramide Generation by Sphingomyelinase Pathway 

 Independent of the  de novo  pathway, ceramide can also be generated when sphingo-
myelinase (SMase) hydrolyzes sphingomyelin to produce ceramide (Fig.  2 ). There 
are several sphingomyelinase isoforms, namely: acid sphingomyelinase (aSMase), 
which is found in the lysosome and can be secreted out of the cell [ 41 ]; neutral 
sphingomyelinase (nSMase1–3), which is found in the cytosol and the plasma 
membrane [ 41 ]; and alkaline sphingomyelinase, which hydrolyzes dietary sphingo-
myelin in the gut [ 42 ]. SMase activity is decreased in colorectal carcinoma [ 43 ]. 
Because it increases ceramide levels and its activity is reduced in cancer, activation 
of SMase presents a logical target for cancer therapeutics, especially for those 
intended for colorectal carcinoma. 
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 A number of chemotherapeutics increase ceramide levels in cancer cells by 
increasing the activity of SMase. In fact, some drugs upregulate ceramide by 
 modulating both the  de novo  pathway and SMase activity. Daunorubicin is one such 
drug. Besides upregulating the  de novo  pathway, it also increases SMase activity in 
leukemia cells [ 44 ]. In addition, in breast cancer cells, daunorubicin causes the tran-
scription factor Sp1 to bind to the nSMase2 gene, leading to increased nSMase2 
levels and a nSMase-dependent decrease in cell viability [ 45 ]. It should be noted 
that daunorubicin is currently not approved for the treatment of breast cancer. 

 Gemcitabine is another drug that targets both the  de novo  pathway and SMase. 
Gemcitabine, which blocks DNA synthesis, leading to apoptosis, is used to treat 
metastatic pancreatic cancer, non-small cell lung cancer, ovarian, bladder, esopha-
geal, and head and neck cancer [ 12 ]. It increases aSMase activity in pancreatic 
cancer cells [ 46 ]. In addition, gemcitabine increases aSMase activity in glioma 
cells, causing an increase in the levels of C16 and C24 ceramide and an aSMase- 
dependent decrease in cell survival [ 47 ]. It is interesting to note that gemcitabine 
has not been approved for the treatment of glioma. 

 One chemotherapeutic that elevates ceramide levels via SMase independent of the 
 de novo  pathway is cytarabine (also known as ara-C). Cytarabine is a cytidine analog 
used to treat various forms of leukemia and meningitis [ 12 ]. It increases nSMase 
activity and ceramide levels in acute myelogenous leukemia (AML) cells [ 48 ]. 

 Cisplatin is another drug that affects SMase activity. Cisplatin, which is a plati-
num coordination complex that causes DNA cross-links leading to cell death, is 
used to treat testicular, ovarian, bladder, head and neck, cervical, endometrial, lung, 
anal, rectal, esophageal, and central nervous system (CNS) cancer, as well as neo-
plasms of childhood [ 12 ]. It increases ceramide levels and causes apoptosis in gli-
oma cells in a nSMase-dependent manner, wherein it transiently increases aSMase 
activity and causes it to be redistributed to the plasma membrane [ 49 ]. Additionally, 
a cisplatin-induced    increase in SMase activity and the subsequent accumulation of 
ceramide levels are essential for cytoskeletal remodeling following treatment with 
cisplatin, such as loss of lamellipodia/fi lopodia and dephosphorylation and redistri-
bution of the actin-binding protein ezrin [ 50 ]. 

 Another chemotherapeutic that is currently used in the clinic and that affects 
SMase is rituximab, which is a monoclonal antibody to CD20 that is used to treat 
lymphoma and chronic lymphocytic leukemia [ 12 ]. It causes an increase in aSMase 
activity in lipid rafts, leading to an increase in ceramide levels in B-lymphoma cells, 
and it inhibits cell growth in these cells [ 51 ]. Furthermore, exogenous treatment 
with C16 ceramide decreases cell viability in this system [ 51 ]. Taken together, these 
fi ndings indicate that rituximab may inhibit B-lymphoma cell proliferation by acti-
vating aSMase, thus increasing ceramide levels. 

 Recently, the investigational drug stichoposide C, a marine triterpene glycoside, 
has been shown to cause apoptosis in leukemia and colorectal cancer cells in an 
aSMase- and nSMase-dependent manner [ 52 ]. It also inhibits tumor growth in 
mouse models of leukemia and colorectal cancer [ 52 ]. In addition, stichoposide 
C-treated tumors contained elevated levels of ceramide [ 52 ]. Betuletol 3-methyl 
ether, a natural phenylbenzo-γ-pyrone, is another investigational drug that increases 
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ceramide levels in cancer cells [ 53 ]. It causes apoptosis in leukemia cells and 
increases aSMase activity and ceramide levels [ 53 ]. Finally, the investigational drug 
withanolide D acts by increasing nSMase activity, leading to increased ceramide 
levels and apoptosis in leukemia cells [ 54 ]. It decreases cell viability in leukemia 
cells but not normal lymphocytes [ 54 ]. Furthermore, it induces apoptosis in primary 
cells from both myeloid and lymphoid leukemia patients [ 54 ]. Withanolide D is a 
good example of an investigational therapy that modulates SMase. While several 
current chemotherapies target SMase, even more such drugs could be added to the 
oncology arsenal in the future.   

3     Chemotherapy and Ceramide Metabolism 

 The cytotoxic effects of elevated intracellular ceramide formation can be blunted by 
the upregulated metabolic clearance of ceramide in neoplastic cells (Fig.  2 ). Cancer 
cells overexpress certain ceramide metabolizing enzymes which prevent accumula-
tion of ceramide required for inducing cell death. Thus, another strategy to elevate 
intracellular ceramide levels in cancer cells is by targeting enzymes catalyzing 
ceramide clearance like sphingomyelin synthase (SMS), glucosylceramide synthase 
(GCS), ceramidases, dihydroceramide desaturase and sphingosine kinases [ 10 ,  55 ]. 
These enzyme inhibitors magnify the effects of ceramide-generating chemothera-
pies and exogenous ceramides. Mounting evidence points to the use of chemothera-
peutic agents, alone or in conjunction with these enzyme inhibitors, as potential 
treatment modalities for cancer. 

3.1     Agents Targeting Sphingomyelin Synthase 

 Not only can sphingomyelin be converted to ceramide, but the reverse reaction can 
occur, in which sphingomyelin synthase (SMS) converts ceramide into sphingomy-
elin [ 10 ] (Fig.  2 ). Increased SMS activity has been found in hepatomas when com-
pared to normal livers [ 56 ] and in leukemic cells from chemoresistant patients when 
compared to chemosensitive patients [ 57 ]. Because it metabolizes ceramide to 
sphingomyelin and is up-regulated in drug-resistant cancer, SMS should be a good 
target for cancer chemotherapeutics. 

 D609 is a selective tumor cytotoxic drug that inhibits SMS activity in several 
tumor cells like human monocytic leukemia [ 58 ]. It modulates the activity of SMS 
to cause elevated ceramides and diacyl glycerol, which mediate D609-induced cyto-
toxicity [ 58 ]. Another natural investigational drug that modulates ceramide levels is 
Jaspine B, a marine anhydrophytosphingosine [ 59 ]. It decreases SMS activity in 
melanoma cells, leading to increased ceramide levels and apoptosis [ 59 ]. 

 Unlike Jaspine B, the investigational chemotherapeutic 2-hydroxyoleic acid 
(2OHOA) acts by upregulating SMS [ 60 ]. It increases SMS activity in glioma cells, 
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leading to increased sphingomyelin levels [ 60 ]. It has been speculated that 
 accumulation of sphingomyelin at the plasma membrane after treatment with 
2OHOA results in localization of proteins involved in cell apoptosis and differentia-
tion. In addition, 2OHOA inhibits the growth of glioma tumors  in vivo  and causes 
glioma cells to differentiate  in vitro  and  in vivo  [ 61 ].  

3.2     Agents Targeting Glycosphingolipid Synthesizing Enzymes 

 Of the numerous metabolism pathways in sphingolipid biology, formation of glyco-
sphingolipids (GSLs) has been of particular interest to the research community. 
GSLs are formed by addition of simple or complex saccharides to ceramide species 
[ 62 ]. The simplest members in this class of sphingolipids are cerebrosides, wherein 
glucose or galactose is attached to the 1-hydroxyl of ceramide via a β-glycosidic 
bond. Glucosylceramide synthase (GCS) catalyzes the synthesis of GlcCer by trans-
fer of glucose to ceramide. Glucosylceramide (GlcCer) and galactosylceramide act 
as intermediates in the synthesis of a wide variety of GSLs, such as gangliosides and 
globosides [ 63 ]. 

 GSLs have been implicated in cancer cell processes through regulation of genes 
associated with proliferation, apoptosis, metastasis, drug resistance, autophagy, and 
senescence [ 64 ]. Hence, most tumors express altered GSL patterns on the cell sur-
face and have elevated GSL biosynthesis as one of the primary mechanisms of 
ceramide inactivation [ 65 ]. For instance, several cancers like ovarian [ 66 ,  67 ] and 
breast have elevated galactosylceramide synthesis which inhibits apoptosis and 
plays a role in the survival of metastatic cells in target organs [ 68 ]. Additionally, 
research suggests that ceramide galactosyltransferase levels can be used as an indi-
cator for evaluating tumor aggressiveness and prognosis of lung metastases in breast 
cancer [ 69 ]. Sulfatides, i.e. 3- O -sulfogalactosylceramides, are elevated in several 
cancers including ovarian cancer [ 66 ], hepatocellular carcinoma [ 70 ] and renal cell 
carcinoma [ 71 ] and might play a possible role in lymph node metastasis of colorec-
tal adenocarcinoma [ 72 ]. However, the exact role of sulfatides in cancer initiation 
and progression still remains unknown [ 73 ]. Lactosylceramide has been shown to 
modulate integrin clustering and internalization via caveolae, and it has been specu-
lated that high levels of lactosylceramide in cancer cells might infl uence cell attach-
ment events [ 74 ,  75 ]. 

 A growing body of evidence suggests that altered expression of gangliosides 
might be involved in tumor development and may be potential markers of disease 
progression. Gangliosides like GD2, GD3 and GM2 are overexpressed in mela-
noma, neuroblastoma, lymphoma and ovarian cancers [ 76 ]. A recent report shows 
that differential GSL profi les exist in human breast cancer stem cells in comparison 
to cancer non-stem cells [ 77 ]. Breast cancer stem cells express higher levels of 
GD2, GD3, GM2 and GD1a, lower levels of Gb3Cer and increased mRNA levels 
of various glycosyltransferases [ 77 ]. Data indicate a potential functional role of 
GD2 and GD3 in cancer stem cell maintenance and tumor progression [ 77 ,  78 ]. 

U.A. Doshi et al.



411

Moreover, gangliosides like GD2, GD3, fucosyl-GM1 and  N -acetyl-GM3 have 
been highlighted as potential important cancer antigens [ 79 ]. 

 GlcCer and GCS levels in cancer cells have been directly correlated to multidrug 
resistant phenotype. First reports that linked levels of GlcCer, GCS activity and 
drug resistance demonstrated that overexpression of GCS rendered MCF-7 breast 
cancer cells resistant to adriamycin [ 80 ]. Sensitivity of drug-resistant cancer cells to 
doxorubicin, paclitaxel and etoposide was restored by transfection of GCS antisense 
oligonucleotides or use of GCS inhibitors [ 81 ,  82 ]. This correlation between GCS 
activity and multidrug resistant phenotype has been extended to multiple cancer 
types like melanoma [ 83 ], breast [ 84 ], ovarian [ 63 ], cervical [ 63 ], colon cancers 
[ 85 ] and leukemia [ 86 ,  87 ]. Growing evidence points towards a correlation between 
GCS and P-glycoprotein (P-gp) in inducing multidrug resistant phenotype. It has 
been shown that high GCS activity in multidrug-resistant cells coincides with over-
expression of P-gp in several cancer types like leukemia, melanoma, colon and 
breast cancer [ 62 ,  65 ,  88 ]. Drugs like tamoxifen, verapamil, cyclosporine A and 
SDZ PSC 833, which target the drug-pumping action of P-gp have been shown to 
alter levels of GlcCer [ 10 ,  82 ,  89 ]. Conversely, targeting GCS downregulated P-gp 
expression and sensitized drug-resistant cancer cells [ 84 ,  90 ]. The role of GCS in 
modulating drug resistance in cancer may be attributed to the fact that GSLs and 
GCS upregulate P-gp expression through c-Src and β-catenin signaling pathway 
[ 91 ]. Studies have demonstrated that GlcCer is a substrate of P-gp-mediated trans-
location across the Golgi membrane and the translocated GlcCer is further used for 
synthesis of neutral, but not acidic GSLs [ 92 ]. Thus, breast, ovarian and epidermoid 
cancer cells with high P-gp levels also have elevated levels of GlcCer [ 10 ]. Despite 
strong evidence linking GCS and multidrug-resistant phenotype, some reports indi-
cate that this enzyme might not be signifi cant in developing drug resistance in can-
cer. Certain investigations suggest that alterations in ceramide glycosylation patterns 
do not sensitize melanoma cells to anticancer drugs [ 93 ] and GCS inhibition using 
selective inhibitors like C9DGJ and C4DGJ do not reverse multidrug-resistant phe-
notype [ 94 ]. It has also been speculated that the role of GCS in regulating drug 
resistance might be tumor-specifi c or sub-type specifi c [ 10 ,  93 ]. 

 Based on the numerous reports addressing the role of GlcCer and GCS in cancer 
biology and multidrug resistance, several studies have explored GCS inhibition as a 
potential chemo-sensitization strategy in cancer therapeutics. Two classes of GCS 
inhibitors have been extensively studied—analogs of  D -threo-1-phenyl-2- 
decanoylamino-3-morpholino-propanol (PDMP) and a group of imino sugars. 

 PDMP and related compounds including 1-phenyl-2-palmitoylamino-3- 
morpholino-1-propanol (PPMP) and 1-phenyl-2-hexadecanoylamino-3- pyrrolidino-
1-propanol (PPPP) are structurally similar to GCS substrate and are potent 
competitive inhibitors of GCS. It has been reported that treatment of doxorubicin- 
resistant breast cancer cells with PPMP enhances sensitivity to vinblastine and 
paclitaxel by decreasing ganglioside levels, increasing ceramide levels, enhancing 
uptake of chemotherapy drugs and diminishing expression of P-gp [ 84 ]. GCS 
inhibition- mediated sensitization to chemotherapeutic drugs has also been observed 
in other cancers like neuroblastoma [ 95 ], follicular thyroid carcinoma [ 18 ], chronic 
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myeloid leukemia [ 96 ,  97 ], colorectal cancer [ 98 ], acute myeloid leukemia [ 86 ] and 
prostate cancer through accumulation of ceramide [ 13 ]. Similar sensitizing effects 
have also been obtained by using agents that downregulate GCS, like oligonucle-
otides, as in phosphorothionate DNA, or a 2′- O -methyl RNA with phosphorothion-
ate DNA [ 81 ,  88 ,  99 ]. Furthermore, another interesting study reported that GCS 
suppression caused ceramide accumulation and sensitized ovarian cancer cells to 
doxorubicin. In addition, the authors observed that restoring active ceramide to cells 
caused reactivation of wild-type p53 function in p53-mutant cells and induction of 
p53-mediated apoptosis by activation of genes like Puma, p21Waf1 and Bax [ 100 ]. 
PDMP-induced GCS suppression radiosensitizes lung adenocarcinoma cells to 
vinorelbine-based chemoradiotherapy [ 101 ]. GCS suppression by PDMP or anti-
sense oligos also synergize with other antineoplastic agents like  N -(4- hydroxyphenyl)-
retinamide, safi ngol [ 102 ], fenretinide [ 103 ], retinoid [ 104 ], lactoferricin [ 105 ] and 
resveratrol [ 106 ]. 

 Imino sugars are the other class of GCS inhibitors that are extensively studied. 
 N -butyl-deoxynojirimycin (OGT918), OGT2378, C9DGJ and C4DGJ are selective 
inhibitors of GCS. Studies have demonstrated that OGT2378 treatment causes a 
delay in melanoma tumor development [ 107 ] and a tenfold reduction in tumor 
growth in a syngeneic, orthotopic murine model [ 83 ]. C9DGJ and C4DGJ also sen-
sitize CLL cells to the cytotoxic drug 2-chlorodeoxyadenosine (CdA) and cytostatic 
drugs like chlorambucil and fl udarabine without affecting P-gp functional activity 
[ 108 ]. Genz-123346 and CCG-203586 are new GCS inhibitors currently under 
investigation [ 109 ,  110 ]. However, it has been reported that the chemosensitizing 
effects of Genz-123346 are unrelated to lowering glycosphingolipid levels, but 
instead primarily through modulation of P-gp function [ 110 ].  

3.3     Agents Targeting Ceramidases 

 Deacylation of ceramide to sphingosine and a free fatty acid by the action of cerami-
dases is another pathway of ceramide clearance. There are fi ve ceramidases that are 
products of different genes: neutral ceramidase, acid ceramidase and three forms of 
alkaline ceramidase [ 111 ]. These enzymes lie at a crucial juncture in the sphingo-
lipid pathway since, in conjunction with sphingosine kinases, they balance the 
ceramide/sphingosine 1-phosphate (S1P) rheostat in cells (Fig.  2 ). Neutral and acid 
ceramidase stimulate cell survival and proliferation by increasing S1P levels [ 112 ]. 
Alkaline ceramidase 1, mainly expressed in the skin, has anti-proliferative and pro- 
differentiating roles [ 112 ]. The role of alkaline ceramidase 2 is cell type-specifi c 
and stimulus-dependent. It may promote cell proliferation by augmenting levels of 
S1P, while it may also induce cell growth arrest and apoptosis by generating sphin-
gosine [ 112 ]. Alkaline ceramidase 3 is the only ceramidase that catalyzes the hydro-
lysis of both unsaturated long-chain dihydroceramides and phytoceramides, and has 
not been widely studied [ 112 ]. 
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 Of the fi ve ceramidases, acid ceramidase (AC) has been extensively studied in the 
context of cancer biology and therapeutics. Acid ceramidase is a lysosomal cerami-
dase that is aberrantly overexpressed in several cancers such as prostate, head and 
neck squamous cell carcinoma and leukemia [ 76 ,  111 ]. AC has been shown to play a 
role in tumor progression, metastasis, and resistance to chemotherapy and radiation 
therapy [ 113 ]. It has been speculated that AC might play an important role in the 
progression of prostate cancer to androgen-independent stage [ 113 ]. Several reports 
have demonstrated that AC overexpression confers resistance to anti- neoplastic drugs 
like etoposide, cisplatin, doxorubicin and gemcitabine due to depletion of proapop-
totic C16-ceramide, which is induced following treatment with drugs. Moreover, tar-
geting AC with siRNA restores sensitivity to chemotherapy [ 114 ]. Lipidomic analysis 
of AC overexpressing prostate cancer cells revealed lower concentrations of proapop-
totic long chain ceramides and elevated levels of very long chain ceramides that 
might promote cell growth, proliferation and migration [ 114 ]. Cells with elevated AC 
levels have also been shown to possess increased tumorigenic potential  in vivo  [ 114 ]. 
AC is also overexpressed in leukemic LGLs and inhibition of AC induced apoptosis 
in these cells [ 115 ]. It has been documented that AC inhibition may play a role in 
converting the cytostatic effect of PSC 833, a P-gp inhibitor to cytotoxic end-point in 
pancreatic cancer cells [ 116 ]. Additionally, AC overexpression that is induced after 
radiotherapy has been implicated in conferring radio-resistance in irradiated cancer 
cells and subsequent tumor relapse [ 117 ]. Thus, AC has been identifi ed as a potential 
druggable target to augment the effi cacy of chemotherapies and radiation therapy. 

 Several AC inhibitors have been developed and are currently being investigated for 
potential to be used in clinic for cancer therapy. B13 and  D -MAPP are lipid based 
inhibitors that are among the earliest AC inhibitors to be studied. Ceramidase inhibi-
tion by B13 induces an apoptotic signaling cascade in human colon cancer cells, but 
has no effect on normal liver cells [ 118 ]. Additionally, B13 signifi cantly inhibits 
growth of colonic tumors in mice and prevents liver metastases from human colon 
cancer  in vivo  [ 118 ]. B13 also induces apoptosis in human melanoma cells, prostate 
cancer cells and inhibits growth of xenografted androgen-insensitive prostate tumors 
by sensitizing them to radiation [ 119 ]. Novel small molecule analogs of B13 like 
LCL85, LCL120, LCL385, LCL284, and LCL204 are potential lead compounds for 
therapeutic development [ 120 ]. For instance, LCL385 sensitizes prostate cancer cells 
to radiation and signifi cantly decreases tumor xenograft growth [ 121 ]. Similarly 
another small molecule inhibitor, LCL204 induces lysosomal destabilization, cathep-
sin-dependent AC degradation and subsequent cell death in prostate cancer cells [ 122 ]. 
LCL204 treatment also sensitizes head and neck squamous carcinoma cells to Fas-
induced apoptosis  in vitro  and  in vivo , thus suggesting that the combination of FasL 
gene therapy and LCL204 may become a new treatment option for advanced-stage 
head and neck cancer [ 123 ]. Furthermore, it has been reported that effective inhibition 
of neutral ceramidase and AC by novel analogs of B13 and LCL464 enhances cell 
death in breast cancer cell lines [ 124 ]. Other AC inhibitors like  N -oleoylethanolamine 
(NOE) [ 125 ] and   D -erythro-2-( N -myristoylamino)-1-phenyl-1-propranol ( D -MAPP) 
[ 126 ] display potentiating effects to daunorubicin and radiotherapy respectively in 
both  in vitro  and  in vivo  models. 
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 Despite several investigational AC inhibitors, lack of potency and druggability 
among the current molecules has motivated more research in this fi eld. A recent 
study reported that the antineoplastic drug carmofur, which is used in the clinic to 
treat colorectal cancers, is a potent AC inhibitor. The authors synthesized carmofur 
derivatives by replacing the fl uorine atom with substituent groups. Two derivatives, 
ARN080 and ARN398, demonstrated synergy with 5-FU and taxol to reduce viabil-
ity of cancer cells  in vitro  [ 127 ]. These studies have led to the identifi cation of 
substituted 2,4-dioxopyrimidine-1-carboxamides which is a novel class of potent 
inhibitors of AC [ 127 ]. Another novel ceramidase inhibitor under investigation is 
Ceranib-2. Studies showed that this small molecule inhibitor alone exerted cyto-
static effects on ovarian carcinoma cells and induced cell cycle arrest and apoptosis 
when used in combination with paclitaxel [ 128 ].  In vivo , it delayed tumor growth in 
a syngeneic tumor model [ 128 ]. Certain chemotherapeutic drugs like dacarbazine 
exert cytotoxic effects by degradation of AC. Dacarbazine, commonly used for 
treatment of metastatic melanoma, causes dose- and time-dependent degradation of 
AC as a consequence of reactive oxygen species-dependent activation of cathepsin 
B. This leads to autophagic cell death in melanoma cells which can be partially 
rescued by inducible overexpression of AC but not of neutral ceramidase [ 129 ]. 
Thus, downregulation of AC alone or in combination with dacarbazine may repre-
sent a useful tool in the treatment of metastatic melanoma. Recent studies have 
shown that commonly used antiestrogens like tamoxifen and toremifene exert 
cathepsin B-dependent inhibition of AC in cancer cells at single digit micromolar 
range, thus documenting novel off-target effects of these drugs [ 130 ]. 

 In addition to potentiating classical radiotherapy and chemotherapy, AC inhibi-
tors LCL204 and DM102 also induce synergistic cytotoxicity with other agents like 
viral protein apoptin [ 131 ] and C6-ceramide [ 132 ] respectively in cancer models.  

3.4     Agents Targeting Dihydroceramide Desaturase 

 Dihydroceramide desaturase (DDase) catalyzes the conversion of dihydroceramide 
into ceramide by inserting a 4,5- trans -double bond to the sphingolipid backbone of 
dihydroceramide (Fig.  2 ). Until recently, dihydroceramides were considered to be 
biologically inactive lipids. However, research in the last decade has demonstrated 
that long chain dihydroceramides are involved in cell cycle arrest, autophagy, apop-
tosis and oxidative stress [ 39 ]. These studies have revealed the role of DDase in 
cancer biology and pathogenesis. Short and long chain dihydroceramides have been 
shown to mitigate ceramide channel formation in the mitochondria [ 133 ]. Thus, the 
ratio of dihydroceramides to ceramides plays a role in inducing apoptosis [ 133 ]. 
Conversely, transfecting neuroblastoma cells with DDase siRNA resulted in eleva-
tion of dihydroceramides and inhibited cell growth, induced cell cycle arrest at G0/
G1 phase and reduced phosphorylation of retinoblastoma protein [ 37 ]. Moreover, 
certain chemotherapies have been shown to reduce DDase activity, which in turn 
causes accumulation of endogenous dihydroceramides and their sphingolipid 
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metabolic products [ 39 ]. Confl uence-induced growth arrest in neuroblastoma cells 
also involves reduction in DDase activity and subsequent elevation in dihydrocer-
amide levels [ 134 ]. However, in contrast, certain studies report that DDase is also 
suppressed in hypoxic conditions, thus increasing dihydroceramides, and it is spec-
ulated that dihydroceramides might in fact favor tumor cell survival in hypoxic con-
ditions via autophagy [ 39 ,  135 ]. Despite the contrasting reports, researchers believe 
that DDase plays an important role in cell cycle progression and is a potential target 
for cancer therapy. 

 4-HPR is the fi rst chemotherapeutic drug found to inhibit DDase. It is a synthetic 
retinoid  N -(4-hydroxyphenyl) that induces cell death in various cancers like neuro-
blastoma [ 31 ] and in cell lines from cervical carcinoma [ 32 ], oral squamous cell 
carcinoma [ 136 ] and acute myeloid leukemia (AML) [ 33 ]. It has been shown that 
DDase is a direct  in vitro  target of this drug [ 36 ]. 4-HPR causes a post-translational 
dose-dependent inhibition in DDase activity and a subsequent increase in levels of 
dihydroceramides in neuroblastoma cells [ 37 ]. Furthermore, several reports suggest 
that DDase inhibition-induced dihydroceramides are further metabolized to dihy-
drosphingosines and the latter might actually be the sphingolipid species mediating 
the cytotoxic effects of the drug in some cell lines [ 136 ,  137 ]. 

 Apart from 4-HPR, several other anticancer investigational drugs like resveratrol 
[ 138 ], curcumin [ 39 ], celecoxib [ 39 ], ∆ 9 -tetrahydrocannabinol [ 39 ] and gamma- 
tocopherol [ 39 ] have been found to inhibit DDase as one of their mechanisms of 
action.  

3.5     Agents Targeting Sphingosine Kinases 

 Sphingosine kinases 1 and 2 (SphK1 and SphK2) are the two sphingosine kinase 
isozymes that catalyze the formation of sphingosine-1-phosphate (S1P) from sphin-
gosine (Fig.  2 ). S1P is a bioactive lipid that has been shown to stimulate cell survival 
[ 139 ], motility, and proliferation through activation of fi ve plasma membrane- 
spanning G protein-coupled receptors (S1PR 1–5 ), as well as through unknown intra-
cellular targets. SphK1 is of particular importance in cancer, as there are elevated 
 SPHK1  mRNA transcript and SphK1 protein levels in cancers of the stomach [ 140 , 
 141 ], lung [ 141 ,  142 ], brain [ 143 ,  144 ], colon [ 141 ,  145 ,  146 ], kidney [ 141 ], and 
breast [ 141 ,  147 ], as well as in non-Hodgkin’s lymphomas [ 148 ]. Indeed, the impor-
tance of SphK1 in cancer is underscored by experiments in which  SPHK1  in cancer 
cells is genetically knocked down or pharmacologically inhibited. In most cancer 
cell lines tested, genetic knockdown or chemical inhibition of Sphk1 induces apop-
tosis. These  in vitro  data are validated by  SphK1  −/− mice, which are highly resistant 
to colorectal cancer compared with  SphK1  +/+  littermate controls [ 146 ]. Upregulated 
SphK/S1P axis activity contributes signifi cantly to enhanced neovascularization of 
solid tumors [ 149 ], as well as increased resistance to radiation [ 150 ] and chemo-
therapy [ 151 ]. Therefore, the SphK/S1P axis is critical in cancer progression, and 
shows promise as a target for the next generation of chemotherapeutic drugs. 
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 SphK1 and SphK2, despite their high sequence homology, have unique 
 differences that underlie their different functions  in vivo . Whereas SphK1 is known 
to promote tumor growth, SphK2 is thought to exert largely pro-apoptotic effects in 
tumor cells. SphK2 has a proline-rich BH3 motif, through which it binds BCL-X L , 
a pro-survival protein, thereby abrogating the pro-survival activity of BCL-X L  
[ 152 ]. SphK2-mediated release of cytochrome  c  and subsequent caspase-3 activa-
tion were shown to occur independently of S1P 1–5  [ 152 ]. However, the effects of 
SphK2 on tumor growth are equivocal; genetic knockdown of  SPHK2 in vitro  sen-
sitizes MCF-7 breast cancer cells to doxorubicin-induced apoptosis [ 153 ]. SphK2 
also has a nuclear localization signal, whereas SphK1 does not. SphK2 is found in 
the nucleus, whereas SphK1 is found in the cytosol and translocates to intracellular 
membranes or the nucleus upon activation. SphK1 contains two nuclear export sig-
nals, which shuttle the enzyme from the nucleus [ 154 ]. Because of their unique 
locations in the cell, SphK1 and Sphk2 are thought to generate distinct intracellular 
S1P pools. Due to the important differences in intracellular localization and activity 
between SphK1 and SphK2, many drug development efforts in this fi eld have 
focused on generating drugs that are selective for one SphK isozyme over the other. 
Indeed, newer SphK inhibitors show better isozyme selectivity and potency, and 
have contributed to a better understanding of the role of each SphK isozyme in 
health and disease. 

 Genetic mouse models indicate that SphK1 appears to be a more promising tar-
get for the development of future chemotherapeutic drugs compared to SphK2. One 
group knocked out both  SphK1  alleles to generate a mouse that showed a 50 % 
reduction of plasma S1P [ 155 ]. Another group knocked out both  SphK2  alleles to 
create a mouse that showed only a 25 % reduction of plasma S1P [ 156 ]. Taken 
together, these two genetically-modifi ed mouse lines reveal apparently stronger 
overcompensation by SphK1 when SphK2 is genetically deleted from the germline. 
Pharmacological inhibition of SphK2 might therefore result in enhanced SphK1 
activity, which could support primary tumor growth as well as metastasis. However, 
a recent study indicated that the increased levels of S1P in  SPHK2  −/− cells could not 
completely rescue the enhanced proliferative and invasive phenotype [ 157 ]. 
Emerging evidence has started to reveal the various physiological functions of 
SphK2. Of particular importance is the role that SphK2 apparently plays in regulat-
ing gene transcription. SphK2-generated S1P inhibits specifi c histone deacetylases 
(HDACs) in the nucleus of MCF-7 human breast cancer cells, thereby elevating  p21  
and  CFOS  gene transcription, which shows that SphK2 carries out functions in the 
nucleus [ 158 ] that could impact cancer progression. The discovery of additional 
SphK2-mediated functions will either validate or invalidate SphK2 as a chemo-
therapeutic target. 

 The fi rst SphK inhibitors described in the literature are  L -threo-dihydrosphingo-
sine   (DHS), and  N , N , N -trimethylsphingosine [ 159 ], both of which are sphingosine 
analogs. Both inhibitors exhibit low potency, which precludes their use as chemo-
therapeutic drugs. These inhibitors also show signifi cant off-target effects. For 
example, DHS potently inhibits protein kinase C α (PKC α) [ 160 – 162 ]. Finally, 
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these two compounds exhibit very little selectivity for one SphK isozyme over the 
other. Many newer SphK inhibitors show greater potency and selectivity. 

 Research carried out in the early 2000s led to the discovery and development of 
SphK inhibitors that were more potent than the fi rst generation of SphK inhibitors, 
as well as more selective for SphK over other kinases such as PKCα and PI3K 
[ 141 ]. Of the inhibitors described in this study, 2-(p-hydroxyanilino)-4-(p- 
chlorophenyl) thiazole (SKI II) was the most selective toward SphK1.  In vitro  activ-
ity assays carried out with human SphK1 indicated that SKI II had an IC 50  of 500 
nM ± 300 nM [ 141 ]. In the human breast cancer line MDA-MB-231, treatment with 
66 μM SKI II resulted in a 75 % reduction in cellular S1P levels [ 141 ]. SKI II 
induces apoptosis in a range of different cancer cell types  in vitro , and shows low 
toxicity in mice treated with doses of SKI II up to 75 mg/kg [ 141 ]. Although effi ca-
cious at inducing apoptosis in a range of cancer cell lines  in vitro  and selective for 
SphK over PKCα and PI3K, SKI II is not highly selective for one SphK isozyme 
over the other. The use of SKI II as a chemotherapeutic drug is limited by its moder-
ate potency. Despite these drawbacks, studies done with SKI II have revealed that 
SKI II has a unique mechanism of action in addition to directly inhibiting SphK. In 
2010, a group reported that treatment of cells of mesenchymal, endothelial, and 
epithelial origin with SKI II  in vitro  triggered lysosomal degradation of SphK1 
[ 163 ]. Other SphK inhibitors, including FTY720 and ( S )-FTY720 vinylphospho-
nate [ 164 ], have also recently been found to trigger degradation of SphK1 in cells 
treated  in vitro . It is noteworthy that some of the most effi cacious SphK inhibitors 
trigger degradation of SphK1. Future drug development efforts in the fi eld might 
therefore focus on compounds that show additional mechanisms of action beyond 
direct inhibition of SphK activity. 

 Newer sphingoid analogs, such as FTY720 (fi ngolimod™), have novel mecha-
nisms of action. FTY720 is an FDA-approved immunomodulatory drug for the treat-
ment of relapsing-remitting multiple sclerosis. Upon entering the cell, FTY720 is 
phosphorylated by SphK2 to generate FTY720-P, which is an agonist at S1P 1,3,4,5  
[ 165 ]. FTY720-P is considered a functional antagonist, as it induces internalization 
and degradation of the S1P 1  receptor [ 166 ]. FTY720 has been shown to inhibit 
SphK1 activity [ 164 ], as well trigger proteasomal degradation of SphK1 [ 167 ]. 
FTY720 has also been shown to sensitize prostate cancer cells to radiotherapy 
through inhibition of SphK1 [ 168 ]. A recently described derivative of FTY720, 
known as (S)-FTY720 vinylphosphonate, also inhibits SphK1 catalytic activity and 
triggers proteasomal degradation of SphK1 [ 164 ]. Another drug described recently, a 
close derivative of FTY720 called ( R )-FTY720 methyl ether, was designed to selec-
tively target SphK2 [ 169 ]. One of the hydroxy groups on FTY720 was substituted 
with a methoxy group to prevent SphK2-induced phosphorylation of the compound. 
( R )-FTY720 methyl ether was shown to inhibit DNA synthesis  in vitro  in MCF-7 
human breast cancer cells [ 169 ]. These newer compounds have the potential to pro-
vide a more comprehensive picture of SphK1 and SphK2 in health and disease. 

 The most potent SphK1-selective inhibitor described to date is PF-543 [ 170 ]. 
PF-543 competes with sphingosine, and was found to inhibit SphK1 with a  K  i  of 3.6 
nM [ 170 ]. PF-543 shows 100-fold selectivity for SphK1 over SphK2 [ 170 ]. 
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In the human head and neck carcinoma cell line 1483, PF-543 treatment  in vitro  
dramatically reduced S1P levels while raising sphingosine levels. However, reduc-
tion of S1P levels with PF-543 in these cells had no signifi cant impact on cell pro-
liferation and survival [ 170 ]. The authors of this study reported an increase in 
ceramides C18:0 and C24:0 16 h after treatment with 3 and 10 μM PF-543. A more 
comprehensive analysis of ceramide levels could explain why 1483 human head and 
neck carcinoma cells did not undergo apoptosis upon treatment with PF-543, as 
C24:0 ceramide has been shown to promote survival [ 171 ]. Future studies should 
look at changes in the levels of pro- and anti-apoptotic ceramides to determine 
whether changes in pro-apoptotic ceramides in relation to changes in anti-apoptotic 
ceramides play a signifi cant role in determining cell fate. Taken in the context of 
other studies that show the important role S1P plays in tumor growth and survival, 
it stands to reason that SphK1 could have additional, unknown activities besides 
catalyzing the formation of S1P that contribute to cell proliferation and survival. 
Finally, PF-543 is not known to induce degradation of SphK1, and this could be a 
major reason why cells treated with PF-543 do not undergo apoptosis, despite a 
signifi cant reduction in intracellular S1P levels. 

 Recent research has highlighted the anti-tumor activity of the SphK2-selective 
inhibitor, 3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridine-4-ylmethyl)
amide, also known as ABC294640. This compound is the fi rst SphK2-inhibitor to 
be described in the literature [ 172 ]. Tested  in vitro  in A-498 human kidney carci-
noma cells, PC-3 prostate adenocarcinoma cells, and MDA-MB-231 breast adeno-
carcinoma cells, this compound promotes autophagy and subsequent nonapoptotic 
cell death. 

 An additional strategy for reducing systemic S1P includes administration of 
monoclonal antibodies that bind and neutralize S1P, thereby decreasing extracellu-
lar S1P [ 173 ].   

4     Sphingolipid Analogs and Combinatorial Therapy 
for Cancer 

 Delivering exogenous ceramides to cancer cells is another strategy to perturb sphin-
golipid levels for inducing apoptosis. However, this strategy is greatly limited by the 
hydrophobicity and insolubility of ceramide molecules, which in turn restricts 
delivery in cell culture systems and  in vivo . Soluble ceramide analogs have been 
developed to circumvent this problem. Short chain ceramides like C2-, C6- and 
C8-ceramides are cytotoxic in multiple cancer models [ 10 ]. Chemical modifi cations 
of short-chain ceramides improve their solubility, permeability and pharmacokinet-
ics. Certain chemical modifi cations that have been tested in cancer models include 
uracil-linked ceramides [ 174 ], serinamides [ 175 ], serinols [ 176 ,  177 ] and 4,6-diene- 
ceramides [ 178 ]. In addition, cationic water-soluble pyridinium-ceramides have 
been developed which preferentially accumulate in mitochondria and induce cell 
death by mitochondrial permeabilization and Bax translocation [ 179 ]. 
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These are effective in inducing cell death in head and neck squamous cell cancer 
[ 180 ] and breast cancer cell lines [ 181 ]. These analogs also synergize with gem-
citabine to cause cell cycle arrest in G0/G1 phase, retard growth and inhibit telom-
erase activity in human head and neck squamous cell carcinomas  in vitro  and  in 
vivo  [ 180 ,  182 ]. Other structural analogs of ceramide that have shown selective 
cytotoxicity in drug- resistant human breast cancer cells compared to normal breast 
epithelial cells include 5R-OH-3E-C 8  ceramide, benzene-C 4 -ceramide and adaman-
tyl-ceramide [ 183 ]. Additional novel ceramide analogs including AD2646, AD2672, 
AD2665, AD2646 and AD2687 have cytotoxic effects on leukemic cells [ 184 ]. 

 Ceramide-based therapies face challenges like high insolubility and diffi culties 
to design formulations. Nanoscale-based formulations have thus been developed 
and investigated to deliver these therapies. Nanoemulsions, nanoliposomes, calcium 
phosphosilicate nanoparticles and biodegradable linear-dendritic nanoparticles are 
used for delivering ceramide-based therapeutics [ 185 ]. Ceramide delivered via 
nanoscale formulations has been shown to induce cell death selectively in cancer 
cells while sparing normal cells [ 185 ]. 

 Novel oil-in-water nanoemulsions have been evaluated as delivery vehicles for 
potential combination therapies  in vitro . EGFR-targeted nanoemulsions containing 
myrisplatin and C6-ceramide show synergistic  in vitro  cytotoxicity in ovarian can-
cer cells and also possess potential diagnostic capabilities [ 186 ]. Similarly, coad-
ministration of paclitaxel and ceramide in nanoemulsion formulations induces 
enhanced cytotoxicity and apoptotic activity in human glioblastoma cells  in vitro  
[ 187 ]. Sustained release of C6-ceramide from thermoresponsive and biodegradable 
linear-dendritic nanoparticles induces apoptosis in breast adenocarcinoma cells  in 
vitro  with hyperthermia, thus presenting a promising formulation to deliver bioac-
tive sphingolipids for treatment of solid tumors in conjunction with hyperthermia 
[ 188 ]. Biodegradable polymeric nanoparticles have also been evaluated for modula-
tion of drug resistance in cancer cells  in vitro  and  in vivo . It has been shown that 
paclitaxel and tamoxifen administered in biodegradable poly(ethylene oxide)—
modifi ed poly(epsilon-caprolactone) (PEO-PCL) nanoparticles possess signifi cant 
antitumor effi cacy in ovarian carcinoma  in vitro  and  in vivo . Tamoxifen in the for-
mulation reverses drug resistance by inhibiting P-gp and GCS, thus elevating intra-
cellular ceramide levels in cancer cells [ 189 ]. Paclitaxel and C6-ceramide PEO-PCL 
nanoparticles have also been used to chemosensitize resistant human ovarian cancer 
cell lines to induce apoptotic cell death [ 190 ] and suppress growth in xenograft 
tumor models [ 191 ]. Additionally, we have demonstrated the cytotoxic effects of 
C10-ceramide-loaded calcium phosphate nanocomposite particles in drug-sensitive 
and drug-resistant breast cancer and melanoma cells  in vitro  [ 192 ]. 

 Encapsulation of chemotherapeutic drugs into nanoliposomes has been a largely 
successful delivery formulation in cancer models  in vitro  and  in vivo . Our lab has 
extensively studied nanoliposomes as a lucrative delivery formulation for ceramides 
in several cancer models. We have shown that nanoliposomes loaded with short- 
chain ceramides suppress tumor growth in models of breast cancer [ 193 ,  194 ], J774 
sarcoma [ 195 ], melanoma [ 196 ], hepatocellular carcinoma [ 197 ], large granular 
lymphocytic (LGL) leukemia [ 198 ], chronic lymphocytic leukemia (CLL) [ 21 ], 
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natural killer cell leukemia [ 199 ] and pancreatic cancer [ 200 ]. Mechanistically, the 
targets of nanoliposomal C6-ceramide include survivin in LGL leukemia [ 198 ], 
GAPDH in CLL [ 21 ] and AKT/PKB and Erk in breast cancer [ 194 ], hepatocellular 
carcinoma [ 197 ], pancreatic cancer [ 200 ] and melanoma models [ 196 ]. Our studies 
and extensive  in vivo  toxicology studies by the Nanotechnology Characterization 
Laboratory (  http://ncl.cancer.gov/working_technical_reports.asp    ) have confi rmed 
that C6-ceramide nanoliposomes have minimum adverse toxicity and elicit apopto-
sis selectively in cancer cells [ 201 ]. We have established that selectivity of 
C6-ceramide nanoliposomes for cancer cells can be attributed to the inhibitory 
action of ceramide on the Warburg effect prevalent in cancer cells [ 21 ]. 

 Our lab has also evaluated C6-ceramide nanoliposomes as a platform for combi-
natorial therapy with other neoplastic agents. We have shown that C6-ceramide 
nanoliposomes synergize with encapsulated sorafenib to reduce tumor development 
in melanoma and breast cancer cells [ 196 ], synergize with gemcitabine or liposomal 
PDMP to exhibit antitumor effects on pancreatic tumor xenografts [ 200 ] and syner-
gize with PPMP to induce apoptosis in natural killer cell leukemia [ 199 ]. Recently, 
in collaboration with the Cabot group we showed that nanoliposomes loaded with 
C6-ceramide and tamoxifen served as a promising regimen for refractory breast 
cancers like the triple-negative breast cancer [ 202 ]. Tamoxifen amplifi es 
C6-ceramide-induced cytotoxicity in the triple-negative breast cancer cells by mul-
tiple effects like cell cycle arrest, lysosomal membrane permeability and inhibition 
of acid ceramidase [ 202 ]. C6-ceramide nanoliposomes also exhibit synergy with the 
autophagy inhibitor vinblastine to induce apoptotic cell death  in vitro  and  in vivo  in 
hepatocarcinoma and colorectal cancer models, potentially mediated by an autoph-
agy mechanism [ 203 ]. In addition to chemotherapeutic drugs, multidrug resistance 
modulators are also favorable adjuvants for C6-ceramide nanoliposomes. This strat-
egy is justifi ed by studies reporting that resistance to C6-ceramide cytotoxicity is a 
result of expression of P-gp in some cancer cells [ 204 ]. P-gp inhibitors also alter 
sphingolipid levels in cancer cells. For instance, the multidrug resistance modulator 
SDZ PSC 833 elevates intracellular ceramide levels by inducing the  de novo  path-
way [ 205 ]. P-gp antagonists like tamoxifen, verapamil, and cyclosporine A can also 
be used in conjunction with cytotoxic drugs like doxorubicin to decrease GlcCer, 
subsequently increasing ceramide levels and sensitizing cells to cytotoxic drugs [ 25 , 
 206 ]. In collaboration with the Cabot group, we have shown that C6-ceramide 
nanoliposomes- mediated cytotoxicity in cancer cell lines can be augmented by P-gp 
antagonists like tamoxifen, verapamil and VX-710 [ 207 ,  208 ]. C6-ceramide and 
tamoxifen induced apoptotic cell death in colorectal cancer cells characterized by 
PARP cleavage, mitochondrial membrane permeabilization, caspase-dependent 
apoptosis and G1/G2 cell cycle arrest. Moreover, the combinatorial treatment exhib-
ited synergy and induced upregulation of tumor suppressor p53 [ 207 ]. 

 Co-administration of paclitaxel and C6-ceramide exhibit synergy to induce cyto-
toxicity in pancreatic cancer cells via transient activation of EGFR and ERK path-
way [ 209 ] and ovarian cancer cells [ 210 ]. An interesting study revealed that in the 
absence of paclitaxel, exogenous C6-ceramide enters the cell through a predeter-
mined initiation site of mitosis, or diffuses into cells through water channels and 
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caveolae-mediated endocytosis [ 210 ]. However, the combination induces synergis-
tic cytotoxicity in cancer cells as paclitaxel disrupts cytoskeletal proteins, thus 
enabling an even distribution of C6-ceramide in the cytoplasm of the cells [ 210 ]. 
Other reports have demonstrated that C6-ceramide also synergizes with histone 
deacetylase inhibitors like trichostatin A to display anticancer effects in  in vivo  mice 
xenograft pancreatic and ovarian cancer models [ 211 ]. The authors have delineated 
the mechanism of this synergy and have demonstrated PP1-mediated inactivation of 
Akt/mTOR and increased α-tubulin acetylation as events causing cancer cell death. 
Furthermore, the combination resulted in a very pronounced elevation in intracel-
lular ceramide levels and induction of cell death in cancer cells [ 211 ]. C6-ceramide 
also synergizes in inducing apoptotic cell death in leukemia cells with other neo-
plastic agents like the cationic peptide, bovine lactoferricin [ 212 ]. 

 In addition to the pro-apoptotic effects of short chain ceramides, other sphingo-
lipids have been investigated for their cytotoxicity to cancer cells. Safi ngol, a syn-
thetic  L - threo  isomer of dihydrosphingosine, is the fi rst SphK inhibitor to enter 
clinical trials as an anticancer agent [ 213 ]. Safi ngol prominently potentiates the 
antitumor actions of chemotherapeutic agents such as doxorubicin, cisplatin, and 
mitomycin C  in vivo  [ 214 ]. Phase I clinical trials for refractory adrenocortical can-
cer evaluating a combination of safi ngol and cisplatin delivered as an emulsion 
showed promising results [ 213 ]. Furthermore, a novel liposomal formulation of 
safi ngol demonstrated high  in vivo  antitumor effi cacy in the treatment of acute 
myeloid leukemia while limiting adverse effects like hemolysis [ 215 ]. An interest-
ing study reported the anticancer activity of another novel sphingolipid analogue, 
(2S, 3S, 5S)-2-amino-3,5-dihydroxyoctadecane (Enigmol) in colon and prostate 
cancer [ 216 ]. Enigmol undergoes limited metabolism since it is not phosphorylated 
by sphingosine kinases and is not rapidly N-acylated [ 216 ]. It induces cell death in 
colon and prostate cancer cells and suppresses tumor growth in mouse models of 
colon and prostate cancer [ 216 ]. It has been shown to normalize the atypical accu-
mulation of β-catenin in the nucleus and cytoplasm of colon cancer cells [ 216 ]. 
Thus, it represents a potential orally bioavailable sphingoid base analogue effective 
against multiple types of cancer. 

 Another approach to increase intracellular ceramide levels is by increasing sphin-
gomyelin which can then be converted to ceramide by the action of activated 
SMases. Delivering exogenous sphingomyelin ensures an expansion in the pool of 
sphingomyelin that is converted to ceramide for signaling apoptosis [ 217 ]. 
Administering sphingomyelin micelles to colonic, pancreatic, melanoma and lym-
phoma cancer cell lines enhances their chemosensitivity and also potentiates 
5- fl uorouracil chemotherapy in human colonic xenograft-bearing nude mice [ 218 ]. 
Furthermore, treatment with sphingomyelin micelles synergizes with gemcitabine 
to induce ceramide-mediated apoptosis in pancreatic cancer [ 46 ]. Gemcitabine 
alone activates aSMase but does not induce apoptosis. However, when augmented 
with sphingomyelin, the treatment induces ceramide production, mitochondrial 
depolarization and apoptosis [ 46 ]. Sphingomyelin-mediated increase in chemothera-
peutic effi cacy has also been demonstrated in human colonic tumor xenografts, thus 
providing additional validation for this approach of therapeutic intervention [ 219 ]. 
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In addition to its cytotoxicity, sphingomyelin also enhances the uptake of various 
lipophilic and amphiphilic drugs in cancer cells. For instance,  N -hexanoyl sphingo-
myelin increases the chemotherapeutic effi cacy of doxorubicin in cancer cells  in 
vitro  by modulating plasma membrane permeability leading to increased drug accu-
mulation in cells [ 220 ]. Furthermore, vincristine encapsulated in sphingomyelin 
liposomes or “sphingosomes” demonstrates signifi cantly greater antitumor effi cacy 
 in vitro  and  in vivo  as compared to vincristine alone [ 221 ]. Sphingosomal vincristine 
was used in a Phase II clinical trial for recurrent or refractory adult acute lympho-
cytic leukemia [ 221 ]. Similarly, short-chain GlcCer encapsulated with doxorubicin 
in lipid nanovesicles enhances the antitumor effi cacy of doxorubicin in orthotopic 
melanoma mouse models by increasing membrane permeability for the drug.  

5     Conclusions 

 The last two decades of sphingolipid research in cancer has revealed the importance 
of being able to modulate sphingolipid levels in cancer patients to sensitize tumors 
to current cancer treatments, including chemotherapy and radiation therapy. 
Extensive research in this fi eld has identifi ed multiple potential druggable targets in 
the sphingolipid pathway to enhance the cytotoxicity of current chemotherapeutics 
and to overcome the prime challenge of drug resistance. The exponential growth in 
the number of studies focused on understanding the intrinsic biology of sphingolip-
ids and exploring sphingolipid-based therapeutics has motivated scientists to 
develop new analytical techniques to measure steady-state lipid levels. Mass 
spectrometry- based lipidomics and proteomics have gained wide-spread attention 
to answer the various complexities of sphingolipid biology like sphingolipid- 
mediated regulation of the proteome, lipid-lipid interactions, lipid-protein interac-
tions and post-translational modifi cations of sphingolipid-modifying enzymes. 
Discovery proteomics has been used to determine global changes in the proteome 
after treatment with sphingolipid-based therapeutics to study sphingolipid- mediated 
effects on the proteome. In addition, proteomic analysis has been employed at the 
level of specifi c organelles like lysosomes to study changes in the protein profi le. In 
addition to the usage of discovery proteomics for hypothesis-generating projects, 
scientists are also using targeted proteomics in addition to antibody-based tech-
niques like Western blotting to study aspects of sphingolipid-modifying enzymes 
like protein level changes, post-translational modifi cations and changes in subcel-
lular localization. Affi nity-based peptide enrichment using antibodies, lectin or 
biotin-switch is commonly used to enrich sphingolipid-modifying enzymes to study 
post-translational modifi cations like phosphorylation, glycosylation, acetylation, 
ubiquitination and palmitoylation. These studies will give a deeper insight into 
enzyme activity, turnover and localization. Mass-spectrometric analysis is also used 
to study protein-protein and protein-lipid interactions in the sphingolipid system to 
delineate their cellular functions. Additionally, chemical proteomics is used to study 
the protein-binding partners of chemical inhibitors against sphingolipid enzymes 
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and thus evaluate their specifi city and selectivity to the targeted enzyme and to off- 
target molecules. These studies will certainly help to improve the effi cacy and mini-
mizing side effects of these enzyme inhibitors. 

 Sphingolipid-based therapeutics aim at tipping the sphingolipid balance in can-
cer cells towards anti-proliferative and apoptotic signaling. As discussed in the 
chapter, this can be attained by treatment with sphingolipid analogs or modulators 
of sphingolipid metabolism alone or in combination with current therapeutics. 
Successful formulation of novel drug-delivery methodologies, coupled with the 
identifi cation, synthesis and validation of sphingolipid analogs and targets in the 
sphingolipid metabolism pathway presents a promising therapeutic strategy for can-
cer treatment.     
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    Abstract     Sphingolipids (SLs) serve the dual roles of acting as structural entities in 
cellular membranes as well as bioactive signaling molecules that modulate signal 
transduction. As the already immense database of identifi ed bioactive SL subspecies 
continues to expand, the need for structure-specifi c identifi cation and quantifi cation 
continues to rise. The characterization and analysis of the sphingolipidome by mass 
spectrometry has advanced steadily over the last 20 years with the aid of improve-
ments in technological advancements in instrumentation, coupled with optimization 
of lipid extraction methodologies, and an increasing library of available reference 
standards. Pivotal advances in sphingolipidomics include the adoption of soft ion-
ization techniques, including electrospray ionization (ESI), tandem mass spectrom-
etry (MS/MS), and matrix-assisted laser desorption ionization (MALDI), as well as 
the use of multiple reaction monitoring (MRM), all of which have aided in improv-
ing the quality of analysis of often complex lipid extracts from mammalian, yeast, 
and even plant cells. In this chapter we explore qualitative and quantitative mass 
spectrometry methods used for structural elucidation and quantitation of sphingo-
lipids found in cells as well as tissues. Sections included here detail extraction and 
HPLC methodologies, in vitro labeling techniques, use of internal and calibration 
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  Abbreviations 

   Bodipy    4,4-Difl uoro-4-bora-3a,4a-diaza-s-indacene   
  CDases    Ceramidases   
  Cer    Ceramide   
  Cer1P    Ceramide 1-phosphate   
  CerK    Ceramide kinase   
  CerS    Ceramide synthase   
  Des1    Dihydroceramide desaturase   
  dhCer    Dihydroceramide   
  DNBz    3,5-Dinitrobenzoyl   
  Flu    Fluorescein   
  GBA    Glucocerebrosidase   
  GC    Glucosylceramide   
  GCS    Glucosylceramide synthase   
  GSL    Glycosphingolipids   
  (HMU)PC    6-Hexadecanoylamino-4-methylumbelliferylphosphorylcholine   
  (HNP)PC    2-Hexadecanoylamino-4-nitrophenylphosphorylcholine   
  HTS    High throughput screening   
  iTRAQ    Isobaric tags for relative and absolute quantifi cation   
  LR    Lissamine-rhodamine   
  NBD    4-Amino-7-nitro-2,1,3-benzoxadiazole   
  NDA    Naphthalene-2,3-dicarbaldehyde   
  NR    Nile Red   
  OPA     ortho -Phthalaldehyde   
  PC    Phosphocholine   
  Sa    Sphinganine   
  SK    Sphingosine kinases   
  SLs    Sphingolipids   
  SM    Sphingomyelin   
  SMase    Sphingomyelinase   
  SMS    Sphingomyelin synthases   
  So    Sphingosine   
  So1P    Sphingosine 1-phosphate   
  SPL    Sphingosine 1-phosphate lyase   

1           Introduction 

 Sphingolipids (SLs) are ubiquitous natural products that play essential roles in 
structural biology, cell regulation and signaling [ 1 ]. The biosynthesis of SLs in 
mammals is a complex and well compartmentalized process in which ceramide 
(Cer) plays a pivotal role [ 2 ]. In fact, Cer is not a single entity but a family of 
closely related molecules that differ in the nature of the acyl chains and in that of 
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the sphingoid base backbone. Thus, in addition to the most abundant C18:1(Δ 4 E) 
system present in mammals, saturated (dihydroceramides), polyunsaturated (such 
as dienes and trienes), dihydroxylated (phytoceramides), and shortened (C16 and 
C16:1(Δ 4 E)) sphingoid bases [ 3 ], as well as the epidermis-unique omega-
hydroxyceramides [ 4 ] have also been identifi ed in nature. Due to its implications in 
SL metabolism, Cer should be considered as a “metabolic hub”, acting both as 
precursor of more structurally complex SLs, such as ceramide-1-phosphate (Cer1P), 
sphingomyelin (SM) or glycosphingolipids (GSL), and also as precursor of simpler 
SLs arising from the degradative pathway, such as sphingosine (So) and sphing-
osine-1-phosphate (So1P) (Fig.  1 ).

   The current perception of SL metabolism is that of a highly intricate, interrelated 
system of enzymes, whose relative activities determine the intracellular concentra-
tion of SLs, which can ultimately be responsible for cell fate. In addition, since 
many pathologies are related to an improper balance of SLs [ 5 ], the development of 
methods for their quantifi cation and the use of specifi c probes to monitor their intra-
cellular localization and traffi cking is gaining importance in contemporary chemical 
biology and drug design approaches. As extensively discussed in many reviews [ 6 ,  7 ], 
cancer is one of the pathologies where SLs play a capital role. Guided by these inter-
ests, in this chapter (Sect.  2 ) we present an overview of the most representative 
chemical probes that have been developed as substrates to monitor the activity of SL 
metabolizing enzymes. Section  3  is devoted to the description of new approaches to 
the cellular quantifi cation, localization and traffi cking of sphingolipids, some of 
them wisely adapted from acquired experience in the fi eld of proteomics.  

  Fig. 1    General overview of sphingolipid metabolism and compartmentalization       
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2      Chemical Probes to Monitor the Activity of SL 
Metabolizing Enzymes 

 Until assays based on the use of non-natural substrates were implemented, most 
enzyme determinations were performed with radioactive substrates. Examples include 
radiolabeled Cer for ceramide kinase (CerK) [ 8 ], ceramidases (CDases) [ 9 ,  10 ], and 
sphingomyelin synthases (SMS) [ 11 ], radiolabeled dihydroceramide (dhCer) for 
dihydroceramide  desaturase (Des1) [ 12 ], radiolabeled SM and GlcCer for sphingo-
myelinases (SMase) [ 13 – 19 ] and glucocerebrosidases (GBA) [ 20 ][ 21 ], respectively, 
and [4,5- 3 H] Sa1P for sphingosine-1-phosphate lyase (SPL) [ 22 ,  23 ]. Assays using 
radiolabeled cofactors or donors have also been reported, including [γ-32P]-ATP for 
kinases (CerK [ 24 ] and sphingosine kinase, SK [ 25 – 27 ]) and glucose for glucosylce-
ramide synthase (GCS) [ 28 ,  29 ]. 

 The disadvantages of working with radioactive materials have prompted the 
development of non - natural substrates to monitor SL metabolizing enzymes. The 
sphingoid base chain shortening is the simplest natural substrate modifi cation so far 
reported. Spassieva et al. [ 30 ] have described the utilization of non - naturally occur-
ring C(17) sphingoid bases in combination with mass spectrometry technology in 
the assays of ceramide synthase (CerS) and SK (Fig.  2 ). In a recent contribution 
[ 31 ], a series of stereochemically defi ned 1 - deoxySa and 1 - deoxySo were evaluated 
as probes to unravel CerS activity in intact cells by UPLC - TOF methods. Among 
the different analogues tested, compounds ES285, RBM1 - 77 and RBM1 - 73 (Fig.  2 ) 
turned out to be suitable probes for CerS profi ling. These probes are metabolically 
stable at both C1 and at the amide linkage, after CerS acylation, and thus the result-
ing amide composition refl ects the overall CerS activities under a given set of con-
ditions. In particular, compound ES285 (spisulosine) led to the highest acylation 
rates, thus being the compound of choice as chemical probe to evaluate CerS activ-
ity and the distribution of  N  - acylated metabolites under given biological conditions. 
In another reported assay for CerS, a ω - alkyne-sphinganine is used as substrate for 
click-based production of fl uorescent ceramide products, which are separated from 
the substrate by TLC for further quantitation [ 32 ]. These methods provide high 
sensitivity and extreme accuracy even when crude extracts are used as enzyme 
sources. Nevertheless, as discussed in the following sections, fl uorescent substrates 
(Table  1 ) are amongst the non-natural substrates more extensively used.

  Fig. 2    Minimally modifi ed substrates for the determination of SK and CerS       
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    Table 1    Probes used to determine enzyme activity in SL metabolism   

 Probes  Figure  Target  References 

 (Bodipy)C 12 Cer   5   CDase  [ 61 ] 
 (Bodipy)C 12 GC   9   GBAs  [ 102 ,  106 ,  108 ] 
 (Bodipy)C 5 Cer   5   SMS  [ 89 ] 
 (DMAS)So(Glc)   9   GBAs  [ 102 ,  103 ] 
 (HMU)PC   8   SMase  [ 81 ] 
 (HNP)OGlc   9   GBAs  [ 101 ] 
 (HNP)PC   8   SMase  [ 79 ,  80 ] 
 (LR)C 12 Cer   5   CDase  [ 61 ] 
 (LR)C 12 GC   9   GBAs  [ 101 ,  108 ] 
 (LR)O-PAP   9   GBAs  [ 108 ] 
 (NBD)C 12 Cer   5   CDase  [ 58 ,  59 ,  163 ] 
 (NBD)C 12 CerC 7 (NR)   6   CDase  [ 63 ] 
 (NBD)C 12 GC   9   GBAs  [ 104 ,  105 ] 
 (NBD)C 12 SM   5   SMase  [ 82 ] 
 (NBD)C 6 Cer   5   CerK  [ 38 ,  39 ] 
 (NBD)C 6 Cer   5   SMS  [ 87 – 89 ] 
 (NBD)C 6 Cer   5   GCS  [ 94 ] 
 (NBD)C 6 Cer   5   CDase  [ 58 ,  59 ,  163 ] 
 (NBD)C 6 dhCer   5   Des1  [ 72 ,  73 ] 
 (NBD)C 6 GC   9   GBAs  [ 106 ] 
 (NR)C 12 Cer   5   CDase  [ 62 ] 
 (NR)C 12 CerC 7 (NBD)   6   CDase  [ 63 ] 
 (Pyrene)C 10 CerC 17 (DNBz)   6   CDase  [ 64 ] 
 (Reso)Glc   9   GBAs  [ 107 ] 
 4-MUG   9   GBAs  [ 99 ,  107 ,  108 ] 
 C 16 CerC 14 (NR)   5   CDase  [ 61 ] 
 ES285   2   CerS  [ 31 ] 
 Flu(OGlc) 2    9   GBAs  [ 102 ,  103 ,  109 ] 
 RBM13   7   SPL  [ 70 ] 
 RBM14   7   CDase  [ 65 ,  66 ] 
 RBM1-73   2   CerS  [ 31 ] 
 RBM1-77   2   CerS  [ 31 ] 
 Sa(C 17 )   2   CerS /SK  [ 30 ] 
 Sa(NBD)   4   CerS  [ 36 ] 
 Sa1P(C 17 )   11   SPL  [ 115 ] 
 So(Biotin)   4   SK  [ 45 ] 
 So(Flu)   4   SK  [ 53 ] 
 So(NBD)   4   SK  [ 48 ] 
 So1[ 33 P](Biotin)   4   SPL  [ 71 ] 
 So1P(NBD)   4   SPL  [ 68 ] 
 So1PC 14 (Bodipy)   4   SPL  [ 69 ] 
 SoC 15 (NBD)   4   SK  [ 46 ,  47 ] 
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    From a structural standpoint, the probes described in the next sections are non- 
natural SL analogues that incorporate a reporter moiety as part of the structure (see 
Table  1 ). For an unambiguous description of these probes, the notations shown in 
Fig.  3  will be used throughout the chapter.

2.1       Ceramide Synthases (CerS) 

 Ceramide synthases (CerS) catalyze the acylation of sphinganine (Sa) to dhCer in 
the de novo ceramide synthesis, and that of Sa and So to dhCer and Cer, respec-
tively, in the salvage pathway. In mammals, six different CerS isoforms (CerS1-
CerS6) have been identifi ed. Each isoform produces (dh)Cer with characteristic 
acyl-chain distributions, which may be associated to specifi c enzyme compartmen-
talization, acylCoA availability and cell state [ 33 – 35 ]. A fl uorescent assay based on 
the use of commercially available NBD-labeled sphinganine (Sa(NBD), Fig.  4 ) as 
CerS substrate has been described [ 36 ]. According to the authors, the assay is suit-
able for the detection of endogenous CerS activity, both in cells or tissue homoge-
nate protein and is more sensitive than the previously reported radioactive assay. 
Interestingly, Sa(NBD) behaves similarly as the natural substrate in terms of 
enzyme affi nity. The detection and quantifi cation of the resulting dhCer(NBD) is 
carried out directly on the TLC plate, and the reported detection limit has been 
estimated in 0.5 pmol.

  Fig. 3    Notation used in this chapter for the unambiguous description of SL probes       
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  Fig. 5    Fluorescent ceramide and sphingomyelin-derived probes       

  Fig. 4    Fluorescent sphingosine-derived probes       
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2.2        Ceramide Kinase (CerK) 

 Ceramide kinase (CerK) and its reaction product, Cer1P, are implicated in a variety 
of cellular processes such as proliferation, survival, activation of cytosolic PLA2, 
infl ammation and apoptosis,  inter alia  [ 37 ]. Two groups developed independently a 
method based on the use of (NBD)C 6 Cer as substrate (Fig.  5 ) [ 38 ,  39 ]. Interestingly, 
despite the steric bulk of the NBD moiety, the fl uorescent substrate presents a  K  m  of 
4 μM, similar to that of C 6 Cer [ 38 ]. The resulting (NBD)C 6 CerP can be extracted in 
the aqueous phase from a buffer/organic system and directly used for on-plate fl uo-
rescence quantifi cation [ 39 ]. Alternatively, (NBD)C 6 CerP can be isolated and sepa-
rated from the excess substrate by solid phase extraction and further analyzed by 
TLC [ 38 ].

2.3        Sphingosine Kinases (SK) 

 Sphingosine kinases (SK) phosphorylate So to yield S1P. In mammalian cells, two 
isoforms of SK have been found, namely SK1 and SK2, which differ in their tissue 
distribution, cellular expression, and substrate specifi cities. Despite both enzymes 
are also able to phosphorylate dihydrosphingosine, SK2 has a broader substrate spec-
ifi city, catalyzing the phosphorylation of both phytosphingosine and the sphingoid 
base analog FTY720. However, the functions of SK1 and SK2 are partly redundant, 
as evidenced by the fact that mice lacking any of the isoforms still maintain a nearly 
normal phenotype [ 40 ]. SK1 has been extensively studied and there is a large body 
of evidence that proves its role in promoting cell survival, proliferation and neoplas-
tic transformation [ 41 – 43 ]. SK1 is also elevated in many human cancers, which 
appears to contribute to carcinogenesis, chemotherapeutic resistance and poor patient 
outcome. SK2, however, has not been as well characterized, and there are contradic-
tions in the key physiological functions that have been proposed for this isoform. 
However, many emerging studies implicate SK2 in key roles of a variety of diseases, 
including the development of a range of solid tumours [ 44 ]. As a fast and sensitive 
protocol, the biotinylated So substrate So(Biotin) (Fig.  4 ) was designed in combina-
tion with the capture of the phosphorylated product on a streptavidin-coated mem-
brane [ 45 ]. The detection limits of this method are in the low-femtomole range for 
both recombinant human SK1 and SK2 present in crude cell extracts. 

 A fl uorimetric assay to quantify SK activity based on the use of a NBD-labeled 
C15 So substrate    (SoC 15 (NBD)) (Fig.  4 ) has been described [ 46 ,  47 ]. The method is 
suitable to measure the activity of SK, both from purifi ed preparations and from 
lysate extracts of mammalian cells [ 46 ]. Despite this method represents an improve-
ment with respect to the classical approaches using radiolabeled substrates, it still 
requires an extraction process of the phosphorylated reaction product for its direct 
fl uorimetric assay in a 96 well plate. However, the use of the longer analogue 
So(NBD) (Fig.  4 ) allows the direct measure of SK activity by the increase of 
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fl uorescence emission of the resulting phosphorylated probe. This method has been 
implemented in a 384 well-plate format in a HTS assay for SK, and it is suitable for 
the screening of SK inhibitors [ 48 ]. 

 In addition to NBD [ 49 ], dansyl, pyrene and BODIPY derivatives have also been 
tested as SK substrates. Interestingly, pyrene and dansyl derivatives having compa-
rable chain lengths spacers were phosphorylated by both SK1 and SK2 with an 
effi ciency similar to that of the natural substrate So [ 50 ]. A more recent approach to 
measure SK activity uses the fl uorescein-labeled sphingosine So(Flu) as SK sub-
strate (Fig.  4 ). The phosphate reaction product is separated from the substrate by 
capillary electrophoresis and quantifi ed by laser induced fl uorescence detection 
[ 51 – 53 ]. Using purifi ed SK2 as enzymatic source, the So(Flu) substrate shows a  K  m  
of 2.8 μM, somewhat higher than that reported for the natural substrate (around 
1.0 μM), which is attributed to the steric bulk imposed by the presence of the fl uo-
rophore in the probe.  

2.4      Ceramidases (CDases) 

 Ceramidases (CDases) are lipolytic amidohydrolases that catalyze the cleavage of 
Cer into So and fatty acids. According to their optima pH, ceramidases fall into 
three groups, acidic, neutral and alkaline, with different tissue distribution, subcel-
lular localization and substrate specifi city [ 54 ]. The implication of ceramidases, 
mainly the acidic form, in cancer progression has prompted the publications of sev-
eral reviews [ 55 – 57 ]. The use of the fl uorescent (NBD)C 6 Cer as ceramidase sub-
strate (Fig.  5 ) was already reported by Merrill  and col . in assays carried out  in vitro  
and in intact hepatocytes [ 58 ]. In that work, NBD lipids were analyzed by HPLC 
coupled to a fl uorescence detector. The length of the acyl chain connecting the fl uo-
rescent NBD moiety with the sphingosine backbone was studied by Tani et al., who 
found that (NBD)C 12 Cer (Fig.  5 ) was hydrolyzed faster in B16 melanoma cell 
lysates at both pH 8.5 and 4.0 [ 59 ] and by the alkaline CDase from  Pseudomonas 
aeruginosa  [ 60 ] than (NBD)C 6 Cer. Interestingly, the alkaline bacterial enzyme had 
also a preferential activity for (NBD)C 12 Cer over [ 14 C] oleoylsphingosine [ 60 ]. 
Other fl uorescent probes reported to measure CDase activity include (Bodipy)
C 12 Cer and the lissamine-rhodamine substituted Cer, (LR)C 12 Cer (Fig.  5 ) [ 61 ]. In 
particular, acidic CDase was measured with similar sensitivities with both (Bodipy)
C 12 Cer and the radioactive substrate using mouse kidney extracts as enzyme source. 
However, (LR)C 12 Cer was a poorer substrate of acidic CDase, which was attributed 
to its higher hydrophilic nature in comparison with both the Bodipy and the natural 
substrates. Very recently, a fl uorescent Cer incorporating Nile Red (NR) as an acyl 
chain fl uorophore, (NR)C 12 Cer, (Fig.  5 ) has been reported and compared with 
(NBD)C 12 Cer as substrate for acid and neutral CDase [ 62 ]. Under standard assay 
conditions, a lower cleavage rate for (NR)C 12 Cer, as compared to (NBD)C 12 Cer, 
was observed. In the same work, new fl uorescent substrates incorporating the above 
fl uorescent moieties as part of the sphingoid chain, namely C 16 CerC 14 (NR) and 
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C 16 CerC 14 (NBD) (see Fig.  5 ), were also synthesized and compared for their effi -
ciency towards CDases. In this case, the enzymatic cleavage of both substrates 
towards acid CDase were comparable, while C 16 CerC 14 (NR) was somewhat less 
effi cient as substrate for neutral CDase than C 16 CerC 14 (NBD). 

 The development of fl uorogenic substrates (substrates that give rise to a fl uores-
cent readout subsequent to a particular enzymatic reaction) represents a break-
through in the design of probes suitable for determining enzyme activities. As a 
continuation of the above work, the same authors reported on two FRET probes, 
(NBD)C 12 CerC 7 (NR) and (NR)C 12 CerC 7 (NBD) (Fig.  6 ), for the real time determi-
nation of ceramidase activity [ 63 ]. The probes were designed by combination of 
NBD and NR as donor and acceptor FRET pairs, respectively, located as part of the 
acyl chain and/or the sphingoid base of the Cer substrate. Probe (NBD)C 12 CerC 7 (NR) 
turned out to be a better substrate than (NR)C 12 CerC 7 (NBD) for ceramidases, with 
 K  m  values of 142 μM and 182 μM for recombinant neutral and acid CDase, respec-

  Fig. 6    FRET-based probes for real time determination of CDase activity       

  Fig. 7    Fluorogenic coumarin-containing fl uorogenic probes to determine CDase and SPL 
activity       
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tively. In a previous work, another group designed the quenched fl uorophore probe 
(Pyrene)C 10 CerC 17 (DNBz) (Fig.  6 ), whose fl uorescence was released after cleavage 
by  P. aeruginosa  recombinant CDase [ 64 ]. After the hydrolytic cleavage, the fl uo-
rescence of the released ω-pyrenyldecanoic acid allowed the quantifi cation of the 
enzyme activity. However, this probe had limited application due to its high hydro-
phobicity and relatively low quantum yield.

   A series of fl uorogenic coumarin-containing CDase substrates, amenable for 
HTS assays, has also been reported [ 65 ,  66 ]. These substrates (compounds RBM14, 
Fig.  7 ) are conceptually similar to those described by Reymond and co-workers for 
other hydrolytic enzymes [ 67 ]. After hydrolysis of RBM14 by CDases, oxidation of 
the resulting vicinal aminodiol renders an intermediate aldehyde, whose subsequent 
β-elimination under basic conditions liberates the fl uorescent umbelliferone reporter 
(Fig.  7 ).

   Although compounds RBM14 have been reported as substrates of the acidic 
CDase, recent studies have shown that they are also hydrolyzed by the neutral 
CDase and at least one of the alkaline CDases (unpublished). The specifi city of the 
substrates towards CDases can be modulated by the length of the acyl chain. Thus, 
in cells overexpressing acid CDase, the highest rate of hydrolysis was observed for 
the probe with a dodecanoyl group (RBM14-12), while recombinant human neutral 
CDase prefers the hexadecanoyl derivative (RBM14-16), and the tetradecanoyl-
amide (RBM14-14) is preferentially hydrolyzed by lysates of neutral CDase-null 
mouse embryonic fi broblasts at pH 8.5 in the presence of Ca 2+ . This fl uorogenic 
method is currently in use in the diagnosis of Farber disease, a rare disease charac-
terized by the defi ciency of acid CDase [ 66 ].  

2.5     Sphingosine-1-phosphate Lyase (SPL) 

 Sphingosine-1-phosphate lyase (SPL) is the last enzyme in the catabolism of sphin-
golipids. It catalyzes the retroaldol cleavage of long chain base phosphates into 
phosphoethanolamine and a fatty aldehyde (Fig.  1 ). Similarly as discussed in the 
preceding sections of this chapter, fl uorescent substrates, incorporating a fl uores-
cent reporter as part of the sphingoid base chain, have been developed for this 
enzyme. This is the case of So1P(NBD) [ 68 ] and So1PC 14 (Bodipy) (Fig.  4 ). The 
latter is more extensively used due to its improved photochemical properties [ 69 ]. 
In both cases, the resulting aldehyde is extracted from the incubation mixture and 
quantifi ed after separation by HPLC coupled to a fl uorescence detector. The fl uoro-
genic coumarin-containing substrate RBM13 has also been reported (Fig.  7 ) [ 70 ]. In 
this case, the released aldehyde undergoes a spontaneous β-elimination to give the 
fl uorescent umbelliferone in a process conceptually similar to that described in 
   Sect.  2.4  for ceramidases. According to the reported protocol, no separation of prod-
ucts is necessary and the assay can be performed in microtiter wells, which is an 
important improvement in high throughput screening (HTS) assays of putative 
inhibitors. In a recent report, a high throughput scintillation proximity assay for SPL 
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has been reported. The assay requires the use of So1[ 33 P](Biotin) (Fig.  4 ) as sub-
strate and employs recombinant human full-length SPL in insect cell membrane 
preparations to catalyze the conversion of So1[ 33 P](Biotin) to (ω-biotin)- trans  -2- 
hexadecenal and [ 33 P] ethanolamine phosphate [ 71 ]. 

 An inherent limitation of the above fl uorescent or fl uorogenic substrates relies on 
the use of a non-natural SPL substrate and, hence, the presence of a bulky reporter 
as part of the sphingoid chain. This fact can explain the lower affi nity of some of 
these substrates towards the target enzyme, as evidenced from their higher Km val-
ues [ 68 – 70 ] in comparison to that of the natural substrate [ 23 ].  

2.6     Dihydroceramide Desaturase (Des1) 

 Desaturation of dihydroceramide at Δ 4  position to introduce a  E -double bond is the 
last step in the de novo pathway synthesis of Cer (see Fig.  1 ). Although originally 
designed for intracellular transport and metabolism studies of dhCer (see Sect.  3.3 ), 
the fl uorescent probe (NBD)C 6 dhCer (Fig.  5 ) has also been used to monitor Des1 
activity as it has been reported to be a substrate of the target enzyme [ 72 ]. 

 The kinetic parameters of (NBD)C 6 dhCer desaturation have been determined in 
rat liver microsomes after incubation with different substrate concentrations and 
lipid analysis by HPLC coupled to a fl uorescence detector. Under these conditions, 
a  K  m  of 7.7 μM for the fl uorescent substrate was determined [ 73 ].  

2.7     Enzymes of the Sphingomyelin Cycle 

 The sphingomyelin cycle comprises the enzymes implicated in the biosynthesis and 
catabolism of SM from and to Cer. 

2.7.1     Sphingomyelinases (SMases) 

 Sphingomyelinases (SMases) are a group of hydrolases that cleave SM, the most 
abundant SL in plasma membranes, to form Cer and phosphocholine. According to 
their pH dependence, different SMases have been identifi ed in mammals. Acid 
SMase localizes in lysosomes and its defi ciency is related to Niemann-Pick disease 
A and B, a type of sphingolipidosis characterized by an accumulation of SM [ 74 ]. 
In addition, a Zn 2+ -dependent secretory form of this enzyme has also been found. 
This form is differentially glycosylated and processed, and is believed to function in 
infl ammatory processes and atherogenesis [ 75 ]. On the other hand, neutral SMase 
is a Mg 2+ -dependent enzyme located in plasma membranes [ 76 ]. In addition, a 
Mg 2+ -independent neutral SMase is also found in cytosol [ 77 ], and an alkaline 
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SMase has been identifi ed in the gastrointestinal tract [ 78 ]. The reduction of Cer 
levels, as a result of SMases inhibition, has emerged as an interesting therapeutic 
approach for several pathologies where high levels of Cer are involved [ 55 ,  76 ]. In 
this context, the need for the discovery of new drugs targeting SMases from large 
libraries of compounds has boosted the development of new methods to monitor the 
activity of these enzymes. The SMase fl uorogenic substrates were preceded by 
(HNP)PC (Fig.  8 ), a chromogenic  p -nitrophenyl derivative. This substrate was 
reported as a reliable chromogenic reagent for the diagnosis of patients with 
Niemann-Pick disease and the detection of heterozygous carriers of the disorder 
[ 79 ,  80 ]. The related fl uorogenic substrate (HMU)PC, (Fig.  8 ) has also been pub-
lished [ 81 ]. Interestingly, this substrate allows the diagnosis of Niemann-Pick 
patients with a particular mutation by carrying out the fl uorogenic assay in the pres-
ence of the natural substrate lysosphingomyelin. Other fl uorogenic substrates, 
structurally more similar to the natural one, are NBD acyl chain substituted sphin-
gomyelins (NBD)C n SM (Fig.  5 ). In these cases, the enzymatic activity is quantifi ed 
by measuring the fl uorescence of the corresponding hydrolysis product, (NBD)
C n Cer, after TLC [ 82 ] or HPLC [ 83 ] separation.

2.7.2        Sphingomyelin Synthases (SMS) 

 Sphingomyelin synthases (SMS) are integral membrane enzymes that transfer a 
phosphorylcholine moiety from phosphatidylcholine to the primary hydroxyl group 
of Cer, with the concomitant formation of diacylglycerol [ 84 ]. Two isoforms of 
mammalian SMS, with identical enzymatic activities but different localization have 
been identifi ed. Thus, SMS1 is localized in the Golgi system, whereas SMS2 is 
localized on plasma membrane [ 85 ]. 

 Classical assays for SMS activity are based on the use of (NBD)C 6 Cer (Fig.  5 ) 
and quantifi cation after TLC [ 86 ] or HPLC separation [ 87 – 89 ]. In one of these works 
[ 88 ], a  K  m  = 7.50 μM for this substrate was determined. In addition, (Bodipy)C 5 Cer 
(Fig.  5 ) has also been reported as substrate to measure SMS activity by quantitative 
analysis of the corresponding reaction product, (Bodipy)C 5 SM, by HPLC [ 89 ].   

  Fig. 8    Fluorogenic substrates to target SMase activity       
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2.8     Enzymes Implicated in Glucosylceramide Metabolism 

 Glycosylation of Cer at the primary hydroxyl position provides GSL, a large struc-
tural family of cell membrane components with important biochemical [ 90 ] and 
biophysical [ 91 ] roles. The biosynthesis of most GSL in mammals starts at the cyto-
solic face of the Golgi complex with glucosylation of Cer to give glucosyl ceramide 
(GC) in a process catalyzed by GCS. The initially formed GC is the starting build-
ing block for the synthesis of complex GSL at the luminal face of the Golgi appara-
tus from where they are transported to the cell membrane by exocytosis mechanisms. 
Enzymes implicated in GC metabolism are important targets for the development of 
therapies for Gaucher  disease, a sphingolipidosis resulting from the accumulation 
of GC in the lysosomes [ 92 ], and to reverse multidrug resistance in cancer [ 93 ]. The 
use of fl uorescent substrates to measure GCS activity has also been reported. In 
particular, (NBD)C 6 Cer (see Fig.  5 ) allows the direct visualization and quantifi ca-
tion of the corresponding reaction product (NBD)C 6 GC after TLC separation and 
scraping of the spot prior to fl uorimetric analysis [ 94 ]. The catabolism of GC can 
take place at different levels. The primary pathway is catalyzed by the lysosomal 
β-glucocerebrosidase (GBA1), which is defective in Gaucher disease patients [ 95 ]. 
A non lysosomal β-glucosylceramidase (GBA2) is found in the cell membrane, 

  Fig. 9    Fluorescent probes to target enzymes implicated in GCS metabolism       
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close to the surface, whose activity is linked to SM generation [ 96 ]. Its optimum pH 
is close to neutral, as opposed to GBA1, which exhibits an optimum pH in the acidic 
region. In addition, a non-specifi c cytosolic β-glucosidase (GBA3) can also hydro-
lyze GC albeit with lower specifi city due to its character of general hydrolase of 
xenobiotic glycosides [ 97 ]. 

 Several methods have been developed to monitor GBA1. They are driven by the 
need for diagnostic tools to evaluate the effects of this enzyme in the outcome of 
Gaucher disease, as well as in discovery processes of pharmacological chaperones for 
this enzyme [ 98 ]. Fluorescent non-natural substrates have been extensively used as 
probes for GBA1 assays. The application of 4-methylumbelliferyl-β- D -glucopyranoside 
(4-MUG, Fig.  9 ) was reported as an effi cient alternative to the radiolabeled natural 
substrate when used alone [ 99 ] or in the presence of conduritol-β- epoxide (CBE) 
to selectively measure GBA1 activity in certain tissues [ 100 ]. In related works, 
the fl uorescent analogs 2-hexadecanoylamino-4-nitrophenyl-β- D -glucopyranoside 
[(HNP)   OGlc] [ 101 ], 1- O -glucosyl-2- N -(1-dimethylaminonaphthalene- 5-sulfonyl)
sphingosine [(DMAS)So(Glc)] [ 102 ,  103 ], (NBD)C 12 GC [ 104 ,  105 ], (NBD)
C 6 GC,[ 106 ] and (Bodipy)C 12 GC [ 106 ] (Fig.  9 ) were used as substrate for the diagno-
sis of Gaucher disease. On incubation with the enzyme, the substrates yield the free 
fl uorescent Cer analogue for its quantifi cation by fl uorescence detection HPLC [ 102 , 
 106 ]. For diagnostic purposes, (NBD)C 6 GC and (Bodipy)C 12 GC were much more 
effi cient, as judged by their  V  max / K  m  ratio, than the classically used 4-MUG (Fig.  9 ) 
[ 106 ]. However, this substrate, together with the red fl uorogenic substrate resorufi n-
β- D -glucopyranoside, (Reso)Glc, (Fig.  9 ) have been adapted to a miniaturized 1536 
well-plate format for HTS of GBA1 inhibitors. Interestingly, both assays gave com-
parable results and helped to avoid artefacts due to autofl uorescence or fl uorescence 
quenching by the screened compounds when used in a paired screening [ 107 ]. Finally, 
different fl uorescent substrates ((LR)C 12 GC, (Bodipy)C 12 GC, (LR)O-PAP, and 
4-MUG, Fig.  9 ) were used to judge the effect of several Gaucher mutations on GBA1 
activity. The substrate (LR)C 12 GC was useful to distinguish between different mutant 
GBA1 variants overexpressed in a heterologous system [ 108 ]. In a different approach, 
a quantitative fl uorescence-activated cell sorter (FACS) assay has been reported for 
diagnosis of Gaucher disease using fl uorescein bis(β-glucopyranoside) (Flu(OGlc) 2 ) 
(Fig.  9 ) as substrate, with excellent results [ 109 ].

2.9        Natural Substrates Coupled to Chemical 
or Enzymatic Reactions 

 A common problem found with the use of fl uorogenic enzyme assays based on the 
use of non-natural substrates in screening tests for inhibitors is the occurrence of 
false positives, since the affi nity of the enzyme towards the artifi cial substrate may 
not be the same than that for the natural one. This is a general problem when the 
screening of potential modulators of a particular enzyme is considered. The activity 
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of an enzyme inhibitor or activator depends on its binding site on the enzyme, 
which, in turn, modulates the affi nity of the substrate and the catalytic ability of the 
enzyme. For this reason, an apparently potent enzyme inhibitor against an artifi cial 
substrate could be less potent or inactive if a natural substrate was used, or 
vice-versa. 

 As an illustrative example, recombinant GBA3 was found to hydrolyze artifi cial 
substrates such as 4-MUG and (NBD)C 6 GC (Fig.  9 ), but hydrolysis of natural GC 
was hardly detected [ 97 ]. Ideally, the natural substrate itself, or a minimally modi-
fi ed analogue thereof, would be desirable. For this reason, enzymatic activity assays 
based on the use of the natural substrates is gaining relevance. In general, this strat-
egy requires the use of derivatization reactions, prior to instrumental analysis or 
enzyme reactions specially designed to quantify the particular reaction products. 

2.9.1     Derivatization Reactions 

 Fluorescence HPLC, after pre-column derivatization of sphingoid bases with 
naphthalene- 2,3-dicarboxaldehyde (NDA) and cyanide ions, has been reported for 
assays for SK [ 110 ] and CDases [ 111 ]. According to the authors, the procedure is 
fast, sensitive (limit of detection of 12.6 nM, based on the NDA-adduct 1, Fig.  10 ) 
and reproducible and offers several advantages over other existing methods. Both 
SK [ 112 ] and CDase [ 113 ] activities have also been analyzed by derivatization of 
the resulting sphingoid base with NDA/cyanide or OPA/2-mercaptoethanol and 
quantifi cation of the formed adducts (Fig.  10 ) by fl uorescence HPLC [ 112 ] in a 
slight modifi cation of a method previously used for amino acid analysis.

   OPA derivatization of sphinganine was also applied to measure SPT activity in 
an HPLC-based assay [ 114 ]. In this assay, 3-ketoSa, the direct product of the SPT 
reaction, was reduced with sodium borohydride to Sa, which was derivatized with 
OPA and quantifi ed by HPLC. 

  Fig. 10    Derivatization reactions for S1P and So to monitor SK and CDase activities       
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 A minimally modifi ed C17-dihydrosphingosine-1-phosphate substrate 
(Sa1P(C 17 ), Fig.  11 ) was tested as SPL activity probe [ 115 ]. In this case, quantifi ca-
tion of SPL activity is carried out by GC-MS analysis of the aldehyde product (pen-
tadecanal) in the presence of ( Z )-11 hexadecenal as an internal standard and 
derivatization to provide the corresponding pentafl uorobenzyl oximes (PFBO) 
(Fig.  11 ). As expected, the affi nity of this minimally modifi ed substrate rises to 
levels comparable to those of the natural substrate [ 115 ]. Similar methods have been 
reported involving derivatization of ( E )-2-hexadecenal with semicarbazide and 
analysis of the resulting semicarbazone by LC-MS/MS [ 116 ], 2-diphenylacetyl- 1,3-
indandione- 1-hydrazone for fl uorescence HPLC or LC-MS/MS analyses [ 117 ] and 
isonicotinylhydrazide for LC-MS/MS of the resulting isonicotinylhydrazone [ 118 ] 
(Fig.  11 ). Although not used to measure SPL activity, derivatization of ( E )-2- 

  Fig. 11    Use of the natural substrate or a minimally modifi ed probe to monitor SPL activity.  DAIH  
2-diphenylacetyl-1,3-indandione-1-hydrazide,  PFBHA  pentafl uorobenzyl hydroxylamine,  PFBO  
pentafl uorobenzyl oxime,  C   15   -AL  pentadecanal,  E   2   C   16   -AL  ( E )-2-hexadecenal,  C   15   -PFBO  pentade-
canal pentafl uorobenzyl oxime,  Z   11   C   16   -PFBO  ( Z )-11-hexadecenal pentafl uorobenzyl oxime,  C   16   - 
DAIH     ( E )-2-hexadecenal 2-diphenylacetyl-1,3-indandione-1-hydrazone       

  Fig. 12    Enzyme-coupled reaction to monitor SMase activity       
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hexadecenal by Hantzsch reaction with cyclohexane-1,3-dione followed by fl uores-
cence detection HPLC of the decahydroacridine derivative has been reported [ 119 ].

   However, due to the more tedious and time consuming analytical protocols, 
these substrates are less amenable for HTS analysis than the previously reported 
method based on the fl uorogenic coumarin-containing substrate RBM13 (Fig.  7 ).  

2.9.2     Enzyme Coupled Reactions 

 An assay for human acid SMase using the natural SM as substrate has been dis-
closed. The assay is based on the detection of the generated phosphocholine (PC) by 
the enzyme coupled reporting system depicted in Fig.  12 . This method has been 

  Fig. 13    Enzyme-coupled method used to screen for GCS inhibitors in a HTS assay       

  Fig. 14    Glucose oxidase reporting system used in a HTS assay for GBA1 inhibitors       
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used in the screening of a large library of compounds that led to the identifi cation of 
some SMase inhibitors in the μM range [ 120 ]. Using this assay, the inhibitors 
showed different activities in comparison those obtained with the fl uorogenic assay 
based on the use of (HMU)PC as substrate (Fig.  8 ).

   Along the same lines, a HTS method has been setup for the screening of large 
libraries of compounds as GCS inhibitors. In this assay, GCS activity has been mea-
sured as the amount of UDP-glucose consumed during the GCS catalyzed reaction. 
After the reaction quenching, the excess UDP-glucose is transformed by a specifi c 
dehydrogenase that produces NADH, which, in turn, reduces resazurin (A) to the 
fl uorescent resorufi n (B) in the presence of the enzyme diaphorase (Fig.  13 ) [ 121 ]. 
A GBA1 assay based on the natural substrate has also been reported. The assay uses 
an Amplex-red glucose oxidase reporting system in a high throughput assay format 
(Fig.  14 ) and it is conceptually similar to that described above by the same authors 
for SMase [ 122 ].

3            Probes for the Quantitation and Traffi cking 
of Sphingolipids 

3.1      Amine Reactive Tags (iTRAQ Reagents) 
for Multiplexed Quantifi cation of Ceramides 

 SLs are minor lipid cellular components, whose quantifi cation requires the develop-
ment of accurate and sensitive methods. Despite classical techniques, such as GC 
[ 123 ], HPLC [ 124 – 126 ], and MS [ 127 – 129 ] being widely used, the recent advances 
in lipidomics have boosted the development of more sophisticated techniques ame-
nable to SL analysis [ 130 – 135 ]. The simultaneous analysis of SLs of different cell 
populations is of interest in terms of analysis effi ciency and equipment optimiza-
tion. In this context, the use of isobaric tags for relative and absolute quantifi cation 
(iTRAQ), as developed in the proteomics fi eld to compare the levels of protein 
expression in multiple samples [ 136 ], has been successfully applied to label phos-
phatidylethanolamine and phosphatidylserine [ 137 ] and in the multiplex analysis of 
Cer and GC, after enzymatic hydrolysis of their  N -acyl chains with a SL  N -deacylase 
[ 138 ]. In a recent example, two lactosylCer analogues carrying an azido-BODIPY 
dye, amenable to further functionalization with an iTRAQ reagent by click chemis-
try, has been described as a proof of concept for the differential analysis of multi-
plexed GSL by MS/MS [ 139 ]. 

 The iTRAQ reagents consist of a “reporter group”, a “balance group” and a 
“reactive group” in the iTRAQ tag (Fig.  15 ). The reporter group contains one or 
more stable  15 N or  13 C isotopes to form a family of four to eight differently tagged 
reagents differing by 1–8 mass units. The reactive groups is an  N -hydroxysuccinimidyl 
ester, which reacts with the primary amino group of the analyte. Both the reactive 
and the reporter groups are linked with a balance group that contains the proper type 
and number of isotopes ( 15 N,  13 C and  18 O) to account for an identical total mass. In 
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  Fig. 15    iTRAQ reagents and application to sphingolipid tagging       

  Fig. 16    Azide-tagged SL for the quantitative SL analysis of pooled samples       
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this way, since each reagent has an identical overall mass, the total intensity of the 
peaks represents the contribution from multiple samples, thus allowing an enhanced 
sensitivity. Under appropriate tandem MS-MS analysis, the iTRAQ tags fragment 
to release tag-specifi c reporter ions, which can be distinguished by their isotopic 
composition and are indicative of each original sample.

3.2        Azide-Tagged Sphingolipids for the Quantitative 
Sphingolipidomics of Pooled Samples 

 As indicated in Sect.  3.1 , there is a need for fast and reliable methods for the 
simultaneous quantitative sphingolipidomics from different cell populations that 
are also amenable to HTS formats. In this context, the development of tagged 
ω-azidoSL probes (RBM2-31, RBM2-40, RBM2-63, Fig.  16 ) is an interesting 
alternative [ 164 ]. The probes do not affect cell viability and basal SL metabolism 
at appropriate concentrations. In addition, the reactivity and bioorthogonality of 
the terminal azido group can be exploited by strain-promoted click chemistry with 
suitable azodibenzocyclooctyne MS tags to show the usefulness of the approach 
for the simultaneous sphingolipidome analysis by UPLC-MS of different cell 
populations after independent cell treatments (Fig.  16 ). This method is reminis-
cent of the well-established “stable isotope labeling by amino acids in cell cul-
ture” (SILAC) approach for quantitative proteomics [ 140 ] and offers new 
opportunities in sphingolipids analysis.

3.3         Fluorescent Probes for Sphingolipid Localization 
and Intracellular Traffi cking Studies 

 Investigation of the biological functions, localization and traffi cking of SLs requires 
their detection in their natural compartments, either the cell membranes or the inner 
organelle. To this end, the high sensitivity of the currently available fl uorescence 
methods [ 141 ] makes use of synthetic fl uorescent or fl uorogenic reporters an attrac-
tive option [ 142 ]. 

3.3.1     Fluorophore-Containing Sphingolipids 

 The use of the diphenyl-1,3,5-hexatrienyl group (DPH) as fl uorophore in So 
(So(DPH), Fig.  4 ) was fi rst reported in 1992 for distribution and metabolism studies 
in cultured human skin fi broblasts [ 143 ]. Since then, several So derivatives incorpo-
rating different fl uorescent reporters at the ω-position of the long-chain base, sepa-
rated by linkers of variable lengths, have been used to study the function and 
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subcellular localization of this kind of SLs (Fig.  4 ) [ 47 ,  50 ]. In particular, the 
pyrene labeled sphingosine (SoC 15 (Pyrene), Fig.  4 ) was shown to be rapidly incor-
porated in human endothelial cells and showed predominant distribution to the 
endoplasmic reticulum and the Golgi apparatus, wherein it is phosphorylated by 
SK. These data were in line with previously reported rapid uptake and metabolism 
of SoC 14 (NBD) (Fig.  4 ) by cultured cells [ 144 ]. Fluorescent SM [ 145 ] and Cer ana-
logues [ 146 ] have also been reported for traffi cking studies. In a recent work, a 
series of Cer fl uorescent probes, derived from an ω-labeled So backbone bearing 
acyl chains of different length (compounds C 2 Cer (NBD), C 6 Cer (NBD), C 16 Cer 
(NBD), Fig.  5 ) have been designed and tested as tools to evaluate the binding of 
potential CERT ligands, being C 16 Cer (NBD) the most effi cient one as CERT sub-
strate [ 147 ]. In the same work, the authors also described C 16 Cer(Biotin) (Fig.  5 ) to 
illustrate the versatility of the synthetic approach used and also as a potential probe 
to further develop a CERT binding assay relying on labelled streptavidin. Fluorescent 
SLs have also been used as tools for cell membrane labeling and visualization to 
study membrane traffi cking processes, as well as in biophysical studies to charac-
terize the physical properties of lipid bilayers, such as membrane polarity, fl uidity, 
lipid asymmetry, or their diffusion dynamics [ 148 ]. For this purpose, fl uorescent 
Cer, SM and GC, generally bearing a Bodipy moiety at the acyl chain terminus have 
been used (Fig.  5 ) [ 149 ]. The examples shown above are just a sample of the large 
number of SL analogues described so far that have been modifi ed by incorporation 
of a fl uorescent moiety.  

3.3.2     Polyunsaturated Sphingolipids 

 The use of the generally bulky, aromatic reporters raises some concerns about the 
potential alteration of the physico-chemical properties of the modifi ed probes in 
relation to those of the natural SLs [ 150 ]. Although this limitation is common to 
most of the probes reported to date, some fl uorescent probes based on the use of 
linear polyunsaturated systems are revealing as more effi cient alternatives to the 

  Fig. 17    Parinaric acid and polyunsaturated SL used in biophysical studies       
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classical aromatic probes. Since some excellent reviews on polyene lipids have 
been recently published [ 151 ,  152 ], we just want to focus in this section on the 
application of this strategy to the fi eld of SLs. In general, polyene lipids are intrinsi-
cally fl uorescent and their photophysical properties depend on the number of conju-
gated double bonds. Parinaric acid (Fig.  17 ) is a natural fatty acid with four all( E ) 
conjugated double bonds, whose fl uorescent properties can be improved by increas-
ing the number of conjugated double bonds. In addition to the number of conjugated 
double bonds, their confi guration ( Z  or  E ) is also a determinant of their overall 
shape and cellular fate. This is nicely illustrated when comparing natural SM 
(C 16 SM) with the analogs (NBD)C 6 SM, (Pyrene)C 12 SM, and (all( E )-Pentaene)
C 16 SM [ 150 ]. Thus, NBD and BODIPY, two of the most popular and useful fl uoro-
phore tags, exert profound changes on the physical properties of the fatty acid to 
which they are attached. Despite the pyrene derivatives are better mimics in terms 
of shape, their fl uorescent behaviour is complex. For this reason, all( E )-pentaene 
derivatives offer an excellent balance between structural shape and fl uorescent 
properties, including also the possibility to determine protein-lipid interactions due 
to the overlapping between the pentaene UV excitation and  tryptophan fl uorescence 
emission [ 153 ]. The alteration of the physical and chemical properties imposed by 
the presence of unsaturations as part of the sphingoid chain backbone has been 
exploited in the search of conformationally restrained sphingolipids with modifi ed 
biochemical properties. For instance, cells treated with the fl uorescently labelled 
NBD-triyne probe 4 (Fig.  17 ) showed a signifi cantly increased fl uorescence signal 
compared with those treated with So(NBD) (Fig.  4 ), which has been attributed to 
the higher ability of the rigid polyyne to cross the cell membrane [ 154 ]. These dif-
ferences in biophysical properties are translated into different pharmacological 
activity. Thus, the antiproliferative properties of probe 4 (Fig.  17 ) were superior to 
those of So(NBD) in most of the cell lines used in this study [ 154 ]. In another 
example, a series of polyyne-containing sphingoid bases (2, 3, Fig.  17 ) were synthe-
sized via an iterative acetylene homologation sequence [ 155 ]. With the exception of 
polyyne 2a (n = 1), the remaining members of the series showed an antiproliferative 
effect higher than that of So in human colon cancer HCT116 and human lung cancer 
A549 cell lines.

3.3.3        Functionalized Sphingolipids Susceptible to Click Reactions 

 In order to minimally modify the physical properties of the natural sphingolipid, the 
fl uorescent reporter can be introduced, at a later stage of the experiment, by reaction 
with a suitable probe in a fast and bioorthogonal process. Click chemistry reactions 
fulfi l these requirements and are ideal platforms for this type of experiments, as 
described in Fig.  18 .

   An example of this strategy is illustrated by the use of the probes C 16 CerC 14 (ωN 3 ) 
and C 16 Cer(C 1 N 3 ) (1 and 2, Fig.  18 ) for the  in situ  “click-on” labelling of ceramides 
in artifi cial membranes by Cu-catalyzed reaction with the fl uorogenic alkyne F 
[ 156 ]. Even if Cu 2+  at the concentrations used in this work may be toxic to cells, 
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localization of ceramide-rich domains in cell membranes could be performed on 
fi xed cell preparations. 

 The distinctive signature of a fl uorogenic reagent is its ability to give rise to a 
change in fl uorescent quantum yield or a change in emissive wave length by reac-
tion with a suitable probe. This last property is fulfi lled by alkyne F, which behaves 
as a “latent fl uorophore”, whose fl uorescence is greatly increased by conjugation 
with the triazole system resulting from the click reaction. This property is very 
 useful to reduce the expected background fl uorescence that would be observed if a 
conventional fl uorescent reporter were used instead. Several examples of the use of 
fl uorogenic reagents have been reported in the literature and excellent reviews and 
papers on this topic have been published elsewhere [ 157 – 162 ].    

4     Summary and Outlook 

 The development of chemical probes to monitor the activity of SL metabolizing 
enzymes has classically relied on radioactive substrates. Apart from the safety and 
regulatory issues associated to the use of radiochemicals, most of these radioassays 
require the implementation of tedious extraction protocols prior to the scintillation 
counting stage. Although some interesting improvements to avoid the extraction 
steps have been developed (see, for example, the use of scintillation proximity 
counting to monitor SK in ref [ 26 ]) techniques for the direct analysis of SL metabo-
lites are widely used. In this context, the simplicity and the sensitivity of fl uorimet-
ric analytical techniques have boosted the development of substrates that incorporate 
a generally bulky, fl uorescent reporter as part of the sphingoid structure. By using 
these probes, several methods to measure the activity of most of the enzymes 

  Fig. 18    Introduction of a fl uorescent reporter in azido-SL by  in situ  labeling of (N 3 )Cer in artifi -
cial membranes       
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implicated in SL metabolism have been reported. Interestingly, some of them have 
been implemented into HTS protocols to screen for potential enzyme inhibitors. 
Nevertheless, such deeply modifi ed substrates can show signifi cant differences of 
affi nity towards the target enzymes, which can lead to misleading results, especially 
when the screening of potential enzyme inhibitors is considered. This is one of the 
reasons that justify the use of the natural or minimally modifi ed substrates as effi -
cient alternatives. Unless the structural modifi cation leads to reaction products eas-
ily traceable by MS techniques, a derivatization reaction of the resulting metabolites 
is required. In this context, copper-free click chemistry is becoming a standard tool 
in chemical biology for the incorporation of a large variety of chemical tags under 
biocompatible conditions. The use of controlled chemical reactions in live cells 
opens extraordinary opportunities for a better understanding of biochemical pro-
cesses and paves the way for the development of even more sophisticated probes in 
the future to come.     
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      Use of Fenretinide to Increase Cytotoxic 
Dihydroceramides as a Novel Cancer 
Chemotherapeutic Approach       

          C.     Patrick     Reynolds       and     Barry     J.     Maurer    

    Abstract     Sphingolipids have been extensively studied as signal transducers 
 regulating stress response, proliferation, and cell death, yet agents that target sphin-
golipid signaling have been slow to advance to clinical studies in oncology. The role 
of sphingolipids as critical components of membrane synthesis, combined with the 
cytotoxicity achieved by ceramides and dihydroceramides, indicate that targeting 
sphingolipids has signifi cant potential for novel cancer therapeutics. The discovery 
that high concentrations of the semi-synthetic retinoid,  N -(4-hydroxyphenyl)retin-
amide (fenretinide, 4-HPR), can stimulate production of cytotoxic dihydrocerami-
des led to preclinical studies focused on the use of high-dose 4-HPR as a 
dihydroceramide inducer for cancer therapeutics both as a single agent and in vari-
ous ceramide-modulating drug combinations. Subsequent studies showed that 
4-HPR increased dihydroceramides by simultaneously stimulating the  de novo  
dihydroceramide synthesis pathway while inhibiting dihydroceramide desaturase 1 
(DES1), preventing forward metabolism of dihydroceramides to ceramides. The 
high clinical therapeutic index of 4-HPR is due in part to the ability of 4-HPR to 
stimulate production of dihydroceramides in susceptible cancer cells but not in nor-
mal cells. The minimal cytotoxicity of 4-HPR for normal cells combined with 
improved formulations has enabled 4-HPR plasma concentrations of 10–60 μM to 
be achieved in clinical trials with minimal systemic toxicity. Durable complete clin-
ical responses to 4-HPR have been observed in recurrent neuroblastoma, recurrent 
peripheral T cell lymphoma, and recurrent cutaneous T cell lymphoma, with clinical 
signals of activity also observed in ovarian cancer and gastrointestinal cancers. 
Future clinical trials will not only employ 4-HPR as a single agent, but will also test 
4-HPR in combination with traditional cytotoxic agents, such as vincristine, and 
with other agents that target sphingolipid metabolism, such as safi ngol.  
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1         Introduction 

 As reviewed throughout this book, sphingolipids have been extensively studied as 
signal transducers regulating stress response, proliferation, and cell death. In spite 
of years of attention to the role of sphingolipids in processes that are important to 
cancer progression and cancer cell survival, the development of agents that specifi -
cally target sphingolipid signaling have been slow to advance to clinical testing in 
oncology. The key role of sphingolipids as components of membrane synthesis, 
combined with the cellular cytotoxicity achieved by modulating ceramide(s) and 
dihydroceramides(s) levels, suggest that targeting sphingolipid pathways may lead 
to novel cancer therapeutics whose mechanisms of action may enhance or comple-
ment currently existing therapies. The discovery that high concentrations of the 
semi-synthetic retinoid,  N -(4-hydroxyphenyl)retinamide (fenretinide, 4-HPR), 
stimulated production and increased levels of various dihydroceramide species in 
susceptible cancer cell lines suggested that 4-HPR might be used to clinically target 
sphingolipids for cancer treatment [ 1 ]. Efforts quickly focused on formulation 
development to enable high and extended 4-HPR exposures and on the identifi ca-
tion of additional drugs    capable of synergizing 4-HPR cytotoxicity through ratio-
nale modulation of ceramide-related cellular pathways. This chapter will review 
preclinical studies of high-dose 4-HPR that have translated to successful early- 
phase clinical trials. We will also review preclinical studies aimed at supporting 
early-phase clinical trials testing drug combinations specifi cally designed to further 
increase the levels of the cytotoxic dihydroceramides increased by 4-HPR (ex: 
 D -threo-PPMP) or synergize dihydroceramide-based cytotoxicity (e.g., safi ngol; 
supplementation of specifi c fatty acids).  

2     Fenretinide 

 A synthetic retinoid made in the late 1960s,  N -(4-hydroxyphenyl)retinamide or fen-
retinide (4-HPR), has been reported to inhibit the growth of head and neck cancer 
[ 2 ], non-small cell lung cancer [ 3 ], small cell lung cancer [ 4 ,  5 ], breast cancer [ 6 ], 
ovarian cancer [ 7 – 11 ], prostate cancer [ 12 – 14 ], neuroblastoma [ 1 ,  15 – 18 ], Ewing’s 
family tumor [ 19 ], leukemia [ 20 – 27 ], multiple myeloma [ 28 ], pancreatic cancer 
[ 29 ] cell lines  in vitro  at 4-HPR concentrations of 1–10 μM in a dose-dependent 
manner. 4-HPR has shown activity against leukemia [ 21 ] and neuroblastoma [ 18 ] 
cell lines known to be resistant to all-trans retinoic acid (ATRA) or 13-cis-retinoic 
acid (13-cis-RA). 
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 A variety of intracellular signaling molecules are known to trigger or inhibit cell 
death via apoptosis [ 30 ,  31 ], including the Bcl-2 family of pro-and anti-apoptotic 
proteins [ 32 ]. However, not all cell death occurs via apoptosis and the malignancy- 
specifi c cytotoxicity induced by 4-HPR can involve complementary apoptotic and 
non-apoptotic cell death mechanisms depending on cancer cell type and the inten-
sity and length of drug exposure [ 1 ]. Signifi cantly, 4-HPR cytotoxicity is substan-
tially independent of wild-type p53 function [ 1 ,  3 ,  22 ]. Initial studies of the 
mechanism of 4-HPR cytotoxicity focused on the induction of reactive oxygen spe-
cies (ROS) [ 1 ,  21 ,  33 ,  34 ], however, antioxidants only partially abrogate 4-HPR- 
mediated cytotoxicity in neuroblastoma [ 1 ], indicating that other biochemical 
mechanisms were involved. The demonstration that 4-HPR could signifi cantly 
increase  de novo  synthesis of ceramide species and cytotoxicity in susceptible neu-
roblastoma cell lines  in vitro  (but not in non-malignant cells) in both time- and dose- 
dependent manners suggested ceramide increase as another potential mechanism of 
action of 4-HPR [ 1 ]. This observation was rapidly exploited in preclinical studies 
that combined 4-HPR with other modulators of ceramide synthesis and metabolism 
[ 35 ]. The ability of 4-HPR to increase levels of certain ceramide species via stimu-
lation of  de novo  ceramide synthesis was demonstrated in cell lines of a variety of 
cancer cell types [ 1 ,  19 ,  27 ,  35 ,  36 ]. As the methods of sphingolipid analysis pro-
gressed from thin-layer chromatography to tandem mass spectrometry, it became 
clear that the ceramide species increased by 4-HPR were dihydroceramides (i.e., 
desaturated between Carbons 4 and 5) [ 37 ,  38 ]. In distinct contrast to artifi cial, 
short-acyl chain dihydroceramides, the data supported a pro-death anticancer activ-
ity related to excessive levels of specifi c, native, long-acyl chain dihydroceramides 
[ 38 ,  39 ]. The former observation is consistent with the demonstration that dihydro-
ceramide desaturase (DESI) is inhibited by 4-HPR [ 40 ]. Thus, the increase of cyto-
toxic dihydroceramides in susceptible cancer cells treated with fenretinide results 
from an increase of  de novo  ceramide synthase activity and a simultaneous decrease 
of dihydroceramide desaturation to ceramides.  

3     Clinical Trials of Fenretinide as a Single Agent 

 In contrast to 13-cis-retinoic acid (13-cis-RA) and all-trans retinoic acid (ATRA), 
4-HPR does not induce differentiation, but causes apoptosis and non-apoptotic 
cytotoxicity [ 41 ]. However, like other retinoids, 4-HPR toxicity in animal studies 
has been modest [ 41 ]. The systemic toxicity of 4-HPR in clinical trials has been 
minimal and hematologic toxicity infrequent [ 42 – 47 ]. The major clinical toxicity 
directly attributable to 4-HPR in adults has been transiently impaired night vision 
due to temporary decrease of plasma retinol levels [ 48 ]. In pediatric phase I trials, 
idiosyncratic cases of pseudotumor cerebri and liver transaminase elevations have 
also been reported [ 46 ]. With a novel, intravenous soybean oil emulsion formula-
tion of 4-HPR that achieved high 4-HPR exposures, vehicle-related hypertriglyceri-
demia responsive to dose reduction was the major systemic toxicity observed [ 44 ]. 
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A single case of fatal hepatic toxicity was seen with intravenous fenretinide 
 emulsion in a pediatric patient that was attributed to a multi-drug interaction involv-
ing ceftriaxone and acetaminophen [ 49 ]. 

 Initially, the only clinical formulation of 4-HPR was a large, poorly bioavailable 
capsule. This capsule formulation was developed primarily for chemoprevention 
studies. A large study employing capsular 4-HPR for chemoprevention of breast 
cancer demonstrated some signals of activity but was not suffi cient to generate fol-
low- on studies [ 50 ,  51 ]. Interestingly, the data from the breast cancer chemopreven-
tion study suggested 4-HPR decreased the incidence of ovarian cancer, at least 
during the treatment portion of the trial [ 52 ]. However, follow-on chemoprevention 
trials combining oral capsule 4-HPR with tamoxifen were either negative or incon-
clusive for breast cancer prevention or control [ 50 ,  51 ,  53 – 55 ]. Some activity was 
observed with 4-HPR capsules or topical application in patients with leukoplakia 
but no defi nitive studies were carried out [ 56 – 59 ]. Chemoprevention trials of 4-HPR 
in cervical squamous lesions [ 60 ], resected bladder cancer [ 61 ], bronchial epithe-
lium metaplasia [ 62 ], or prostate cancer [ 63 ] were either negative or inconclusive 
due to low accrual. 

 Phase II studies of low-dose oral capsule 4-HPR in breast cancer and melanoma 
[ 64 ], or renal cell cancer [ 65 ] were negative. Some activity was seen in a study of 
advanced renal carcinoma combining 4-HPR with paclitaxel and cisplatin, but it 
was unclear if the responses seen were enhanced by the 4-HPR [ 66 ]. A phase II trial 
of oral capsule 4-HPR in recurrent small cell lung cancer did not achieve objective 
responses but 24 % of patients showed stable disease [ 67 ]. A phase II study of high-
sose intermittent capsule r-HPR in recurrent ovarian cancer also did not show objec-
tive responses but patients with 4-HPR plasma levels ≥9 μM had a signifi cantly 
higher survival than patients with lower plasma levels [ 68 ]. A high-dose intermittent 
oral capsule 4-HPR study in prostate cancer patients with rising PSA after comple-
tion of anti-androgen therapy failed to show activity [ 69 ] while a similar trial in 
patients with asymptomatic rising PSA prior to anti-androgen therapy did not 
achieve response endpoints but did demonstrate stable disease in 30 % of patients 
[ 70 ]. It is important to note that the mean peak plasma 4-HPR exposures obtained in 
all the adult studies employing the oral capsules were <10 μM (often 2–3 μM) 
apparently due to poor bioavailability of the capsule formulation combined with 
interpatient variation in drug absorption or metabolism and that low concentrations 
of 4-HPR do not effectively stimulate production of dihydroceramides in cancer cell 
lines  in vitro  [ 1 ].  

4     4-HPR and Neuroblastoma 

 A major focus of early-phase clinical trials of 4-HPR has been in neuroblastoma due 
to preclinical data that showed high sensitivity to 4-HPR in neuroblastoma cell lines 
established at time of progressive disease after multi-agent chemotherapy [ 1 ,  18 ]. 
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Neuroblastoma is a malignant sympathetic nervous system tumor that accounts for 
8 % of childhood cancers [ 71 ]. High-risk neuroblastoma, defi ned by age, stage, and 
 MYCN  oncogene amplifi cation, poses a major therapeutic challenge [ 72 ]. For 
patients with high-risk neuroblastoma, multi-agent therapy, myeloablative consoli-
dation, followed by high-dose, pulse 13-cis-retinoic acid (13-cis-RA) to treat mini-
mal residual disease (MRD), improved event-free survival if utilized before 
progressive disease [ 73 ]. A further improvement in survival was seen with addition 
of the anti-GD2 antibody ch14.18 + cytokines to treat MRD [ 74 ] but >40 % of 
patients still die from progressive disease. 

 Two different pediatric phase I studies of oral capsule 4-HPR achieved substan-
tial dose escalation [ 46 ,  75 ], approaching the ~10 μM 4-HPR concentrations that 
demonstrated high activity (and stimulation of  de novo  dihydroceramide synthesis) 
in neuroblastoma cell lines  in vitro  [ 1 ,  36 ]. Both studies documented a number of 
patients with stable disease [ 46 ,  75 ], a complete response in a neuroblastoma patient 
was observed in the study employing two or three doses per day [ 46 ], and long-term 
disease-free survival was seen in the latter study with a recurrent Ewing’s sarcoma 
patient who achieved stable disease on 4-HPR. A phase II study of 4-HPR capsules 
given at the “maximal practical dose” determined in the multiple-daily dosing phase 
I study achieved one partial response and seven patients with stable disease, of 
which one achieved a durable (>5 years) complete response when continued on 
4-HPR by compassionate access post-study [ 47 ]. Aside from demonstrating signals 
of activity, these early-phase pediatric studies of capsule 4-HPR demonstrated that, 
while 4-HPR was well-tolerated, neither study truly achieved a maximal tolerated 
dose, indicating that formulations with improved bioavailability might be tolerable 
and produce higher 4-HPR drug exposures and increased anti- tumor activity. 

 An oral formulation (4-HPR/LXS) was developed as a powder to facilitate 
administration [ 76 ]. The 4-HPR/LXS formulation employs a lipid matrix (Lym-X- 
Sorb™) to increase bioavailability via gut absorption to the lymphatic system simi-
lar to that of a chylomicron [ 76 ]. To improve palatability, the powder incorporates 
vanilla fl avoring. The 4-HPR/LXS formulation can be readily given to mice as a 
slurry in water (by gavage) and it demonstrated signifi cant activity against multiple 
neuroblastoma mouse xenograft models [ 76 ]. 

 A phase I dose-escalation study was undertaken with 4-HPR/LXS in children 
with neuroblastoma, initially employing a uniform liquid vehicle for administra-
tion (Slimfast ® ) on a BID-TID schedule of 7 days on, 2 weeks off [ 77 ]. Overall, the 
4-HPR plasma levels obtained using 4-HPR/LXS were signifi cantly higher than 
with the capsule formulation; four complete responses were observed in the dose 
escalation phase of the neuroblastoma phase I study [ 77 ]. Interpatient differences 
in obtained peak 4-HPR plasma levels were still observed suggesting the presence 
of interpatient variation in the rate of 4-HPR metabolism (i.e., ‘high’ and ‘low’ 
metabolizers). Interestingly, preclinical metabolism studies with both human and 
murine systems identifi ed the potential to further increase 4-HPR plasma levels and 
tumor exposures by inhibiting P450-mediated 4-HPR metabolism with concurrent 
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low doses of the oral antifungal agent, ketoconazole [ 78 ]. The ability of ketocon-
azole to increase 4-HPR exposures in mice with ketoconazole was demonstrated 
[ 78 ] and the increased 4-HPR exposures achieved using 4-HPR/LXS + ketocon-
azole was associated with both enhanced 4-HPR activity against neuroblastoma 
murine  xenografts and enhanced accumulation of dihydroceramides in the xeno-
grafted tumors [ 79 ,  80 ]. Based on these data, the phase I study of 4-HPR/LXS was 
amended to test 4-HPR/LXS given with a (mostly) unrestricted choice of vehicles 
for administration and the addition of concurrent oral ketoconazole at ordinary 
fungal- treatment doses. Concurrent ketoconazole + 4-HPR/LXS was well- tolerated, 
increased mean 4-HPR peak plasma levels ~50 %, and demonstrated clinical activ-
ity, including two complete responses and a highly encouraging progression-free 
survival [ 81 ]. In this setting, concurrent ketoconazole is postulated to decrease 
the rate of fenretinide metabolism in patients with ‘high metabolizing’ P450 
enzyme complements. Table  1  summarizes the peak 4-HPR plasma levels and the 
clinical activity observed in neuroblastoma patients across the series of early-
phase studies with the two different formulations of oral 4-HPR.

   How much of the preclinical and clinical anti-neuroblastoma activity seen with 
4-HPR (used as a single agent) is attributable to an increase of dihydroceramides 
remains uncertain. Preclinical studies demonstrated that higher 4-HPR concentra-
tions overcome anti-oxidant antagonism of 4-HPR cytotoxicity (but not the ability 
of the anti-oxidants to diminish reactive oxygen species) suggesting that at higher 
4-HPR concentrations the increase of dihydroceramides plays a key role in 4-HPR 
cytotoxicity [ 1 ]. Interestingly, in acute lymphoblastic leukemia (ALL) cell line 
studies, 4-HPR cytotoxicity correlated only with the increase of a specifi c subset of 
long acyl chained dihydroceramides, and supplementation of 4-HPR exposures 
with specifi c long chain fatty acids increased both levels of the corresponding dihy-
droceramides and cytotoxicity [ 39 ]. Similar results were observed in neuroblastoma 
cell lines in association with a slightly different complement of long acyl chain 
dihydroceramides (Abedi and Maurer, unpublished). Together, these results provide 
support for a causal link between the increase of specifi c long acyl chain dihydroc-
eramides and 4-HPR-induced cytotoxicity, possibly in a cancer-type specifi c man-
ner. Similarly, inhibition of cellular ceramide ‘shunting’ by inhibition of 
glucosylceramide synthase (GCS) with such agents as  D - threo -1-phenyl-2- 
palmitoylamino-3-morpholino-1-propanol ( D - threo -PPMP) enhanced the accumu-
lation of ceramide species, including dihydroceramides, and 4-HPR cytoxicity in 
neuroblastoma [ 35 ] and acute lymphoblastic leukemia [ 27 ] cell lines, providing 
additional supportive data for the importance of increased dihydroceramide levels 
to 4-HPR cytotoxicity.  
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5     Future 4-HPR Studies in Neuroblastoma 

 Maintenance therapy after completion of myeloablative therapy with 13-cis-retinoic 
acid [ 73 ] interspersed with the ch14.18 antibody to the disialoganglioside 
GD2 + cytokines to stimulate antibody-dependent cellular cytotoxicity (ADCC) 
[ 74 ] has clearly improved outcome in clinical trials of high-risk neuroblastoma. As 
mentioned previously, preclinical studies demonstrated that neuroblastoma cell 
lines selected for resistance to retinoic acid are hypersensitive to 4-HPR [ 18 ] and 
neuroblastoma patients with recurrent disease after 13-cis-RA therapy respond to 
4-HPR [ 77 ,  81 ]. Therefore, given the modest observed systemic toxicity of 4-HPR/
LXS and clinical activity in recurrent neuroblastoma, the addition of 4-HPR/LXS to 
maintenance therapy for high-risk neuroblastoma has the potential to further 
improve outcomes. Furthermore, other laboratory studies suggest that the genera-
tion of dihydroceramides by 4-HPR may have benefi ts beyond the direct cytotoxic 
effect of 4-HPR for neuroblastoma: 4-HPR has been shown to enhance ADCC of 
ch14.18 antibody for neuroblastoma cell lines by multiple mechanisms, including 
the stimulation of increased GD2 expression on the neuroblastoma cell lines (likely 
due to the enhanced production of dihydrogangliosides resulting from 4-HPR- 
stimulated increase of dihydroceramides) [ 82 ]. 

 Our current preclinical and clinical studies of 4-HPR/LXS + ketoconazole for use 
in neuroblastoma after disease progression are focused on combining 4-HPR/LXS 
with novel targeted agents, such as Bcl-2 inhibitors [ 83 ], or with microtubule inhibi-
tors [ 79 ,  80 ,  84 ]. Interestingly, the enhancement of cytotoxicity achieved by com-
bining 4-HPR with microtubule inhibitors appears to be primarily dependent on the 
ability of 4-HPR to increase reactive oxygen species levels rather than on increased 
dihydroceramide levels [ 79 ,  84 ]. As modulators of ceramide metabolism, such as 
PPMP, [ 27 ,  35 ] are developed for clinical trials, multidrug combinations based on 
4-HPR that achieve synergistic anti-cancer activity via either or both of the dihydro-
ceramides or reactive oxygen species increasing properties of 4-HPR are likely to 
emerge.  

6     Intravenous Fenretinide 

 While oral administration of 4-HPR has the advantage of outpatient convenience 
and lower cost, an intravenous emulsion formulation of 4-HPR was developed in 
order to insure optimal 4-HPR exposures and to facilitate combination with other 
agents that require intravenous administration [ 85 ]. It was hypothesized that 4-HPR 
plasma levels >40 μM could be maintained for 5 days, would be well-tolerated, and 
would provide a high degree of anti-cancer activity. Due to the pharmacokinetic 
properties of 4-HPR, it was deemed that obtaining such high exposures would 
require continuous intravenous infusion. A phase I study in recurrent adult hemato-
logical malignancies of a novel, soybean oil-based, intravenous emulsion 4-HPR 
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formulation evidenced minimal systemic toxicity and documented several complete 
and partial responses in recurrent cutaneous T cell lymphoma and recurrent 
peripheral T-cell lymphoma [ 44 ]. An example of a dramatic response in cutaneous 
T cell lymphoma to intravenous 4-HPR is shown in Fig.  1  [ 86 ]. Plasma levels of 
~40–60 μM were achieved. Although, to date, given the limitations of Phase I stud-
ies, patient tumors have not been biopsied for the effects on 4-HPR treatment on 
intratumor ceramide levels, 4-HPR did stimulate high levels of dihydroceramides in 
T-cell related malignant (but not in non-malignant) lymphoid cell lines  in vitro  [ 27 , 
 39 ]. Thus, increased dihydroceramides may be a mechanism by which 4-HPR is 
clinically active against T cell lymphomas that can be directly tested in future trials. 
Table  2  summarizes the clinical activity of 4-HPR observed in T cell lymphoma 
patients in this phase I trial [ 44 ]. A companion phase I study in adult solid tumors 
was also recently completed with clear signals of activity in adenocarcinomas of the 
gastrointestinal tract. This latter observation was consistent with the prolonged sta-
ble disease observed in a patient with a rapidly progressing colon cancer in a phase 
I adult phase I study of the oral 4-HPR/LXS formulation [ 87 ].

6.1        Combinations of 4-HPR with Other 
Sphingolipid-Modulating Agents: Safi ngol 

 Preclinical studies in both pediatric and adult cancers support developing clinical 
trials testing the combination of 4-HPR with modulators of ceramide synthesis and 
metabolism. One such agent is safi ngol, the  L - threo  stereo-chemical variant of the 

  Fig. 1    Response of patient with cutaneous T cell lymphoma to intravenous fenretinide [ 86 ]       
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normal cellular precursor of dihydroceramides,  D - erythro -sphinganine [ 88 ]. Safi ngol 
has been variously reported to be a sphingosine kinase or protein kinase C (PKC) 
inhibitor at high concentrations but can also function as the sphingoid backbone in 
place of normal sphinganine and be acylated to various fatty acids to form  L  -threo -
dihydroceramides [ 88 ]. Safi ngol (like 4-HPR) has been reported to increase autoph-
agy in cancer cell lines  in vitro , although the mechanism may not be via modulation 
of sphingolipids in all cases [ 89 ]. A pilot clinical trial of an intravenous safi ngol 
formulation combined with doxorubicin (with safi ngol delivered as a bolus with the 
intent of achieving plasma levels suffi cient to achieve a Protein Kinase C inhibitory 
effect) demonstrated only modest clinical activity [ 90 ]. A phase I clinical trial of 
intravenous safi ngol combined with cisplatin and delivered as a bolus intended for 
sphingosine kinase inhibition demonstrated modest activity [ 91 ] and that safi ngol 
was well-tolerated at plasma levels higher than those shown to synergize 4-HPR 
activity pre-clinically [ 35 ]. This latter trial also demonstrated a decrease in plasma 
sphingosine-1-phosphate levels in patients treated with safi ngol, providing the fi rst 
 in vivo  evidence for safi ngol (and/or its metabolites) to potentially act as a clinical 
inhibitor of sphingosine kinase [ 91 ]. Both studies demonstrated that safi ngol had a 
fairly short plasma half-life when delivered as an intravenous bolus which may 
possibly have limited the enhancement of the activity of the administered co- agent 

   Table 2    Clinical activity of intravenous emulsion fenretinide in PTCL and CTCL   

 Diagnosis  Dose (mg/m 2 /day)  Courses  Response 

 PTCL (AILT)  1810  6  PRu-PFS 
 6 months 

 CTCL-Sezary  1280  26  CR-PFS 
 36+ months 

 CTCL  1280 → 905  7+  SD 
 Much improved skin 

 PTCL (AILT)  905  4  CRu 
 PFS 14+ months 

 CTCL  905  6  PR 
 PFS 5 months 

 CTCL  905 → 640  3  SD 
 PFS 3+ months 

 CTCL  905 → 450  <1,<1  SD 
 2 months 

 CTCL  640  12  SD 
 PFS 8 months 

 PTCL  640  3  SD 
 PTCL (AILT)  640  2  PD 

   PTCL  peripheral T-cell lymphoma,  CTCL  cutaneous T-cell lymphoma,  AILT  angioimmunoblastic 
T-cell lymphoma,  CR  complete response,  PR  partial response,  SD  stable disease,  PD  progressive 
disease,  PFS  progression-free survival,  CRu  complete response, unconfi rmed,  PRu  partial 
response, unconfi rmed  
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through mechanisms depending on PKC or sphingosine kinase inhibition. Based 
on these clinical studies, and on preclinical studies showing that safi ngol signifi cantly 
enhanced 4-HPR cytotoxicity against a broad range of cancer types [ 35 ], a phase I 
trial in adult solid tumors and lymphomas (NCT01553071) of intravenous emulsion 
4-HPR combined with intravenous emulsion safi ngol is intended. This trial will 
employ an extended low-dose intravenous infusion of safi ngol to facilitate safi ngol 
conversion to  L - threo -dihydroceramides for enhancement of 4-HPR activity based 
on the co-presence of both  D -erythro- and  L -threo - dihydroceramides . Results with 
this latter study will inform development of future trials combining 4-HPR with 
other modulators of ceramide synthesis and metabolism.   

7     Summary 

 Preclinical and clinical studies have demonstrated that drugs which manipulate 
intracellular sphingolipids, with fenretinide being the most widely studied, can have 
signifi cant anti-cancer activity. A number of other approaches to targeting sphingo-
lipids are underway in many laboratories and future clinical trials will be needed to 
defi ne their potential as cancer therapeutics and in treating other disease states, such 
as cystic fi brosis [ 92 ] and viral infections [ 93 ,  94 ]. 

 As most anticancer drugs have multiple mechanisms of action that may be dose, 
time, and tumor-type dependent, it is unclear the extent to which sphingolipids are 
actually involved in the anti-cancer activity of putative sphingolipid pathway- 
targeted agents currently in, or approaching, clinical trials. To be defi nitive, such 
demonstrations will likely need serial biopsy of patient tumors during treatment 
under controlled conditions. While obtaining such biopsies is a diffi cult logistical 
and ethical undertaking, such studies should be encouraged whenever feasible in 
clinical trials, especially in lymphoid malignancies where access to cancer cells 
may be had via peripheral lymph node biopsy. However, with respect to fenretinide 
and fenretinide-based drug combinations, the observed effects on dihydrocerami-
des, the broad spectrum of anticancer activity observed in preclinical models, and 
especially the minimal reported effects of 4-HPR on non-cancer cells, suggest the 
presence of a basic dysregulation of the  de novo  sphingolipid synthetic pathway in 
many malignant cells. The latter is, perhaps, inherently related to the dysregulation 
of membrane synthesis necessary for cancer cell proliferation and may serve as the 
basis for novel sphingolipid-based cancer therapies.     
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