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Preface

Until the late 1980s, sphingolipids were believed to represent structural components

of the plasma membrane, whose function was to provide a protective barrier to the

cell. This picture dramatically changed within the last years. Sphingolipids are now

recognized signals for fundamental cellular processes, such as proliferation, sur-

vival, cell death, adhesion, migration, angiogenesis, and embryogenesis. The

explosion of knowledge regarding sphingolipids was facilitated by biochemical

studies of their signaling properties, the cloning of enzymes of the sphingolipid

metabolism, development of genetic models for determining their physiologic

roles, and the establishment of biochemical, biophysical, and optical methods for

their detection and quantitation. The next step in the evolution of sphingolipids will

be the transfer of basic insights into the biochemistry and cell biology of human

diseases. The recent success of the sphingolipid drug, fingolimod, a sphingosine-1-

phosphate agonist, which rapidly became a therapy for multiple sclerosis,

exemplifies the potential of targeting sphingolipids for the treatment of human

disorders. The aim of our two volumes in this series—Sphingolipds: Basic Science
and Drug Development and Sphingolipids in Disease—is to define the state of the

art of sphingolipid biology and to present preclinical developments and early

clinical applications of this fascinating class of lipids.

Essen, Germany Erich Gulbins

Indianapolis, IN, USA Irina Petrache
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Abstract The relationship of sphingolipids with human disease first arose from the

study of sphingolipid storage diseases over 50 years ago. Most of these disorders are

due to inherited deficiencies of specific sphingolipid hydrolases, although a small

number also result from defects in sphingolipid transport or activator proteins. Due

to the primary protein deficiencies sphingolipids and other macromolecules accu-

mulate in cells and tissues of affected patients, leading to a diverse presentation of

clinical abnormalities. Over 25 sphingolipid storage diseases have been described

to date. Most of the genes have been isolated, disease-causing mutations have been

identified, the recombinant proteins have been produced and characterized, and

animal models exist for most of the human diseases. Since most sphingolipid

hydrolases are enriched within the endosomal/lysosomal system, macromolecules

first accumulate within these compartments. However, these abnormalities rapidly

spread to other compartments and cause a wide range of cellular dysfunction.
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This review focuses on the genetics of sphingolipid storage diseases and related

hydrolytic enzymes with an emphasis on the relationship between genetic

mutations and human disease.

Keywords Sphingolipids • Hydrolases • Lysosomes • Genes • Mutations

1 Introduction and Overview

Sphingolipids are a diverse group of over 100 bioactive lipids involved in many

aspects of cellular function (see Chen et al. 2012; Furuya et al. 2011; Petrache et al.

2011; Podbielska et al. 2012 for recent reviews). They all share a common sphin-

gosine (2-amino-4-octadecene-1,3-diol) backbone, which may be linked via an

amide bond to a fatty acid (forming ceramide), or phosphorlyated to form sphingo-

sine-1-phosphate. Ceramide itself also may be modified to form glycosphin-

golipids, sphingomyelin, or ceramide-1-phosphate.

The metabolism of sphingolipids is complex and carefully regulated (e.g.,

Mullen et al. 2012; Wennekes et al. 2009; Worgall 2011). Abnormal metabolism

can have profound effects on cellular function, leading to enhanced cell death,

proliferation, and/or abnormal cellular differentiation. In general, the synthesis and

breakdown of sphingolipids occur in distinct cellular compartments. For example,

numerous enzymes contribute to the de novo synthesis of sphingolipids, mostly

found in the endoplasmic reticulum and Golgi apparatus. In contrast, the break-

down of sphingolipids occurs primarily within endosomes and lysosomes by a

series of hydrolytic enzymes that function optimally at acidic pH. Hydrolysis of

sphingolipids also may occur in non-endosomal/lysosomal compartments, for

example by enzymes located at the plasma membrane or within mitochondria.

Overall, over 100 enzymes participate in the synthesis or breakdown of

sphingolipids.

Historically, most information concerning the importance of sphingolipids in

human disease stems from studies of the sphingolipid storage diseases (Schulze and

Sandhoff 2011). These disorders are each due to deficient function of one or more of

the hydrolytic enzymes found within the endosomal/lysosomal system, resulting in

sphingolipid accumulation (Cox and Cachón-González 2012). Each of these

diseases is inherited as a Mendelian trait (recessive or X-linked), the cDNAs/

genes encoding the respective enzymes have been isolated, and many mutations

causing the human diseases have been identified. In addition, genetic abnormalities

in several of these enzymes/genes have now been linked to more common diseases

(e.g., Parkinson’s disease and beta-glucocerebrosidase) (Young et al. 2012). Table 1

lists the sphingolipid storage diseases and the respective enzymes involved.

This review focuses on the genetics of sphingolipid storage diseases and related

hydrolytic enzymes. Each of the diseases/enzymes is briefly reviewed, with an

emphasis on the importance of genetic mutations in disease.

4 E.H. Schuchman and C.M. Simonaro



2 Acid Ceramidase Deficiency: Farber Disease

Patients with Farber disease (also known as Farber lipogranulomatosis) usually

present within the first few months of life with a triad of clinical manifestations,

including painful and progressively deformed joints, subcutaneous nodules, partic-

ularly near joints, and progressive hoarseness due to laryngeal involvement (Farber

et al. 1957). About half of the patients have neurological deficits (Ahmad et al.

2009). As with all of the sphingolipid storage disorders, there is considerable

clinical heterogeneity among Farber disease patients, and later onset, attenuated

cases also have been described. Farber disease is the least common of the

sphingolipid storage diseases, likely because severe mutations in the acid

ceramidase (AC) gene (ASAH1) lead to embryonic lethality (see below).

Acid ceramidase (E.C. 3.5.1.23) was first identified and purified in the 1960s. It

was recognized as the enzyme deficient in Farber disease in the 1970s (Sugita et al.

1972). The full-length cDNAs and genes encoding AC have been isolated from

humans, mice, and other species. The human cDNA encodes a 395 amino acid

precursor polypeptide, and the gene is located on chromosomal region 8p22. Of

note, the newly synthesized AC precursor is inactive, and only assumes an active

form after N-glycosylation and the internal cleavage of a peptide bond, resulting in

alpha and beta subunits. Interestingly, this cleavage event is carried out by AC

itself, and it is therefore considered a “self-regulating” enzyme. In addition, AC

associates with other lipid hydrolases within lysosomes and other cell

compartments, including acid sphingomyelinase (see below). The importance of

Table 1 Genetics of human sphingolipid hydrolases and diseases

Sphingolipid hydrolase/

activator Disease

Primary

accumulating

lipid

Gene

designation

Gene

location

Acid ceramidase Farber disease Ceramide ASAH1 8p22

Acid sphingomyelinase Niemann-Pick

(types A and B)

Sphingomyelin SMPD1 11p15.4-

p15.1

Beta glucocerebrosidase Gaucher disease Glucosylceramide GBA1 1q21

Beta galactocerebrosidase Krabbe disease Galactosylceramide GALC 14q31

Arylsulfatase A Metachromatic

leukodystrophy

Sulfatide ARSA 22q13.31-

qter

Alpha galactosidase A Fabry disease Globotriosylceramide GLA Xq22.1

Beta galactosidase GM1 gangliosidosis GM1 ganglioside GLB1 3p22.31

Hexosaminidase GM2 gangliosidosis

Hexosaminidase A Tay-Sachs disease GM2 ganglioside HEXA 15q24

Hexosaminidase B Sandhoff disease GM2 ganglioside HEXB 5q13

GM2 activator Tay-Sachs A/B

variant

GM2 ganglioside GMA2 5q31.1

Prosaposin Variable Variable PSAP 10q21-

q22

The Genetics of Sphingolipid Hydrolases and Sphingolipid Storage Diseases 5



this multienzyme complex on AC activity, as well as on sphingolipid metabolism in

general, is not clearly understood. Finally, full AC activity, at least in lysosomes,

depends on the expression of a sphingolipid activator protein (SAP-D), which is

expressed by a distinct gene (see Sect. 10, below).

Acid ceramidase is an “amidase” that hydrolyzes the amide bond between

sphingosine and the fatty acid in ceramide. Ceramides are a heterogenous group

of lipids defined by the length of their fatty acid chains. While the substrate

specificity of AC is not entirely clear, ceramides with fatty acid chains shorter

than 12 carbons cannot be efficiently hydrolyzed by the enzyme in vitro. In vivo, it

is likely that AC can recognize and cleave ceramides of varying chain lengths. The

ceramides that accumulate in Farber disease patients are primarily found within

lysosomes, leading to the original designation of AC as a lysosomal enzyme. AC

also has maximal activity at lysosomal (acidic) pH, although it has been localized to

sites other than the lysosomes (e.g., the spindle in oocytes) as well. It is therefore

not entirely clear to what extent the biological activity of AC depends on the acidic

environment, and in fact a “reverse” ceramidase reaction has been attributed to the

enzyme at more neutral pH (Okino et al. 2003). Numerous in vitro assays have been

developed for AC, and some can be used to diagnose Farber disease in cultured

cells from suspected patients, or prenatally using aminiocytes or cultured chorionic

villi. However, due to the very hydrophobic nature of ceramides, it remains one of

the more difficult diagnostic enzyme assays to carry out.

To date, only about 100 Farber disease patients have been reported in the

literature (Park and Schuchman 2006). Several cases of hydrops fetalis also have

been reported. Complete inactivation of the AC gene in mice leads to very early

embryonic lethality (four-cell stage), suggesting that severe mutations in the human

ASAH1 gene will lead to embryonic lethality as well (Li et al. 2002). Of note, mouse

embryos lacking AC can be rescued by the addition of recombinant AC (obtained

from overexpressing Chinese hamster ovary [CHO] cells) to the culture media.

Moreover, addition of recombinant AC to the culture media during in vitro fertili-

zation (mouse, bovine) enhances embryo production and quality, resulting in more

live births (Eliyahu et al. 2010).

Thus, AC is an essential enzyme required for very early mammalian develop-

ment. One explanation for the lethal phenotype in mice is that in the absence of this

enzymatic activity, early-stage embryos (four cells in mice) undergo apoptosis due

to ceramide accumulation. It should be recognized, however, that an additional

consequence of such AC “loss of function” during embryogenesis is reduced

production of sphingosine, which in turn is converted to S1P, an important mito-

genic/proliferative lipid. Thus, AC mutations also may reduce S1P production,

contributing to the lethality. Indeed, embryos lacking AC can be partially rescued

by S1P as well.

As noted above, the first relationship between AC and human disease arose from

studies on Farber disease. To date over 20 mutations have been described in the

ASAH1 gene leading to Farber disease (Park and Schuchman 2006). Most are point

mutations, although several splice variants leading to small deletions have been

described as well. To date, no patients have been found homozygous for a complete

6 E.H. Schuchman and C.M. Simonaro



loss-of-function mutation, likely because such individuals do not survive embryonic

development. Farber disease is inherited as an autosomal recessive disorder, and to

develop the disorder mutations must be inherited on both ASAH1 alleles. No reports
of clinical findings in the parents of affected patients (obligate carriers) have been

published; however such individuals are not usually followed by clinicians and

follow-up analysis is lacking.

Recently, a “knock-in” mouse model of Farber disease has been reported where

a specific human mutation was expressed (add ref). Preliminary analysis of these

animals indicates that they develop a Farber disease-like phenotype. In addition, a

conditional AC knockout mouse has been developed where AC can be inactivated

at various stages of development or in specific tissues.

Other than Farber disease, which is due to the deficiency of AC, constitutive

overexpression of the AC gene also occurs in many types of cancer (Park et al. 2005;

Beckham et al. 2012). This may promote tumorigenesis and/or metastasis due to

overproduction of S1P, or may lead to chemoresistance due to an enhanced ability to

hydrolyze pro-apoptotic ceramide (Flowers et al. 2012; Furuya et al. 2011). The

molecular basis of AC overexpression in cancer has not been studied extensively,

but at least in some cases it appears to be due to elevated transcription. Gain-of-

function mutations also could explain this finding, although to date these have not

been described. In addition, a recent report showed that the ASAH1 gene was down-
regulated in a Chinese population of schizophrenic patients, and was associated with

two single nucleotide polymorphisms in this gene (Zhang et al. 2012).

Finally, it must be noted that at least six other ceramidase activities have been

described in man, and at least four other genes have been cloned (Mao and Obeid

2008). These ceramidases are defined by their unique pH, subcellular location, and

other biological properties. These enzymes also play important roles in

sphingolipid metabolism and/or signaling, and are likely to contribute to human

disease pathogenesis. The biology of the other ceramidases has been reviewed

extensively elsewhere (e.g., Mao and Obeid 2008).

3 Acid Sphingomyelinase Deficiency: Types A and B

Niemann–Pick Disease

Types A and B Niemann–Pick Disease (NPD) result from mutations in the gene

(SMPD1) encoding acid sphingomyelinase (E.C. 3.1.4.12) (McGovern and

Schuchman 2009; Schuchman 2009). Patients with Type A NPD present in early

infancy with hepatosplenomegaly and failure to thrive, and develop a rapidly

degenerative neurological phenotype that leads to death by 3 years of age. In

contrast, patients with Type B NPD have a later onset disease, and usually lack

neurological findings. Such individuals also frequently present with hepatosple-

nomegaly, and may have pulmonary involvement as well. Dyslipidemia (high

LDL-C, low HDL-C, high triglycerides) also is common. Patients with Type B

The Genetics of Sphingolipid Hydrolases and Sphingolipid Storage Diseases 7



NPD may survive into adulthood, although their life span is generally shortened by

the disease. The cause of death is unknown, but may occur from complications

related to liver disease, trauma-induced bleeding episodes due to thrombocytope-

nia, early-onset cardiovascular disease, or pulmonary disease.

Acid sphingomyelinase (ASM) was found to be deficient in Type A and B NPD

patients in the late 1960s. Although the enzyme had been discovered several years

earlier in rat tissues, it was not substantially purified until the late 1980s. The

cDNAs and genes encoding human and mouse ASM were cloned in the early

1990s. The human gene is located on chromosome 11p15.1. Of interest, among

genes encoding lysosomal enzymes, it is the only one for which genomic imprinting

has been described. This form of genetic regulation is generally reserved for genes

with important developmental roles.

Over 100 mutations have been found in the SMPD1 gene leading to Types A or B

NPD (http://www.hgmd.org). Of note, several of these mutations are common within

specific regions or ethnic populations, allowing genetic screening programs to be

established. Homozygosity for these mutations is required to develop NPD, and it is

inherited as an autosomal recessive trait. However, heterozygous carriers of SMPD1
mutations may develop dyslipidemia and late-onset features of the disorder. In part,

the development of a phenotype in the carrier individuals may be related to their

imprinting status (i.e., whether the mutations are inherited from the mother or the

father) (Simonaro et al. 2006). Unlike acid ceramidase and several other sphingolipid

hydrolases, ASM does not require an exogenous activator protein to achieve full

function. Thus, mutations in the sphingolipid activator protein gene (see below) do

not affect ASM activity or cause Types A and B NPD. Of interest, the lysosomal

lipid, bis(monacyl) phosphate, may activate the enzyme in vitro and in vivo.

In addition to ASM, several other sphingomyelinases (nonacidic) exist in mam-

malian cells (Clarke et al. 2011). These are defined by their unique subcellular

location or other biochemical properties. At least four human genes have been

isolated encoding these sphingomyelinases. Definitive proof that mutations in the

SMPD1 gene were solely responsible for Types A and B NPD came from studies in

the knockout mouse model (ASMKO), where neutral and other sphingomyelinase

activities were normal, despite the fact that these animals completely lacked ASM

and developed NPD-like pathology and clinical features (Horinouchi et al. 1995).

In addition, these early studies in the ASMKO mice showed that the previously

identified zinc-activated, serum (secreted) form of ASM was encoded by the same

SMPD1 gene as lysosomal ASM (Schissel et al. 1998). It is now known that ASM

is, in fact, a zinc-requiring enzyme. However, the lysosomal form of the enzyme

has high levels of zinc bound, and thus does not require exogenous zinc when

measured in vitro. In contrast, the serum form of the enzyme requires exogenous

zinc in the assay systems routinely used.

Another early finding in the ASMKO mouse was that ceramide, the product of

sphingomyelin hydrolysis by ASM, also was elevated in tissues of these animals.

While initially a surprising result, it is likely that the elevated ceramide derives

from breakdown of the accumulating sphingomyelin in NPD tissues by other

sphingomyelinases. Sphingomyelin levels may be up to 30-fold above normal in

8 E.H. Schuchman and C.M. Simonaro

http://www.hgmd.org


the ASMKO mice, and ceramide two- to fivefold above normal. Most recently,

sphingosine levels alsowere found to be high in tissues fromASMKOmice, probably

due to breakdown of the accumulating ceramide by ceramidases (Schuchman et al.,

unpublished observations). Of interest, the degree of sphingosine accumulation in

these animals (>20-fold above normal) cannot be explained by ceramide alone,

perhaps suggesting some defect in converting the sphingosine to S1P.

The ASMKO mice develop a phenotype intermediate between Types A and B

NPD. They die prematurely at ~6–8 months, secondary to neurological disease. They

have been extensively used to study the pathobiology of this disease, and to develop/

evaluate new therapies. In particular, enzyme replacement therapy (ERT) using

recombinant ASM produced in CHO cells has been developed in the mouse model

(Miranda et al. 2000), and a phase 1 clinical trial in adult patients with Type B NPD

was recently completed (http://clinicaltrials.gov). A phase 2 trial is planned for 2012.

Of interest, in the ASMKO mice dose-related toxicity was observed (which was not

seen in healthy animals) using recombinant ASM, presumably due to rapid break-

down of the accumulating sphingomyelin to ceramide. This hypothesis was

confirmed by pretreating animals with low dose of enzyme (“debulking” the

accumulating sphingomyelin), which prevented any toxicity. In the patients treated

by ERT, transient changes in several inflammatory biomarkers were observed,

corresponding to dose and serum levels of ceramide.

Beginning in the late 1990s, the ASMKO mice also were extensively used to

investigate the role of ASM in cell signaling. This is the subject of several reviews,

and is not focused on in this chapter. However, it is now clear that ASM plays an

important role in stress-induced ceramide generation and apoptosis, and that this

occurs through hydrolysis of sphingomyelin at the cell surface within lipid rafts

(Zeidan and Hannun 2010). How ASM, which has an acidic pH optimum in vitro

and functions within lysosomes, participates in these processes has been the subject

of much debate. It is now known that after the induction of stress or developmental

signals, ASM may be rapidly translocated to lipid rafts at the cell surface. The

mechanism underlying this rapid translocation is not entirely clear, but phosphory-

lation within the ER/Golgi may be responsible in part (Zeidan et al. 2008). It is also

known that although ASM requires an acidic pH for optimal activity in vitro,

in vivo it is capable of efficiently hydrolyzing sphingomyelin at physiological

pH. This highlights the complex biology of this and other sphingolipid hydrolases,

particularly in terms of pH, subcellular location, and other properties.

These observations on the ASMKOmice have also highlighted the important role

of ASM in human disease, beyond NPD (e.g., Becker et al. 2010; Bikman and

Summers 2011; Truman et al. 2011). Elevated ASM activity has now been detected

in numerous common diseases, including diabetes, Alzheimer disease, cardiovas-

cular diseases, pulmonary diseases, depression, and others. These will also be

reviewed elsewhere and not discussed further here. At the present time it is not

known if the elevated ASM found in these diseases is due to an activating genetic

mutation, enhanced transcription, and/or posttranslational modification of the

enzyme.

The Genetics of Sphingolipid Hydrolases and Sphingolipid Storage Diseases 9
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4 Beta-Glucocerebrosidase Deficiency: Gaucher Disease

Gaucher disease, due to the deficient activity of acid beta-glucocerebrosidase (also

known as beta-glucosidase [E.C. 3.2.1.45]), is the most common sphingolipid

storage disorder (Campbell and Choy 2012; Lee et al. 2012). There are three

clinical subtypes of Gaucher disease, including an early-onset, neurological form

(Type 2), an intermediate form (Type 3), and a late-onset, non-neurological form

(Type 1) (Lo et al. 2012; Pastores 2010). All Gaucher patients present with

hepatosplenomegaly, but the progression of the disease and survival are markedly

different. For example, Type 3 children may only survive until 2–3 years of age,

while Type 1 patients may survive into adulthood. If left untreated (see below), the

hematological and bone lesions in Type 1 patients progress with age, seriously

limiting quality of life. A massively enlarged spleen and frequent bone fractures

may become common, requiring splenectomy, joint replacement, or other surgical

interventions (Mikosch and Hughes 2010; Goker-Alpan 2011). Bleeding also is a

common presenting feature of Gaucher disease due to thrombocytopenia. Pulmo-

nary involvement may similarly occur. Of note, neoplastic disorders, particularly of

the blood-forming organs, are more common in Gaucher disease patients than in the

general population. These include chronic lymphocytic leukemia, multiple mye-

loma, and Hodgkin and non-Hodgkin lymphoma. The molecular basis of this

increased cancer risk remains unknown (Choy and Campbell 2011).

All Gaucher patients are characterized by the presence of “Gaucher” cells in

various organs, lipid-filled cells derived from the monocyte/macrophage system.

Gaucher cells have a distinctive appearance by light microscopy, and can be readily

distinguished from cells of other sphingolipid storage disorders. Gaucher cells are

distributed throughout the body, wherever macrophages reside. The largest num-

bers are found in the spleen, sinusoids of the liver, bone marrow, and lymph nodes.

The major accumulating lipid in Gaucher disease is N-acyl-sphingosyl-1-0-β-D-
glucoside (glucosylceramide, also known as glucosylcerebroside, GC). GC is

widely distributed in mammalian tissues in small quantities as a metabolic interme-

diate in the synthesis and degradation of complex glycosphingolipids, such as

gangliosides or globoside. The deacylated form of GC, glucosylsphingosine, is

not normally found in tissues, but also accumulates in Gaucher disease cells. GC

levels in plasma may be 2- to 20-fold above normal.

The major site of GC turnover in cells is the lysosome. Beta-glucocerebrosidase

is normally found in this organelle and functions optimally at an acidic pH. As with

the other lipid hydrolases, in vitro detection of this enzymatic activity can be

difficult, and there have been various factors (lipids, protein, sugars) shown to

influence the assay systems. In vivo, sphingolipid activator-derived peptides,

particularly saposin (SAP) C, appear to be required for full enzymatic activity

(see below). Nonacidic glucocerebrosidases also have been described and are

encoded by distinct genes. Whether these activities can be modifying factors for

the Gaucher phenotype has been the subject of much discussion, but remains

unclear.
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The gene encoding beta-glucocerebrosidase (GBA1) has been mapped to chro-

mosome 1q21. It is ~7 kb and contains 11 exons. Of note, a 5 kb “pseudogene” is

located immediately downstream from the GBA1 gene. This pseudogene has

maintained a high degree of homology with the functional gene and is transcribed.

However, the nucleotide changes within the pseudogene sequence prevent the

occurrence of a long open reading frame, precluding the possibility of expressing

an active beta-glucocerebrosidase (Brown et al. 2006). Full-length cDNAs from

many species also have been obtained that can be used to express the active

enzyme.

Numerous mutations have been found in the GBA1 gene causing Gaucher

disease (Hruska et al. 2008). As described for Niemann–Pick disease above, several

common mutations are found in specific populations, and DNA-based screening is

now routinely carried out in the Ashkenazi Jewish population (Scott et al. 2010).

Estimates of the Gaucher disease carrier frequency in this population range from

~1:10 to 1:25. Some of the mutations also can be used to predict the occurrence

of severe or mild Gaucher phenotypes, assisting in family planning and genetic

counseling.

Recently, mutations in the GBA1 gene also have been associated with the

occurrence of Parkinson’s disease, although the precise relationship between the

GBA1 gene, glucocerebrosidase activity, and Parkinson’s disease remains uncertain

(Kinghorn 2011). One of the first clues suggesting this linkage came from the small

number of Gaucher patients who exhibited Parkinson-like features, while stronger

associations later came from Gaucher relatives who were carriers for GBA1
mutations. Currently, heterozygous GBA1 mutations are considered to be one of

the most common genetic risk factor for Parkinson’s disease (Anheim et al. 2012).

A complete knockout mouse model for Gaucher was constructed and had an

early neonatal lethal phenotype, dying within 34 days after birth. These animals had

massive GC storage, and while the cause of death was not entirely clear, skin

abnormalities were prevalent. Several knock-in models also have been constructed,

and some exhibited longer survival and later onset GC storage in macrophages,

more closely resembling Gaucher disease patients (Farfel-Becker et al. 2011;

Sardi et al. 2012).

Gaucher disease was the first sphingolipid storage disease for which ERT was

developed in the early 1990s, first using beta glucocerebrosidase purified from

placentae (Ceredase), and subsequently using recombinant enzyme produced in

CHO cells (Cerezyme) (Hughes and Pastores 2010; Lachmann 2011). For non-

neurological patients, ERT was life changing, resulting in reduction in spleen size

and correction of the hematological abnormalities. Bone disease has been much less

responsive to ERT, and remains a challenge in the treatment of Gaucher disease, as

does treatment of the brain disease (Hughes and Pastores 2010). Another treatment

strategy currently available for Gaucher patients uses a small molecule inhibitor of

GC synthesis (Miglustat) to slow the accumulation of this lipid (Abian et al. 2011;

Benito et al. 2011). The target of this inhibitor is the enzyme glucosylceramide

synthase.
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Of note, treatment of Gaucher patients either by ERT or with Miglustat should

elevate ceramide, and could potentially result in ceramide-mediated toxicity. To

date, however, such toxicity has not been observed. There are several factors that

might explain this observation. First, compared to sphingomyelin, GC is generally

found in small quantities in cells, and is not a major structural component of cell

membranes. Thus, accumulation of GC in Gaucher cells is more exclusively found

in the lysosomes than sphingomyelin in Niemann–Pick cells, where substantial

amounts of the accumulating lipid also are found in the plasma membrane. Thus,

ceramide-mediated raft reorganization and signaling are less likely to become

activated in Gaucher disease compared to NPD. In addition, ceramide produced

by ASM following ERT in NPD is likely to remain within the cell membrane, while

the ceramide produced following ERT with Cerezyme or by inhibiting GC synthe-

sis with Miglustat may be found in different cellular compartments, and therefore

more readily accessible for biosynthetic pathways. Lastly, the ERT dose used to

treat Gaucher patients (1.6 mg/kg, every 2 weeks) may be below the threshold

needed to induce ceramide-mediated toxicity.

5 Galactocerebrosidase Deficiency: Krabbe Disease/Globoid

Cell Leukodystrophy

Infantile globoid cell leukodystrophy (GLD), also known as Krabbe disease, is a

rapidly progressive, fatal neurological disease of infants (Kohlschütter and Eichler

2011). The disease usually begins between 3 and 6 months of life with symptoms

that may include irritability or hypersensitivity to stimuli. Patients rapidly exhibit

severe mental and motor deterioration, and rarely survive beyond the second year

(Duffner et al. 2011). Clinical manifestations in classical metachromatic leukodys-

trophy (MLD) patients are limited to the nervous system. Blindness and deafness

are common, and peripheral neuropathy is almost always detectable. Patients with

later onset forms of the disease, including adult-onset forms, may present with

blindness, spastic paraparesis, and dementia (Malandrini et al. 2013; Perlman and

Mars 2012).

The presence of numerous multinucleated globoid cells, almost total loss of

myelin and oligodendrocytes, and astrocytic gliosis in the white matter are the

morphologic basis of the disease. “Globoid cells” in Krabbe disease are enlarged

macrophages that contain undigested galacotsylceramide and other lipids. Demye-

lination, axonal degeneration, fibrosis, and histiocytic infiltration are also common

in the peripheral nervous system. Consistent with the myelin loss, the white matter is

severely depleted of all lipids, particularly glycolipids. Under normal circumstances,

galactosylceramide is present almost exclusively in the myelin sheath. The ratio of

galactosylceramide to sulfatide (3-0 sulfogalactosylceramide) is abnormally high

in MLD.
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The genetic cause of Krabbe disease is mutations in the gene encoding

galactocerebrosidase beta-galactosidase (GALC; E.C. 3.2.1.46) (see below). This

lysosomal enzyme normally degrades galactosylceramide to ceramide and galac-

tose. It is postulated that accumulation of a toxic metabolite, psychosine

(galactosylsphingosine), which is also a substrate for the missing enzyme, leads

to early destruction of the oligodendrocytes (see below). The total brain content of

galactosylceramide is not increased in patients with Krabbe disease, supporting this

hypothesis. It should be noted that mammalian tissues contain two genetically

distinct lysosomal beta-galactosidases, GALC and GM1-ganglioside beta-

galactosidase (see Sect. 8, below). These two enzymes have overlapping substrate

specificities in vitro, which can present complications when attempting to make the

enzymatic diagnosis of Krabbe disease (Sakai 2009).

The human GALC gene has been mapped to chromosome 14q24.3-32.1, and the

genomic and/or full-length cDNA sequences have been cloned from multiple

species. The human cDNA encodes a 669 amino acid polypeptide with six potential

N-glycosylation sites. The fully glycosylated precursor polypeptide is ~85 kDa, and
is processed into ~50 and 30 kDa subunits. To date, over 70 mutations in the GALC
gene have been identified in infantile and late-onset GALC-deficient patients

(http://www.hgmd.org). Most of these mutations are “private,” occurring in indi-

vidual families, but some may be commonly found in specific regions or ethnicities.

Among these, the most common mutation occurs in patients of European ancestry,

and deletes a large segment of the GALC gene. Several polymorphisms also have

been found in the GALC gene, and some of these may alter amino acids and thus

potentially affect the function of the GALC polypeptide, although not enough to

cause GLD.

In general, carriers of GALC mutations are considered clinically normal,

although one interesting, recent report did show an association between the risk

for primary open-angle glaucoma and a heterozygous deletion of the GALC gene

(Liu et al. 2011). Another interesting recent paper also showed that GALC

contributed to the maintenance of a functional hematopoietic stem cell niche,

suggesting that genetic alterations in the GALC gene may be associated with

hematological conditions as well. Indeed, hematopoietic stem cells retrieved from

Twitcher mice (GALC deficient, see below) had defects in their frequency, prolif-

eration, clonogenic potential, and engraftment.

As noted above, in 1972 Miyatake and Suzuki formulated a hypothesis to

explain the unusually rapid and complete destruction of oligodendrocytes in

GLD. It was already known at that time that psychosine (galactosyl sphingosine),

due to its free amino group, was highly cytotoxic, and that this lipid served as a

substrate for GALC, but not GM1 beta-galactosidase. In the central nervous system,

psychosine is primarily formed within oligodendrocytes, the site of myelin synthe-

sis, and this may explain the selective destruction of these cells in GLD brains.

Indeed, in the white matter of brains from Krabbe patients, psychosine levels may

be elevated up to 100-fold, while galactosylceramide levels are either normal or

only elevated slightly.

The Genetics of Sphingolipid Hydrolases and Sphingolipid Storage Diseases 13

http://www.hgmd.org


GALC deficiency occurs in a number of naturally occurring animal models,

including mice, sheep, several breeds of dogs, and the rhesus monkey. The mouse

model in particular (also known as the “Twitcher” mouse) has been exploited for

numerous therapeutic studies (Luzi et al. 2001). Affected mice develop clinical

signs at ~20 days, with stunted growth, twitching, and hind leg weakness. By

40 days they reach a near-terminal stage. Twitcher mice have been treated by

ERT, gene therapies, BMT, and other modalities (Neri et al. 2011; Reddy et al.

2011; Lin et al. 2011). BMT in particular may have positive therapeutic effects;

however all of the treated mice eventually die of characteristic pathological

findings. Thus, this and the other available therapies may slow the disease progress

to some degree, but not prevent it.

Since 2006, New York State in the USA has screened all newborns for the

occurrence of Krabbe disease. Pilot screening programs are now under way in other

states and parts of the world. This screening is accomplished by GALC activity assays

on dried blood spots, followed by DNA analyses. The rationale for this screening

program is that the early identification of infants with Krabbe disease will permit early

BMT and other therapeutic interventions, improving the quality of life (Duffner et al.

2012). However, since BMT has not been curative in the animal models, screening for

severe neurological disorders such as this remains controversial.

6 Arylsulfatase A Deficiency: Metachromatic Leukodystrophy

MLD is an autosomal recessively inherited disorder in which the desulfation of 3-0-

sulfogalactosylsphingosine or 3-0-sulfogalactosyl glycolipids is deficient. Among

the accumulating glycolipids in MLD are sulfatide (galactosyceramide-3-sulfate),

lysosulfatide (i.e., similar to sulfatide but lacking the fatty acid in the ceramide

moiety), lactosylceramide-3-sulfate, and others. These sulfated glycolipids nor-

mally occur in the myelin sheaths in the central and peripheral nervous systems,

and to a lesser extent in visceral organs.

The clinical onset and severity of MLD are highly variable (Renaud 2012). The

late infantile form is usually recognized in the second year of life and fatal in early

childhood. The juvenile form presents between age 4 and puberty; the adult form

may occur at any age after puberty. In both of the later onset variants, gait

disturbance and mental regression are the earliest signs. In the childhood variants,

other common signs are blindness, loss of speech, quadriparesis, peripheral neu-

ropathy, and seizures (Kehrer et al. 2011).

In 1963, Austin et al. reported the deficiency of arylsulfatase A (ASA, E.C.

3.1.6.8) activity in MLD, also known as sulfatide sulfatase, and mutations in this

gene (ARSA) account for the vast majority of MLD patients. There also are two other

minor, genetic causes of MLD. One is due to mutations in the gene (PSAP,
see Sect. 10, below) encoding the sphingolipid activator protein, saposin B.

Mutations in the saposin B encoding region of the PSAP gene lead to deficient

ASA activity, and a clinical picture indistinguishable from MLD. In fact, these
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observations in MLD patients provided the first in vivo proof that such sphingolipid

activator proteins were required for in vivo activity of this and other sphingolipid

hydrolases. In addition to ASA and SAP B mutations, patients with multiple

sulfatase deficiency, due to mutations in the gene encoding sulfatase-modifying

factor 1 (SUMF-1) (see below), also have a reduction in ASA and other sulfatase

activities, and develop features of MLD.

As with the other sphingolipid hydrolases, full-length genomic and cDNA

sequences encoding ASA have been isolated from several species. The human

ARSA gene has been mapped to chromosomal region 22q13. It is a remarkably

simple gene, and encompasses only 3.2 kb divided into eight exons. As noted

above, almost all cases of MLD are due to mutations in this gene, except for the

rare cases of PSAP or SUMF-1 mutations. The human ARSA gene encodes a 507

amino acid polypeptide precursor that undergoes posttranslational modifications

much like other lysosomal enzymes (e.g., N-glycosylation). Also, as with all known
eukaryotic sulfatases, a formylglycine residue is substituted for cysteine 69 in

human ASA. The formylglycine residue is generated by oxidation of the thiol

group to an aldehyde. Mutations in the gene encoding the cysteine-modifying

enzyme, SUMF-1, lead to the synthesis of inactive sulfatases, and are the cause

for multiple sulfatase deficiency (Gieselmann et al. 1994).

Over 100 MLD-causing mutations have been described in the ARSA gene. The

most common mutation in patients with late-infantile MLD is a G-to-A transition

that eliminates the donor splice site at the start of intron 2 (Ługowska et al. 2011).

This causes a loss of all ASA enzymatic activity, producing a severe, early-onset

phenotype. In contrast, in adults with MLD the most frequent mutation is a C-to-T

transition that results in substitution of a leucine for proline in amino acid residue

426. Patients with this mutation have a small amount of residual enzyme activity

and therefore exhibit late-onset MLD. Common mutations in specific populations

also have been described.

Notably, there also are two mutations that cause “pseudodeficiency” of ASA

activity. The term “pseudodeficiency” reflects the fact that these mutations cause

severe reduction of ASA activity in vitro, but do not result in MLD (Tinsa et al.

2010). One of these mutations alters an N-glycosylation site, but this has no effect

on enzyme function. The other affects a polyadenylation site in the mRNA. The

pseudodeficiency alleles may be found in ~3–8 % of the normal population, and

therefore pose a diagnostic challenge since the artificial in vitro assay systems may

reveal very low ASA activity, even though the individual is highly unlikely to

develop MLD.

Alterations in the ARSA gene also have been linked with the occurrence of several

common diseases. For example, as early as 1991, Kappler et al. found that among a

small set of patients with multiple sclerosis (MS), there was a higher incidence of the

ASA pseudodeficiency alleles than in the general population (Baronica et al. 2011).

In addition, variants of the ASA protein and/or gene have been associated with

depression and alcoholism. MLD itself also has been associated with several
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psychiatric disorders, and there is at least one report where polymorphisms in the

genes encoding the serotonin and dopamine pathways affected the MLD phenotype

(Kumperscak et al. 2008).

Other than humans, naturally occurring mutations causing MLD do not occur in

other species. ASA knockout mice have been constructed that exhibit a complete

loss of ASA activity and sulfatide storage multiple organs (Geiselmann et al. 1998).

While these animals exhibit some neurological deficits, they do not develop the

predicted severe phenotype of MLD and live a near-normal life span. They also do

not develop demyelinating disease. Thus, these observations in the mouse suggest

the existence of compensating pathways in this species that do not exist in humans,

perhaps providing a link to novel therapies. Several therapies have been evaluated

in the MLD knockout mouse model, including BMT, ERT, and gene therapies

(Matthes et al. 2012; Stroobants et al. 2011). BMT also has been extensively used in

MLD patients. While it is not effective in the infantile cases, BMT is often

recommended for the later onset cases (Solders et al. 1998; Gassas et al. 2011).

However, the data supporting an improved clinical outcome in the late-onset

MLD cases are fragmented and incomplete, and it is unclear whether the benefit

outweighs the potential risks.

7 Alpha Galactosidase A Deficiency: Fabry Disease

Fabry disease in inherited as an X-linked recessive trait, the only such X-linked

disease among the sphingolipid storage disorders (Tarabuso 2011; Toyooka 2011).

Therefore, all males (“hemizygotes”) carrying mutations in the Fabry gene (GLA,
see below) develop symptoms of the disease, although the severity may vary

depending on the nature of the individual mutation. Female heterozygotes who

inherit one copy of the mutant gene on one of their X chromosomes also may

exhibit features of the disease depending on the pattern of X-inactivation

(“lyonization”) that occurs in their individual tissues.

The gene responsible for Fabry disease encodes an enzyme, alpha-galactosidase

A (E.C. 3.2.1.22), that is required to hydrolyze glycosphingolipids with terminal

alpha galactosyl moieties, predominately globotriosylceramide, and to a lesser

extent, galabiosylceramide and blood group B substances. Affected males have

extensive deposition of these lipids in body fluids and in the lysosomes of endothe-

lial, perithelial, and smooth muscle cells of blood vessels. Deposition also occurs in

ganglion cells, and in many cell types in the heart, kidney, eyes, and most other

tissues (Aerts et al. 2011).

Clinical manifestations in classically affected hemizygotes with no detectable

alpha galactosidase A activity include the onset during childhood or adolescence of

pain and paresthesias in the extremities, angiokeratomas in the skin and mucous

membranes, and hypohidrosis. Corneal and lenticular opacities also are early

findings. With increasing age, proteinuria, hyposthenuria, and lymphedema appear.

Severe renal impairment leads to hypertension and uremia. Death usually occurs
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from renal failure or from cardiac or cerebrovascular disease. Atypical variant

males with residual alpha galactosidase A activity may be asymptomatic or have

late-onset disease. Heterozygous females may have an attenuated form of the

disease depending on the pattern of X-inactivation. They usually are asymptomatic,

although rarely present with clinical disease as severe as hemizygous males.

As noted above, in Fabry disease glycosphingolipids with terminal alpha-D-

galactosyl residues are not properly broken down due to the alpha galactosidase

A enzyme defect, and these lipids therefore accumulate in cells. The predominant

accumulating lipid is globotriaosylceramide (Gal(α1-4)Gal(α1-4)Glc(β1-10)Cer).
Since alpha galactosidase A is predominately found in lysosomes, the major site

of lipid accumulation is this organelle. Elevated globotriaosylceramide is found in

most tissues, but predominantly in kidney.

Other minor accumulating lipids include galabiosylceramide (Galα1-4)(Gal(β1-
10)Cer) and the blood group B and P glycosphingolipids (Linthorst et al. 2004). In

human erythrocytes there are two neutral glycosphingolipids with terminal alpha

galactosyl residues that inhibit blood group B-specific hemagglutination. The

structure of these blood group B glycosphingolipids has been determined, and

they are found at high levels in Fabry patients. This raises an interesting and unique

point about Fabry disease. Fabry hemizygotes and heterozygotes who have blood

group B and AB accumulate four glycosphingolipids, while those who are blood

group A or O only accumulate two (globotriaosylceramide and galabiosyl-

ceramide). A fifth neutral glycosphingolipid that can accumulate in Fabry is the

P1 blood group antigen, which also has terminal alpha galactosyl residues.

In man, there are actually two alpha galactosidases (alpha galactosidases A and B).

Fabry disease is caused by mutations in the gene (GLA) encoding the “A” type

(see below) (Tomasic et al. 2010). However, when measuring alpha galactosidase

activity in blood from Fabry patients in vitro, classic hemizygotes may exhibit up to

25% of normal activity due to the presence of the “B” form. Alpha galactosidase B is

encoded by a distinct gene (NAGA), and is now known to be an alpha-N-acetylga-
lactosaminidase that recognizes these moieties in glycoproteins, complex

carbohydrates, and other molecules. Because the artificial substrates routinely used

to measure alpha galactosidase activity do not readily distinguish these enzymes,

substantial misdiagnosis can occur by simple enzyme testing.

The human gene encoding alpha galactosidase A resides on chromosomal region

Xq22. It encompasses ~12 kb and contains seven exons. The full-length human

cDNA contains a 1,290 bp open reading frame that encodes an unglycosylated

precursor polypeptide of ~48 kDa. As with most lysosomal hydrolases, there are

several N-glycosylation sites in the predicted polypeptide sequence and the oligo-

saccharide chains undergo mannose-6-phosphate modifications, which facilitates

targeting of the enzyme to lysosomes. The mature, fully glycosylated alpha galac-

tosidase A in lysosomes is ~51 kDa. Genomic and cDNA sequences encoding alpha

galactosidases have now been isolated from many species. An unusual feature of

most human alpha galactosidase A cDNAs is the lack of a 30 untranslated region.

The polyadenylation signal sequence is often actually found in the coding region,

12 bp from the termination codon, followed by a poly(A) tract.
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The full-length cDNA encoding human alpha galactosidase A had been used to

express and purify the recombinant enzyme from CHO cells. This enzyme was

extensively characterized and used in the Fabry disease mouse model to evaluate

ERT (see below). Based on these results and after extensive clinical testing, a

recombinant enzyme drug (Fabrazyme) was approved for use in human Fabry

disease patients in 2003. This represents the second sphingolipid storage disorder

for which ERT became available (Gaucher disease was the first). ERT in Fabry

patients reduces pain, proteinuria, and endothelial cell storage of glycolipids, and

improves the quality of life for Fabry patients (Rozenfeld and Neumann 2011).

Since no naturally occurring animal model of Fabry disease has been found, the

preclinical evaluation of ERT was performed in a knockout mouse model. These

animals exhibit age-dependent glycosphingolipid storage, but there are only a few

clinical findings of Fabry disease.

Numerous mutations have been found in the GLA gene causing Fabry disease,

spread throughout the enzyme-coding region (Schaefer et al. 2005). Several regu-

latory (promoter) and splice site mutations also have been found. As noted above,

the presence of one GLA mutation in hemizygous males will cause disease, but the

severity will depend on the effect of this mutation on the residual alpha galactosi-

dase A activity. In contrast, in female heterozygotes, because of X-inactivation,

only some may develop disease (Bouwman et al. 2012). It should be noted that such

“Fabry” females carrying single mutations will be essentially “mosaics” for alpha

galactosidase A, with some cells expressing the mutant allele and others the normal

allele (due to random inactivation of one X chromosome). Because the enzyme can

be released from cells at low levels (as with all lysosomal hydrolases), and then

taken up by neighboring cells, “cross-correction” of the lipid storage is possible.

Aside from Fabry disease, there has been some evidence that mutations in the GLA
gene also may be a previously unrecognized cause of stroke. Indeed, newborn

screening programs have revealed that in some populations the incidence of GLA
mutations is unexpectedly high, suggesting that this gene/disease association

should be studied further as a potential risk factor for this and other common

disorders of the vasculature (Spáčil et al. 2011).

8 Beta Galactosidase Deficiency: GM1 Gangliosidosis

An inherited deficiency of lysosomal acid beta galactosidase (E.C. 3.2.1.23) is

expressed as two clinically distinct diseases, GM1 gangliosidosis and Morquio B

disease (Brunetti-Pierri and Scaglia 2008; Morita et al. 2009; Caciotti et al. 2011).

GM1 gangliosidosis affects both neurological and somatic tissues, occurring

mainly in early infancy (type 1). Developmental arrest is usually observed a few

months after birth, followed by progressive neurologic deterioration and

generalized rigospasticity with sensorimotor and psycho/intellectual dysfunction.

As with many of the other neurodegenerative lysosomal storage diseases, cherry-

red maculae are common, as is facial dysmorphism, hepatosplenomegaly, and
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generalized skeletal dysplasia. Later onset, juvenile and adult forms of beta galac-

tosidase deficiency also have been described (types 2 and 3, respectively). They are

observed as progressive neurologic diseases in childhood or in young adults.

Dysmorphic skeletal changes are less prominent or absent in these clinical forms.

A protracted course, mainly presenting as dystonia, is the major neurological

manifestation in adults with GM1 gangliosidosis.

Morquio B disease is clinically expressed as a generalized skeletal dysplasia

with corneal clouding, resulting in short stature, pectus carinatum, platyspondylia,

odontoid hypoplasia, kyphoscoliosis, and genu valgum. There is no central nervous

system involvement, although spinal cord compression may occur at late stages of

the disease. Intelligence is normal and hepatosplenomegaly is not present.

In man, two lysosomal enzymes are known to be responsible for the hydrolysis

of terminal beta-linked galactose residues at acidic pH in various glycoconjugates.

One is the enzyme being discussed here, beta galactosidase (E.C. 3.2.1.23), and the

other is galactocerebrosidase (E.C. 3.2.1.46), whose primary substrates include

galactosylceramide, galactosylsphingosine, and other lipids. This is the enzyme

deficient in globoid cell leukodystrophy (Krabbe disease), and was discussed in the

section above. Beta galactosidase activity is severely deficient in cells and tissues

from patients with both GM1 gangliosidosis and Morquio B disease, and both

diseases are now known to be due to genetic mutations in the same gene (GLB1)
(Hofer et al. 2009). The primary substrates for beta galactosidase include galactose-

containing oligosaccharides (e.g., keratan sulfate), and GM1 ganglioside. The

asialo derivative of GM1, GA1 ganglioside, also may be a substrate for this

enzyme.

As expected, tissues from patients with beta galactosidase deficiency exhibit a

broad spectrum of accumulating galactose-containing macromolecules, including

GM1, GA1, and keratan sulfate. Gangliosides are normal components of plasma

membranes, concentrated in neuronal membranes, especially in the regions of nerve

endings and dendrites. GM1 is the major ganglioside in the brains of vertebrates.

Gangliosides display a broad spectrum of interactions, and may act as binding

molecules for toxins and hormones, and also are involved in cell differentiation,

cell–cell interactions, and cell signaling (see below).

In the brains of patients with GM1 gangliosidosis, storage of GM1 is the most

prominent observation (Nada et al. 2011). The accumulating GM1 has the same

fatty acid composition, sugar composition and sequence, and glycosidic linkages as

normal GM1. Visceral organs also show storage of GM1 ganglioside, but to a lesser

degree. Also to a lesser degree, GA1 ganglioside may accumulate in the brain of

GM1 gangliosidosis patients, as do glycosylceramide, lactosylceramide, and GM2

ganglioside. White matter shows chemical manifestations of myelin breakdown,

including low proteolipid protein, low total lipid, and the presence of esterified

cholesterol (Steenweg et al. 2010).

Other than gangliosides, the other major storage molecule in beta galactosidase-

deficient patients is keratan sulfate (Ohto et al. 2012). This glycosaminoglycan

normally exists in a proteoglycan linked with chondrotin sulfate. It is found

primarily within connective tissues, particularly cartilage, explaining the skeletal
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dysplasia typical of many beta galactosidase-deficient patients. After proteolysis

and release from the proteoglycan, free keratan sulfate chains are hydrolyzed by a

series of exoenzymes, including beta galactosidase.

It should be noted that another protein, referred to as protective protein/

cathepsin A (PPCA), has been associated with both beta galactosidase and another

lysosomal hydrolase, neuraminidase, and stabilizes and in some cases activates the

enzymes (Tatano et al. 2006). A genetic deficiency of this protective protein results

in combined deficiency of beta galactosidase and neuraminidase (galactosialidosis).

The gene encoding PPCA is distinct from both of these enzymes, and is not

discussed further here.

The gene encoding beta galactosidase (GLB1) is located in chromosomal region

3p21.33. Genes encoding this enzyme also have been isolated from mice and

several other species. The full-length human GLB1 cDNA encodes a 677 amino

acid polypeptide with beta galactosidase activity. Mutations in the GLB1 gene are

responsible for both GM1 gangliosidosis and Morquio B disease. As with other

lysosomal diseases, most are point mutations altering single amino acids, although

small deletions, splice site mutations, and other alterations also have been

identified. To date, no correlation has been made between the location or type of

GLB1 mutations and the occurrence of GM1 gangliosidosis or Morquio B disease.

The pathogenesis of beta galactosidase deficiency is complex. GM1 ganglioside

stimulates neurite outgrowth and affects neuronal differentiation, and enhances the

action of nerve growth factor (van der Voorn et al. 2004). Golgi and electron

microscopic studies of cortical neurons from this and several other neurological

lysosomal diseases exhibit large neural processes (meganeurites), which may be

explained by GM1 accumulation. The extent of meganeurite development is related

to the onset, severity, and clinical course of the disease. In other studies, significant

changes in neuronal connectivity were found in the cerebral cortex of animals with

beta galactosidase deficiency, and cholinergic function was altered as well.

Phosphoinositol-specific phospholipase C and adenyl cyclase activities were

altered in the membranes of cerebral cortex from GM1 gangliosidosis cats. In

addition, the beta subunit of cholera toxin, which binds specifically to GM1 in the

outer leaflet of the cell membrane, was found to induce an increase of calcium and

manganese influx in N18 cells, and this has been associated with the activation

of an L-type voltage-dependent calcium channel. This channel has important

implications for neural development, and its reliance on GM1 ganglioside is also

likely related to the pathogenesis of GM1 storage. These and other data suggest that

various morphologic and metabolic aberrations occur in the brains of GM1

gangliosidosis patients and animals, and can be linked to the biology of GM1.

Naturally occurring animal models of GM1 gangliosidosis have been reported in

cats, dogs, sheep, and calves. The cat model in particular has been studied in some

detail, and is a neurologic disorder with clinical, morphological, biochemical, and

genetic similarities to human GM1 gangliosidosis (Claro et al. 1991). Affected

kittens appear normal at birth, but tremors of the head and hind limbs are first noted

at 2–3 months of age, followed by generalized dysmetria and spastic quadriplegia.

GM1 ganglioside and other galactose-containing oligosaccharides accumulate in
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the tissues of affected animals. A genetic knockout of beta galactosidase activity

also has been generated in mice by gene targeting (Itoh et al. 2001). Progressive and

severe neurodegeneration occurs in these animals, and GM1 and GA1 gangliosides

accumulate in the brain. Unlike patients, GA1 ganglioside may accumulate in beta

galactosidase deficiency mice to a greater extent than GM1, which may be

explained by the fact that there is a unique neuraminidase in mice that converts

GM1 to GA1. Skeletal dysplasia, which is characteristic of patients with beta

galactosidase deficiency, does not occur in the mice. This also is due to the unique

metabolism of keratan sulfate in mice compared to humans.

9 Hexosaminidase A and B Deficiency: GM2 Gangliosidoses

The GM2 gangliosidoses are a group of genetic disorders caused by excessive

accumulation of GM2 ganglioside and related glycolipids in lysosomes, mainly of

neuronal cells (Maegawa 2012). The general cause of GM2 gangliosidosis is

deficient activity of the enzyme beta hexosaminidase (E.C. 3.2.1.30). The enzy-

matic hydrolysis of GM2 ganglioside by this enzyme requires that it be complexed

with a substrate-specific cofactor, the GM2 activator. There are two isozymes of

beta hexosaminidase, Hex A, which is composed of alpha and beta subunits, and

Hex B, which is composed of two beta subunits. Hex A and B can only act on the

GM2/GM2 activator complex.

Defects in any of the three genes can lead to GM2 gangliosidosis, HEXA, which
encodes the alpha subunit of Hex A, HEXB, which encodes the beta subunit of Hex
A and Hex B, or GM2A, which encodes the GM2 activator protein (Cordeiro et al.

2000). Three clinical forms of GM2 gangliosidosis occur from mutations in these

genes: Tay–Sachs disease and variants, resulting from mutations of theHEXA gene,

and resulting in deficient activity of Hex A; Sandhoff disease and variants, resulting

from mutations of the HEXB gene, and resulting in deficient activity of both Hex A

and Hex B; and GM2 activator deficiency, caused by mutations in the GM2A gene

and characterized by normal Hex A and Hex B, but the inability to form a functional

ganglioside GM2/GM2 activator complex.

GM2 gangliosidosis can present with a wide spectrum of severity. These range

from infantile-onset, rapidly progressive neurodegenerative disease culminating in

death before the age of 4 years (classical Tay–Sachs and Sandhoff diseases and

GM2 activator deficiency) to adult-onset, slowly progressive neurological

conditions compatible with long survival with little or no effect on intellect (Bley

et al. 2011; Smith et al. 2012; Jain et al. 2010; Osher et al. 2011). The clinical

phenotypes of the acute, infantile form of any of the three genetic GM2

gangliosidosis (HEXA, HEXB, or GM2A mutations) are essentially indistinguish-

able. Affected infants generally appear normal at birth. The earliest signs of disease

are often mild motor weakness, beginning at 3–5 months of age. An exaggerated
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startle response is also commonly observed at this early stage as well. Soon after,

regression and loss of already acquired mental and motor skills become obvious.

The disease is rapidly progressive and leads to death in early childhood.

As noted above, later onset forms of GM2 gangliosidosis also may occur. The

clinical phenotype varies widely among these patients, and onset can occur at any

time from the late infantile period to adults. In general, in the later onset cases

involvement of the deeper brain structures is more prominent compared to the

overwhelming generalized gray matter involvement in the infantile form.

Manifestations include dystonia, other extrapyramidal signs such as ataxia,

choreoathetoid movements, signs of spinocerebellar degeneration, and ALS-like

motor neuron involvement. Psychotic manifestations are not uncommon as well. It

should also be noted that in a small number of later onset cases, mental capacity is

well preserved, although severe dysarthria often masks the preserved intelligence.

Like most lysosomal glycosidases, beta hexosaminidase hydrolyzes a broad

spectrum of substrates. It is specific for only the terminal nonreducing sugar

(GlcNac or GalNac) in beta linkage. The primary substrates for Hex A and Hex B

are glycoproteins, oligosaccharides, glycosaminoglycans, and glycolipids, includ-

ing the ganglioside GM2when complexed with the GM2 activator protein. It should

be noted that a minor isoform composed of two alpha subunits (Hex S) also has

been identified, but the biochemical and clinical significance of this isoform

remains unclear. Both the alpha and beta subunits of beta hexosaminidase possess

an active site, although dimerization is required for activity. The substrate specific-

ity of the two subunits differs however; the beta subunit prefers neutral, water-

soluble substrates, while the alpha subunit also hydrolyzes negatively charged

substrates such as GM2 gangliosides or glycosaminoglycans. The fact that

mutations in the HEXA gene, in which the Hex B isozyme (composed of two beta

subunits) is normal, lead to accumulated GM2 ganglioside demonstrates that the

preferred substrate for the alpha subunit is GM2 (see below). However, as noted

above, the Hex A isozyme can only hydrolyze GM2 if complexed with the GM2

activator protein.

Mutations in the alpha subunit encoding the HEXA gene are therefore primarily

characterized by accumulation of GM2 ganglioside. Indeed, GM2 ganglioside is the

primary neuronal storage material in all three genetic causes, hence their grouping

as GM2 gangliosidoses. HEXA mutations are responsible for classical Tay–Sachs

disease and the later onset Tay–Sachs variants. The pathology of classical

Tay–Sachs disease has been described extensively (add ref). The brain is atrophic

during the early stage, but usually increases over time until death. Histological

analysis shows classical neuronal storage disease in essentially all neurons of the

CNS and the peripheral nervous system as well, including swollen retinal ganglion

cells. The membranous storage bodies characteristic of Tay–Sachs disease upon

electron microscopic examination are composed of cholesterol, phospholipid, and

GM2 ganglioside. Increased apoptotic neurons also have been observed. The

neuronal pathology in the acute or subacute forms of Tay–Sachs disease is gener-

ally less severe than that in the infantile form, and tends to be more prominent in the

hypothalamus, cerebellum, brain stem, and spinal cord.
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In the Sandhoff disease variants, due to mutations in the HEXB gene, the

pathological and clinical findings are very similar to those of Tay–Sachs (Maegawa

2012). However, yellowing of the cerebral cortex and deeper structures has been

documented in Sandhoff disease, possibly due to accumulated asialoganglioside.

Also, additional accumulation of sphingoglycolipids with a terminal hexosamine

residue and fragments of undigested glycoprotein in systemic organs has been

found as well. Patients with GM2A mutations are indistinguishable from those

with HEXA or HEXB mutations.

The HEXA gene, encoding the alpha subunit, is located within the chromosomal

region 15q23–q24. It is ~35 kb in length and contains 14 exons. The HEXB gene,

encoding the beta subunit, is located at chromosomal region 5q13 and is ~45 kb in

length that is divided into 14 exons. Analysis of these genes strongly suggests that

they arose from a common ancestor. They share a very common exon structure, and

in both genes the promoter activity resides within ~150 bp of the initiating ATG

codon. Overall, the alpha and beta subunits share ~57 % amino acid identity. The

GM2A gene maps to chromosomal region 5q31.1–31.3. In addition, an evolution-

arily related pseudogene, GM2AP, maps to chromosome 3. The GM2A gene is

~16 kb and contains four exons.

Numerous mutations have been described in the HEXA gene responsible for

Tay–Sachs disease and its variants. Infantile Tay–Sachs disease occurs most com-

monly among individuals of Ashkenazi Jewish ancestry (carrier frequency ~1:25),

and there are two mutations that are the most frequent; one is a 4 bp insertion in

exon 11, and the second is a donor splice site mutation in intron 11 (Frisch et al.

2004). Both of these mutations result in severely deficient or absent HEXA mRNA

expression, leading to absent Hex A and Hex S activities. Another common HEXA

mutation causing infantile Tay–Sachs disease occurs in French Canadian patients,

and is due to a deletion that extends from ~2 kb upstream of the 50 end of the gene

into intron 1 (De Braekeleer et al. 1992; Martin et al. 2007). This also results in the

absence of Hex A mRNA and protein. Many other mutations in the HEXA gene

have been described causing classical Tay–Sachs disease, effecting protein

processing, catalytic activity, and/or mRNA processing. In addition, mutations

causing the later onset forms are known, and generally result in expression of

HEXA mRNA and residual enzyme activity. An important HEXA mutation also is

known as the B1 variant, in which there is normal activity towards the artificial

substrates generally used to measure beta hexosaminidase activity, but no activity

of the mutant enzyme towards GM2 ganglioside. Individuals with this mutation

pose a unique diagnostic challenge since they will appear enzymatically normal,

but develop severe disease. Many mutations in the HEXB gene causing Sandhoff

disease and its variants also have been described. A much small number of

mutations in the GM2A gene are known. As noted above, the fact that mutations

in this gene caused a severe clinical disease provided the first proof of the physio-

logical significance of the GM2/GM2 activator complex (Peleg et al. 1995; Tanaka

et al. 2003).

Naturally occurringmutations causing GM2 gangliosidosis have been described in

dogs, cats, and pigs (Yamato et al. 2002; Kosanke et al. 1979; Bradbury et al. 2009).
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In all species, abundant neuronal storage is the major finding. Visceral storage is

only found in the feline model however. Meganurite formation, which has been

observed in human GM2 gangliosidosis patients, occurs in the dog and cat models.

A number of groups also have independently generated murine models of

Tay–Sachs, Sandhoff, and GM2 activator deficiency in mice using gene targeting

strategies. In general, knockout of the HEXA gene in mice (Tay–Sachs disease)

results in a much milder neurological disease than predicted from the human cases

(Gulinello et al. 1994). Mutations in the HEXB gene in mice result in a more severe

phenotype, with the onset of clinical disease at ~3 months associated with excessive

neuronal GM2 storage (Yamanaka et al. 2008). Mutations in the GM2A gene of

mice also resulted in a much milder disease than predicted (Phaneuf et al. 1996).

In part, the distinction between the mouse models and the human disorder is due

to the distinct degradation of GM2 ganglioside by these species (Baek et al. 2009).

In humans, GM2 is degraded nearly exclusively by Hex A in collaboration with the

activator protein to yield the ganglioside GM3. In contrast, in mice GM2 can be

degraded by two different pathways. One is identical to the human pathway, and the

second is essentially unique to the mouse and is initiated by sialidase acting on

GM2 to yield GA2 ganglioside. The GA2 is then degraded by either Hex A with

activator protein or to a lesser extent Hex B. This explains the mild phenotype due

to alpha subunit mutations (HEXA), since the Hex B can act on the GA2 produced

by sialidase. In contrast, HEXB mutations result in deficiency of both enzymes, and

a complete block of degradation.

10 Sphingolipid Activator Proteins

As discussed in the sections above, the lysosomal degradation of sphingolipids

requires small nonenzymatic glycoproteins, referred to as “sphingolipid activator

proteins” (SAPs) (Sandhoff and Kolter 1998; Kolter and Sandhoff 2010). These

include the saposin proteins (SAP A–D, and GM2 activator protein). There are two

genes responsible for these proteins. One is GMA2, which encodes the GM2

activator protein and is located on chromosome 5 (Wendeler et al. 2003), and the

other is PSAP, located on chromosome 10 and encoding the saposin precursor

protein and the individual SAP A–D, which are derived from proteolytic cleavage

of the precursor (Misasi et al. 2009). The GM2 activator protein and resulting

mutations (responsible for the “A/B” Tay–Sachs variant) were discussed in the

section above and will not be discussed further here.

The PSAP gene encodes the SAP precursor protein (prosaposin), with a total of

524 amino acids and five N-glycosylation sites (Misasi et al. 2009). There are four

homologous domains located within the precursor protein, each of ~80 amino acids.

A major portion of the newly synthesized precursor is exported to the cell surface

and then imported into the lysosomal compartment, where it is processed to the

mature SAP A–D proteins. Notably, unlike most lysosomal proteins the prosaposin

protein is transported to the lysosome via its interaction with the alternative

receptor, sortilin (Wähe et al. 2010; Yuan and Morales 2011). The occurrence of
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the non-processed SAP precursor in body fluids and its neurotrophic properties

indicates that its function may not be restricted to being the precursor of the

individual SAPs. For example, prosaposin has been found in milk, serum, and

seminal fluid, and treatment of cell lines with PSAP increased cell survival and

was anti-apoptotic. Indeed, serum prosapsin levels are increased in patients with

advanced prostate cancer. Of interest is whether these effects of PSAP on cell

survival are direct effects of the protein itself, or rather the effects of the individual

processed SAPs on the activation of the sphingolipid hydrolases.

In vitro, SAP A stimulates beta glucocerebrosidase (the enzyme deficient in

Gaucher disease) and beta galactocerebrosidase (the enzyme deficient in Krabbe

disease) activities in the presence of detergents. SAP B is a nonspecific glycolipid-

binding protein that stimulates the hydrolysis of ~20 or more glycolipids by

different enzymes in vitro, including the hydrolysis of sulfatide by ASA (the

enzyme deficient in MLD). SAP C stimulates the in vitro activities of glucosyl-

and galactosylcerebrosidases, as well as sphingomyelin by ASM (the enzyme

deficient in Types A and B Niemann–Pick disease) (Kölzer et al. 2004). SAP D is

required for the degradation of ceramide by AC (the enzyme deficient in Farber

disease) (Linke et al. 2001).

Analysis of mutations in the genes encoding the PSAP protein has provided

important insights regarding the role of the SAP proteins for the in vivo hydrolysis

of sphingolipids, and their relationship to human disease. Of note, a SAP precursor

deficiency was found in a child who died at 16 weeks and who was homozygous for

a mutation in the initiation codon of the PSAP gene. The complete absence of the

precursor protein and four resultant SAPs led to a generalized accumulation of

ceramide, glucosylceramide, galactosylceramide, sulfatide, lactosylceramide,

digalactosylceramide, and other sphingolipids. The symptoms of the disease resem-

bled those of type 2 Gaucher disease. Other point mutations within the region of the

PSAP gene encoding SAP B caused accumulation of sulfatide and some other

sphingolipids, and a clinical course resembling that of juvenile MLD. Mutations

in the SAP C region only led to accumulation of glucosylceramide, similar to

juvenile Gaucher disease (Vaccaro et al. 2010). No sphingomyelin storage was

observed in individuals with SAP C mutations, and this has been explained by the

fact that there is a SAP-like domain within ASM that compensates for the loss of

SAP C in these patients. Patients with mutations in the SAP A region of the PSAP
gene resemble those with Krabbe disease (GLD), and accumulate galactosylcer-

ebroside within the CNS and peripheral nervous system (Grossi et al. 2008). There

are no human patients with SAP Dmutations, but the requirement by AC for SAP D

has been confirmed in vivo in mutant mice, which accumulate ceramides with alpha

hydroxylated fatty acids mainly in the brain and kidney, and develop Purkinje cell

loss and defects in the urinary system (Oya et al. 1998; Tohyama et al. 1999).

A mouse model of SAP precursor deficiency also has been constructed by gene

targeting, and the clinical and biochemical features resembled those of the human

disease (Matsuda et al. 2007). Mice developed massive sphingolipid storage and

neurological disease by ~20 days, and died by ~35–38 days. Several knock-in

models expressing specific human mutations also have been constructed,

confirming the in vivo importance of these proteins (Sun et al. 2008, 2010).
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Abstract There is growing evidence that cell membranes can contain domains

with different lipid and protein compositions and with different physical

properties. Furthermore, it is increasingly appreciated that sphingolipids play a

crucial role in the formation and properties of ordered lipid domains (rafts) in cell

membranes. This review describes recent advances in our understanding of

ordered membrane domains in both cells and model membranes. In addition,

how the structure of sphingolipids influences their ability to participate in the

formation of ordered domains, as well as how sphingolipid structure alters

ordered domain properties, is described. The diversity of sphingolipid structure

is likely to play an important role in modulating the biologically relevant

properties of “rafts” in cell membranes.
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1 Membrane Physical State and Membrane Domain Formation

Phospholipids and sphingolipids can form bilayers that exist in either a tightly

packed solid-like (gel) state or a loosely packed fluid (liquid disordered, Ld) state

(London 2005). For vesicles composed of a specific lipid, the gel state melts to

form the Ld state above a characteristic melting temperature (Tm). In mixtures of

high-Tm lipids (e.g., natural sphingolipids, which easily form a tightly packed,

ordered state due to having saturated acyl chains and no cis double bonds) and low-

Tm lipids (natural phospholipids which generally have one acyl chain with one or

more cis double bonds), gel and Ld phases can coexist (Korlach et al. 1999).

Although the potential biological importance of lipid phase or lipid domain

formation involving coexisting ordered and disordered domains was considered

in early studies, the biological implications of this possibility were only first

seriously considered when it was proposed that sphingolipid domains might have

an important role in sorting of molecules between membranes (Simons and van

Meer 1988; van Meer and Simons 1988). Such domains were later named “lipid

rafts” (Simons and Ikonen 1997). The idea that sphingolipid domains might exist in

cells gained an important impetus when it was found that sphingolipid- and

cholesterol-rich detergent-resistant membranes (DRM) could be isolated from

mammalian cells (Brown and Rose 1992). When cholesterol is present, the tightly

packed liquid ordered (Lo) state tends to form in place of the gel state (London

2005) and, based on model membrane studies, the hypothesis was proposed that

lipid domains in cells might be sphingolipid- and cholesterol-rich Lo domains

coexisting with Ld domains (Ahmed et al. 1997; Schroeder et al. 1994). It has now

been widely shown that in vesicles composed of mixtures of sphingolipids, unsat-

urated phospholipids, and cholesterol, coexisting Lo and Ld domains can be

observed by microscopy at conditions close to physiological (Hammond et al.

2005; Veatch and Keller 2003), and Lo domain formation is the working model

for the physical state of “membrane rafts/lipid rafts” in cells (Dietrich et al. 2001a,

b; Lingwood et al. 2008; London 2005; Sengupta et al. 2007a, b). Rafts are of

biological importance because, by co-clustering membrane lipids and specific

proteins in a domain or by segregating them into different domains, specific sets

of protein–protein interactions can form or be regulated. In addition, the

differences in lipid physical properties and composition in raft and non-raft

domains could influence protein function via lipid environment-induced changes

in protein conformation.

Raft domains have been proposed to play a crucial role in many important

processes that take place within eukaryotic cell membranes, including not only

protein and lipid sorting into different membranes but also modulation of signal

transduction, especially in the immune system, many types of bacterial and viral

infections, including HIV and influenza, and amyloid formation (e.g., Cuadras and

Greenberg 2003; Drevot et al. 2002; Gulbins and Kolesnick 2003; Kamiyama et al.

2009; Klemm et al. 2009; Lafont et al. 2002; Lu et al. 2008; Lyman et al. 2008;

Manneville et al. 2008; Mukherjee et al. 1999; Murphy et al. 2006; Persaud-Sawin
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et al. 2009; Rentero et al. 2008; Riethmuller et al. 2006; Scheiffele et al. 1999;

Scolari et al. 2009; Simons and Toomre 2000; Sohn et al. 2008a, b; Taylor and

Hooper 2007; Williamson et al. 2008; Young et al. 2003, 2005; Zech et al. 2009).

There are many important issues that must be considered to understand the

principles and details of domain formation and properties. We refer the interested

reader to previous reviews that describe these issues and summarize earlier studies

(Feigenson 2006, 2009; Heberle and Feigenson 2011; London 2005; Quinn 2010;

Veatch and Keller 2005). In this review we concentrate on topics in lipid domain

formation that have seen recent advances and also on studies that specifically focus

on sphingolipids.

2 Growing Evidence for Rafts in Cells

Unlike the situation in model membranes, whether “lipid rafts” form in cells has

been controversial. It appears that domains are hard to study in living cells due to

their small size under basal physiological conditions (Lingwood et al. 2008;

Lingwood and Simons 2010; Veatch et al. 2007, 2008). The presence of the

cytoskeleton may limit raft size, or even inhibit domain formation (Baumgart

et al. 2007; Ehrig et al. 2011). It is important to point out that to be functionally

important, domains need not be large or permanent. They only need to be large

enough to cluster or segregate proteins, do so for long enough to affect protein

activity, and form upon physiological-triggering, e.g., by clustering raft-associating

components (Hammond et al. 2005; Lingwood et al. 2008). Indeed, what appear to

be much larger domains, or membrane regions enriched in one type of small

domains, can be induced to form in cells under activated conditions (see below).

Despite the difficulty of detecting domains under most conditions, recent

studies have strengthened the hypothesis that membrane domains do form in

cells. Novel fluorescence microscopy probes to visualize membrane order (e.g.,

using Laurdan or its derivatives, or using di-4-ANEPPDHQ) (Gaus et al. 2003,

2005, 2006a, b; Harder et al. 2007; Kim et al. 2007; Owen et al. 2006, 2007; Zech

et al. 2009) detect lipid domains in living cells. The domains these methods

detect may also be raft-rich regions in which ordered raft nanodomains are

especially abundant rather than single uniform domains. Recent advances in

single molecule (Pinaud et al. 2009) and other fluorescence methods also provide

additional evidence for raft-like cellular lipid domains (Lenne et al. 2006; Pinaud

et al. 2009), including studies using advanced superhigh-resolution light micros-

copy that suggest the formation of very small domains (Eggeling et al. 2009; Sahl

et al. 2010; van Zanten et al. 2010) as did early studies (Varma and Mayor 1998).

However, the perturbations arising from the labeled lipids (Zhao et al. 2007) and

the high laser powers used for super-resolution microscopy may complicate

interpretation (Mueller et al. 2011). Evidence that ordered domains control

protein–protein interaction, especially in the immune system, is also growing.

Mast cell studies show that domains control kinase function by segregation from

phosphatases (Young et al. 2003, 2005). Recent studies using sterol modification,
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probes of membrane order, and lipidomic analysis of plasma membrane domains

all indicate that lipid domain formation accompanies both T cell activation

(Rentero et al. 2008; Zech et al. 2009), and B cell activation (Sohn et al.

2008a, b). Studies of membrane budding strongly support the hypothesis that

traffic of lipids and proteins to different membranes is also dependent upon

domain segregation (Brugger et al. 2000; Klemm et al. 2009; Manneville et al.

2008; Mukherjee et al. 1999) and that in at least one case, viral proteins exploit

Ld/Lo domain boundaries to induce viral budding (Rossmann et al. 2010). Other

recent papers also support an important role for rafts in membrane sorting of

proteins (Klemm et al. 2009; Norambuena and Schwartz 2011; Refaei et al. 2011)

while in vivo studies show a role of glycosphingolipids in sorting (Zhang et al.

2011). The difference between Lo vs. Ld bending modulus has been shown to be

able to drive membrane segregation (Baumgart et al. 2003; Manneville et al.

2008; Rossmann et al. 2010; Sorre et al. 2009).

The argument that the compositional complexity of natural membranes in terms

of their numerous lipid and protein species would prevent domain formation is

ruled out by studies detecting large domain formation in two types of plasma

membrane preparations, giant membrane vesicles, and plasma membrane spheres

(Baumgart et al. 2007; Lingwood et al. 2008; Veatch et al. 2008). It is possible that

a partial loss of membrane asymmetry and loss of cytoskeletal connections influ-

ence domain size in such preparations (Ehrig et al. 2011; Keller et al. 2009).

Finally, raft-like domains have even been detected in a bacterium that contains

cholesterol obtained from their hosts (LaRocca et al. 2010). Other bacteria may also

have raft-like membrane domains (Lopez and Kolter 2010).

3 Recent Advances in Our Understanding of Raft Formation

Principles from Model Membrane Studies: Domain Size

Several important raft properties have been the focus of recent model membrane

studies. One is domain size. Although Lo domains can be very large in model

membranes, and easily detected by light microscopy, it is clear that in cells they are

often very tiny, perhaps on the order of a few to 100 nm. Recent studies have shown

that in model membranes with realistic plasma membrane outer leaflet lipid

compositions, i.e., sphingomyelin/1-palmitoyl, 2-oleoyl phosphatidylcholine/cho-

lesterol (SM/POPC/cholesterol), Lo domains can also be very small (Pathak and

London 2011). Under some conditions, ordered domains that are too small to be

detected with FRET pairs having a large (~50 Å) donor-acceptor interaction radius

(Ro) can be identified in SM/POPC/cholesterol vesicles. These domains are

detected using FRET pairs and short-range quenchers with small (12–25 Å) inter-
action radii (Pathak and London 2011). These studies indicate that domain sizes

with estimated radii as small as ~40 Å form in this mixture at 37 �C.
Why do these tiny domains fail to fuse into large ones? The origin of the size

stability of such small “nanodomains” is an active area of research. It has been
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proposed that domains are small because they exist at conditions close to the critical

point of the ternary lipid mixtures investigated (Honerkamp-Smith et al. 2008;

Veatch et al. 2007, 2008). Consistent with the predictions of this model,

nanodomains gradually decrease in size in SM/POPC/cholesterol mixtures as tem-

perature increases (Pathak and London 2011). It has also been proposed that the

presence of molecules that prefer locating at domain edges may contribute to small

domain size (Brown and London 1998; Chiantia et al. 2007; Mitchell and Litman

1998). Several studies have shown that the presence of lipids with one saturated and

one unsaturated acyl chain (e.g., POPC), which are likely to have some affinity for

domain edges, produce smaller domains than lipids with two unsaturated acyl chains

(Brewster et al. 2009; Brewster and Safran 2010; de Almeida et al. 2003; Heberle

et al. 2010; Pokorny et al. 2006; Schafer and Marrink 2010).

Such nanodomainsmay not have all the properties of true Lo phases, but retention

of tight packing and protein binding specificity similar to that of large Lo domains,

combined with a sufficient time persistence (under cellular conditions, e.g., in the

presence of proteins), would be sufficient for them to be of biological relevance.

4 Recent Advances in Our Understanding of Raft Formation

Principles from Model Membrane Studies: Evidence that

Detergent Does not Induce Raft Formation

Ordered domains are detergent insoluble and, as noted above, detergent (e.g., TX-

100)-insoluble sphingolipid- and cholesterol-rich ordered membranes (DRM) can

be isolated from cells (Brown and Rose 1992; Schroeder et al. 1994). However, the

isolation of such domains has not been sufficient to prove that DRM arise from

preexisting rafts because detergent could alter domain formation (Brown and

London 2000). Many studies have confirmed that when Lo and Ld domains coexist,

the DRM arise from the Lo region of the membrane (Ahmed et al. 1997; Dietrich

et al. 2001a, b; El Kirat and Morandat 2007; Garner et al. 2008). However, it has

been reported by one group that domain formation in SM/POPC/chol vesicles can

be stabilized by TX-100, so that they form at higher temperatures only in the

presence of TX-100 (Heerklotz 2002; Heerklotz et al. 2003). This observation has

been frequently cited as evidence that DRM obtained from cells may be a detergent

artifact. However, a reinvestigation of the effect of TX-100 upon domains in SM/

POPC/chol vesicles has found that TX-100 does NOT stabilize domain formation,

but rather induces the coalescence of preexisting nanodomains into larger domains

(Pathak and London 2011). This greatly reduces the concern that domains are an

artifact of detergent treatment. Nevertheless, it must be kept in mind that solubili-

zation studies carried out at 4 �C cannot be used to argue that ordered domains are

present at 37 �C. Less perturbing methods to obtain domains by physical membrane

fragmentation or detergent solubilization at 37 �C should be helpful in this regard

(Ayuyan and Cohen 2008; Chen et al. 2009; Drevot et al. 2002; Macdonald and

Pike 2005; Morris et al. 2011; Smart et al. 1995; Song et al. 1996).
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5 Recent Advances in Our Understanding of Raft Formation

Principles from Model Membrane Studies: Role of Lipid

Asymmetry in Domain Formation

In the vast majority of studies the model membranes used are symmetric in terms of

having identical lipid compositions in each leaflet (monolayer). This limits the

ability to extrapolate from model membrane vesicles to real membranes, which

have a distinct, if poorly characterized, degree of lipid asymmetry. In the case of the

mammalian plasma membrane, it is known that the outer (exoplasmic, exofacial)

leaflet is rich in sphingolipids, including sphingomyelin (SM) and glycosphin-

golipids (GSL), as well as phosphatidylcholine (PC). The inner (cytoplasmic,

cytofacial) leaflet is rich in phosphatidylethanolamine (PE) and anionic lipids

such as phosphatidylserine (PS) and phosphatidylinositides (Verkleij et al. 1973).

Cholesterol is found in both leaflets (in relative amounts that are still disputed)

(Mondal et al. 2009). In other membranes, much less is known about asymmetry

due to the technical difficulty of asymmetry measurements.

An important asymmetry issue complicating our understanding of membrane

domain formation is that inner leaflet lipids have little to no sphingolipid, although

this is not entirely certain (van Meer 2011). This raises the question: How could

ordered domains form in the inner leaflet? The solution may be that the outer leaflet

lipids influence inner leaflet physical properties, i.e., inner and outer leaflet physical

states may be coupled (Collins 2008; Kiessling et al. 2009). Coupling could provide

a mechanism by which information is transferred across the membrane via lipids.

For example, inner leaflet domains induced by outer leaflet domains could act by

concentrating cytosolic-surface membrane proteins with a high affinity for ordered

domains (e.g., proteins anchored by saturated acyl chains (London 2005;

Melkonian et al. 1999)).

Until recently, few methods to prepare suitable asymmetric membranes have

been available. Asymmetry has been most readily achieved with planar bilayers

(Honerkamp-Smith et al. 2008; Kiessling et al. 2009; Wan et al. 2008). However,

asymmetric closed lipid vesicles would have an even wider utility for a variety of

applications. Past attempts to make asymmetric lipid vesicles have not come into

wide use, perhaps because of limited control over asymmetry, applicability to a

limited number of lipids (Everett et al. 1986; Hope and Cullis 1987; Hope et al. 1989;

Malewicz et al. 2005; Pagano et al. 1981), and for those methods involving a leaflet-

by-leaflet assembly method, unsuitability for membrane protein incorporation, and

residual-contaminating oils (Hamada et al. 2008; Hu et al. 2011; Pautot et al. 2003).

Studies (Anderson et al. 2004; Niu and Litman 2002) showing that high

concentrations of methyl-β-cyclodextrin (MβCD) can bind phospholipids tightly

have opened up new possibilities for preparing asymmetric phospholipid and

sphingolipid lipid vesicles, removing the original lipid in the outer leaflet of an

acceptor membrane while a new lipid replaces it (Cheng et al. 2009). Asymmetric

small unilamellar vesicles (SUV), large unilamellar vesicles (LUV), and giant
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unilamellar vesicles (GUV) have now been prepared with this lipid exchange

approach (Cheng and London 2011; Cheng et al. 2009; Chiantia et al. 2011).

Exchange protocols have been used to produce asymmetric vesicles with various

lipid compositions, including vesicles containing cholesterol.

Studies of asymmetric planar bilayers and vesicles have shown that leaflets rich

in sphingolipids or other high Tm membrane lipids (i.e., with long, linear saturated

acyl chains) can indeed induce reorganization/domain formation in the opposite

membrane leaflet (Collins and Keller 2008; Kiessling et al. 2006; Wan et al. 2008).

This ability depends on experimental conditions including the type of lipid in the

leaflet opposite that in the high Tm lipid-rich leaflet (Cheng et al. 2009; Chiantia

et al. 2011; Collins and Keller 2008; Kiessling et al. 2006; Wan et al. 2008). The

exact physical state of the opposite leaflet (composed of low Tm lipid) is not clear;

it may be fully or partly ordered (Cheng and London 2011; Cheng et al. 2009;

Chiantia et al. 2011; Kiessling et al. 2006; Wan et al. 2008). This suggests that there

is some degree of coupling between the inner and outer lipid physical states.

However, this interleaflet coupling is not “strong,” as strong coupling would

imply that the thermal melting of the bilayer occurs at a Tm that is intermediate

between that of the inner and outer leaflet lipids, and this is not what is observed

(Cheng and London 2011; Cheng et al. 2009). Instead, the high Tm-lipid-rich leaflet

has a Tm similar to that in vesicles composed of pure high Tm lipid. There may be

weaker coupling that breaks down as temperature increases (Cheng and London

2011), although further studies are needed to confirm this. In any case, our knowl-

edge of the behavior of asymmetric bilayers is very incomplete. Further progress

awaits extension of studies to an even wider variety of lipid compositions, and the

development and application of additional assays to define the physical state of the

individual leaflets.

The role of membrane proteins and high cholesterol concentrations are other

areas that need further investigation. We will not cover these topics here, but simply

note that studies of the relationship of protein structure to raft affinity and raft

properties in model membrane systems are beginning to yield important

conclusions (Baumgart et al. 2007; Coskun et al. 2011; Fastenberg et al. 2003;

Johnson et al. 2010; Kaiser et al. 2011; Nelson et al. 2008, 2010; Nikolaus et al.

2010; Sengupta et al. 2008; Shogomori et al. 2005; Tong et al. 2009). Computa-

tional methods are another important area seeing important advances (Perlmutter

and Sachs 2011) that will not be covered here.

6 Effect of Sphingolipid Structure on Domain Formation

General Properties of Sphingolipids: Model membrane studies have shown that, in

general, any lipid with high melting temperature can separate from lipids in an Ld

phase to form ordered domains. Sphingolipids are particularly important in this

context as the main source of lipids with high Tm that are found in cellular

membranes. The tendency of this class of lipids to form ordered domains derives
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from their peculiar chemical structure, very different from glycerophospholipids.

Sphingolipids are composed of a long-chain base and an amide-linked acyl chain.

The base, which is the analog of the glycerol backbone attached to a fatty acid on

the 1-position portion of a typical glycerophospholipid (e.g., PC), is in most cases a

sphingosine molecule. Sphingosine has 18 (or 20) carbon atoms with a trans double

bond between the carbon atoms 4 and 5, plus 2 OH groups on carbon atoms 1 and 3

and an amino group on carbon atom 2. Sphingosine variants (e.g., saturated

sphinganine or the 4-hydroxylated and saturated phytosphingosine) can also be

found in nature (Goni and Alonso 2009). It is worth noting that this double bond

should have a much smaller effect on Tm than the double bonds found in fatty acids

for two reasons. First, a trans double bond only causes a small kink relative to that

formed by a cis double bond. Secondly, it is near one end of the hydrocarbon chain,

while double bonds in fatty acyl chains of a membrane lipid interfere with tight

packing (as judged by low Tm values) most strongly when they are located near the

center of the chain (Barton and Gunstone 1975), as is the case with the cis double

bonds of natural fatty acids.

Most sphingolipids have a fatty acid (typically 16–24 carbon atoms long with the

exception of skin lipids) N-linked to the sphingosine. This fatty acid is the analog of

the 2-position fatty acid of glycerophospholipids. However, unlike the cis double

bond containing fatty acids common in glycerophospholipids, this acyl chain is

usually fully saturated in eukaryotes and is a major factor imparting a high Tm to

sphingolipids. Even in the one common case in which eukaryotic sphingolipids

have an unsaturated fatty acid, that fatty acid is usually a 24 carbon chain with just

one double bond, which still supports a high Tm value. On the other hand,

sphingolipids with very long polyunsaturated acyl chains are present in

spermatozoa (Sandhoff 2010), suggestive of some specialized function.

In the discussions below on the effects of fatty acid chain structure and length

upon domain-forming properties in model membranes it should be kept in mind that

almost all studies to date involve bilayers with symmetric bilayer compositions, i.e.,

in which the lipid composition of the inner and outer monolayers/leaflets are

identical. Such bilayers may have different properties than bilayers with lipid

asymmetry, as found in natural membranes, especially in cases in which a lipid

molecule has two hydrocarbon chains of unequal lengths (i.e., “chain asymmetry”),

which gives rise to the possibility of penetration of the longer chain into the

opposite leaflet (interdigitation).

At the level of the polar head of the lipid there are other important structural

features which may contribute to a high Tm: while each glycerophospholipid can

accept two hydrogen bonds (via its carbonyl groups), sphingolipid hydroxy and

amide functional groups can act both as donors and acceptors for hydrogen bonding

(Mombelli et al. 2003). This feature, together with the presence of long saturated

acyl chains, may confer upon sphingolipids the ability to interact strongly with

other (similar) lipids. It should be pointed out that hydrogen bonding between two

groups in a membrane does not face as much competition with hydrogen bonding to

water as in aqueous solution, and so may be a strong driving force for interactions

between lipids.
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There are a large variety of sphingolipids that can be found in cellular

membranes, ranging from the simplest ceramides to more complex glycosphin-

golipids. In the next paragraphs, we review recent studies regarding the main

sphingolipid species.

Sphingosine: Sphingosine (Sph) is by definition the simplest sphingolipid, but

was shown to influence a variety of cellular processes, including cell growth and

differentiation, receptor modulation, and cytotoxicity (Hannun and Bell 1989;

Merrill and Stevens 1989). It is only a minor component of membranes, and the

effects of Sph on membrane organization have received little attention. Work by

Mustonen et al. (Mustonen et al. 1993) investigated the effects of Sph on

membrane–protein electrostatic interactions, since Sph is positively charged at

physiological pH (Lopezgarcia et al. 1995). More recently, Contreras et al.

(Contreras et al. 2006) showed that Sph is not able to produce gel domains by itself

but can reinforce the existing ones, and due to the generation of solid–fluid

interfaces and the consequent packing defects, can also produce permeabilization

in lipid vesicles. The anti-apoptotic Sph derivative Sph-1-phosphate was shown to

have a stabilizing effect on lipid lamellar structures (versus negatively curved,

inverted phases) and to be the only sphingolipid-signaling molecule that can be

found dissociated from the cell membranes in the cytosol (Garcia-Pacios et al.

2009).

Ceramide: Ceramide (Cer) is another very simple sphingolipid, constituted by

the sphingosine base (sphinganine in the case of dihydroceramide) linked to an acyl

chain via its amide group. This molecule can be produced in mammalian cells either

via de novo synthesis (via a family of six ceramide synthases) or through hydrolysis

of SM phosphocholine group, mediated by sphingomyelinases. In response to

specific stimuli, ceramide concentration in physiological contexts can reach

10–20 % of the total lipid content (Cremesti et al. 2002; Hannun 1996). Cer is

considered both an important second messenger and a membrane structural compo-

nent involved in several biological processes, such as cell growth, differentiation,

apoptosis, senescence, and bacterial and viral pathogenesis (Bollinger et al. 2005;

Kolesnick et al. 2000). It has a high Tm (which can be as high at 90 �C (Shah et al.

1995)) and high hydrophobicity (due to its small polar headgroup). These properties

are important reasons Cer is one of the main components of the water-impermeable

extracellular matrix of the stratum corneum of the skin (Shah et al. 1995;

tenGrotenhuis et al. 1996; Wartewig and Neubert 2007).

Although Cer can exert some of its biological functions via direct interaction

with specific target proteins (Grosch et al. 2012), we will focus on its effects on the

lateral organization of the plasma membrane. It was observed that Cer accumula-

tion in the plasma membrane leads to the formation of large lipid–protein domains

(“platforms”) involved, for example, in the internalization of viruses and parasites

and in the induction of apoptosis (Gulbins and Grassme 2002). Cer-rich platforms

may act in these contexts as sorting locations for membrane receptors, inhibitors,

and other membrane components involved in signaling (Gulbins et al. 2004). For

example, receptor clustering and trapping in Cer-rich domains have been suggested

by experiments performed with the receptors Fcγ II (Shakor et al. 2004) and CD95
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and CD40 (Grassme et al. 2001, 2002). Similarly, Cer-rich domains seem to recruit

the receptors mediating the internalization of Neisseria gonorrhoeae (Grassmé

et al. 2007).

The molecular mechanisms behind the formation of such Cer-rich domains and

their relation to the SM–cholesterol raft domains were investigated in recent years

using model membranes with controlled compositions. These studies showed that

long-chain Cer which are symmetric in the sense that the acyl chain and sphingoid

base have similar effective hydrocarbon lengths (C16:0, C18:0 N-linked acyl

chains) can strongly interact with SM, forming a highly ordered Cer-rich phase

(Boulgaropoulos et al. 2011; Chiantia et al. 2006; Megha and London 2004; Silva

et al. 2007). The interplay between Cer, SM, and cholesterol can be understood in

the context of the “umbrella model” (Huang and Feigenson 1999). Several studies

have shown that cholesterol and Cer can compete for the interaction with SM, since

both molecules have small headgroups that can be shielded from (unfavorable)

interactions with water molecules by lipids with large headgroups like SM, which

act as umbrellas (Alanko et al. 2005; Megha and London 2004; Nyholm et al. 2010;

Sot et al. 2008). As a result, Cer can readily displace cholesterol from ordered

domains, and the reverse is also possible (Megha and London 2004; Silva et al.

2007). Further work showed that, in analogy with Cer-rich platforms observed in

cells, Cer homeostasis and the presence of Cer-rich domains affect the lateral

organization of membrane proteins in model membranes (Chiantia et al. 2008;

Dasgupta et al. 2009; Pabst et al. 2009). Very-long-chain Cer (with saturated

C20–C24 N-linked acyl chain) promote in general ordering of the membrane, and

formation of gel domains (Pinto et al. 2008, 2011). They also may have interesting

functions due to the mismatch between the lengths of the hydrocarbon of the

sphingoid base and acyl chain (see below).

Unnatural short-chain Cer (with C2–C12 N-linked acyl chains) are used exten-

sively in in vivo experiments to replace their long-chain analogs. They were shown

to have very different effects than long-chain Cer on the lateral organization of the

bilayer (Chiantia et al. 2007; Megha et al. 2007; Nybond et al. 2005; Westerlund

et al. 2010). Unlike long-chain Cer, these molecules disorder membranes (Gidwani

et al. 2003; Sengupta et al. 2007a, b). Nevertheless, short-chain Cer often mimic

natural Cer in their functional properties (see, e.g., (Bektas et al. 1998; Kolesnick

et al. 2000)). This may reflect their remodeling into natural acyl chain Cer in cells,

or effects not dependent upon membrane domain formation, e.g., interaction with

specific proteins or functions arising from their “umbrella effect.”

Another mystery is the origin of the functional differences between biologically

active Cer and dihydroCer, which lacks the sphingoid base double bond. It is not yet

clear if this reflects a difference in the domain-forming properties of these

molecules, in other biophysical properties, or in functional interactions with

proteins. However, functional differences between short-chain Cer and short-

chain dihydroCer suggest that the physiological effects of Cer are not exclusively

related to lipid domain formation (Simon and Gear 1998).

In addition to the effects upon the formation of lipid–protein domains, Cer can

influence the properties of a lipid bilayer due to its intrinsic negative curvature and
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tendency to form non-lamellar inverted phases. Increased lipid flip-flop, bending,

and vesiculation of the membrane can be observed when Cer is produced in one

leaflet of the bilayer (Contreras et al. 2005; Holopainen et al. 2000). This may

provide a protein-free mechanism for the sorting of the membrane into the different

populations of intraluminal vesicles in vivo (Trajkovic et al. 2008). Cer can also

affect the properties of a lipid membrane via the formation of transmembrane

channels (formed by stacked Cer molecules all parallel to the plane of the bilayer).

These have been proposed to allow the passage of certain proteins initiating

apoptosis (Colombini 2010; Siskind and Colombini 2000).

Sphingomyelin: SM (i.e., Cer phosphorylcholine) is one of the most abundant

phospholipids in eukaryotic membranes and, in particular, an important component

of raft domains in the outer leaflet of the plasma membrane together with choles-

terol. The stability of such domains depends on SM–SM and SM–cholesterol

interactions which, in turn, have been shown to be determined by details of the

chemical structure of the SMmolecule. Several studies have thoroughly investigated

the role of many SM structural properties at the level of the membrane interfacial

region, e.g., polar head size (Bjorkbom et al. 2011), specific stereoconfiguration

(Ramstedt and Slotte 1999), the presence of the phosphocholine methyl group

(Terova et al. 2005), the sphingosine double bond (Kuikka et al. 2001; Vieira et al.

2010), the hydroxylation of the N-linked acyl chain (Ekholm et al. 2011), and the

role of the 3-hydroxyl group or the amide-linkage in establishing hydrogen bonds

(Bittman et al. 1994; Bjorkbom et al. 2011; Kan et al. 1991). Other studies

investigated the molecular requirements at the level of the hydrophobic region of

SM that allow it to participate in the formation of ordered membrane domains. For

example, it was observed that SMs from different natural sources (chicken egg,

bovine milk, and porcine brain), which have different acyl chain composition, differ

in their ability to segregate into ordered domains in the bilayer (Filippov et al. 2006).

Saturated N-linked acyl chains with length similar to that of the sphingoid base have

strong lipid–lipid interactions (Epand and Epand 2004; Jaikishan et al. 2010).

Increasing the length of the N-linked acyl chain above that of the base increases

(although not dramatically) the lipid packing abilities of SM, but decreases its

interactions with cholesterol (Jaikishan and Slotte 2011; Niemela et al. 2006).

GSL: GSL are sphingolipids covalently bound to oligosaccharidic groups of

different dimensions and complexity (Pontier and Schweisguth 2012). These

molecules can be usually found in the plasma membrane. They are involved in

cell–cell interaction and are often receptors for viruses and toxins (Hakomori et al.

1998; Lingwood et al. 2000; Viard et al. 2003). From a structural point of view, all

GSL usually share a Cer backbone, i.e., a sphingoid base with an N-linked long

saturated acyl chain. The heterogeneity of the lipids belonging to this group derives

then mostly from the polar moiety bound to the Cer backbone, including (in

mammals) small monosaccharides (e.g., glucosylceramide), charged groups (e.g.,

sulfatides), and large assembles of polysaccharides and sialic acid (e.g.,

gangliosides) (Westerlund and Slotte 2009). Very different phosphate-containing

GSL-like sphingolipids are found in plants and fungi (Rhome and Del Poeta 2010;

Sperling and Heinz 2003).
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Of interest, GSL often have a remarkably high Tm and packing density com-

pared to the corresponding acyl chain-matched SMs or PCs (Ruocco et al. 1981;

Smaby et al. 1996). For this reason, they are often found in DRMs together with SM

and cholesterol, but without necessarily implying that all these lipids co-localize

always in the same membrane domains (Arvanitis et al. 2005; Braccia et al. 2003).

It was shown in fact that GSLs can also form specialized domains (glycosignaling

domains) involved in cell–cell recognition, independently from the presence of

cholesterol (Hakomori 2004). Several studies in model membranes have

investigated the domain forming abilities of GSL (see, e.g., (Bjorkbom et al.

2010a, b; Blanchette et al. 2006; Lin et al. 2007; Maunula et al. 2007)) concluding

that the Cer backbone structure as well as the number of sugar units and presence of

charge in the GSL headgroup can influence the partitioning of these lipids between

lateral membrane domains. For a more thorough discussion, the reader is referred to

the extensive review of Westerlund and Slotte (2009).

It is beyond the scope of this review to describe the vast literature on GSL

physical and biological properties. However, one case worthy of specific comment

involves the physical properties of the lactosylceramide (LacCer). LacCer is one of

the most abundant neutral GSL and is expressed in particular in the lipid

membranes of human neutrophils (Kniep and Skubitz 1998). In these cells, LacCer

acts as one of the several pattern recognition receptors involved in the detection of

infectious microorganisms and can bind specifically to various pathogens (e.g.,

Escherichia coli or Candida albicans) (Iwabuchi et al. 2010; Sato et al. 2006;

Teneberg et al. 2004). Experiments by Pagano and coworkers addressed caveolae-

dependent membrane trafficking of LacCer in human skin fibroblasts, proposing

that LacCer with natural stereochemistry participate in the formation of membrane

microdomains that endocytose via a caveolar pathway and promote β1 integrin

signaling (Singh et al. 2006, 2007). Interestingly, LacCer analogs with unnatural

stereochemistry were found not to support, or even to inhibit, these processes. It

should be noted that the LacCer molecules used had either labeled or shortened acyl

chains, which could perturb domain-forming properties.

Other studies show that acyl chain length is important for some of the biological

functions of LacCer. LacCer has been found to mediate several biological processes

(including chemotaxis, phagocytosis, and superoxide generation) that depend on

the Src kinase Lyn (Iwabuchi et al. 2010). The interaction between LacCer in the

outer plasma membrane and the Lyn molecules, which are anchored to the cyto-

plasmic side of the bilayer, was shown in turn to be dependent on the presence of

long N-acyl molecular species (i.e., 24:0 and 24:1 LacCer). Antibody-mediated

cross-linking of LacCer in neutrophils (which naturally possess C24:0 and C24:1

LacCer acyl chain species) caused the lipid to colocalize in DRMs and co-

immunoprecipitate with the activated form of Lyn. If the experiment was repeated

on a neutrophil-differentiated cell line (D-HL-60) that possesses only shorter

C16–18 acyl chain species of LacCer, neither co-localization or activation of Lyn

could be observed, unless the cells were loaded with exogenous long-chain LacCer

(Iwabuchi and Nagaoka 2002; Nakayama et al. 2008). Analogously, the presence of

C24 LacCer was shown to be necessary for generation of superoxide, for
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chemotaxis towards ß-glucan or anti-LacCer antibodies, and for CD11b/CD18-

mediated phagocytosis of non-opsonized microorganisms (Nakayama et al.

2008). These studies suggest that the long N-acyl chain of certain sphingolipids

can cross the midplane of the lipid bilayer (i.e., interdigitate), to influence proteins

on the cytosolic leaflet in order to couple external stimuli with intracellular signal

cascades (Iwabuchi et al. 2010; Sonnino et al. 2009). An interesting question that is

yet to be answered is whether this involves coupling between rafts in the outer and

inner leaflet.
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Abstract Sphingolipids are an important class of lipid molecules that play funda-

mental roles in our cells and body. Beyond a structural role, it is now clearly

established that sphingolipids serve as bioactive signaling molecules to regulate

diverse processes including inflammatory signaling, cell death, proliferation, and

pain sensing. Sphingolipid metabolites have been implicated in the onset and

progression of various diseases including cancer, lung disease, diabetes, and lyso-

somal storage disorders. Here we review sphingolipid metabolism to introduce

basic concepts as well as emerging complexities in sphingolipid function gained

from modern technological advances and detailed cell and animal studies. Further-

more, we discuss the family of neutral sphingomyelinases (N-SMases), which

generate ceramide through the hydrolysis of sphingomyelin and are key enzymes
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in sphingolipid metabolism. Four mammalian N-SMase enzymes have now been

identified. Most prominent is nSMase2 with established roles in bone mineraliza-

tion, exosome formation, and cellular stress responses. Function for the other

N-SMases has been more enigmatic and is an area of active investigation. The

known properties and potential role(s) of each enzyme are discussed to help guide

future studies.

Keywords Sphingolipid metabolism • Sphingomyelin • Ceramide • Sphingosine-

1-phosphate • Neutral sphingomyelinase

1 Part One: Sphingolipid Metabolism

Sphingolipids encompass a broad range of lipid molecules that elicit a wide range

of signaling properties and cellular functions (Hannun and Obeid 2008). To under-

stand the diverse functionality of sphingolipids in health and disease, it is important

to be familiar with the chemical structure of these lipid molecules, their cellular

metabolism, and the sphingolipid-metabolizing enzymes. Here we present a brief

review of these areas in an effort to introduce the main points and emerging

concepts in the field.

1.1 Introduction

1.1.1 Sphingolipids

At the most basic level, sphingolipids can be defined as any lipid molecule that

contains the sphingoid backbone, derived from the condensation of an amino acid

(predominantly serine) and a fatty acid (predominantly palmitate) (Fig. 1b) (Merrill

2011). The presence or the absence of an acyl chain distinguishes ceramide (Cer)

from sphingosine (Sph), while phosphorylation of the 1-hydroxy group generates

ceramide-1-phosphate (C1P) or sphingosine-1-phosphate (S1P). Other common

sphingolipids contain different headgroups at this position. Sphingomyelin (SM)

contains a phosphorylcholine headgroup, and the basic glycosphingolipids,

glucosylceramide (GluCer) and galactosylceramide (GalCer), contain a single

sugar molecule linked to ceramide.

1.1.2 De Novo Biosynthesis

Sphingolipids can be synthesized de novo by a single biosynthetic pathway, with

the end product being Cer (Bartke and Hannun 2009) (Fig. 1a). The first step is

catalyzed by the serine palmitoyl transferase (SPT) complex and condenses the

amino acid serine and the fatty acid palmitate to form 3-keto-dihydrosphingosine.
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The carbonyl group of 3-keto-dihydrosphingosine is then reduced to form

dihydrosphingosine, and the enzyme (dihydro)ceramide synthase (CerS) then

adds a fatty acid chain (the acyl chain) by N-acylation to form dihydroceramide.

Finally, desaturation of the 4,5 carbon–carbon bond on the sphingoid backbone

generates Cer (Gault et al. 2010).

1.1.3 Sphingolipid Metabolism

From Cer as a central point, sphingolipid metabolism branches out in four main

directions (Fig. 1a). Three of these reactions alter the headgroup of Cer. These

include the phosphorylation of Cer by ceramide kinase (CerK) to produce C1P

(Arana et al. 2010), the addition of phosphocholine by sphingomyelin synthase

(SMS) to produce SM (via transfer of the phosphocholine headgroup from

Fig. 1 Sphingolipid metabolism and chemical structure. (a) Diagram of sphingolipid metabolism

showing the major lipid species in grey boxes and sphingolipid-metabolizing enzymes. The

number of mammalian genes that catalyze each conversion are denoted by brackets. (b) Generic
structure for sphingolipid molecules with modification points. The presence or the absence of the

acyl chain (lower chain) distinguishes ceramide (shown) from sphingosine. Variation in the

headgroup (1), attached to the terminal 1-oxygen, distinguishes each family of sphingolipids.

The length of the sphingoid backbone (4) or acyl chain (2) generates subspecies within each

family. Further modification at the 4,5 position on the sphingoid backbone (3) can occur with

different saturation levels (e.g., dihydroCer vs. Cer) and hydroxylation. In addition, the acyl chain

can be hydroxylated at the 2-position (5). SPT ¼ serine phosphoryltransferase, CerS ¼ (dihydro)

ceramide synthase, DES ¼ dihydroceramide desaturase, SMase ¼ sphingomyelinase, SMS ¼
sphingomyelin synthase, CerK ¼ ceramide kinase, GBA ¼ glucosylceramidase, GALC ¼
galactosylceramidase, GCLT ¼ ceramide glucosyltransferase, CGT ¼ ceramide galactosyl-

transferase, CDase ¼ ceramidase, SK ¼ sphingosine kinase, SPP ¼ S1P-phosphatase
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phosphatidylcholine) (Milhas et al. 2010a), and the addition of a sugar molecule by

glucosyl- and galactosyl-ceramidesynthases to create GluCer or GalCer, respec-

tively (Merrill 2011).

Alternatively, Cer can be broken down by ceramidase (CDase), which removes

the acyl chain, to produce the lyso-sphingolipid Sph (Mao and Obeid 2008). Sph

can be reconverted to Cer by CerS or phosphorylated by sphingosine kinase (SK) to

produce S1P (Pitson 2011). S1P can be either dephosphorylated back to Sph or

broken down by S1P lyase to ethanolamine phosphate and hexadecenal (Serra and

Saba 2010). Action by S1P lyase is notably the sole exit point for sphingolipid

breakdown and is not reversible (Hannun and Obeid 2008).

1.1.4 New Bioactive Sphingolipids

The advances in lipodomics and metabolomics provide a basis for the continuing

discovery of new bioactive sphingolipids. For example, a recent study identified N,N-
dimethylsphingosine (DMS) as a new bioactive molecule, inducing chronic pain in

mice (Patti et al. 2012). The pathway and enzymes responsible for DMS synthesis

have not been established but may simply involve the di-methylation of Sph.

1.2 Complexity in Sphingolipid Metabolism

1.2.1 Variations in Chemical Structure

Each lipid species described above comprises a family of molecules that share the

same basic framework (i.e., same headgroup) but can differ in their chemical

structure in specific ways (Fig. 1b). A common variation is the length of the acyl

chain (Merrill 2011). This occurs through utilization of different length fatty acyl-

CoAs by CerS enzymes (Pewzner-Jung et al. 2006). In addition, the length of the

sphingoid base can vary if the SPT complex uses myristate or stearate as a substrate

instead of palmitate (Han et al. 2009). Besides chain length, both the acyl chain and

sphingoid base can be hydroxylated (Hama 2010) and the sphingoid base can be

saturated or desaturated (Pruett et al. 2008). Overall, these variations create a family

of related molecules that have the potential for distinct molecular and cellular

functions.

1.2.2 Compartmentalization and Specificity

In mammalian sphingolipid metabolism, there is often more than one enzyme in the

cell to catalyze each chemical reaction (Fig. 1a) (Bartke and Hannun 2009). From a

cellular perspective, the functional reasons for enzyme multiplicity are twofold.

First, isozymes can be localized in different cellular compartments. This allows
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organelle-specific activity and separate regulatory mechanisms. For example, there

have been six identified SMase isoforms that localize to various compartments

including the lysosome, inner or outer leaflet of the plasma membrane, ER,

mitochondria, and nucleus (Jenkins et al. 2009; Wu et al. 2010a). Secondly,

isozymes can have different substrate specificities to allow the formation or break-

down of particular molecular species. Representatively, the CerS isozymes appear

to all localize to the ER but exhibit different preferences in fatty acid chain length

(Mullen et al. 2012).

1.2.3 Interconnectivity of Metabolites

The metabolic network of sphingolipids is connected through a series of chemical

reactions that transform one bioactive metabolite to another (Bartke and Hannun

2009) (Fig. 1a). Expanding beyond two-state equilibriums, we see a connectivity

map that allows the production of distant metabolites from another; e.g., S1P from

SM by the sequential action of SMases (SM to Cer), CDases (Cer to Sph), and SKs

(Sph to S1P). Given the large excess of SM to S1P, it is a logical progression that a

relatively small SM depletion has the ability to profoundly affect S1P production.

Overall, this means the bioactive lipid generated by the activation of SMases or

CDases, and the associated cellular response, does not have to directly correlate

with the immediate reaction product (Hannun and Obeid 2008).

1.3 Emerging Concepts

1.3.1 Many Ceramides

A new paradigm for sphingolipid metabolism and function has emerged that

integrates the significant advances described above into a working model. In the

many ceramides hypothesis, each Cer molecular species, and related bioactive

sphingolipid, has the potential to illicit a unique cellular response (Hannun and

Obeid 2011). Unique functions may arise from differences in the bioactive

molecule’s structure, protein targets, and/or subcellular localization.

1.3.2 Molecular Specificity in Cellular Function

An elegant example of highly selective recognition of a lipid molecule was recently

reported that embodies the essence of the many ceramides hypothesis (Patti et al.
2012). The authors found that the COPI machinery protein p24 specifically

recognized and bound SM with 18 carbons. This recognition was required for
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efficient COPI-dependent transport. SM-18 was previously reported to be enriched

in the Golgi, which suggests that this molecular specificity drives a compartment-

specific cellular function (Patti et al. 2012).

Many of the other current examples include the chain length-dependent correla-

tion of Cer molecules in various processes including autophagy, apoptosis, inflam-

mation, and cancer (Grosch et al. 2012). In general, these processes have been

associated with the action of CerS enzymes, which have different chain-length

specificities. Based on their chain-length specificities, the involvement of individ-

ual CerS enzymes in these pathologies has been either inferred or tested experi-

mentally (Mullen et al. 2011; Schiffmann et al. 2010; Mesicek et al. 2010;

Ben-David and Futerman 2010).

As another example, the three-member family of alkaline ceramidases

(AlkCDase1-3) has recently been characterized to have different specificities in

the hydrolysis of Cer. AlkCDase1 hydrolyzes very-long-chain Cers (Mao and

Obeid 2008), AlkCDase2 has broad substrate specificity (Sun et al. 2010), and

AlkCDase3 hydrolyzes long-chain Cers (Hu et al. 2010) to regulate the levels of

distinct Cer subclasses in the Golgi.

1.3.3 Mechanistic Implications

It is interesting to consider how this molecular specificity is functionally translated.

Consider that all the distinguishing structural characteristics of different Cer

molecules are embedded in the membrane and should only be recognizable by

protein transmembrane domains. Proteins working only at the membrane interface

should not be able to distinguish these molecular differences. This should limit the

recognition of sphingolipid specificities to integral membrane proteins or proteins

with significant hydrophobic pockets or membrane insertions.

1.4 Conclusions

Although new sphingolipids and their functions are still being identified, the

basic outline for sphingolipid metabolism is well established. Involvement of

sphingolipids and sphingolipid-metabolizing enzymes in new pathologies and sig-

naling pathways continues to increase. Moving forward, the challenge is to under-

stand the molecular mechanisms underlying sphingolipid functions using the

advancing technology and our increased appreciation of sphingolipid complexities.

Investigations of this nature will significantly advance our knowledge to benefit in

the identification of novel targets and strategies for therapeutic intervention in health

and disease.
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2 Part Two: Neutral Sphingomyelinases

Neutral sphingomyelinases (N-SMases) are a family of related enzymes that cata-

lyze the hydrolysis of SM to generate Cer and phosphorylcholine. Cer and

sphingolipid metabolites are well-established regulators of many important cellular

signaling pathways and are implicated in human health and disease (Wu et al.

2010b). In this section we discuss the mammalian N-SMase enzymes highlighting

biochemical properties, localization, and roles in lipid metabolism, cellular signal-

ing, and physiology.

2.1 Introduction

2.1.1 The Mammalian N-SMases

Since the original identification of N-SMase activity in 1967 (Schneider and Kennedy

1967) four mammalian N-SMase genes have been cloned or purified (Fig. 2a). These

include nSMase1 (gene name ¼ SMPD2), nSMase2 (SMPD3), nSMase3 (SMPD4),
and MA-nSMase (mitochondrial-associated nSMase) (SMPD5). NSMase2 is cur-

rently the best-studied isoform with established roles in bone mineralization, cell

growth arrest, exosome formation, and inflammatory response. The roles of the other

N-SMases in mammalian physiology and biology are still ambiguous due to either an

enigmatic function or an only recent identification.

2.1.2 Biochemical and Structural Features

Most N-SMases, from bacteria to mammals, share a DNase I-type catalytic core

suggesting a common catalytic mechanism for SM hydrolysis (Clarke et al. 2006).

NSMase3 is an exception and is discussed separately. N-SMases catalyze the

hydrolysis of SM in a PLC-type manner to generate the reaction products: Cer

and phosphorylcholine (Fig. 2c). The active site is defined by eight metal-binding

residues, which together bind two Mg2+ ions (Ago et al. 2006). Other highly

conserved residues are found near the active site and may be important for catalytic

activity. Two examples are Asp and Lys residues found in a P-loop-like motif,

which are both required for catalysis in the yeast N-SMase homolog Isc1 (Okamoto

et al. 2003). The crystal structures of two N-SMase bacterial homologs have defined

the general protein fold and position of these conserved residues (Ago et al. 2006;

Openshaw et al. 2005).

All mammalian N-SMases contain an extra hydrophobic domain that tethers the

catalytic domain to the membrane (Fig. 2a). The hydrophobic domain can also play

other roles in phospholipid binding, subcellular localization, and enzyme activation

to contribute to the activity and regulation of N-SMase enzymes in vivo.
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2.1.3 Subcellular Localization

In general, sphingolipids and sphingolipid metabolism are segregated into mem-

brane compartments (Hannun and Obeid 2008). The localization of each N-SMase

enzyme differs, suggesting that each enzyme is responsible for SM hydrolysis and

ceramide formation in specific organelles. In addition, enzyme localization

constrains the biologically relevant activation mechanisms, as the concentration

of different lipid molecules is also organelle dependent.

Fig. 2 Domain architecture and topology of N-SMase isoforms. (a) Domain architecture of

N-SMase isoforms highlighting the catalytic domain, membrane-associated or transmembrane

regions, and sites of protein binding or posttranslational modifications. (b) nSMase2 contains two

domains: an N-terminal domain with two hydrophobic segments (HS1 and HS2) that associate

with but do not span the membrane and a C-terminal catalytic domain (blue). For the catalytic

domain, the structure of a bacterial homologue (bSMase, PDB: 2DDR) is shown with the active

site towards the membrane. (c) Sphingomyelinases catalyze the hydrolysis of SM to generate Cer

and phosphocholine
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2.2 Neutral SMase2

NSMase2 is the best-studied mammalian nSMase and has emerged as a key

mediator of cellular stress-induced generation of Cer, as well as a somewhat

surprising role in bone mineralization. Biochemical and physical characterization

has identified a number of mechanisms for activation and regulation of nSMase2.

These studies provide a template to investigate other N-SMase isoforms, as well as

potential areas and modes for therapeutic intervention.

2.2.1 Biochemical Properties

Two domains have been identified in nSMase2: an N-terminal domain that is

hydrophobic and tethers nSMase2 to the membrane and a C-terminal domain

encompassing the catalytic domain (Clarke et al. 2011a) (Fig. 2b). Interestingly,

the region separating these domains contains recently identified serine phosphory-

lation sites (Filosto et al. 2012) and a calcineurin-binding site (Filosto et al. 2010)

suggesting that this may be a major area for activation and regulation of nSMase2.

NSMase2 exhibits low basal SMase activity in vitro and requires activation by

anionic phospholipids (APLs) (Hofmann et al. 2000). The requirement of APLs is

consistent with the location of nSMase2 at the plasma membrane (PM) (Milhas

et al. 2010a, b), rich in the APL phosphatidylserine (PS) (Leventis and Grinstein

2010). Another potential biologically relevant APL is the minor lipid phosphatidic

acid (PA) transiently produced at the PM in low concentrations (Stace and Ktistakis

2006). Given the different spatiotemporal dynamics of PS and PA at the PM, we

speculate that constitutive function of nSMase2 may depend on PS, while PA

generation may be one mechanism for acute activation.

The interaction of nSMase2 with the membrane has been studied in detail. The

N-terminal domain contains two hydrophobic segments (Fig. 2), predicted to be

helical, that associate with but do not span the membrane (Tani and Hannun 2007a)

(Fig. 2b). Additionally, nSMase2 harbors two palmitoylation sites that contribute

to nSMase2 membrane association (Tani and Hannun 2007b). Recently, the

APL-binding domain was found to localize exclusively to the N-terminal domain

(Wu et al. 2011). A binding motif consisting of three conserved Arg residues is

necessary for APL binding, APL-mediated activation, and correct trafficking of

nSMase2.

2.2.2 Localization

NSMase2 localizes to the plasma membrane, Golgi, and recycling compartments.

TNF-α, PMA, H2O2, and cell confluence all induce nSMase2 translocation from the

Golgi to the PM, and correlate with increased N-SMase activity. This suggests that
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the major site of nSMase2 action is the inner leaflet of the PM. Translocation may

regulate activity by controlling access to substrate SM, activating APLs, or involve

other mechanisms.

2.2.3 GW4869: An nSMase2-Specific Inhibitor

NSMase2 is the only N-SMase with a specific inhibitor, GW4869 (Luberto et al.

2002; Canals et al. 2011). GW4869 has been widely used as a tool to identify and

confirm nSMase2-specific functions (Wu et al. 2010b). Mechanistically, GW4869

is thought to inhibit nSMase2 by interfering with APL activation (Luberto et al.

2002). We note that any inhibitory effect of GW4869 on the recently identified

MA-nSMase has not been assessed and should be tested.

2.2.4 Cellular Signaling

NSMase2 has been implicated in the response to various cellular stresses and

cytokines to affect a diverse set of signaling pathways including cancer pathogenesis

(Kim et al. 2008; Ito et al. 2009), growth and development (Stoffel et al. 2005, 2007),

and inflammatory responses (Nikolova-Karakashian et al. 2008; Devillard et al.

2010). It was originally cloned as a confluence arrest gene (Hayashi et al. 1997)

and has a demonstrated role linking confluence to cell cycle arrest (Marchesini et al.

2004). Most recently, it has been linked as an upstream regulator of the mTOR/S6

kinase pathway (Clarke et al. 2011b) and shown that this pathway regulates the

biosynthesis of the extracellular matrix component hyaluronan, which is a glycos-

aminoglycan produced at the PM (Qin et al. 2012).

Activation by TNF-α is currently the best-studied activation pathway and occurs

through PKC-δ (Clarke et al. 2008) and p38MAPK-dependent mechanisms (Clarke

et al. 2007). Direct protein interaction with embryonic ectodermal development

(EED) couples nSMase2 to TNF receptor 1 through FAN (factor associated with

N-SMase activation) (Adam-Klages et al. 1996) and the scaffolding protein

RACK1 (Philipp et al. 2010).

Phosphorylation has emerged as one mechanism regulating nSMase2 activity.

Phosphorylation has been shown to modulate the activity of nSMase2, to be

regulated by the phosphatase calcineurin (Filosto et al. 2010), and to occur through

p38 MAPK- and PKC-dependent pathways (Clarke et al. 2007, 2008). Recently,

two clusters of specific serine residues were identified as phosphorylation sites and

found to affect protein stability (Filosto et al. 2012). The actual kinase responsible

for directly phosphorylating nSMase2 is unknown.

A role for nSMase2 in Cer-mediated lung injury has emerged (Goldkorn and

Filosto 2010). Oxidants in cigarette smoke and hydrogen peroxide increase

nSMase2 activity and Cer levels leading to increased apoptosis in bronchial epithe-

lial cells and the lung tissues of rodents (Levy et al. 2006, 2009; Filosto et al. 2011).
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The effects of cigarette smoke can be blocked by the antioxidants glutathione and

N-acetyl cysteine. In addition, the expression of nSMase2 was increased in lung

tissues of smokers with emphysema (Filosto et al. 2011).

NSMase2 may play a role in tumorigenesis with mutations identified in the

SMPD3 gene in several human leukemias (Kim et al. 2008). Two of these mutations

affect function by either reducing protein stability or altering localization. Other

studies suggest that nSMase2 may be important for cell death in transformed cells

(Wu et al. 2010b). For example, NSMase2 mRNA and protein levels were induced

by the anticancer drug daunorubicin, leading to increased N-SMase activity, Cer

levels, and cell death (Ito et al. 2009).

Several studies have now demonstrated that ceramide and nSMase2 are key

regulators of exosome formation and microRNA (miRNA) secretion (Chen et al.

2012; Aubin et al. 2005; Khavandgar et al. 2011). miRNAs are gene regulatory

elements found both intra- and extracellularly (Chen et al. 2012). It is thought that

they are encapsulated in exosomes, leading to their secretion outside the cell.

Interestingly, overexpression of nSMase2 increased miRNA secretion, while inhi-

bition by GW4869 or knockdown by siRNA of nSMase2 decreased miRNA

secretion. This process was not dependent on the endosomal sorting complex

required for transport (ESCRT) implicating a novel ceramide-dependent, ESCRT-

independent secretion mechanism. In addition, these studies suggest that the Golgi

may be a second site of action for nSMase2 SM hydrolysis.

2.2.5 Physiological Role in Skeletal Development

Animal studies of nSMase2-deficient mice have identified a role for nSMase2 in

bone homeostasis. The nSMase2 knockout mice suffer from short stature (Aubin

et al. 2005), while the nSMase2-inactivating fro/fro (for fragilitas ossium) mutation

results in bone fragility (Stoffel et al. 2007). The observed skeletal abnormalities

include short and bent limbs, as well as deformations in rib cages, long bones, and

growth plate cartilage (Khavandgar et al. 2011).

Recently, it was shown that nSMase2 plays cell-specific roles in skeletal devel-

opment (Khavandgar et al. 2011). Fro/fro mice are defective in both bone and

cartilage mineralization and these two events are regulated by the different cell

types: osteoblasts and chondrocytes, respectively. By selectively expressing

nSMase2 in the osteoblasts of fro/fro mice, the authors were able to correct the

osteoblast-specific bone defects but not affect the cartilage defects (Khavandgar

et al. 2011).

The role of nSMase2 appears to involve a novel mechanism that does not involve

the typical factors such as calcium, phosphate, and alkaline phosphates. This

suggests a novel, nSMase2-dependent mechanism gating proper bone mineraliza-

tion and may help in understanding cases of osteogenesis imperfecta in human

patients that also share similar phenotypes and undetectable differences in typical
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mineralization parameters (Khavandgar et al. 2011; Glorieux et al. 2002).

Overall, these discoveries are exciting and future work deciphering the molecular

mechanisms of nSMase2 in bone mineralization is of great interest.

2.3 Neutral SMase1

2.3.1 Biochemical Properties

NSMase1 was the first identified and cloned mammalian N-SMase based on

sequence homology to bacterial SMases (Tomiuk et al. 1998). The domain archi-

tecture of nSMase1 is identical to Isc1, the yeast homologue to N-SMases (Matmati

and Hannun 2008), with a catalytic domain followed by two C-terminal transmem-

brane helices (Fig. 2a). Unlike other N-SMases, nSMase1 is not activated by

phospholipids (Tomiuk et al. 1998).

2.3.2 Localization

The localization of nSMase1 appears to vary when comparing endogenous to

overexpressed protein. Overexpressed nSMase1 mainly colocalizes with endoplas-

mic reticulum (ER) markers (Tomiuk et al. 2000). However, endogenous nSMase1,

in contrast to overexpressed nSMase1, was reported to localize to the nuclear

matrix (Mizutani et al. 2001).

2.3.3 A Role for nSMase1 in Lipid Metabolism?

Despite the activity of nSMase1 on SM in vitro, overexpression in cells does not

affect SM metabolism (Tomiuk et al. 1998; Sawai et al. 1999). This ambiguity casts

doubt on the role of nSMase1 in sphingolipid metabolism. Lyso-platelet-activating

factor (lyso-PAF) may be a biologically relevant substrate, with nSMase1

displaying both PLC-lyso-PAF activity in vitro and in cells (Sawai et al. 1999).

However, nSMase1 KO mice had no detectable changes in sphingolipid metabo-

lism by high-performance thin-layer chromatography (HPTLC), a relatively insen-

sitive method compared to mass spectrometry, including no alterations in SM or

lyso-PAF metabolism.

Although a function for nSMase1 is not apparent, this does not preclude a role

for nSMase1 in lipid metabolism. Given the significant advancements in lipid

quantification by mass spectrometry and the emerging many ceramides model

(Hannun and Obeid 2011), it would be interesting to measure lipid levels in

nSMase1 KO mice to determine if discrete SM, Cer, or lyso-PAF species, unde-

tectable by HPTLC, are altered. Quantification of ceramide levels in nSMase1
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transiently transfected MCF7 cells did result in slight increases in some ceramide

levels (Clarke et al. 2011c). Correct substrate identification may require in vivo

measurements from KO animal tissues, as recently demonstrated for a different

lipid-metabolizing enzyme (Long et al. 2011). With regard to nSMase1, this may be

particularly relevant given the different subcellular localizations of endogenous and

overexpressed proteins.

2.4 MA-nSMase (Mitochondrial-Associated Neutral SMase)

2.4.1 Biochemical Properties and Localization

MA-nSMase is the most recently identified mammalian N-SMase being discovered

in 2010 (Wu et al. 2010a) by sequence homology with nSMase2 and a zebrafish

mitochondrial N-SMase (Yabu et al. 2009). The subcellular localization of

overexpressed MA-nSMase protein varied with cell type, showing strong or partial

co-localization with mitochondrial markers, in addition to co-localization with ER

markers (Wu et al. 2010a). The mouse MA-nSMase protein conserves a mitochon-

drial signal peptide with the zebrafish N-SMase, which may be responsible for its

mitochondrial localization.

MA-nSMase has comparable domain architecture and biochemical properties

with nSMase2. Catalytic activity requires Mg2+ or Mn2+ ions and is strongly

increased by the presence of the phospholipids cardiolipin (CL), PS, or phosphati-

dylglycerol (PG) (Fig. 2). Both CL and PG are present in mitochondria providing a

putative mechanism for activation and/or regulation of MA-nSMase activity in vivo

(Wu et al. 2010a). The N-terminal hydrophobic domain of MA-nSMase is similar to

nSMase2 by sequence homology, but the membrane topology and APL-binding

motif has yet to be characterized.

2.4.2 Human vs. Murine MA-nSMase

The human homolog to murine MA-nSMase has yet to be cloned and characterized.

However, an open reading frame for the human SMPD5 gene (XP_001714084) is

present in the NCBI database. Surprisingly, the human and mouse proteins contain

key differences in the N-terminal APL activation domain. Importantly, the putative

mitochondrial signal peptide is conserved suggesting that the human protein will

also localize to mitochondria. In the future it is important to clone the human gene

and compare the amino acid sequence, biochemical properties, localization, and

cellular functions.
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2.4.3 Future Directions

At present, little is known about MA-nSMase beyond basic properties. However,

the identification of a mammalian mitochondrial N-SMase presents another poten-

tial endogenous mechanism, in addition to the action of ceramide synthases, for

mitochondrial ceramide generation. This is exciting considering the numerous

studies linking ceramide to mitochondrial activation of apoptosis (Mullen and

Obeid 2012).

Another potential role for MA-nSMase is in fertilization. Activation of an

unidentified SMase during fertilization was inferred by a corresponding decrease

in SM and increase in Cer levels (Petcoff et al. 2008). In support of this hypothesis,

MA-nSMase gene expression in organ tissues is the highest in testis (Wu et al.

2010a) and the MA-nSMase gene appears to be bicistronic with a spermatogenesis-

associated factor (NCBI database, unpublished observation). It is our hope that

future studies taking advantage of gene silencing, antibodies to endogenous

proteins, and knockout animals will better illuminate the role of MA-nSMase in

mammalian physiology and biology.

2.5 Neutral SMase3

2.5.1 Biochemical Properties

Although human nSMase3 was identified in 2006 (Krut et al. 2006), relatively little

work has been reported since regarding further biochemical and functional charac-

terization. Identification was accomplished by sequence comparison using a peptide

(KGLPYLEQLFR) from a previously purified N-SMase from bovine brain

(Bernardo et al. 2000). The peptide sequence only matches 7 of the 11 residues in

the identified human protein and bovine homolog. Given the short peptide sequence

and low identity, this raises the question if the original purified bovine and identified

human proteins correspond to the same protein.

NSMase3 shares no sequence homology with any N-SMases or any other

characterized type of enzyme catalytic domain. The region comprising the catalytic

domain is yet to be identified. A C-terminal transmembrane helix is predicted to

embed nSMase3 in the membrane (Krut et al. 2006).

Two conflicting reports have characterized nSMase3 activity. In the original

identification, nSMase3 activity is reported to occur at neutral pH and require Mg2+

or Mn2+ (Krut et al. 2006). The observed activity was slightly enhanced, approxi-

mately twofold, by the phospholipid PS. In a later study, MCF-7 cells transiently

and stably overexpressing nSMase3 did not have significant N-SMase activity over

vector controls (Clarke et al. 2011c). We hope that future studies will determine the

underlying reasons behind this major discrepancy.
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2.5.2 Localization

Subcellular localization studies found nSMase3 to display an ER distribution

pattern (Krut et al. 2006). Later work confirmed this and found that localization

was not dependent on a putative ER localization motif or the C-terminal transmem-

brane helix (Corcoran et al. 2008).

2.5.3 Cellular Signaling

It has been suggested that nSMase3 may play a role in TNF-α-mediated signaling

(Krut et al. 2006; Corcoran et al. 2008). However, another report found that

nSMase2 was the primary N-SMase activated by TNF-α in MCF-7 cells (Clarke

et al. 2011c). In support of this, a comparison of mouse fibroblasts from normal and

nSMase2-deficient fro-/fro- mice found that nSMase2 deficiency abrogated TNF-α-
induced increases in N-SMase activity (Devillard et al. 2010) suggesting that

nSMase3 is not required in these cells.

The other identified putative function of nSMase3 involves a role in tumorigenesis

(Corcoran et al. 2008). In this study, nSMase3 expression was found to be both

upregulated and downregulated to varying degrees (�70 to +70 %) in different tumor

samples. In addition, nSMase3 mRNA levels were downregulated by the tumor

suppressor p53.

Overall, a clear functional role for nSMase3 has yet to emerge. Further studies

investigating the biological function and molecular mechanisms of nSMase3 are

required to validate the current findings.

2.6 Conclusions

Four N-SMase isoforms have now been cloned and purified. However, beyond

nSMase2 there is relatively little known about N-SMase physiology and cellular

function. In addition, at a biochemical and mechanistic level, there is still much to

learn about N-SMase activation and regulation. The roles of nSMase2 in bone

homeostasis, exosome secretion of miRNAs, and cigarette-induced lung injury are

essential and provide the potential for nSMase2-targeted therapies.
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Abstract The enzyme acid sphingomyelinase catalyzes the hydrolysis of

sphingomyelin to ceramide. The importance of the enzyme for cell functions was

first recognized in Niemann–Pick disease type A and B, the genetic disorders with a

massive accumulation of sphingomyelin in many organs. Studies in the last years

demonstrated that the enzyme also has an important role in cell signalling. Thus, the

acid sphingomyelinase has a central function for the re-organization of molecules

within the cell upon stimulation and thereby for the response of cells to stress
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and the induction of cell death but also proliferation and differentiation. Here,

we discuss the current state of the art of the structure, regulation, and function of

the acid sphingomyelinase.

Keywords Acid sphingomyelinase • Ceramide • Membrane domains • Cell stress

1 Introduction

Ceramide is generated by hydrolysis of sphingomyelin by sphingomyelinases, via

the de novo synthesis pathway, by the conversion of sphingosine via the retrograde

activity of ceramidases, or by the hydrolysis of complex glycosylated lipids or

ceramide 1-phosphate (for recent review see Hannun and Obeid 2011). Here, we

focus on the acid sphingomyelinase (Enzyme Commission Classification number

3.1.4.12). Mechanistically, sphingomyelinases function as hydrolases of phospho-

diester bonds. Peak activity of sphingomyelinases depends on pH and, at present,

acid, neutral, and alkaline sphingomyelinases have been identified and classified in

regard to respective pH optimum of activity. Deficiency of acid sphingomyelinase

results in the lysosomal storage disease, Niemann–Pick-type A and B (Niemann

1914; Brady et al. 1966; Schuchman et al. 1992).

In vitro, the optimum pH for acid sphingomyelinase activity is 4.5–5.0. Originally,

this indicated that the enzyme was solely lysosomal (Fowler 1969). However, more

recent data indicate that the lipid composition of the membrane alters the Km of the

enzyme, thus permitting acid sphingomyelinase activity at higher pH (Schissel et al.

1998a, b). Further, recent studies demonstrate that acidic microenvironments exist

not only in lysosomes but also in domains on the outer leaflet of plasma membrane,

where acid sphingomyelinase and NADPH-oxidases localize after certain stimuli

(Xu et al. 2012). Collectively, these data indicate that activity of acid sphingomye-

linase is not restricted to lysosomes.

2 Structure of the Acid Sphingomyelinase

The acid sphingomyelinase gene, referred to via the symbol SMPD1 for the human

and Smpd1 for the murine gene, is 5–6 kb long, contains six exons, and localizes to

the p15.1–p15.4 region of chromosome 11 (da Veiga Pereira et al. 1991). Human

and murine acid sphingomyelinases are encoded by one conserved gene. Human

cDNA codes for a protein of 629 amino acids, with approximately 82 % amino acid

similarity to the murine version. Partially purified acid sphingomyelinase has a Km

value for sphingomyelin of 2 μM (Gulbins and Kolesnick 2000). Vmax values were

reported as 4.3 μmol/mg protein/h, which increases after stimulation of the enzyme

to 13.5 μmol/mg protein/h (Gulbins and Kolesnick 2000).
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Seven different acid sphingomyelinase isoforms have been identified to date

(Quintern et al. 1989; Schuchman et al. 1991; Rhein et al. 2012), although only acid

sphingomyelinase-1 has been reported to be catalytically active (GenBank Acces-

sion Number NM_000543.4). The active transcript contains exons 1–6 with a total

coding length of 1,896 bp (Quintern et al. 1989; Schuchman et al. 1991; Rhein et al.

2012). Alternatively spliced acid sphingomyelinase type 2 transcript contains a

40 bp insertion derived from intron 2 and lacks exon 3. Alternatively spliced acid

sphingomyelinase transcript type 3 lacks exon 3, resulting in a frameshift and

premature termination during translation (Quintern et al. 1989; Schuchman et al.

1991; Rhein et al. 2012). Alternatively spliced transcript 4 lacks 652 bp of exon 2,

whereas alternatively spliced acid sphingomyelinase transcripts 5, 6, and 7 lack

portions of the catalytic- and/or carboxy-terminal domains and are also inactive, but

may function as dominant-negative proteins in vivo (Quintern et al. 1989;

Schuchman et al. 1991; Rhein et al. 2012).

Acid sphingomyelinase protein is processed by partial cleavage of a precursor

form to the mature protein (Hurwitz et al. 1994; Jenkins et al. 2011). Cleavage

depends on the subcellular location of the protein, which is present in classic and

secretory lysosomes, and is also secreted (Schissel et al. 1998b). Lysosomal acid

sphingomyelinase is cleaved at Gly66, whereas secretory acid sphingomyelinase

initiates at His60 (Schissel et al. 1998b). In addition to initial cleavage, the enyzme

can be further processed to a protein with a size of 57 kDa (Hurwitz et al. 1994),

although details of this cleavage process are unknown.

Acid sphingomyelinase is glycosylated at six glycosylation sites, and enzyme

glycosylation is required for activity (Newrzella and Stoffel 1996; Ferlinz et al.

1994). While lysosomal acid sphingomyelinase is glycosylated by N-linked

oligomannose groups, the secretory form exhibits complex glycosylation. Glycosyl-

ation pattern also determines trafficking of the enzyme, as only mannose-6 phos-

phate glycosylation permits binding to mannose-6-phosphate receptors, which target

the enzyme to lysosomes (Schissel et al. 1998b). Alternatively, complex-

glycosylated acid sphingomyelinase is secreted.

Many stimuli induce translocation of acid sphingomyelinase onto the extracellular

leaflet of the cell membrane (Abdel Shakor et al. 2004; Avota et al. 2011; Bao et al.

2010; Cremesti et al. 2001; Dumitru and Gulbins 2006; Esen et al. 2001; Grassmé

et al. 2001a, b; 2002; 2003a, b; 2005; Hauck et al. 2000; Jia et al. 2008; Jin et al.

2008a, b; Rotolo et al. 2005). Acid sphingomyelinase reaches the surface upon fusion

of secretory lysosomes with the plasma membrane resulting in exposure of acid

sphingomyelinase to the cell membrane extracellular leaflet as detailed below.

However, it is also likely that in addition secreted acid sphingomyelinase binds to

and acts at the cell surface.

Acid sphingomyelinase is a metalloenzyme, i.e., it contains several Zn2+-binding

motifs and binding of Zn2+ is required for activity (Schissel et al. 1998b). While

the lysosomal form binds Zn2+ tightly, secretory acid sphingomyelinase remains

segregated from Zn2+ throughout the Golgi secretory pathway and requires addition

of Zn2+ for activation.
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3 Activation of Acid Sphingomyelinase

The molecular mechanisms regarding regulation of acid sphingomyelinase are only

partially characterized. In vitro studies show that the enzyme is activated directly

by oxidation (Zhang and Li 2010). These studies employed purified acid

sphingomyelinase and demonstrated direct oxidation of acid sphingomyelinase at

cysteine residue 629, resulting in enzyme dimerization and activation (Qiu et al.

2003). To date, however, acid sphingomyelinase dimerization after cellular stimu-

lation has not been observed in vivo. Several other studies demonstrate that reactive

oxygen radical scavengers prevent acid sphingomyelinase activation by stimuli

such as DR5 or Cu2+ (Dumitru et al. 2007; Lang et al. 2007). These studies did

not investigate whether reactive oxygen species directly regulate enzyme activity or

whether this is accomplished by unknown intermediates. Thus, it is still not certain

whether acid sphingomyelinase is regulated by redox mechanisms in vivo at

baseline or during signal transduction.

The role of proteases, in particular caspases, to regulate acid sphingomyelinase has

also been implied (Brenner et al. 1998; Edelmann et al. 2011). Initial studies

demonstrated that caspase inhibitors prevent acid sphingomyelinase activation by

CD95 (Brenner et al. 1998). Further studies demonstrated that TNF-α triggers the

interaction of the TNF-receptor with caspase-7, resulting in receptor internalization

and rapid formation of endosomes (Edelmann et al. 2011). Fusion of these endosomes

with lysosomes results in multivesicular bodies that bring intra-lysosomal acid

sphingomyelinase into contact with caspase-7. Caspase-7 then cleaves and activates

the enzyme. Whether this mechanism of acid sphingomyelinase activation also

applies to other stimuli than TNF-α is presently unknown.

A few studies described PKC-mediated phosphorylation of acid sphingomye-

linase at serine 508 (Zeidan and Hannun 2007). Similar to the interaction of acid

sphingomyelinase with caspase-7, formation of multivesicular bodies and digestion

of membranes within these vesicles may bring PKC and acid sphingomyelinase

together, thus permitting transregulation.

In contrast to the TNF-receptor, other receptors, such as CD95 or DR5, or

infections with P. aeruginosa or some viruses, trigger translocation of acid

sphingomyelinase onto the extracellular leaflet (Avota et al. 2011; Dumitru and

Gulbins 2006; Grassmé et al. 2001a, b, 2002, 2003a, b, 2005). Recent studies by

Clementi et al. demonstrated that acid sphingomyelinase resides in secretory

lysosomes that are mobilized upon stimulation to fuse with the cell membrane

(Perrotta et al. 2010). This exocytic pathway required the t-SNARE protein

syntaxin-4. Interestingly, this process can be regulated by nitric oxide, which

activates G-kinase that in turn phosphorylates syntaxin-4 on S78. This phosphoryla-

tion induces rapid proteasomal degradation of syntaxin-4, thereby inhibiting acid

sphingomyelinase translocation and activation. Further studies indicate a require-

ment of dysferlin for translocation of these vesicles (Han et al. 2012).

Acid sphingomyelinase is inhibited by inositol-phosphates (Kolzer et al. 2003;

Roth et al. 2009; Preuss et al. 2012), although the physiological significance of this
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finding remains to be determined. The regulation of the acid sphingomyelinase by

inositol-phosphates may represent a novel mechanism for pharmacological inhibition

of the enzyme, for instance in lung (Preuss et al. 2012).

4 Acid Sphingomyelinase-Mediated Signalling

4.1 General Principles

The cell membrane predominantly contains sphingolipids, cholesterol, and (glycero)

phospholipids. Ceramide is the backbone of sphingolipids and consists of D-erythro-

sphingosine connected via an amide ester bond to a fatty acid containing 2–32 carbon

atoms in the acyl chain. Long-chain ceramides are very hydrophobic molecules.

Attachment of a hydrophilic headgroup to ceramide results in complete

sphingolipids, for instance sphingomyelin with phosphorylcholine as headgroup.

Sphingolipids interact with each other and with cholesterol molecules. These

interactions are mediated by hydrophilic forces between sphingolipid headgroups

and the hydroxy group of cholesterol on one side, and via hydrophobic van der Waal

interactions between ceramide moieties and the sterol ring system on the other

(Simons and Ikonen 1997; Brown and London 1998; Kolesnick et al. 2000). These

interactions are relatively tight, resulting in a liquid-ordered membrane phase

separated from other plasma membrane phospholipids and consequential formation

of small distinct domains—also named “rafts” (Simons and Ikonen 1997).

Generation of ceramide dramatically alters biophysical properties of biological

membranes both within and outside of rafts. As mentioned, hydrophobic ceramide

molecules separate from other lipids in membranes, and self-associate into small

ceramide-enriched membrane rafts. These microdomains have the tendency to

spontaneously fuse into large ceramide-enriched membrane domains, termed

platforms, that can be easily detected by light/fluorescence microscopy in living or

fixed cells (Simons and Ikonen 1997; Brown andLondon 1998; Kolesnick et al. 2000).

The formation of ceramide-enrichedmembrane platforms was shown to occur in cells

after stimulation with a variety of receptors or non-receptor-stimuli including CD95,

CD40, DR5, FcγRII, and PAF-receptor; infection with P. aeruginosa, Neisseriae
gonorrhoeae, Rhinovirus, and measles virus; application of stress stimuli such as

UV-light, gamma-irradiation, cisplatin, or Cu2+-treatment, to name a few (Abdel

Shakor et al. 2004; Avota et al. 2011; Dumitru and Gulbins 2006; Gassert et al.

2009; Göggel et al. 2004; Grassmé et al. 1997, 2001a, b, 2002, 2003a, b, 2005; Lacour

et al. 2004; Lang et al. 2007; Rotolo et al. 2005, 2012). Since these diverse stimuli act

differently on cells, ceramide-enriched membrane platforms appear to act at least in

part as a general mechanism to reorganize potential signalling molecules within

membranes. This is in contrast to a classic second messenger such as DAG that acts

specifically to stoichiometrically activate target molecules.
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4.2 Receptor-Mediated Signals

We originally demonstrated that ceramide-enriched membrane domains serve to

trap and cluster receptor molecules and intracellular signalling molecules in the cell

membrane (Grassmé et al. 2003b). This reorganization of a given “signalosome”

facilitates transmission of the sequestered molecules’ cognate signal across the

bilayer into the cell. Trapping and clustering of receptor molecules in ceramide-

enriched membrane domains are likely mediated by the unique biophysical

properties created by the domain’s microenvironment. However, at present molec-

ular details regarding receptor clustering and preferential sorting of molecules into

ceramide-enriched membrane domains are unknown. Trapping and clustering of

receptor molecules may be mediated by direct interaction of proteins with ceramide

molecules or with ceramide-enriched membrane domains acting as a hydrophobic

platform. In addition, the length and composition of the transmembranous domain

may determine whether a protein preferentially traps in a ceramide-enriched

membrane domain or whether it is excluded. This principle was shown for the

CD40 receptor, a protein, which clusters in ceramide-enriched membrane domains

(Bock and Gulbins 2003). Replacement of its transmembrane domain by that of

CD45, which does not cluster after stimulation, abrogated CD40 clustering in

ceramide-enriched domains, indicating that the composition and structure of the

transmembranous domain are critically involved in trapping of this receptor (Bock

and Gulbins 2003). Thus, alteration of the transmembrane domain upon binding of

ligand to its receptor may also serve to cluster a receptor in ceramide-enriched

membrane domains and provide specificity for protein sorting.

Clustering of receptors and associated signalling molecules in ceramide-

enriched membrane domains results in a high receptor density, spatial association

of activated receptors with intracellular molecules, exclusion of inhibitory

enzymes, and/or transactivation of intracellular enzymes. Thus, clustering may

also coordinate the spatial and temporal organization of the signalosome generated

by a specific receptor. This reorganization of a given signalosome enables the

receptor to generate a strong localized signal. This concept was first shown with

CD95 by demonstrating that clustered CD95 amplifies initial signalling, i.e., the

early activation of caspase-8 approximately 100-fold (Grassmé et al. 2003b).

In addition to alteration of biophysical properties of plasma membrane, ceramide

also directly interacts and regulates cathepsin D (Heinrich et al. 1999), phospholipase

A2 (Huwiler et al. 2001), kinase suppressor of Ras (Zhang et al. 1997), ceramide-

activated protein serine–threonine phosphatases (CAPP) (Dobrowsky and Hannun

1993), and protein kinase C isoforms (Huwiler et al. 1998; Müller et al. 1995).

Moreover, ceramide regulates the activity of the potassium channel Kv1.3 and

calcium release-activated calcium (CRAC) channels (Gulbins et al. 1997; Lepple-

Wienhues et al. 1999; Samapati et al. 2012). Finally, studies by Siskind and

Columbini demonstrated that ceramide molecules form channels in the outer

mitochondrial membrane, which might contribute to the induction of apoptosis

(Siskind and Colombini 2000).
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4.3 Non-receptor-Mediated Signalling

The studies above describe how the acid sphingomyelinase–ceramide system

enables receptor-initiated signalling. However, the acid sphingomyelinase is also

critically involved in the mediation of non-receptor-initiated signals. Irradiation

is one of the best studied receptor-independent stimuli activating the acid

sphingomyelinase and may serve as a paradigm for the activation of this enzyme

by physical stimuli.

For decades DNA was considered the only relevant target for ionizing radiation

with unrepaired or misrepaired double-strand breaks representing the lethal lesions.

In 1994, Haimovitz-Friedman et al. published that ionizing radiation induces

sphingomyelinase activation in intact bovine aortic endothelial cells within seconds

to minutes, and in membranes devoid of nuclei. Subsequently, using acid

sphingomyelinase knockout mice, it was shown that endothelial cells lacking acid

sphingomyelinase were entirely resistant to apoptotic cell death (Santana et al. 1996).

Similarly, lymphoblastoid cells derived from patients with Niemann–Pick disease

were resistant to radiation-induced apoptosis. Interestingly these same patient cells

were made vulnerable to radiation-induced apoptosis by genetic restoration of the

enzyme via retroviral transduction. These studies provided definitive evidence that at

least one form of radiation-induced death required membrane damage.

These reports served as the basis for a group of studies that attempted to address an

important question in the field of cancer therapy: Did it matter whether tumor blood

vessels underwent cell death for cancer therapy to succeed? Utilizing a mouse model

to measure the tumor response upon the radiation gastrointestinal (GI) syndrome

(Withers and Elkind 1970), studies uncovered that acid sphingomyelinase knockout

mice failed to display endothelial apoptosis and were resistant to the radiation GI

syndrome (Paris et al. 2001). Next, tumors were implanted in mice exposed to single,

high-intensity radiation doses. In this case the tumor vasculature, recruited in

response to VEGF and other growth factors, was either apoptosis competent

(in tumors in acid sphingomyelinase wild-type hosts) or apoptosis resistant

(in tumor of acid sphingomyelinase-deficient hosts) (Garcia-Barros et al. 2003). As

in the GI tract, if tumor vasculature was apoptosis resistant, as supplied by an acid

sphingomyelinase-deficient host, the tumor itself became radiation resistant. These

studies provided the first solid evidence that a target other than the tumor cell

controlled the fate of a tumor after irradiation.

At present, it is unknown how physical stimuli such as UV- or gamma-

irradiation activate the acid sphingomyelinase. Using a series of genetic and

pharmacologic manipulations in Jurkat cells, it was determined that there are two

distinct mechanisms for acid sphingomyelinase activation. One required caspase, as

in the case of CD95, whereas UV-C and ionizing radiation induced caspase-

independent acid sphingomyelinase activation (Rotolo et al. 2005).

Within seconds of cytotoxic irradiation, ceramide-enriched platforms were

detected, indicating that membrane platforms may be responsible for irradiation-

induced cell death. Using an antibody that binds ceramide generated on the

Acid Sphingomyelinase 83



endothelial surface prevented radiation-induced platform formation, thereby

protecting mice from radiation GI syndrome lethality (Rotolo et al. 2012). UV-C

radiation, like ionizing radiation and CD95, also induced rapid extracellular

membrane ceramide generation and cell death in Jurkat T cells, events inhibitable

by anti-ceramide antibody (Rotolo et al. 2005).

Thus, as described above for receptor molecules, it seems very likely that the

signal generated by activation of the acid sphingomyelinase via both forms of

radiation is also transmitted into the cell via ceramide-enriched membrane

platforms. At present, the molecules sorted and regulated by ceramide-enriched

membrane platforms upon UV- or gamma-irradiation still require definition.

5 Perspective

A plethora of studies employing genetically modified mouse models, mouse disease

models, and human tissues provide solid evidence that acid sphingomyelinase and

ceramide play an important role in mediation of cell stress; receptor-, gamma-

irradiation-, or UV-light-induced cell death; bacterial and viral infection; and

receptor-initiated signalling. However, the molecular mechanisms mediating

acid sphingomyelinase activation in vivo still require a great deal of definition.

Ceramide alters the membrane microenvironment and subsequently forms

ceramide-enriched membrane platforms that serve to trap and cluster receptor and

signalling molecules. The molecular mechanisms mediating clustering of proteins

remain to be determined. Ceramide itself is also thought to directly interact with

some signalling molecules, although the motifs that mediate binding of ceramide to

these molecules in many cases remain to be defined.
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Cremesti A, Paris F, Grassmé H, Holler N, Tschopp J, Fuks Z, Gulbins E, Kolesnick R (2001)

Ceramide enables fas to cap and kill. J Biol Chem 276:23954–23961

da Veiga Pereira L, Desnick RJ, Adler DA, Disteche CM, Schuchman EH (1991) Regional

assignment of the human acid sphingomyelinase gene (SMPD1) by PCR analysis of somatic

cell hybrids and in situ hybridization to 11p15.1-p15.4. Genomics 9:229–234

Dobrowsky RT, Hannun YA (1993) Ceramide-activated protein phosphatase: partial purification

and relationship to protein phosphatase 2A. Adv Lipid Res 25:91–104

Dumitru CA, Gulbins E (2006) TRAIL activates acid sphingomyelinase via a redox mechanism

and releases ceramide to trigger apoptosis. Oncogene 25:5612–5625

Dumitru CA, Carpinteiro A, Trarbach T, Hengge UR, Gulbins E (2007) Doxorubicin enhances

TRAIL-induced cell death via ceramide-enriched membrane platforms. Apoptosis

12:1533–1541

Edelmann B, Bertsch U, Tchikov V, Winoto-Morbach S, Perrotta C, Jakob M, Adam-Klages S,

Kabelitz D, Schutze S (2011) Caspase-8 and caspase-7 sequentially mediate proteolytic

activation of acid sphingomyelinase in TNF-R1 receptosomes. EMBO J 30:379–394

Esen M, Schreiner B, Jendrossek V, Lang F, Fassbender K, Grassmé H, Gulbins E (2001)
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Abstract The ceramide synthase (CerS) enzymes catalyze the formation of

(dihydro) ceramide, and thereby provide critical complexity to all sphingolipids

(SLs) with respect to their acyl chain length. This review summarizes the progress

in the field of CerS from the time of their discovery more than a decade ago

as Longevity assurance (Lass) genes in yeast, until the recent development of

CerS-deficient mouse models. Human hereditary CerS disorders are yet to be

discovered. However, the recent findings in CerS mutant animals highlight the

important physiological role of these enzymes. The fundamental findings with

respect to CerS structure, function, localization, and regulation are discussed, as

well as CerS roles in maintaining longevity in vivo.
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1 Introduction

Sphingolipids (SLs) are membrane structural components and exist in all forms of

life, including some species of viruses (Bidle and Vardi 2011), bacteria (Heung

et al. 2006), algae (Pagarete et al. 2009), as well as yeast (Obeid et al. 2002),

nematodes (Deng et al. 2008), insects (Bauer et al. 2009), plants (Sperling and

Heinz 2003), and other higher organisms (Levy and Futerman 2010). In the past

decade it was established that specific types of SLs act as bioactive signaling

molecules (Hannun and Obeid 2008). Recently, moreover, it was also shown that

individual SL species can interact directly and specifically with a protein’s

transmembrane (TM) domain and act as a cofactor to actively modulate the

protein’s function (Contreras et al. 2012). This regulatory capacity and the

known “second messenger” properties of some SLs may explain the large variety

and intricacy of this class of lipids. Complex SLs consist of a hydrophobic

ceramide backbone generated de novo in the endoplasmic reticulum (ER) and a

hydrophilic moiety made up of phosphorylcholine, sugars, and sialic acids that are

added onto the ceramide backbone either in the ER or in the Golgi apparatus

(Futerman and Hannun 2004). Complex SLs that are localized to the plasma

membrane (PM) can be recycled and hydrolyzed by specific “sphingolipases”

(i.e., sphingomyelinases, gluco- and galactosidases, hexosaminidases, etc.),

regenerating ceramide in the PM or lysosome. Ceramide can be further

hydrolyzed to form sphingosine, which can be metabolized to regenerate cer-

amide via the salvage pathway (Kitatani et al. 2008).

Ceramide consists of two hydrocarbon chains: a sphingoid long-chain base

(LCB) and a fatty acid that is attached at the C-2 position of the LCB via

N-acylation. The length, saturation, and hydroxylation status of these two hydro-

phobic chains varies among ceramide molecules (Zheng et al. 2006). Thus,

ceramides are a family of related molecules that can be further modified to generate

even more complex SLs that are localized to the PM and other cell organelles

(Hannun and Obeid 2011). It is conceivable that membrane proteins select a

specific set of SLs to optimize their functional environment, and indeed this notion

finds support in the literature (Iwabuchi et al. 2008; Contreras et al. 2012). Further-

more, upon protein activation, ceramide, “hidden” in the structure of the complex SL,

is released in situ adjacent to the activated protein by “sphingolipases,” and acts as a

second messenger. This may generate a synchronized change of the protein and the

biophysical properties of its lipid environment that allow information to be relayed

into the cell. The discrepancies found in the literature regarding the role of specific

ceramide molecules in physiological processes, such as C16-ceramide involvement

in apoptosis, as well as in cell growth (Osawa et al. 2005; Koyanagi et al. 2003), can

therefore be attributed to the type of protein with which these specific SLs or

ceramides are associated.

Although many enzymes are obviously involved in the generation of this SL

complexity, the most critical ones are the ceramide synthases (CerS), which
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contribute to the variability of the fatty acid length (Pewzner-Jung et al. 2006).

Originally, CerS were found while screening for genes that are important for yeast

longevity, and thus named Longevity Assurance (Lass) genes (D’Mello et al. 1994;

Jiang et al. 1998). The name was replaced with “CerS” to better define the actual

enzymatic activity (Pewzner-Jung et al. 2006), but recent data (see below) reaffirm

the possible role of all CerS orthologs in maintaining physiological processes that

influence longevity.

CerS orthologs are found in many species and are evolutionarily conserved in

eukaryotes (Pewzner-Jung et al. 2006). Some species have a single CerS, whereas

others have several paralogs. However, the complexity of the CerS family does not

necessarily correlate with evolutionary development: for example, Caenorhabditis
elegans harbors three CerS paralogs, whereas Drosophila melanogaster has only

one. Mammals have six CerS (named CerS1-6); each can acylate an LCB with a fatty

acyl-CoA of distinct length to generate (dihydro) ceramide (using sphinganine—in

the de novo biosynthesis pathway) or ceramide (using sphingosine—in the recycling

salvage pathway of SL). Thus, the specificity of CerS is limited to fatty acyl chain

length, whereas the saturation and hydroxylation states of the fatty acids, as well as

the nature of the LCB substrate, are not restricted (Levy and Futerman 2010). Hence,

CerS1 uses mostly C18-fatty acyl CoA (Venkataraman et al. 2002), and CerS2 can

utilize a wider range of very-long-chain (VLC) fatty acyl CoAs (C20 to C26) (Laviad

et al. 2008). CerS3 incorporates ultra-long-chain (ULC) fatty acyl CoAs (C26 to C32)

(Mizutani et al. 2006; Rabionet et al. 2008), and CerS4 uses C18- and C20-fatty

acyl CoAs (Riebeling et al. 2003). Interestingly, CerS5 has specificity only for

C16-fatty acyl CoA (Lahiri and Futerman 2005), whereas CerS6 can use both

C14- and C16-fatty acyl CoAs (Mizutani et al. 2005). Notably, these specificity

assignments are largely based on results obtained from in vitro CerS activity

assays. However, it was shown that in complementation experiments involving

Saccharomyces cerevisiae mutants lacking CerS activity, the introduction of

mammalian CerS1 allowed utilization of the naturally abundant C26-fatty acyl

CoA to generate C26-ceramide in vivo (Guillas et al. 2003). This may suggest

that the availability of specific fatty acids and the particular CerS activity in a

given cell type determine the composition of specific SLs containing distinct fatty

acids.

In addition to CerS, de novo synthesis of ceramide depends on other ER

enzymes such as serine palmitoyl transferase (SPT), the rate-limiting enzyme in

SL biosynthesis, which condensates mainly L-serine and palmitoyl CoA to form

3-ketosphinganine. The latter is reduced by 3-ketosphinganine reductase to

sphinganine, which upon N-acylation by CerS forms dihydro-ceramide that is

desaturated by dihydro-ceramide desaturase to ceramide (Levy and Futerman

2010). The interaction and potential feedback regulation between these enzymes

are yet to be explored, although it is conceivable that all of them closely cooperate

in a united and well-regulated “Ceramidosome.”
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2 Ceramide Synthase Localization and Structure

CerS are integral membrane ER proteins and ceramide was shown to be synthesized

at the cytosolic surface of the ER membrane (Hirschberg et al. 1993). CerS activity

has also been attributed to the mitochondria (Shimeno et al. 1998; Bionda et al.

2004). As mitochondria play an important role in ceramide-induced apoptosis, this

may imply the direct involvement of mitochondrial ceramide formation in the cell

death process. However, mitochondria obtained by subcellular fractionation may

contain ER membranes (mitochondria-associated membrane—MAM) (Wang et al.

1991), and thus, contaminations of ER-derived CerS activity cannot be excluded.

Regulated re-localization of CerS1 from the ER to the Golgi apparatus following

stress stimuli was recently demonstrated, and could suggest a more general phe-

nomenon of CerS compartmentalization (Sridevi et al. 2009).

CerS orthologs harbor common conserved domains (Fig. 1a). The Tram-Lag-

CLN8 (TLC) domain, consisting of ~200 AA residues, is also found in other

proteins (with yet unknown function) (Winter and Ponting 2002). The Lag1p

motif within the TLC domain contains an evolutionarily conserved 52 AA stretch

shown to have an important role in CerS activity (Venkataraman et al. 2002;

Spassieva et al. 2006; Kageyama-Yahara and Riezman 2006). Finally,

CerS2–CerS6, but not CerS1 and its orthologs, harbor a Homeobox (Hox)-like

domain in their N-terminal region. This domain lacks the DNA-binding motif of

standard homeobox domains, and thus is not considered to be involved in the usual

function of homeobox-containing proteins. The fact that CerS1 lacks this domain

reduces the possibility that the Hox-like domain serves as one of the substrate-

binding domains in all other CerS. However, the terminal 12 AA residues of the

Hox domain (black box, Fig. 1a) were shown to play a pivotal role in CerS5 and

CerS6 activity (Mesika et al. 2007). Therefore, the Hox-like domain is most likely

important in regulatory aspects of CerS containing this motif. Recent data

suggested a critical role for the end of the second putative TM domain, and the

loop between the fifth and sixth putative TM domains (Fig. 1a—dashed boxes) of

CerS5 activity (Tidhar et al. 2012). As the six mammalian CerS exhibit different

specificities for fatty acyl-CoAs, the binding domain for the acyl group is expected

to differ accordingly, but could be similar among CerS with overlapping

specificities. Unexpectedly, the 150 residues (open box, Fig. 1a) that determine

CerS5 specificity are highly conserved among all CerS (Tidhar et al. 2012). CerS

enzymes have similar Km values for sphinganine (Lahiri et al. 2007), and thus—in

contrast to the fatty acyl-CoA-binding domains—sphinganine-binding domains are

expected to be similar in all CerS. Yet the exact mechanism that determines

substrate specificity remains to be elucidated.

So far CerS topology has been predicted using only bioinformatics prediction

software, and as of today no crystal structures of CerS are available. Eight putative

transmembrane domains were suggested to exist in the S. cerevisiae CerS Lag1p

and Lac1p, and the conserved Lag motif was suggested to be embedded in the

membrane (Kageyama-Yahara and Riezman 2006). In another study it was
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proposed that CerS6 has five putative transmembrane domains. In addition, it was

considered that the N-terminal end of CerS6 might face the luminal side of the ER

membrane, the C-terminal region stretching out to the cytosol (Mizutani et al.

2005). However, the precise topology of CerS proteins in the ER membrane

remains to be defined.

Fig. 1 Structural and functional domains in human CerS5. (a) Protein domains in human CerS5

protein. The full-length hCerS5 protein is encoded by ten exons. Each color indicates a stretch of

amino acids (AA) encoded by a specific exon marked with an identical color. The numbers beneath
the bar represent the positions of the amino acids (AA) in the protein. The numbers above the bar
mark the various known domains of the protein (see text). The putative transmembrane domains are

highlighted as blue boxes behind the bar. Important residues shown to be involved in the enzymatic

activity are marked as small filled rectangles. The open rectangle represents the minimal region

involved in specificity. The letters next to the rectangles signify the following references: (a) Mesika

et al. (2007). (b) Spassieva et al. (2006). (c) Tidhar et al. (2012). (b) Protein isoforms derived from

splice variants of human CerS5 transcripts. Protein isoforms are presented by the same color code as

in (a). The numbers beneath the bar represent AA positions. Transcript number 1 represents the full-

length protein; transcripts 2–4 represent four possible isoforms (transcript 3 could encode two

different putative proteins). The transcripts shown are representative of many others encoding the

same protein isoform. All the information was retrieved from the UCSC genome browser database

(http://genome.ucsc.edu—under human CerS5)
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In yeast, Lag1p and Lac1p depend on an additional single-transmembrane

domain protein (Lip1) for their enzymatic activity (Vallee and Riezman 2005). In

contrast, mammalian CerS5 was shown in vitro to be a bona fide ceramide synthase,

and required no other proteins for its activity (Lahiri and Futerman 2005). The

concept of CerS dimerization was suggested (Lahiri et al. 2009), and recently, the

formation of heterodimeric complexes between CerS2, CerS5, and CerS6 was

demonstrated, using co-immunoprecipitation methods (Mesicek et al. 2010; Laviad

et al. 2012). In addition, co-expression of CerS2 with CerS5 or CerS6 significantly

increased CerS activity in cells, as well as the treatment of curcumin that promoted

CerS dimerization (Laviad et al. 2012). Interestingly, in a mouse model for CerS3

deficiency, where ULC-ceramides were absent from the epidermis, there was also a

significant reduction in VLC-ceramides, which are the product of CerS2 enzyme

activity (highly abundant in skin along with CerS3) (Jennemann et al. 2011). These

results suggest that CerS3 may catalyze, in addition to ULC-ceramides, the forma-

tion of VLC-ceramides, but could also imply that CerS2 collaborates with CerS3

for its maximum activity. Taken together, it remains to be explored whether, as in

yeast, mammalian CerS (other than CerS5) are regulated by other CerS or other

proteins.

3 Ceramide Synthase Expression, Regulation, and Activity

Selective knockdown of CerS revealed complex inter-regulation (Mullen et al.

2011). For example, down-regulation of CerS2 in MCF-7 human breast cancer

cells increased the mRNA levels of CerS4, CerS5, and CerS6, as well as

their products (Mullen et al. 2011). Similar results were obtained in other cell

types (Spassieva et al. 2009), as well as in a mouse model of CerS2 deficiency,

where CerS5 mRNA expression was upregulated along with C16-ceramide

(Pewzner-Jung et al. 2010b). This may be attributed to the activity of specific

miRNAs to CerS transcripts, or of some unknown transcription factors (TFs).

Recently, miR-221/222 was shown to bind directly to the 3’-untranslated region

of CerS2, thus reducing both mRNA and protein levels of CerS2 (Yu et al. 2012). In

addition, miR-574-5p was found to be involved in the degradation of a CerS1 splice

variant (Meyers-Needham et al. 2011). At the same time, it was shown that CerS1

transcription was repressed by the inability of Sp1 TF to bind to its promoter due to

histone deacetylase 1 (HDAC1)-dependent inhibition of Sp1. In addition, other

proteins, apart from TFs, were also shown to be involved in the expression of CerS.

For example, CerS6 transcription was downregulated by the expression of the

dominant-negative ER stress kinase (protein kinase R-like ER kinase) PERK

(Yacoub et al. 2010). These data imply the involvement of many factors in the

regulation of CerS mRNA expression.

All CerS have putative splice variants (Pewzner-Jung et al. 2006), CerS5 being

the champion (Fig. 1b). CerS2 has a short isoform called tumor metastasis suppres-

sor gene-1 (TMSG-1), which lacks the N-terminal Hox-like domain and part of the
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TLC domain (Ma et al. 2003). Transcription factors KLF6 and Sp1 were recently

reported to be involved in TMSG-1 expression (Gong et al. 2011). TMSG-1 was

suggested to function as a tumor suppressor gene, as it promotes apoptosis

and is absent in metastatic cancer (Ma et al. 2003; Fei et al. 2004). In contrast,

CerS1 isoforms were shown to be highly expressed in cancer cells (Meyers-

Needham et al. 2011). With the exception of CerS3, all human CerS have similar

splice variants lacking their N-terminal regions, including the Hox-like domains

(for CerS5 see Fig. 1b). This repeating molecular pattern suggests biologically

significant posttranslational regulation of CerS proteins, which may possibly yield a

critical dominant negative effect if CerS indeed form heterocomplexes. Interest-

ingly, human CerS5 also has a short isoform lacking the C-terminal portion of the

protein (Fig. 1b), which may be involved in other regulatory aspects of this enzyme.

Evidence for the in vivo expression of some of these isoforms has been reported

(van Hall et al. 2006), highlighting the potential function of CerS variants in cell

physiology.

CerS mRNA expression and protein activity were shown to be correlated in

some cell types and organs but not in all. Thus, despite the high mRNA expression

of CerS2 in the kidney, C16-ceramide is the most abundant ceramide in this organ,

which is consistent with the relatively low CerS2 activity found in mouse kidney

homogenates (Laviad, EL. and Futerman, AH. unpublished data). These findings

support the notion of possible posttranscriptional regulation of CerS, and highlight

the importance of studying CerS enzymatic activity in specific cell types. Currently,

only few antibodies for CerS proteins are commercially available, and most CerS

expression data are based on profiling transcript expression of whole organs or

specific cell types (summarized in Table 1). However, these data sets should be

taken with caution owing to the possible discrepancy between the expression and

activity of CerS proteins.

CerS activity can be directly regulated by their binding to specific proteins. The

pro-apoptotic molecule Bak was suggested to be in a stoichiometric complex with

CerS producing long-chain (LC) ceramides. Furthermore, Bak expression was

shown to be required for the production of LC-ceramide during UV irradiation-

induced apoptosis (Siskind et al. 2010). The formation of pores in the outer

mitochondria leads to apoptosis and has been associated with both Bax/Bak trans-

location to the mitochondria and to the formation of ceramide-rich domains in these

organelles (Lee et al. 2011). Bax/Bak thus potentially promotes apoptosis not only

by direct pore formation but also by increasing CerS activity, which can lead to an

increase in LC-ceramide in the outer mitochondrial membrane. Interestingly, not

only proteins bind CerS but also sphingosine-1 phosphate (S1P), which has been

proposed to be a noncompetitive inhibitor of CerS2, directly interacting via an S1P

receptor-like motif found uniquely in this enzyme (Laviad et al. 2008).

CerS proteins were also shown to undergo posttranslational modifications such

as glycosylation and phosphorylation. CerS2, CerS5, and CerS6 were found to be

N-glycosylated at the Asn residue in the N-terminal portion of the protein. How-

ever, these modifications did not appear to affect CerS activity (Mizutani et al.

2005). CerS1 was shown to be phosphorylated by protein kinase C (PKC) at one or
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Table 1 CerS mRNA distribution in tissue and specific cell types

Ceramide

synthase Tissue Cell Reference

CerS1 Braina Neuronsa Becker et al. (2008); Laviad et al. (2008)

Purkinje neurons Zhao et al. (2011)

Skeletal

musclea
Laviad et al. (2008)

CerS2 Livera Hepatocytesa Laviad et al. (2008); Pewzner-Jung et al.

(2010a); Imgrund et al. (2009); Mizutani

et al. (2005)

Brain Oligodendrocytesa Becker et al. (2008); Ben-David et al. (2011)

Spinal cord Schwann cellsa

Kidneya HEK293a Imgrund et al. (2009); Becker et al. (2008)

Spleena Laviad et al. (2008); Mizutani et al. (2005)

Prostatea Laviad et al. (2008)

Intestinea Laviad et al. (2008)

Bone marrowa Laviad et al. (2008)

Thymusa Laviad et al. (2008)

Lymph nodesa Laviad et al. (2008)

Lunga Laviad et al. (2008); Mizutani et al. (2005);

Pewzner-Jung, Y. and Futerman, AH.,

unpublished data

Adrenal

glanda
Park, WJ. and Futerman AH., unpublished data

White adipose

tissuea
Bonzon-Kulichenko et al. (2009); Park et al.

(2012)

Mouse embryonic

stem cellsa
Park et al. (2010)

Mouse embryoid

bodiesa
Park et al. (2010)

Erythroleukemic

cell line

http://www.genecards.org/

http://www.immgen.org/

Macrophages (raw

cells)a
Lingaraju, MH. and Futerman AH., unpublished

data

CerS3 Skin Keratinocytes Laviad et al. (2008); Mizutani et al. (2006);

Jennemann et al. (2011)Testisa

CerS4 Heart Laviad et al. (2008)

Skina Laviad et al. (2008)

Skeletal

muscle

Laviad et al. (2008)

White adipose

tissue

Bonzon-Kulichenko et al. (2009)

Liver Laviad et al. (2008)

Lung Pewzner-Jung, Y. and Futerman, AH.,

unpublished data

Leukocytesa Laviad et al. (2008)

CerS5 Skeletal

muscle

Laviad et al. (2008)

Testis Laviad et al. (2008); Mizutani et al. (2005)

(continued)
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more of five putative serine and threonine phosphorylation sites that play a role in

the translocation of CerS1 from the ER to the Golgi apparatus (Sridevi et al. 2009,

2010). In addition, the results of a large-scale phosphorylation analysis suggested

phosphorylation of CerS2 and CerS5 (Villen et al. 2007). Interestingly, CerS1 was

found to be degraded by ubiquitination, implying a relatively short half-life for

CerS1 (Sridevi et al. 2009). Further analysis of these modifications is required to

firmly establish their role in CerS regulation.

4 In Vivo Models of Ceramide Synthase Deficiency

The yeast S. cerevisiae was the first genetic model in which ceramide synthase

activity was abolished (Guillas et al. 2001; Schorling et al. 2001). When the two

CerS homologs Lag1p and Lac1p were deleted, the cells, lacking the ability to

generate C26-ceramide, accumulated 20 times more free LCB, and exhibited

impaired transport of glycosylphosphatidylinositol (GPI)-anchored proteins from

the ER to the Golgi (Guillas et al. 2001). However, the cells were viable and

their phenotype could be partially corrected by overexpression of ceramidases

(YPC1 or YDC1) due to the enzymes’ reverse activity. Quadruple mutant cells

(lag1Δlac1Δypc1Δydc1Δ) did not make any SLs, but were still viable, probably

due to production of novel lipids that compensated to some extent for SL function.

However, these strains were found to multiply much more slowly, exhibited

compromised colony formation from single cells, and did not survive at higher

temperatures (Schorling et al. 2001). Interestingly, Guillas et al. later reported that

lag1Δlac1Δ double mutants were viable or lethal, depending on the cell-type

Table 1 (continued)

Ceramide

synthase Tissue Cell Reference

Kidney Laviad et al. (2008); Mizutani et al. (2005)

Liver Laviad et al. (2008)

Lung Lung epithelial

cellsa
Mizutani et al. (2005); Xu et al. (2005)

Brain Mizutani et al. (2005)

Prostate Laviad et al. (2008)

CerS6 Brain Mizutani et al. (2005)

Kidney Mizutani et al. (2006); Laviad et al. (2008)

Intestine Laviad et al. (2008)

Liver Mizutani et al. (2006); Laviad et al. (2008)

White adipose

tissue

Bonzon-Kulichenko et al. (2009)

T cell linesa http://www.genecards.org/

Neutrophilesa http://www.immgen.org/
aThe major CerS in this tissue or cells
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background (W303 cells vs. YPK9, respectively) (Guillas et al. 2003). This

suggests that other genetic factors may determine viability in the absence of

CerS, especially under stress or environmental changes.

C. elegans has three CerS enzymes: hyl-1, hyl-2, and lagr-1. Generation of

C20–C22 ceramides requires HYL-2, whereas that of C24–26 ceramides depends

mainly on HYL-1 (Menuz et al. 2009). The hyl-2 promoter was found to be active

from the larval to the adult stage, with strong expression in the gut, the posterior

bulb of the pharynx, the hypoderm, as well as in unidentified cells in the head and

tail. Mutation of the double-histidine motif in the Lag domain (conserved in all

CerS) of hyl-2 or complete depletion of the gene resulted in hypoxia sensitivity,

which was CED-3 (caspase) independent. In addition, hyl-2mutants were also more

sensitive to heat shock. In contrast, lack of hyl-1 led to resistance to hypoxia, but

introduction of hyl-1 into worms lacking HYL-2 did not fully restore hypoxia

resistance. This suggests that C20–C22-SLs, but not C24–C26-SLs, play a role in

the resistance to hypoxia. Of note, in both hyl-1 and hyl-2 mutants, iso-sphingoid

bases were accumulated, but experiments showed that this did not influence hyp-

oxia sensitivity (Menuz et al. 2009). Interestingly, simultaneous deletion of both

hyl-1 and hyl-2 was reported to be lethal (Menuz et al. 2009). In a different set of

experiments, screening for mutants resistant to radiation-induced germ-cell apopto-

sis revealed cell death arrest in hyl-1 and lagr-1 but not in hyl-2 mutants. In

contrast, hyl-1 and lagr-1 mutations did not affect somatic cell death, nor did the

hyl-2 mutant. Germline injection of C16-ceramide restored apoptosis in hyl-1 and

lagr-1 deletion mutants (Deng et al. 2008). These studies suggest that both hyl-1
and lagr-1 are crucial for radiation-induced apoptosis of germline cells (Deng et al.

2008). Thus, each of the C. elegans CerS paralogs has distinct nonredundant

functions, which, under specific stress conditions, cannot be compensated for.

The drosophila Lass gene 1 homolog (Dlag1) was recently renamed Schlank
(slim) to emphasize the main phenotype described for the Dlag1mutant (Bauer et al.

2009). Three mutants were characterized; two of them schlankG0061 and schlankG0349

went through embryogenesis and hatched from eggs to become larvae, whereas in the

complete null mutant no eggs were obtained. The two mutants showed arrest at

different larval development stages, in correlation with reduced total ceramide levels

and fat storage (triacylglycerols—TG), whereas overexpression of schlank led to

increased levels of ceramide and fat. These results were confirmed in RNAi-

mediated knockdown and genetic rescue experiments in drosophila. Immunohisto-

chemical analyses indicate that schlank is strongly expressed in fat cells. Moreover,

schlank positively regulates fatty acid synthesis by promoting the expression of

sterol-responsive element-binding protein SREBP and its target genes. This study

suggested that schlank acts as a regulator of the balance between lipogenesis and

lipolysis during drosophila larval growth (Bauer et al. 2009). Taken together,

complete ablation of CerS activity in the fruit fly causes lethality, whereas residual

schlank activity allows normal embryonic development, albeit limiting larval

development.

Recently, CerS1-, 2-, and 3-deficient mice were generated in an attempt

to elucidate the role and function of specific CerS in mammalian organisms.
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Two mouse strains harboring spontaneous CerS1 mutations were discovered (Zhao

et al. 2011). The flincher ( fln) mutation lacks a single nucleotide in exon 5, resulting

in a frameshift mutation significantly reducing CerS1 transcript levels. These mice

developed Purkinje cell degeneration and ataxia starting at around 3 weeks of age.

The Purkinje neurons of this mutant exhibited shorter dendritic arbors with lower

order branches and complexity. Surprisingly, a similar phenotype was reported for

toppler (to) mutant mice that harbor a missense mutation in CerS1 exon 5, adjacent

to the fln mutation (Zhao et al. 2011). In both mouse strains CerS1 enzyme activity

was nearly absent. As a result, total ceramide in the brain was reduced by half due to

the drop in C18:0-ceramide (the major ceramide in brain), albeit a twofold increase

in C16-ceramide. In addition, sphinganine and sphinganine 1-phosphate were

significantly elevated, which could account for the reduction in total ceramide or

reflect a feedback mechanism sensing the lack of neuronal CerS1 activity. In their

neurons, CerS1-deficient mice also accumulated lipofuscin—an undigested storage

material containing lipids and proteins usually found in normal aging brains and in

some pathological conditions (Jung et al. 2007). It has been suggested that

lipofuscin production results from impaired autophagy, especially mitophagy, and

chronic oxidative stress (Sulzer et al. 2008). Thus, a change in the overall SL

profile, which leads to altered membrane-biophysical properties, could harm the

lysosomal hydrolytic capacity. Interestingly, only Purkinje neurons were shown to

be affected in CerS1-deficient mice, despite the fact that it was reported to be

expressed in most neurons (Becker et al. 2008). However, since the data are derived

from mRNA expression levels, it may well be that CerS1 activity is different in

various types of neurons due to posttranscriptional or -translational regulation. So

far, information on the effect of CerS1 deficiency on other organs, such as the

skeletal muscle, where CerS1 mRNA is highly expressed (Laviad et al. 2008) is not

available. A human genetic deficiency in the CerS1 gene remains to be identified,

but the fact that flnmice that have almost no CerS1 activity are viable and survive to

adulthood suggests that individuals with genetic CerS1 deficiencies exist in human

populations and may contribute to one of the inherited acute ataxia disorders of

unknown origin.

Owing to the abundance of its mRNA in most organs, CerS2 was for a while

considered a “housekeeping” gene (Laviad et al. 2008). However, analysis of mice

harboring a lacZ reporter gene under the control of the endogenous CerS2 promoter

revealed a pronounced cell type-specific CerS2 expression pattern in different

organs (Pewzner-Jung et al. 2010a; Imgrund et al. 2009). CerS2-deficient mice

exhibited chronic alterations in liver and in brain physiology, but not in kidney

homeostasis where CerS2 activity was—despite high mRNA expression levels—

low (Pewzner-Jung et al. 2010a). Phenotypic analysis of “unchallenged” CerS2-

deficient mice is expected to reveal the pathology of cells in which the enzyme is

highly active. Accordingly, hepatocytes that showed high CerS2 activity and high

levels of VLC-SLs (Park, JW., and Futerman, AH., unpublished data) exhibited

increased apoptosis in CerS2-deficient mice already at 1 month of age (Pewzner-

Jung et al. 2010a). As the liver has a high regeneration capacity, hepatocyte death

was associated with massive proliferation. Moreover, the high hepatocyte turnover
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eventually led to the generation of adenomas and hepatocellular carcinomas in

CerS2-deficient mice above 8 months of age (Pewzner-Jung et al. 2010a; Imgrund

et al. 2009). The primary mechanism causing hepatocyte death in the absence of

CerS2 is not fully understood. CerS2-deficient livers exhibit altered SL profiles due

to the almost complete lack of VLC-SLs, with an elevation in C16-fatty acyl chains

containing SLs, and a dramatic increase in LCB, in particular sphinganine. How-

ever, the total SL levels in CerS2-deficient livers were found to be similar to those

in wild-type mice. Therefore, the SL profile alterations are unlikely to be the only

explanation accounting for the increased hepatocyte turnover, because in the

kidneys of “unchallenged” CerS2-deficient mice, there was a similarly altered SL

profile but no apparent pathology. Rather, hepatocyte-specific factor/s are likely

altered in CerS2-deficient mice as a result of the change in the biophysical

properties of the hepatocyte membranes (Pewzner-Jung et al. 2010b), resulting in

hepatocyte death already at an early age.

The CerS2 promoter is highly active in the periportal region of the liver, rather

than in the centrilobular area, as detected by X-gal staining of heterozygous liver.

As gluconeogenesis is attributed mainly to this liver zone (Jungermann and Katz

1989), that might explain, at least in part, the hypoglycemia observed in CerS2-

deficient mice (Pewzner-Jung et al. 2010a). However, it should be stressed, hepato-

cyte death is not restricted to the periportal zone, but found scattered in all the liver

zones. This issue may be resolved in the near future with the development of a good

antibody for mouse CerS2 and improved resolution of SL MALDI imaging mass

spectrometry techniques (Chen et al. 2010), which will allow detection of the

specific products of each CerS in situ. Interestingly, CerS2-deficient mice also

exhibit reduced body weight and fat accumulation (Pewzner-Jung et al. 2010a),

reminiscent of the phenotype found in drosophila—schlank mutants, where TG are

dramatically reduced (Bauer et al. 2009). This suggests that CerS2 and schlank are
involved in energy metabolism, and maybe even in the function of mitochondria,

which are known to play a role in energy metabolism (see note added in proof).

In the brain, the CerS2 promoter was found to be highly active in all the white

matter tracts, including the corpus callosum, striatum, white matter of the cerebellum,

and brain stem (Ben-David et al. 2011; Imgrund et al. 2009). This expression pattern

is in accordance with CerS2 expression in mature myelinating oligodendrocytes, as

well as in Schwann cells of the peripheral nervous system (Becker et al. 2008).

CerS2-deficient mice exhibited chronic and progressive myelin degeneration and

detachment, starting as early as 2 months of age. However, myelin development

was normal (Ben-David et al. 2011; Imgrund et al. 2009). Demyelination was

accompanied by massive gliosis of both microglia and astrocytes, albeit with no

effect on neuronal survival (Ben-David et al. 2011). The demyelination was most

likely a result of the dramatic reduction in VLC-galactosylceramide (GalCer) and

sulfatide (Ben-David et al. 2011; Imgrund et al. 2009), which are major myelin sheath

components. Interestingly, mutant mice lacking the enzyme UDP-galactose:ceramide

galactosyltransferase (CGT), and thus depleted of GalCer and sulfatide, show a

similar deficiency in myelin maintenance (Coetzee et al. 1996). CerS2-deficient

brain exhibited an increase in C18-ceramide. However, total GalCer was dramatically
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reduced, suggesting that CGT cannot use the abundant C18-ceramide, most likely

due to the different subcellular localization of CGT and CerS1 (responsible for

C18-ceramide generation) (Ben-David et al. 2011). CerS2-deficient mice also

exhibited convulsions, pronounced in older mice mainly upon audiogenic stress,

although the absence of cortical EEG abnormality suggested a subcortical (basal

ganglia or brain stem) dysfunction. Moreover, undefined membranous storage mate-

rialwas detected in lysosomes of glial cells in the brain as early as at 1.5months of age.

Cumulatively, it is intriguing to speculate that CerS2 deficiency may be attributed

to one of the etiologically unknown human lysosomal storage disorders, which in

CerS2 null mice prominently feature both liver and brain metabolic dysfunction.

CerS3 mRNA was found to be highly expressed in skin (Laviad et al. 2008).

Jennemann et al. further localized CerS3 expression in skin to keratinocytes of the

upper stratum spinosum and granulosum (Jennemann et al. 2011). Recently, homo-

zygous CerS3-deficient mice were generated by homologous recombination deleting

exon 7 of the CerS3 gene (Jennemann et al. 2011). Such mice die shortly after birth

owing to the impaired water permeability of their skin. SL analysis of epidermal

extracts of newborns showed that all SL with C26:0 and ULC-fatty acid (FA) were

absent, and that VLC-SLs in particular with C24:0 FA were unexpectedly reduced

Jennemann et al. reported an overall 90 % reduction in all SLs in the skin of CerS3-

deficient mice. This dramatic change led to an epidermal maturation arrest at the

embryonic pre-barrier stage (E18.5) and impaired cornification. Moreover, cultured

neonatal mutant skin inoculated with Candida albicans exhibited high susceptibility

to the fungal invasion, stressing the importance of ULC/VLC-SLs and sphingosine

(also found to be absent in CerS3-deficient skin) for maintenance of the cutaneous

barrier against pathogens. For further details, see Chap. 18 in Vol 216 by Kleuser and

Japtok “Sphingolipids and Inflammatory Diseases of the Skin”.

CerS3 was also found to be highly expressed in the testis (Mizutani et al. 2006)

and was reported to dramatically increase during postnatal testis development along

with ULC-glycosphingolipids (Rabionet et al. 2008). Thus, CerS3 may be linked to

a subset of etiologically unknown human ichtyosis, which could be associated with

male infertility (Sandhoff 2010). A current combined search for “ichtyosis,” “male

infertility,” and “chromosome 15q26.3” (the genomic location of CerS3) in the

Online Mendelian Inheritance in Man (OMIM) database does not define a human

disease. However, it is likely that complete deletion of a region within the CerS3

gene leads—as in CerS3-deficient mice—to human lethality, whereas a point

mutation, leading to some residual CerS3 activity, will allow survival of patients,

albeit with skin impairment and/or spermatopathy. An inducible or conditional

approach to generate CerS3-deficient mice is required to further explore the role

of CerS3 in adult testis physiology.

It is intriguing to note that despite the huge evolutionary distance between

S. cerevisiae and Mus musculus, the overall findings in the mutant organisms

exhibit striking similarities. For example, both yeast mutants and CerS-deficient

mice display a pronounced accumulation of LCB, especially sphinganine (Guillas

et al. 2001; Zhao et al. 2011; Pewzner-Jung et al. 2010b; Ben-David et al. 2011).
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Moreover, in both species CerS paralogs are dispensable for viability or embryonic

development.1 To date, the generation of CerS4-, CerS5-, and CerS6-deficient mice

has not been reported. However, efforts are under way, which should result in a

better understanding of the regulation and the exact role of all CerS in vivo.

Cumulatively, CerS enzymes exhibit specific cell type expression, and generate

particular ceramides that serve as a basis for complex SLs, which have precise

functions in the maintenance of many important processes.

5 Conclusions

Complete depletion of all SLs results in lethality (Hojjati et al. 2005; Guillas et al.

2003; Menuz et al. 2009; Bauer et al. 2009). However, so far it may be concluded

that in organisms in which only one CerS paralog is depleted, viability is preserved.

This is most likely due to compensation by other SLs that maintain a basic

homeostasis. Yet, upon challenge or stress stimuli, this fragile compensation by

other SLs seems to be insufficient, and viability is at risk. A major future challenge

for the field will be to identify hereditary human CerS disorders. However, altered

human and mouse genotypes do not necessarily always correlate phenotypically

and, therefore, specific CerS mutations could still be lethal in humans. On the other

hand, we predict the existence of gene variants in the human population resulting

from point mutations that could lead to phenotypes milder than the ones observed in

the mouse models, as residual enzymatic activity would be preserved. High-

throughput sequencing of DNA samples from etiologically unknown human

diseases with some similarities to the CerS-deficient animal models should help

to resolve this issue. Clearly, understanding the biochemical properties of CerS and

the elements responsible for their activity and regulation is of highest priority in

order to reveal the fundamental role of SLs in cell physiology.

Note added in proof: A recent paper by Zigdon H. et al., (2013) doi: 10.1074/jbc.M112.402719

shows that CerS2 deficiency lead to liver mitochondrial dysfunction, which results in chronic

oxidative stress.
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development, and thus, these mice do not survive after birth (see above).

102 J.-W. Park and Y. Pewzner-Jung



References

Bauer R, Voelzmann A, Breiden B, Schepers U, Farwanah H, Hahn I, Eckardt F, Sandhoff K,

Hoch M (2009) Schlank, a member of the ceramide synthase family controls growth and body

fat in Drosophila. EMBO J 28(23):3706–3716

Becker I, Wang-Eckhardt L, Yaghootfam A, Gieselmann V, Eckhardt M (2008) Differential

expression of (dihydro)ceramide synthases in mouse brain: oligodendrocyte-specific expres-

sion of CerS2/Lass2. Histochem Cell Biol 129(2):233–241

Ben-David O, Pewzner-Jung Y, Brenner O, Laviad EL, Kogot-Levin A, Weissberg I, Biton IE,

Pienik R,Wang E, Kelly S, Alroy J, Raas-Rothschild A, Friedman A, Brugger B, Merrill AH Jr,

Futerman AH (2011) Encephalopathy caused by ablation of very long acyl chain ceramide

synthesis may be largely due to reduced galactosylceramide levels. J Biol Chem 286

(34):30022–30033

Bidle KD, Vardi A (2011) A chemical arms race at sea mediates algal host-virus interactions. Curr

Opin Microbiol 14(4):449–457

Bionda C, Portoukalian J, Schmitt D, Rodriguez-Lafrasse C, Ardail D (2004) Subcellular com-

partmentalization of ceramide metabolism: MAM (mitochondria-associated membrane) and/or

mitochondria? Biochem J 382(Pt 2):527–533

Bonzon-Kulichenko E, Schwudke D, Gallardo N, Molto E, Fernandez-Agullo T, Shevchenko A,

Andres A (2009) Central leptin regulates total ceramide content and sterol regulatory element

binding protein-1C proteolytic maturation in rat white adipose tissue. Endocrinology 150(1):

169–178

Chen Y, Liu Y, Allegood J, Wang E, Cachon-Gonzalez B, Cox TM, Merrill AH Jr, Sullards MC

(2010) Imaging MALDI mass spectrometry of sphingolipids using an oscillating capillary

nebulizer matrix application system. Methods Mol Biol 656:131–146

Coetzee T, Fujita N, Dupree J, Shi R, Blight A, Suzuki K, Popko B (1996) Myelination in the

absence of galactocerebroside and sulfatide: normal structure with abnormal function and

regional instability. Cell 86(2):209–219

Contreras FX, Ernst AM, Haberkant P, Bjorkholm P, Lindahl E, Gonen B, Tischer C, Elofsson A,

von Heijne G, Thiele C, Pepperkok R, Wieland F, Brugger B (2012) Molecular recognition of a

single sphingolipid species by a protein’s transmembrane domain. Nature 481(7382):525–529

D’Mello NP, Childress AM, Franklin DS, Kale SP, Pinswasdi C, Jazwinski SM (1994) Cloning

and characterization of LAG1, a longevity-assurance gene in yeast. J Biol Chem 269

(22):15451–15459

Deng X, Yin X, Allan R, Lu DD, Maurer CW, Haimovitz-Friedman A, Fuks Z, Shaham S,

Kolesnick R (2008) Ceramide biogenesis is required for radiation-induced apoptosis in the

germ line of C. elegans. Science 322(5898):110–115

Fei P, Junyu N, Jiangfeng Y, Jingpin Y, Yuping W, Zhihui H, Jieliang W, Xianglin C, Shaomin Y,

Jie Z (2004) Monoclonal antibodies against human tumor metastasis suppressor gene-1

(TMSG-1): preparation, characterization, and application. Hybrid Hybridomics 23(5):318–325

Futerman AH, Hannun YA (2004) The complex life of simple sphingolipids. EMBO Rep

5(8):777–782

Gong MZ, You JF, Pei F, Cui XL, Li G, Zheng J (2011) Transcriptional activation of TMSG-1 by

complex of KLF6 and Sp1. Zhonghua Bing Li Xue Za Zhi 40(8):542–548

Guillas I, Jiang JC, Vionnet C, Roubaty C, Uldry D, Chuard R, Wang J, Jazwinski SM,

Conzelmann A (2003) Human homologues of LAG1 reconstitute Acyl-CoA-dependent cer-

amide synthesis in yeast. J Biol Chem 278(39):37083–37091

Guillas I, Kirchman PA, Chuard R, Pfefferli M, Jiang JC, Jazwinski SM, Conzelmann A (2001)

C26-CoA-dependent ceramide synthesis of Saccharomyces cerevisiae is operated by Lag1p

and Lac1p. EMBO J 20(11):2655–2665

Hannun YA, Obeid LM (2008) Principles of bioactive lipid signalling: lessons from sphingolipids.

Nat Rev Mol Cell Biol 9(2):139–150

Hannun YA, Obeid LM (2011) Many ceramides. J Biol Chem 286(32):27855–27862

Ceramide Synthases: Reexamining Longevity 103



Heung LJ, Luberto C, Del Poeta M (2006) Role of sphingolipids in microbial pathogenesis. Infect

Immun 74(1):28–39

Hirschberg K, Rodger J, Futerman AH (1993) The long-chain sphingoid base of sphingolipids is

acylated at the cytosolic surface of the endoplasmic reticulum in rat liver. Biochem J 290(Pt 3):

751–757

Hojjati MR, Li Z, Jiang XC (2005) Serine palmitoyl-CoA transferase (SPT) deficiency and

sphingolipid levels in mice. Biochim Biophys Acta 1737(1):44–51

Imgrund S, HartmannD, FarwanahH, EckhardtM, Sandhoff R, Degen J, GieselmannV, Sandhoff K,

Willecke K (2009) Adult ceramide synthase 2 (CERS2)-deficient mice exhibit myelin sheath

defects, cerebellar degeneration, and hepatocarcinomas. J Biol Chem 284(48):33549–33560

Iwabuchi K, Prinetti A, Sonnino S,Mauri L, Kobayashi T, Ishii K, Kaga N,Murayama K, Kurihara H,

Nakayama H, Yoshizaki F, Takamori K, Ogawa H, Nagaoka I (2008) Involvement of very long

fatty acid-containing lactosylceramide in lactosylceramide-mediated superoxide generation

and migration in neutrophils. Glycoconj J 25(4):357–374

Jennemann R, Rabionet M, Gorgas K, Epstein S, Dalpke A, Rothermel U, Bayerle A, van der

Hoeven F, Imgrund S, Kirsch J, Nickel W, Willecke K, Riezman H, Grone HJ, Sandhoff R

(2011) Loss of ceramide synthase 3 causes lethal skin barrier disruption. Hum Mol Genet

21(3):586–608

Jiang JC, Kirchman PA, Zagulski M, Hunt J, Jazwinski SM (1998) Homologs of the yeast

longevity gene LAG1 in Caenorhabditis elegans and human. Genome Res 8(12):1259–1272

Jung T, Bader N, Grune T (2007) Lipofuscin: formation, distribution, and metabolic

consequences. Ann N Y Acad Sci 1119:97–111

Jungermann K, Katz N (1989) Functional specialization of different hepatocyte populations.

Physiol Rev 69(3):708–764

Kageyama-Yahara N, Riezman H (2006) Transmembrane topology of ceramide synthase in yeast.

Biochem J 398(3):585–593

Kitatani K, Idkowiak-Baldys J, Hannun YA (2008) The sphingolipid salvage pathway in ceramide

metabolism and signaling. Cell Signal 20(6):1010–1018

Koyanagi S, Kuga M, Soeda S, Hosoda Y, Yokomatsu T, Takechi H, Akiyama T, Shibuya S,

Shimeno H (2003) Elevation of de novo ceramide synthesis in tumor masses and the role of

microsomal dihydroceramide synthase. Int J Cancer 105(1):1–6

Lahiri S, Futerman AH (2005) LASS5 is a bona fide dihydroceramide synthase that selectively

utilizes palmitoyl-CoA as acyl donor. J Biol Chem 280(40):33735–33738

Lahiri S, Lee H, Mesicek J, Fuks Z, Haimovitz-Friedman A, Kolesnick RN, Futerman AH (2007)

Kinetic characterization of mammalian ceramide synthases: determination of K(m) values

towards sphinganine. FEBS Lett 581(27):5289–5294

Lahiri S, Park H, Laviad EL, Lu X, Bittman R, Futerman AH (2009) Ceramide synthesis is

modulated by the sphingosine analog FTY720 via a mixture of uncompetitive and noncompet-

itive inhibition in an Acyl-CoA chain length-dependent manner. J Biol Chem 284(24):

16090–16098

Laviad EL, Albee L, Pankova-Kholmyansky I, Epstein S, Park H, Merrill AH Jr, Futerman AH

(2008) Characterization of ceramide synthase 2: tissue distribution, substrate specificity, and

inhibition by sphingosine 1-phosphate. J Biol Chem 283(9):5677–5684

Laviad EL, Kelly S, Merrill AH Jr, Futerman AH (2012) Modulation of ceramide synthase activity

via dimerization. J Biol Chem 287:21025–21033

Lee H, Rotolo JA, Mesicek J, Penate-Medina T, Rimner A, Liao WC, Yin X, Ragupathi G,

Ehleiter D, Gulbins E, Zhai D, Reed JC, Haimovitz-Friedman A, Fuks Z, Kolesnick R (2011)

Mitochondrial ceramide-rich macrodomains functionalize Bax upon irradiation. PLoS One

6(6):e19783

Levy M, Futerman AH (2010) Mammalian ceramide synthases. IUBMB Life 62(5):347–356

Ma C, Ning J, You J, Liu L, Wang J, Cui X, Wu B, Zheng J (2003) Primary functional

identification of gene TMSG-1. Sci China C Life Sci 46(6):641–650

104 J.-W. Park and Y. Pewzner-Jung



Menuz V, Howell KS, Gentina S, Epstein S, Riezman I, Fornallaz-Mulhauser M, Hengartner MO,

Gomez M, Riezman H, Martinou JC (2009) Protection of C. elegans from anoxia by HYL-2

ceramide synthase. Science 324(5925):381–384

Mesicek J, Lee H, Feldman T, Jiang X, Skobeleva A, Berdyshev EV, Haimovitz-Friedman A, Fuks Z,

Kolesnick R (2010) Ceramide synthases 2, 5, and 6 confer distinct roles in radiation-induced

apoptosis in HeLa cells. Cell Signal 22(9):1300–1307

Mesika A, Ben-Dor S, Laviad EL, Futerman AH (2007) A new functional motif in Hox domain-

containing ceramide synthases: identification of a novel region flanking the Hox and TLC

domains essential for activity. J Biol Chem 282(37):27366–27373

Meyers-Needham M, Ponnusamy S, Gencer S, Jiang W, Thomas RJ, Senkal CE, Ogretmen B

(2011) Concerted functions of HDAC1 and microRNA-574-5p repress alternatively spliced

ceramide synthase 1 expression in human cancer cells. EMBO Mol Med 4(2):78–92

Mizutani Y, Kihara A, Igarashi Y (2005) Mammalian Lass6 and its related family members

regulate synthesis of specific ceramides. Biochem J 390(Pt 1):263–271

Mizutani Y, Kihara A, Igarashi Y (2006) LASS3 (longevity assurance homologue 3) is a mainly

testis-specific (dihydro)ceramide synthase with relatively broad substrate specificity. Biochem

J 398(3):531–538

Mullen TD, Jenkins RW, Clarke CJ, Bielawski J, Hannun YA, Obeid LM (2011) Ceramide

synthase-dependent ceramide generation and programmed cell death: involvement of salvage

pathway in regulating postmitochondrial events. J Biol Chem 286(18):15929–15942

Obeid LM, Okamoto Y, Mao C (2002) Yeast sphingolipids: metabolism and biology. Biochim

Biophys Acta 1585(2–3):163–171

Osawa Y, Uchinami H, Bielawski J, Schwabe RF, Hannun YA, Brenner DA (2005) Roles for

C16-ceramide and sphingosine 1-phosphate in regulating hepatocyte apoptosis in response to

tumor necrosis factor-alpha. J Biol Chem 280(30):27879–27887

Pagarete A, Allen MJ, Wilson WH, Kimmance SA, de Vargas C (2009) Host-virus shift of the

sphingolipid pathway along an Emiliania huxleyi bloom: survival of the fattest. Environ

Microbiol 11(11):2840–2848

Park H, Haynes CA, Nairn AV, Kulik M, Dalton S, Moremen K, Merrill AH Jr (2010) Transcript

profiling and lipidomic analysis of ceramide subspecies in mouse embryonic stem cells and

embryoid bodies. J Lipid Res 51(3):480–489

Park JW, ParkWJ, Kuperman Y, Boura-Halfon S, Pewzner-Jung Y, Futerman AH (2012) Ablation

of very long acyl chain sphingolipids causes hepatic insulin resistance in mice due to altered

getergent-resistant membranes. Hepatology. Aug 22. doi:10.1002/hep.26015

Pewzner-Jung Y, Ben-Dor S, Futerman AH (2006) When do Lasses (longevity assurance genes)

become CerS (ceramide synthases)?: Insights into the regulation of ceramide synthesis. J Biol

Chem 281(35):25001–25005

Pewzner-Jung Y, Brenner O, Braun S, Laviad EL, Ben-Dor S, Feldmesser E, Horn-Saban S,

Amann-Zalcenstein D, Raanan C, Berkutzki T, Erez-Roman R, Ben-David O, Levy M,

Holzman D, Park H, Nyska A, Merrill AH Jr, Futerman AH (2010a) A critical role for

ceramide synthase 2 in liver homeostasis: II. Insights into molecular changes leading to

hepatopathy. J Biol Chem 285(14):10911–10923

Pewzner-Jung Y, Park H, Laviad EL, Silva LC, Lahiri S, Stiban J, Erez-Roman R, Brugger B,

Sachsenheimer T, Wieland F, Prieto M, Merrill AH Jr, Futerman AH (2010b) A critical role for

ceramide synthase 2 in liver homeostasis: I. Alterations in lipid metabolic pathways. J Biol

Chem 285(14):10902–10910

Rabionet M, van der Spoel AC, Chuang CC, von Tumpling-Radosta B, Litjens M, Bouwmeester D,

Hellbusch CC, Korner C, Wiegandt H, Gorgas K, Platt FM, Grone HJ, Sandhoff R (2008)

Male germ cells require polyenoic sphingolipids with complex glycosylation for completion of

meiosis: a link to ceramide synthase-3. J Biol Chem 283(19):13357–13369

Riebeling C, Allegood JC, Wang E, Merrill AH Jr, Futerman AH (2003) Two mammalian

longevity assurance gene (LAG1) family members, trh1 and trh4, regulate dihydroceramide

synthesis using different fatty acyl-CoA donors. J Biol Chem 278(44):43452–43459

Ceramide Synthases: Reexamining Longevity 105

http://dx.doi.org/10.1002/hep.26015


Sandhoff R (2010) Very long chain sphingolipids: tissue expression, function and synthesis. FEBS

Lett 584(9):1907–1913

Schorling S, Vallee B, Barz WP, Riezman H, Oesterhelt D (2001) Lag1p and Lac1p are essential

for the Acyl-CoA-dependent ceramide synthase reaction in Saccharomyces cerevisae. Mol

Biol Cell 12(11):3417–3427

Shimeno H, Soeda S, Sakamoto M, Kouchi T, Kowakame T, Kihara T (1998) Partial purification

and characterization of sphingosine N-acyltransferase (ceramide synthase) from bovine liver

mitochondrion-rich fraction. Lipids 33(6):601–605

Siskind LJ, Mullen TD, Romero Rosales K, Clarke CJ, Hernandez-Corbacho MJ, Edinger AL,

Obeid LM (2010) The BCL-2 protein BAK is required for long-chain ceramide generation

during apoptosis. J Biol Chem 285(16):11818–11826

Spassieva S, Seo JG, Jiang JC, Bielawski J, Alvarez-Vasquez F, Jazwinski SM, Hannun YA,

Obeid LM (2006) Necessary role for the Lag1p motif in (dihydro)ceramide synthase activity.

J Biol Chem 281(45):33931–33938

Spassieva SD, Mullen TD, Townsend DM, Obeid LM (2009) Disruption of ceramide synthesis by

CerS2 down-regulation leads to autophagy and the unfolded protein response. Biochem J

424(2):273–283

Sperling P, Heinz E (2003) Plant sphingolipids: structural diversity, biosynthesis, first genes and

functions. Biochim Biophys Acta 1632(1–3):1–15

Sridevi P, Alexander H, Laviad EL, Min J, Mesika A, Hannink M, Futerman AH, Alexander S

(2010) Stress-induced ER to Golgi translocation of ceramide synthase 1 is dependent on

proteasomal processing. Exp Cell Res 316(1):78–91

Sridevi P, Alexander H, Laviad EL, Pewzner-Jung Y, Hannink M, Futerman AH, Alexander S

(2009) Ceramide synthase 1 is regulated by proteasomal mediated turnover. Biochim Biophys

Acta 1793(7):1218–1227

Sulzer D, Mosharov E, Talloczy Z, Zucca FA, Simon JD, Zecca L (2008) Neuronal pigmented

autophagic vacuoles: lipofuscin, neuromelanin, and ceroid as macroautophagic responses

during aging and disease. J Neurochem 106(1):24–36

Tidhar R, Ben-Dor S, Wang E, Kelly S, Merrill AH Jr, Futerman AH (2012) Acyl chain specificity

of ceramide synthases is determined within a region of 150 residues in the Tram-Lag-CLN8

(TLC) domain. J Biol Chem 287(5):3197–3206

Vallee B, Riezman H (2005) Lip1p: a novel subunit of acyl-CoA ceramide synthase. EMBO J 24

(4):730–741

van Hall T,Wolpert EZ, van Veelen P, Laban S, van der Veer M, RoseboomM, Bres S, Grufman P,

de Ru A, Meiring H, de Jong A, Franken K, Teixeira A, Valentijn R, Drijfhout JW, Koning F,

Camps M, Ossendorp F, Karre K, Ljunggren HG, Melief CJ, Offringa R (2006) Selective

cytotoxic T-lymphocyte targeting of tumor immune escape variants. Nat Med 12(4):417–424

Venkataraman K, Riebeling C, Bodennec J, Riezman H, Allegood JC, Sullards MC, Merrill AH Jr,

Futerman AH (2002) Upstream of growth and differentiation factor 1 (uog1), a mammalian

homolog of the yeast longevity assurance gene 1 (LAG1), regulates N-stearoyl-sphinganine

(C18-(dihydro)ceramide) synthesis in a fumonisin B1-independent manner in mammalian

cells. J Biol Chem 277(38):35642–35649

Villen J, Beausoleil SA, Gerber SA, Gygi SP (2007) Large-scale phosphorylation analysis of

mouse liver. Proc Natl Acad Sci U S A 104(5):1488–1493

Wang E, Norred WP, Bacon CW, Riley RT, Merrill AH Jr (1991) Inhibition of sphingolipid

biosynthesis by fumonisins. Implications for diseases associated with Fusarium moniliforme.

J Biol Chem 266(22):14486–14490

Winter E, Ponting CP (2002) TRAM, LAG1 and CLN8: members of a novel family of lipid-

sensing domains? Trends Biochem Sci 27(8):381–383

Xu Z, Zhou J, McCoy DM, Mallampalli RK (2005) LASS5 is the predominant ceramide synthase

isoform involved in de novo sphingolipid synthesis in lung epithelia. J Lipid Res

46(6):1229–1238

106 J.-W. Park and Y. Pewzner-Jung



Yacoub A, Hamed HA, Allegood J, Mitchell C, Spiegel S, Lesniak MS, Ogretmen B, Dash R,

Sarkar D, Broaddus WC, Grant S, Curiel DT, Fisher PB, Dent P (2010) PERK-dependent

regulation of ceramide synthase 6 and thioredoxin play a key role in mda-7/IL-24-induced

killing of primary human glioblastoma multiforme cells. Cancer Res 70(3):1120–1129

Yu B, Zhou S, Wang Y, Qian T, Ding G, Ding F, Gu X (2012) miR-221/222 promote Schwann cell

proliferation and migration by targeting LASS2 following sciatic nerve injury. J Cell Sci

125:2675–2683

Zhao L, Spassieva SD, Jucius TJ, Shultz LD, Shick HE, Macklin WB, Hannun YA, Obeid LM,

Ackerman SL (2011) A deficiency of ceramide biosynthesis causes cerebellar purkinje cell

neurodegeneration and lipofuscin accumulation. PLoS Genet 7(5):e1002063

Zheng W, Kollmeyer J, Symolon H, Momin A, Munter E, Wang E, Kelly S, Allegood JC, Liu Y,

Peng Q, Ramaraju H, Sullards MC, Cabot M, Merrill AH Jr (2006) Ceramides and other

bioactive sphingolipid backbones in health and disease: lipidomic analysis, metabolism and

roles in membrane structure, dynamics, signaling and autophagy. Biochim Biophys Acta

1758(12):1864–1884

Ceramide Synthases: Reexamining Longevity 107



Membrane Channels Formed by Ceramide

Marco Colombini

Contents

1 Introduction: Ceramide Permeabilizes Membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

2 The Working Model of the Ceramide Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

3 Electrophysiological Evidence for the Structure of Ceramide Channels . . . . . . . . . . . . . . . . 112

4 Regulation of Ceramide Channels by Bcl-2 Family Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5 Features of Ceramide That Are Important for Channel Formation . . . . . . . . . . . . . . . . . . . . . . 117

6 Disruption of Ceramide Channels by Other Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7 Channel Formation Shows Specificity for the Mitochondrial Outer Membrane . . . . . . . . 120

8 Visualization of Ceramide Channels Formed in Phospholipid Membranes . . . . . . . . . . . . . 120

9 Technical Challenges and Apparent Conflicts in the Literature . . . . . . . . . . . . . . . . . . . . . . . . . 121

10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

Abstract The sphingolipid, ceramide, forms channels in the mitochondrial outer

membrane and in lipid membranes composed of only phospholipid/cholesterol,

using lipids typically found in the natural membrane. These channels are large,

allowing proteins to cross membranes. Experimental results are consistent

with ceramide forming barrel-stave channels that are rigid and highly organized.

Bcl-2 family proteins control these channels in a manner expected from their

physiological function: anti-apoptotic proteins destabilize the channels whereas

pro-apoptotic proteins act synergistically with ceramide to increase membrane

permeability. The use of ceramide analogs has allowed one to gain insight into

the features of the molecule that are most important for channel formation. These

analogs have also been useful in identifying the sites of interaction between

ceramide and both Bax and Bcl-xL. The pores formed in phospholipid membranes

by ceramide were visualized by electron microscopy. The most common pore size
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was 10 nm in diameter, consistent with results obtained from electrophysiological

recordings. All indications point to a role for ceramide channels in the release of

proteins from mitochondria, a key decision-making step in the apoptotic process.

Keywords Ceramide • Channel • Apoptosis • Bax • Bcl-xL

1 Introduction: Ceramide Permeabilizes Membranes

The ability of ceramide to permeabilize the mitochondrial outer membrane (MOM)

has been reported by a number of different research groups (Ghafourifar et al. 1999;

Di Paola et al. 2000, 2004; Birbes et al. 2001; Siskind et al. 2002, 2006; Colombini

2010) using different approaches. It has also been demonstrated that ceramide can

permeabilize phospholipid membranes in the absence of any proteins (Siskind and

Colombini 2000; Siskind et al. 2003; Montes et al. 2002; Pajewski et al. 2005;

Stiban et al. 2006). There is agreement that these permeability pathways are large

(Siskind et al. 2002, 2003; Montes et al. 2002; Samanta et al. 2011) and thus require

the cooperation of many ceramide molecules. When supra-physiologically high

mole fractions of ceramide are used, there is compelling evidence to conclude that,

under these conditions, ceramide can participate in the formation of separate lipid

phases (Montes et al. 2002). These investigators suggested that the interface

between these lipid phases, formed under these conditions, may contain nonspecific

pathways by which polar molecules may cross the membrane. If these exist, these

pathways are not the topic of this review. In contrast, when physiologically relevant

mole fractions of ceramide are present in phospholipid membranes, there is ample

evidence for the existence of highly organized cylindrical channels large enough to

allow proteins to cross membranes (Siskind et al. 2002, 2006; Samanta et al. 2011).

A number of features of ceramide channels, including stereospecificity (Perera et al.

2012a), provide compelling evidence for highly organized structures, which are the

focus of this chapter. These ceramide channels can be regulated by proteins in ways

that are consistent with these channels playing an important role in the early,

decision-making stages of apoptosis (Siskind et al. 2008; Ganesan et al. 2010).

2 The Working Model of the Ceramide Channel

It is useful to be able to put experimental results into a framework and this is

embodied in the working model of the ceramide channel. This model was first

proposed in 2000 (Siskind and Colombini 2000) when electrophysiological

measurements were made on conductances produced by the addition of both C2-

and C16-ceramide to planar phospholipid membranes. It was modified in 2003 by

arranging the ceramide columns in an antiparallel fashion (Siskind et al. 2003). It was

tested by performingmolecular dynamic (MD) simulations (Anishkin et al. 2006) and
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found to be stable during the lifetime of the simulation. The simulations helped to

address the issue of how the channel might interface with the phospholipid bilayer.

As illustrated in Fig. 1, ceramide molecules are proposed to form columns that

span the hydrophobic inner core of the membrane. The column is proposed to

consist of six ceramides, although four ceramide-columns are also possible as

indicated by MD simulations. The monomers are held together by hydrogen

bonding through the amide linkage that connects the sphingoid base to the acyl

chain (Fig. 1c). Thus the hydrogen bonding of the amide linkage, responsible for the

secondary structure of proteins, is proposed to be the primary organizing interaction

in the ceramide channel. The alignment of these amide linkages in the column

Fig. 1 Model of a ceramide channel. (a) Top view of a 48-column channel forming a 10 nm pore.

(b) Cross section showing how the channel would interface with the phospholipid bilayer. The

lighter colored phospholipids are shown as curving to meet the channel and cover the aliphatic

chains of ceramide. The channel takes on a somewhat hourglass shape to meet the phospholipids.

The result is a continuous polar surface interfacing with the aqueous phase. (c) Hydrogen bonding

(yellow) at the ceramide–water interface would take place among the hydroxyl groups and

bridging water molecules. (d) Two ceramide columns are illustrated. Ceramide columns are

formed by six ceramide molecules held together by hydrogen bonding (yellow) between adjacent

amide linkages (shown as full-size atoms for the top four ceramide molecules). Columns are

arranged in an antiparallel fashion allowing favorable dipole–dipole interactions (red arrows)
between adjacent ceramide columns
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would produce a strong dipole similar to that formed in an alpha helix. This

recognition and results obtained from electrophysiological recordings (Sect. 3)

caused us to propose (Siskind et al. 2003) that the columns are organized in an

antiparallel fashion. The number of columns, arranged as staves of a barrel,

determines the physical size of the ceramide channel. Adjacent columns are

proposed to be held together by hydrogen bonding of the twin hydroxyl groups

either directly or via a water bridge (Fig. 1c).

Experimental observations indicate that ceramide channels are in dynamic

equilibrium with ceramide monomers or ceramide aggregates in the membrane.

There is evidence (Siskind et al. 2003) that groups of columns can leave the channel

as a unit, presumably ending up as an aggregate, or perhaps an organized structure,

in a monolayer of the membrane. Certainly the high degree of insolubility of the

medium (C16-, C18-ceramide) and long-chain ceramides (C24-ceramide) makes it

very unlikely that ceramide monomers would leave the membrane for the aqueous

phase. The short-chain ceramide, C2-ceramide, is more water soluble and there is

evidence that it can leave the membrane, binding to proteins in solution (Siskind

et al. 2002).

To form a continuous polar surface to interface with the aqueous phase requires a

distortion at the boundary of both the ceramide channel and the phospholipid

bilayer (Fig. 1b). Molecular dynamic simulations (Anishkin et al. 2006) indicate

a channel with a somewhat hourglass shape. The distortion of the phosphogly-

cerolipids is illustrated by a lipid annulus with a somewhat different coloration.

3 Electrophysiological Evidence for the Structure of Ceramide

Channels

Discrete changes in conductance, i.e., sudden changes in the membrane’s ability to

allow ions to cross a membrane, are a defining characteristic of the formation of a

channel. The nearly instantaneous change in the ability of ions to flow through the

membrane by 105 and higher ions per second cannot be explained by anything save a

continuous water-filled pathway that allows for the constant flow of ions. While this

observation distinguishes a channel from an ion carrier, it says nothing about the

structure that forms the flowing pathway by which ions cross membranes. The first

publication on ceramide channels (Siskind and Colombini 2000) interpreted the

discrete conductance changes as individual channels, the simplest hypothesis.

A subsequent publication demonstrated that the conductance increments and

decrements represented changes in the permeability (most probably size) of one

channel-forming structure (Siskind et al. 2003). In a typical electrophysiological

experiment (e.g., Fig. 7A in Samanta et al. 2011), during which a ceramide channel

is formed in a planar phospholipid membrane, one observes a variable lag time prior

to an increase in membrane permeability. The membrane conductance increases in a

wide variety of incremental steps and these are the growth of a single channel. The
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conductance reaches a steady value that varies from experiment to experiment

because the size of the final channel that is formed varies. Among the experimental

evidence for the formation of one large channel were observations of multiple

conductance increments followed by a sudden total loss of conductance. This

demonstrated that the apparently individual permeability pathways being formed

in the membrane were actually one pathway because it disassembled in one event.

The alternative interpretation of some form of incredible cooperativity was coun-

tered by other observations such as selectivity measurements. The overall selectivity

of the membrane containing the ceramide-induced ion flow declined as the conduc-

tance increased, consistent with a single channel growing in size and therefore losing

selectivity because the permeating ions would have little or no interaction with the

wall of the channel. However, the most compelling evidence was the demonstration

of stochastic behavior. Channel disassembly following the addition of La+3 did not

have the properties expected of a population of channels (exponential decay) but

rather showed a variable delay followed by rapid disassembly (Siskind et al. 2003).

The delay varied from experiment to experiment in a way expected for a single

energy barrier experienced by a single channel. Pooling many experiments together

resulted in the generation of an artificial population of channels and this pool showed

the expected exponential decay with a time constant of 17 s.

Thus, these results are consistent with ceramide addition resulting in the forma-

tion of a single large aqueous pathway in the phospholipid membrane under study.

This membrane has a large surface area of approximately 8,000 μm2. Why would

ceramide addition not result in the formation of multiple channels? The answer may

come from the observation that an increase in conductance following the addition

of ceramide to the aqueous solution bathing the membrane was usually delayed,

sometimes for hours. Following the first conductance increment, the conductance

usually increased rapidly before stabilizing at a certain level. It appears that the

formation of the first “protochannnel” is an unfavorable process, similar to the

formation of the first microtubule disk or a seed crystal. Once the seed is formed,

growth is rapid. Thus the generation of a new protochannel is less likely to occur

than the growth of the existing channel.

Strong evidence for the barrel-stave model of the ceramide channel came from a

careful analysis of the conductance decrements, either the spontaneous decrements

or decrements induced by the addition of La3+ (Siskind et al. 2003). Whereas the

small decrements showed the expected decrease in frequency with increase in

decrement size, the large decrements showed a remarkable pattern. Beginning at

12 nS, there was a strong preference for decrements that were a multiple of 4 nS.

This pattern could only be explained by the loss of the circumference of a channel

by multiples of a fundamental structure. Calculations of the size of the segment of a

circle that would explain the results were made based on the standard equation:

G ¼ ðκspπ � r2Þ
ðLþ 0:5π � rÞ ;
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where G is the conductance of the channel, κsp is the specific conductivity of the

solution (0.112 S cm�1 for 1.0 M KCl), L is the length of the channel, and r is the
radius of the aqueous pore. Thus the loss of a segment of the circumference would

result in a change in conductance and from this change the arc of the circumference

can be calculated. For very large channels L << 0.5πr and so:

Segment of circumference ¼ π

κsp
ðΔGÞ:

This works out to 1.12 nm for a change in conductance of 4.0 nS. For the typical

10 nm channel, calculations without the approximation yield 1.3 nm. This

corresponds to a pair of ceramide columns in the 48-column model illustrated in

Fig. 1a. The loss of an even number of columns could be explained if the columns

were arranged in an antiparallel fashion, held together by dipole–dipole

interactions. Like the alpha helix, the hydrogen bonding between adjacent

ceramides in each column results in the combination of electric dipoles forming

one large overall dipole on one side of the ceramide column. This would have a

favorable interaction with the opposite dipole of the adjacent column oriented in an

opposite direction. Simulated annealing studies performed by Andriy Anishkin

(personal communication) confirmed that the antiparallel orientation is favored.

Molecular dynamic simulations (Anishkin et al. 2006) showed that the proposed

structure of the ceramide channel is stable. These also showed how the channel

could interface with the lipid bilayer to form a continuous polar surface interfacing

with the aqueous phase.

4 Regulation of Ceramide Channels by Bcl-2 Family Proteins

Bcl-2 family proteins influence the structure/stability of ceramide channels in a way

that matches the role of these proteins in controlling the onset of apoptosis. The

anti-apoptotic proteins tested (Bcl-xL and CED-9) were found (Siskind et al. 2008)

to inhibit and reverse the permeabilization of the MOM by ceramide (Fig. 2a). This

was interpreted as favoring the disassembly of ceramide channels. In sharp contrast,

the pro-apoptotic protein, Bax, was found to act synergistically with ceramide to

increase the permeabilization of the MOM (Ganesan et al. 2010), Fig. 2b. Note that

CED-9 is an anti-apoptotic protein found in Caenorhabditis elegans whereas Bcl-
xL is found in mammals including humans. It seems highly unlikely, but not

impossible, that this harmony between the actions of these proteins on ceramide

channels and their established action on influencing protein release from

mitochondria in living cells is just coincidental. Control experiments and the details

of the regulation support the conclusion that this regulation is specific and likely

related to the apoptotic function of these proteins.

The permeabilization of the outer membrane of isolated mammalian mito-

chondria by the addition of ceramide could be the result of ceramide channel
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formation or ceramide acting on other outer membrane components. Similarly, the

addition of Bcl-xL to mitochondria could interfere with the permeabilization in an

indirect manner. Isolated rat liver mitochondria contain other pro-apoptotic agents

such as BAK, and Bcl-xL could instead be reducing the perceived ceramide-

induced permeabilization by binding to BAK. However, essentially the same results

were obtained (Siskind et al. 2008) using mitochondria isolated from the yeast,

Saccharomyces cerevisiae (Fig. 2a). Since this yeast lacks proteins homologous to

those of the Bcl-2 family, the results are most consistent with the notion that Bcl-xL

is interfering with ceramide’s ability to permeabilize the MOM in a direct manner,

rather than an indirect effect through the neutralization of other pro-apoptotic

factors known to interact with Bcl-xL. Furthermore, the expression of the protein

Bcl-2 in yeast resulted in isolated yeast mitochondria containing Bcl-2. These mito-

chondria were resistant to ceramide permeabilization. These results with yeast

Fig. 2 Bcl-2 family proteins influence the ability of ceramide to permeabilize the mitochondrial

outer membranes (MOM) of rat liver and yeast mitochondria. (a) Anti-apoptotic proteins destabi-

lize ceramide channels. The ceramide-induced permeabilization of the outer membrane of

mitochondria (rat liver, circles; S. cerevisiae, triangles) is decreased in a dose-dependent manner

by the addition of Bcl-xL (solid symbols) and CED-9 (open symbol). In each set of experiments,

the permeability induced by C16-ceramide alone was different due to variations in sensitivity of

different batches of mitochondria to added ceramide. The data were taken from Siskind et al.

(2008). (b) Bax and ceramide act synergistically to permeabilize the MOM. The first two bars
report the permeabilization achieved with Bax or C16-ceramide alone, the third is the result from

combined additions, the fourth is the summation of the individual additions. To observe the

synergy the Bax needed to be activated with t-Bid. Without activation Bax had no effect. Statistics:

double asterisk, 99 % confidence. The data were taken from Ganesan et al. (2010)
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mitochondria reduce but do not eliminate the likelihood that the action of Bcl-xL

might be indirect. However, the ability of Bcl-xL to disassemble ceramide channels

formed in pure phospholipid/cholesterol membranes demonstrated that Bcl-xL

must act directly on ceramide channels (Siskind et al. 2008). Furthermore, CED-9

had a similar direct effect. Although each individual experiment could be

interpreted in other ways, the combination of all these results makes a compelling

case.

The specificity of the interaction between Bcl-xL and ceramide channels was

demonstrated by testing truncated versions of Bcl-xL shown to lack anti-apoptotic

activity (Siskind et al. 2008). These were found to also be unable to reduce the

permeabilization of the MOM induced by ceramide, thus providing more confi-

dence that the action of Bcl-xL was indeed specific. The opposite effect of Bax adds

further to this confidence. Further studies with ceramide analogs (Perera et al. 2011,

2012b) demonstrate that Bcl-xL interacts preferentially with the aliphatic chains of

ceramide. Its ability to interfere with ceramide permeabilization of the MOM is

optimal for C16- and C18-ceramides and declines sharply with longer and shorter

acyl chains. Bax, which exerts the opposite effect on ceramide channels as Bcl-xL,

seems to also interact with an entirely different region of the ceramide channel. The

action of Bax is dependent on access to the amide nitrogen of ceramide, an

interaction that is lost when the nitrogen is methylated.

Both octyl glucoside-activated Bax and t-Bid-activated Bax permeabilize the

MOM and phospholipid membranes to proteins without the need for the addition of

ceramide (although ceramide was naturally present in all published experiments on

mitochondria of which the author is aware). Similarly, ceramide addition

permeabilizes these membranes without the requirement for the presence of either

Bax or BAK. Nevertheless, the combination of both treatments (Fig. 2b), at low

permeability levels, resulted in a level of permeabilization that exceeded that

observed with either agent alone (Ganesan et al. 2010). Thus it was concluded

that activated Bax and ceramide act synergistically, although it is possible that just

one of these agents somehow enhances the channel-forming ability of the other.

This synergy requires that both agents produce a relatively low level of outer

membrane permeabilization. In its absence, no synergy was observed. Lee and

coworkers (2011) also reported compelling evidence that ceramide and Bax act

synergistically to permeabilize the MOM. They showed the formation of ceramide-

rich microarrays into which Bax oligomerizes resulting in outer membrane

permeabilization. Pastorino et al. (1999) reported synergy but interpreted their

results in terms of the mitochondrial permeability transition.

Insight into the mechanism by which Bax might act on ceramide channels was

obtained by noting a change in the apparent affinity between Bax and the ceramide

channel at different levels of MOM permeabilization. The concentration of Bax that

produced half-maximal enhancement of ceramide permeabilization decreased as

the level of ceramide-induced permeabilization without Bax addition was

increased. Thus less Bax was needed to enhance the ceramide permeabilization of

the MOM when that permeabilization was already elevated. However, the maximal
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percent enhancement by Bax was also reduced. If the permeabilization of the MOM

by ceramide alone was too great, Bax addition had no effect. That is not because the

permeabilization was maximal because a further addition of ceramide could easily

increase the level of permeabilization even further as could hypotonic shock.

Rather it appeared that Bax leads to a saturating level of permeabilization. If

permeabilization was equated to channel size, perhaps Bax favors a specific channel

size. It was speculated that activated Bax acts as a molecular scaffold, driving the

ceramide channel to a specific radius of curvature. This would explain both

the apparent maximal Bax enhancement of ceramide permeabilization of MOM

and the apparent increase in affinity as the degree of ceramide-induced permeabi-

lization was increased. If the enhancement of MOM permeabilization was related to

the formation of more channels rather than larger channels, it is difficult to see why

Bax enhancement would be limited. Thus the former hypothesis seems more likely.

5 Features of Ceramide That Are Important for Channel

Formation

The use of analogs provided important insights into the aspects of the ceramide

molecule that are important for channel formation. Ceramide has several structural

features that could contribute to the stability of a channel. The hydrocarbon chains

not only anchor ceramide to the membrane by hydrophobic interactions, but the

largely saturated chains could also be important in the packing and orientation of

each ceramide molecule making up the channel. The trans double bonds should add
to the ordering of the hydrocarbon chains. The location of the double bond relative to

the hydroxyl on carbon 3makes the latter an allylic hydroxyl, changing its hydrogen-

bonding characteristics. The two hydroxyl groups and the amide linkage must result

in a variety of hydrogen bonds and these could provide both mechanical strength to

the channel structure and a degree of rigidity that would allow the transmission of

mechanical stress. The latter could either stabilize or destabilize the channel

resulting in either channel growth or disassembly. Ceramide has two chiral centers

and a planar amide linkage, all of which limit possible conformational structures and

intra- or intermolecular interactions. Each of these features was altered and the

ability of the resulting structures to form channels assessed (Perera et al. 2012a).

The ability of ceramide to form channels was not significantly altered by

shortening either one of the two hydrocarbon chains. Any changes in the ability

to permeabilize the MOM could be attributed to differences in the ability to deliver

ceramide to the target membrane. The efficiency of ceramide dispersal in water

from the isopropanol solution and the propensity to aggregate prior to reaching the

target membranes are all expected to change with alterations in chain length.

Changes in the degree of unsaturation and especially changes in the location and

nature of the trans double bond did not have as great an effect as was expected.

Simple removal of the double bond, forming dihydroceramide, resulted in failure to
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form channels (Siskind and Colombini 2000; Stiban et al. 2006). However, conver-

sion of trans to cis did not influence the channel-forming ability. Moving the double

bond between the hydroxyls or moving it farther down the chain, away from the C3-

hydroxyl, did not have much influence on channel-forming ability. Replacing the

double bond with a hydroxyl, as in phytoceramide, also was well tolerated. How-

ever, inserting a cis double bond half way down the acyl chain did destabilize the

channel. All this raises the question of why the double bond is needed. Perhaps it is

a question of being able to reach a critical concentration of ceramide to allow for

channel formation. Dihydroceramide may form aggregates in the membrane that

reduce the free dihydroceramide concentration in the membrane resulting in a

failure to form channels. Alternatively, the packing of dihydroceramide in the

form of a channel may be inherently unstable. Indeed, mixtures of ceramide and

dihydroceramide are less effective in making channels as opposed to ceramide

alone. As little at 1 part in 10 of dihydroceramide reduces the ability of ceramide to

form channels (Stiban et al. 2006).

Methylation of the polar residues would be expected to destabilize ceramide

channels by reducing the hydrogen-bonded network proposed to form the polar

inner surface of the channel and the hydrogen bonds connecting the ceramides within

the columns (Fig. 1). Indeed, methylation of the C1-hydroxyl resulted in failure to

measurably permeabilize the MOM to cytochrome c. However, this analog did result
in adenylate kinase release, indicating the formation of transient, unstable channels.

When tested on planar phospholipid membranes, small short-lived conductances

were observed as opposed to the large channels characteristic of ceramide (Perera

et al. 2012a). By contrast, methylation of the C3-hydroxyl resulted in no significant

change in channel-forming ability. This difference between the modification of the

two hydroxyls was recapitulated in changes in the chiral centers. Conversion of

carbon 3 from R to S, a modification that would change the orientation of the C3-

hydroxyl, had no effect on channel formation. However, an additional change at

carbon 2 (from S to R) resulted in a large drop in channel-forming ability. The latter

change would have altered the orientation of the C1-hydroxyl. The most unexpected

outcome was the observation of channel formation by an analog methylated at the

amide nitrogen. While displaying a marked reduction in the ability to permeabilize

the MOM and the formation of unstable channels in planar phospholipid membranes,

nevertheless the formation of any channels at all was unexpected because of the

critical importance placed on the role of the amide linkage in forming the ceramide

columns, the fundamental structures of the working model of the ceramide channel.

However, molecular dynamic simulations have shown that the carbonyl group of the

amide linkage could hydrogen bond with one of the hydroxyls and so would not need

to hydrogen bond with the amide hydrogen. This would form a channel with a

different structure (supplemental figure to Perera et al. 2012a).

Although the ability to form channels tolerates a variety of structural changes in

the ceramide molecule, changes that are expected to enhance channel stability

actually do so. Urea ceramide is expected to increase the hydrogen bonding that

is proposed to give the ceramide columns mechanical strength and it does have an
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increased propensity for channel formation in the MOM. The addition of a second

trans double bond next to the natural one in a position that allows π resonance also

favors channel formation in the MOM.

The relative ability of analogs to form channels in phospholipid membranes was

in harmony with the results obtained with isolated mitochondria. Phytoceramide

formed channels with properties similar to those of ceramide, including sensitivity to

disassembly by the addition of La3+. Methylation of the C1-hydroxyl destabilized

the channel but small transient conductances were still formed in planar membranes.

The observation of synergy and antagonism between ceramide and the analogs

indicates the existence of both compatible and incompatible interactions. Synergy

was observed with analogs whose structure may be expected to complement that of

ceramide. For example, combining short-chain and long-chain ceramides might

result in complementary structures and, indeed, those showed synergy. Molecules

with very similar structures such that one was essentially replaceable by the other

showed neither synergy nor antagonism. Analogs expected to be poorly compatible

with the structure of the ceramide channel showed antagonism. This was the case

for phytoceramide and the methylated amide analog. Surprisingly this cooperativity

was found to be in the membrane insertion process rather than just in channel

formation, indicating that insertion of ceramide into the MOM may be an autocata-

lytic process.

6 Disruption of Ceramide Channels by Other Lipids

The dynamic nature of ceramide channels would be expected to make them

susceptible to disruption by similar but fundamentally incompatible lipids. Random

collisions result in the growth of ceramide channels by the insertion of one or more

ceramides into an existing channel. Similarly, thermal vibrations should result in

single ceramides or organized groups of ceramides to leave the channels for a

location on one of the monolayers of the membrane. As discussed above, even large

fragments can leave the channel resulting in large conductance drops. Throughout

this dynamic motion, a variety of molecules, in addition to ceramide, will be

colliding with the ceramide channel and perhaps inserting transiently or perhaps

not so transiently into the ceramide structure. If one of these molecules were to

interact poorly with the existing structure it would likely return rapidly to one of the

monolayers, propelled by a net repulsive interaction. However, if the molecule were

to interact favorably with the channel, it might become incorporated even if such an

incorporation were to destabilize the structure leading to disassembly. Perhaps this

is how one might interpret how and why both sphingosine and dihydroceramide

destabilize ceramide channels. Indeed sphingosine by itself is capable of forming

small channels but when added to a ceramide channel it disassembles that channel

(Elrick et al. 2006). Each, alone, forms structures with some order but the combi-

nation may form poorly organized structures that result in instability. In sharp
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contrast, phospholipids serve as a medium for ceramide channel formation. Perhaps

the very different structure results in exclusion, at least exclusion of phospholipids

from the ceramide channel, and thus stability.

7 Channel Formation Shows Specificity for the Mitochondrial

Outer Membrane

Ceramide exists in various cellular membranes, especially the E.R., Golgi, and

plasma membrane, yet the formation of large channels seems to be restricted to the

mitochondrial outer membrane. Certainly if large channels were formed in the

plasma membrane, uncontrolled cell death would follow rapidly. Using

erythrocytes as model plasma membranes, the addition of ceramide to these does

not result in channel formation and therefore cell lysis (Siskind et al. 2002). Even

channels small enough to allow the translocation of NaCl would result in lysis and

thus even small channels were not formed. By measuring the amount of ceramide

that had been delivered to the erythrocyte membrane, Siskind and coworkers (2006)

demonstrated that a molar ratio of ceramide to membrane lipids that was 50-fold

greater than that needed to permeabilize the MOM still did not cause detectable

erythrocyte lysis. The molecular basis for the increased sensitivity of the MOM or

refractoriness of the plasma membrane has not been determined.

8 Visualization of Ceramide Channels Formed in Phospholipid

Membranes

The large size of the ceramide channel allows individual channels to be resolved by

negative stain electron microscopy. Figure 3 shows four electron micrographs of

ceramide channels formed in phospholipid membranes. Control membranes

showed no such structures. Negative stain fills both the holes in the channel and

the space around the dried and flattened vesicles. This amorphous material scatters

electrons in proportion to the number of osmium atoms present and thus the

intensity of the stain is proportional to the thickness of the stain. Note that the

density of the stain in Fig. 3b within the channel is about the same as the density at

the edges of the vesicle attesting to the conclusion that the stain indeed penetrates

right through the membrane. An analysis of the shape of the stain is consistent with

the channel being a right cylinder because the rounding is attributable to the

resolution of the technique. Higher resolution methods would be necessary to

gain more insight into the shape of the pore.

The use of spectroscopic methods to gain information on the structure of the

channel is problematic because the large majority of the ceramide in the membrane

is not part of the channel structure.
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9 Technical Challenges and Apparent Conflicts

in the Literature

Questions have been raised, both in print and in person, about various aspects of

ceramide channel formation (e.g., Yuan et al. 2003; Lee et al. 2011). These have led

to confusion and skepticism. Thus it is important to address these issues here.

Questions of reproducibility of the ability of ceramide to permeabilize the outer

membrane of isolated mitochondria likely stem from the inherent virtual insolubil-

ity of ceramide in water. This is especially true for medium- and long-chain

ceramides. It is critical that the ceramide be first solubilized in a solvent compatible

with water. Ethanol, 2-propanol, and DMSO are completely miscible with water.

Dodecane is not. The addition of dodecane to increase the dispersion of ceramide,

although widely used (e.g., Kashkar et al. 2005; Lee et al. 2011), is problematic.

Being very poorly soluble in water, dodecane either forms small droplets in the

solution or dissolves in membranes, increasing the membrane thickness and chang-

ing the membrane properties. Isopropanol is a better solvent for medium- and long-

chain ceramides than either DMSO or ethanol and therefore is a more useful

solvent. Moreover, warming an ethanol solution to increase ceramide solubility

prior to adding to the mitochondrial suspension results in concerns regarding

evaporation and potential oxidation at the higher temperature.

Once a true solution is formed, the ceramide needs to be dispersed in the

mitochondrial suspension in such a way as to maximize ceramide insertion into

Fig. 3 (a) Electron micrographs of negatively stained liposomes containing ceramide channels.

(b) Densitometry scans of two electron micrographs showing the intensity of the negative stain.

The figure was revised from Samanta et al. (2011)
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mitochondria and minimize solvent effects on mitochondria. This is achieved by

vigorously vortexing the mitochondrial solution in a microfuge tube while simulta-

neously slowly delivering the ceramide solution. This minimizes the exposure of

some mitochondria to high levels of solvent and disperses the ceramide, hopefully

into single molecules, giving the latter opportunity to collide with and insert into the

MOM. Clearly if ceramides collide into each other prior to colliding into the MOM,

they will probably adhere to each other by hydrophobic interactions. Hence, there is

kinetic competition between insertion and aggregation. Experimental results indi-

cate that aggregates do not insert well into the MOM. Indeed, even with the

procedure just described, only a few percent of the added ceramide actually inserts

(Siskind et al. 2006) into the MOM and the extent of insertion varies with the

operator and the vortex mixer used.

The amount of ceramide added to isolated mitochondria appears to be higher

than that present naturally in the MOM. One reason for this has just been pointed

out. Only the amount of ceramide that actually inserts in the MOM is relevant. The

second aspect is that in many cells ceramide levels increase in the MOM early in

apoptosis (Vance 1990; Matsko et al. 2001; Dai et al. 2004). The measured levels of

ceramide reached (Garcia-Ruiz et al. 1997; Rodriguez-Lafrasse et al. 2002; Birbes

et al. 2005) match the ones delivered to the MOM that result in 20–30 % permeabi-

lization of the MOM (Siskind et al. 2006). This is sufficient to release proteins from

mitochondria and initiate the execution phase of apoptosis. However, a final point is

that the effectiveness of ceramide depends on the level and activity of Bcl-2 family

proteins. In cases where apoptosis induction does not significantly elevate ceramide

levels, the activation of Bax and the inhibition of Bcl-xL by BH3-only proteins

could make the existing ceramide levels sufficient to form ceramide channels

(Siskind et al. 2008; Ganesan et al. 2010).

It is well known that Bax/BAK double-knockout cells are highly resistant to the

induction of apoptosis. Yet the MOM of mitochondria isolated from these cells is

easily permeabilized by the addition of ceramide (Siskind et al. 2008). Does this

represent a conflict between the cellular response and the action of ceramide on

isolated mitochondria? No! The induction of apoptosis in the parental strain results

in an elevation of ceramide levels in the MOM. This elevation does not happen in

the double-knockout cells (Siskind et al. 2010). The reason is that BAK is necessary

for the activation of the ceramide synthase responsible for the ceramide elevation

(Siskind et al. 2010). Therefore, are the Bax/BAK knockout cells resistant to

apoptosis because of the lack of Bax and BAK or because of the failure to elevate

the mitochondrial ceramide level? The answer is unclear and likely depends on the

apoptotic pathway being used by the cell. A further recent example of this entan-

glement between ceramide and Bcl-2 family proteins is the reported requirement

for ceramide synthesis in C. elegans for caspase activation by Bcl-2 family proteins

in response to radiation (Deng et al. 2008). Indeed, ceramide and the Bcl-2 family

proteins are intertwined in their roles in apoptosis.

The extent of permeabilization of the MOM by ceramide is often assessed by

measuring the release of cytochrome c. Alternatively, the permeability can be

estimated by measuring the rate of oxidation of exogenously added reduced
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cytochrome c (Siskind et al. 2002). The two assays are complementary, since

cytochrome c release only needs to occur once whereas the rate of oxidation

of cytochrome c measures real-time permeabilization. An additional factor is that

cytochrome c is one of the smallest proteins released and tends to be bound to the

inner membrane: two factors that may confound the interpretation of the results

(e.g., Yuan et al. 2003). Indeed, there is evidence (Ganesan et al. 2011) that Bax

permeabilization of the MOM starts off in vitro as transient channels capable of

causing protein release with little actual measurable permeabilization. These

channels are small and grow slowly as evident by the increase in the size of the

proteins that can be released. Measuring the release of small proteins, like adenylate

kinase, detects the formation of the small transient channels whereas measuring the

rate of cytochrome c oxidation detects the large channels. In vivo, protein release

occurs rapidly and proteins of various sizes seem to be released at the same time

(Muñoz-Pinedo et al. 2006). This indicates that large channels are formed rapidly

in vivo and so the measurement of MOM permeabilization by measuring the rate of

cytochrome c oxidation is a better assessment of permeabilization reflecting the

in vivo process.

Ceramide channel formation in planar phospholipid membranes does not form

the attractive “clean” conductance levels seen with the typical small channels.

Rather the conductance is “noisy,” i.e., fluctuates erratically, especially as the

channel grows in size. There are both discrete conductance increases typical of

small channels and gradual increases. The former are of varying sizes and the latter

are similar to conductances observed when “defects” form in membranes.

Membranes containing nonspecific conductances prior to ceramide addition are

discarded by the experimenter and new membranes are formed in an effort to

reconstitute well-behaved channel conductances. However, the very nature of very

large channels may be responsible for the varying conductance increases observed

with the formation of ceramide channels. Both the assembly and disassembly

processes as well as thermally driven structural changes would result in changes in

conductance as described. Given this expectation, how does one gain confidence that

the channels observed are similar to the models depicted in Fig. 1? The observations

described in Sect. 3, the structural specificity described in Sect. 5, and the regulation

by Bcl-2 family proteins provide a strong case for the overall picture of what

ceramide channels are. However, for any one individual experiment it is the sensi-

tivity to La3+-induced disassembly that provides a distinction between a ceramide

channel and a membrane defect. Although La3+ is not a specific inhibitor, it does not

affect a conductance due to the formation of a defective membrane.

10 Conclusion

The permeabilization of the MOM to proteins results in the release of

intermembrane-space proteins leading to the onset of the execution phase of

apoptosis. This permeabilization, generally attributed to the action of the
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pro-apoptotic proteins, Bax and BAK, may be far more complex. Liposome and

planar membrane experiments clearly show that Bax does not need ceramide to

form channels and vice versa. However, the reported synergy between these agents

indicates evolutionary selection for this interaction. Also the regulation of ceramide

channels by anti-apoptotic proteins reinforces the conclusion that ceramide and

Bcl-2 family proteins are both involved in MOM permeabilization. The unique

ability of ceramide to form large stable channels capable of translocating proteins

through membranes can hardly be an accidental occurrence but rather an evolu-

tionarily conserved process. The structure of ceramide is not merely an accident but

selected for based on its functional characteristics: one of these being the ability to

form channels.
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Recherches en Cancérologie de Toulouse (CRCT), Team n�4, Université de Toulouse, CHU
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Abstract A better understanding of the functions sphingolipids play in living

organisms can be achieved by analyzing the biochemical and physiological changes

that result from genetic alterations of sphingolipid metabolism. This review

summarizes the current knowledge gained from studies both on human patients

and mutant animals (mice, cats, dogs, and cattle) with genetic disorders of

sphingolipid metabolism. Genetic alterations affecting the biosynthesis, transport,

or degradation of simple sphingolipids are discussed.

Keywords Sphingolipids • Disorders • Genetics • Biosynthesis

Abbreviations

1-deoxymetSa 1-Deoxymethyl-sphinganine

1-deoxySa 1-Deoxy-sphinganine

1-deoxySL 1-Deoxy-sphingolipid

CDase Ceramidase

FD Farber disease

HSAN1 Hereditary sensory and autonomic neuropathy type 1

S1P Sphingosine 1-phosphate

SK Sphingosine kinase

SL Sphingolipid

SM Sphingomyelin

SPL S1P lyase

SPT Serine-palmitoyltransferase

1 Introduction

Since the identification in the mid 1960s of the enzymatic deficiency underlying

Gaucher disease, the most prevalent lysosomal storage disease in humans (Brady

et al. 1965), a number of genetic defects affecting sphingolipid (SL) metabolism

have been identified. Such inherited disorders are for the vast majority autosomal

recessive traits and involve the degradation of SLs. However, much more recently

genetic disorders of SL biosynthesis and trafficking have also been identified.

In addition, quite numerous animal models harboring a genetic defect in SL
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metabolism have been described. These include both spontaneous and engineered

mutant animals of various species.

This review focuses on genetic defects in mammals (mostly humans and mice)

and those that affect the metabolism of simple SLs (i.e., those with a simple

substituent at the sphingoid base C1, such as hydrogen or phosphate), whose major

pathways in mammalian cells are depicted in Fig. 1. Genetic defects of SL metabo-

lism in yeast (Cowart and Obeid 2007; Dickson 2008), drosophila (Rao and Acharya

2008; Kraut 2011), and plants (Pata et al. 2010) have recently been reviewed. In

addition, review articles on the genetic deficiencies of glycosphingolipid metabolism

(mostly degradation) in humans and mice have recently been published (Sabourdy

et al. 2008; Schulze et al. 2009; Wennekes et al. 2009; Xu et al. 2010).

Except for one disease, i.e., SPTLC mutations, all these disorders are due to a

loss of function. In general, two classifications for such genetic defects can be

considered. First, according to the nature of the metabolic pathway, defects in

biosynthesis, catabolism, or transport can be distinguished. A second classification,

based on the nature of the metabolic abnormality, will distinguish defects

characterized by (1) insufficient production of one or more SL (for instance, defects

in 3-ketosphinganine reductase, ceramide synthase, or dihydroceramide desaturase);

(2) accumulation of one or more undegraded SL (for instance, ceramidase

deficiency); (3) abnormal trafficking (such as defects in ceramide transporter

(CERT) and Niemann–Pick C1 (NPC1)); and (4) production of an abnormal/toxic

metabolite (for example, SPTLC mutations). Since for some genetic diseases

or conditions presented here the pathogenesis is still unclear, the first mode of

classification has been selected.

2 Defects in the Biosynthesis of Simple Sphingolipids

2.1 Serine-Palmitoyltransferases

Serine-palmitoyltransferase (SPT, [EC 2.3.1.50]) catalyzes the first and rate-limiting

step in the cellular de novo synthesis of SLs, which is the pyridoxal phosphate-

dependent condensation of L-serine and palmitoyl-CoA (Fig. 1). SPT is a heteromeric

enzyme composed of the three subunits SPTLC1 (55 kDa), SPTLC2 (65 kDa), and

SPTLC3 (63 kDa). SPTLC1 and SPTLC2 are ubiquitously expressed whereas

SPTLC3 shows a more tissue-specific distribution with high expression levels in

placenta and heart. SPTLC2 and SPTLC3 share about 70 % homology, including the

presence of a pyridoxal phosphate-binding motif which is absent in SPTLC1. The

active SPT has a molecular weight of 450–480 kDa and was suggested to be an

octamer composed of four SPTLC1–SPTLC2 or SPTLC1–SPTLC3 dimers

(Hornemann et al. 2007). However, additional putative regulatory components of

the SPT complex have been reported recently (Han et al. 2009; Breslow et al. 2010).

Functional studies revealed that SPTLC2 and SPTLC3 exhibit differences in respect
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to their substrate specificity. SPTLC2 primarily metabolizes palmitoyl (C16)-CoAs

whereas SPTLC3 has a higher activity towards shorter acyl-CoAs, such as lauroyl

(C12)- and myristoyl (C14)-CoA.

SPT is essential for development, since homozygosity for SPT deficiency in

mice is embryonically lethal. Heterozygous Sptlc1 and Sptlc2 knockout mice are

viable and show a reduced in vitro SPT activity but no reduction in plasma

sphingomyelin (SM), total cholesterol, phospholipids, or liver SM levels (Hojjati

et al. 2005). However, Sptlc1+/� mice show a reduced intestinal cholesterol

absorption (Li et al. 2009b) whereas Sptlc2+/� mice have increased insulin sensi-

tivity (Li et al. 2011). Liver-specific Sptlc2�/� mice show decreased plasma SM

levels and increased hepatic apoE secretion (Li et al. 2009a).

Various missense mutations in the human SPTLC1 and SPTLC2 genes are

causing the hereditary sensory and autonomic neuropathy type 1 (HSAN1,

OMIM#162400) (Bejaoui et al. 2001; Dawkins et al. 2001; Verhoeven et al. 2004)

(see Table 1). Thus far, no mutation in the SPTLC3 subunit has been associated with

HSAN1 (Rotthier et al. 2010). HSAN1 is a rare, autosomal, and dominantly

inherited axonal neuropathy with a progressive loss of pain and temperature sensa-

tion. Sense for vibration and joint position is preserved. First symptoms start usually

Fig. 1 Schematic view of the subcellular compartmentalization of sphingolipid metabolism.

Abbreviations: CDase ceramidase, aCDase acid CDase, nCDase neutral CDase, Cer ceramide,

CerS ceramide synthase, Des desaturase, DHCer dihydroceramide, EtP ethanolamine phosphate,

FA fatty acid, GlcCer glucosylceramide, GSL glycosphingolipid, Hal hexadecenal,

KS ketosphinganine, KSR KS reductase, Sa sphinganine, Ser L-serine, SK sphingosine kinase,

SM sphingomyelin, SMase sphingomyelinase, aSMase acid SMase, SMS SM synthase, So sphin-

gosine, SPL S1P lyase, SPT serine-palmitoyltransferase, S1P sphingosine 1-phosphate
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in the lower limbs and then progress further to the upper extremities (Houlden et al.

2006). There are frequent positive sensory symptoms of severe shooting or burning

pain in the limbs and an early but transient period of allodynia in some patients. Due

to profound sensory impairments, many affected individuals develop neuropathic

ulcers and Charcot joints requiring amputation. This distinguishes HSAN1 from

other dominantly inherited sensory neuropathies such as Charcot–Marie–Tooth type 2.

There is also prominent and often early motor involvement in most patients.

Autopsy reports from HSAN1 patients show pronounced degeneration of dorsal

root ganglion cells with depletion of myelinated axons in peripheral nerves. Loss of

unmyelinated axons is present, but reported to be less severe (Denny-Brown 1951;

Reimann et al. 1958; Houlden et al. 2006; Lindahl et al. 2006). To date, six

mutations in the SPTLC1 (C133W, C133Y, C133R, V144D, S331F, and A352V)

and four mutations in the SPTLC2 (V359M, G382V, T409M, and I505F) genes

were convincingly associated with HSAN1. However, not all reported SPT

mutations are causing the disease. The G387A mutation (Verhoeven et al. 2004)

appears to be a benign variant not associated with HSAN1 (Hornemann et al. 2009).

In vitro enzyme activity of the mutant SPT is generally reduced. This was shown

in various mutant overexpressing cell lines including transformed lymphocytes from

HSAN1 patients (Bejaoui et al. 2002; Gable et al. 2002; Dedov et al. 2004). However,

total SL levels were not altered in plasma of HSAN1 patients indicating that

HSAN1 is not directly caused by haplo-insufficiency. This was further confirmed

in a transgenic mouse model for HSAN1. Mice expressing the SPTLC1C133W

mutation develop an age-dependent peripheral neuropathy with motor and sensory

impairments. Although in vitro SPT activity is reduced in these mice, the total plasma

SL levels are not altered (McCampbell et al. 2005). A reduced in vitro SPT activity is

also seen in heterozygous Sptlc1 and Sptlc2 knockout mice which do not develop

neuropathic symptoms (Hojjati et al. 2005). Therefore, the reduction in enzymatic

activity is per se not a sufficient explanation for the pathogenesis of HSAN1.

It was shown recently that SPT does not strictly depend on serine as a substrate

but can also metabolize alanine and glycine to a certain extent (Zitomer et al. 2009).

This forms an atypical class of 1-deoxysphingolipids (1-deoxySLs). The use of

alanine and glycine instead of serine results in the formation of the two sphingoid

bases 1-deoxy-sphinganine (1-deoxySa) and 1-deoxymethyl-sphinganine (1-

deoxymetSa), respectively. Both metabolites lack the C1 hydroxyl group of regular

sphingoid bases and hence cannot be converted into complex SLs (e.g., phospho-

and glycosphingolipids) nor degraded by the classical pathway which requires the

formation of sphingosine 1-phosphate as a catabolic intermediate (Menaldino et al.

2003). The promiscuous activity of SPT is greatly increased in case of the HSAN1

mutants resulting in highly elevated 1-deoxySL levels (Penno et al. 2010). This was

demonstrated in mutant overexpressing HEK293 cells but also in lymphocytes and

plasma from HSAN1 patients. Significantly elevated 1-deoxySL levels were also

found in plasma and tissues of the SPTLC1C133W transgenic mice (Eichler et al.

2009). In contrast, double-transgenic mice which concomitantly overexpressed the

SPTLC1C133W mutant in conjunction with the wild-type SPTLC1 showed only

marginally elevated 1-deoxySL levels and did not develop neurological symptoms
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(Eichler et al. 2009). Highly elevated 1-deoxySL levels were primarily detected in

the sciatic nerves of HSAN1 mice, but not in the CNS or spinal cord. This fully

corresponds to the pattern of pathology in HSAN1 patients who do not exhibit any

mental impairment. Moderately elevated 1-deoxySL levels were also found in

testes and to a lower extent in liver of the HSAN1 mice. The 1-deoxySL levels in

testes correlated with a low sperm count and a significantly reduced fertility in the

transgenic mice (Eichler et al. 2009). The neurotoxicity of 1-deoxySLs was con-

firmed in vitro on cultured dorsal root ganglion neurons which showed a

dose-dependent reduction of neurite length, number, and branching in the presence

of 1-deoxy-sphingoid bases. This neurotoxic effect was more pronounced for

1-deoxySa than for 1-deoxymetSa (Penno et al. 2010).

Interestingly, the formation of 1-deoxy-sphingoid bases is modulated in the

presence of certain amino acids. The addition of alanine or glycine to the culture

medium of SPTLC1C133W expressing HEK293 cells led to a significant increase in

1-deoxySa and 1-deoxymetSa formation whereas the addition of D-amino acids like

D-alanine and D-serine markedly decreased 1-deoxySL formation. In particular, the

addition of the canonical substrate L-serine significantly suppressed the formation

of 1-deoxySLs, whereas in parallel the formation of sphinganine was stimulated

(Garofalo et al. 2011). Thus, L-serine showed a corrective effect on both HSAN1

phenotypes—the reduced generation of sphinganine and the increased formation of

neurotoxic 1-deoxySLs.

The benefit of L-serine supplementation was further explored in the HSAN1

mouse model. Mice receiving an L-serine-enriched diet (10 % w/w) showed a

significant decrease in plasma 1-deoxySL levels within 4–5 days, and the levels

remained low for the whole feeding period. As a consequence, L-serine-fed HSAN1

mice did not develop neurological symptoms whereas age-matched, but normally

fed SPTLC1C133W mice developed severe neuronal deficits after 6–9 months. In

contrast, supplementation with L-alanine (10 % w/w) led to significantly increased

1-deoxySL plasma levels allied with the development of severe neurological

deficits in the mice already at an age of 2–3 months.

The therapeutic effect of an oral L-serine supplementation was confirmed in a

10-week pilot study with HSAN1 patients. Probands received a total dose of

200 mg or 400 mg L-serine/kg/day divided in three portions. In both groups,

L-serine supplementation resulted in a significant reduction of plasma 1-deoxySL

levels reaching normal levels after 5–6 weeks (Garofalo et al. 2011). After termi-

nation of the 10-week trial, 1-deoxySL plasma levels started to increase again.

Improvements in the neurological symptoms were not examined and also not

expected within the short time frame of this study. However, some patients reported

an increase in sensation (hand tingling, increased menstrual cramps), improvements

in skin robustness and wound healing, as well as faster nail and body hair growth.

Based on these results, a simple and inexpensive oral L-serine supplementation

might be a perspective for a future therapy in HSAN1.
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2.2 Ketosphinganine Reductase

Only one condition has been described that leads to markedly reduced activity of

the 3-ketosphinganine reductase, which is characterized by a point mutation dis-

covered in cattle, believed to cause autosomal recessive neurodegenerative disease

spinal muscular atrophy (Krebs et al. 2007). Whereas SL levels have not been

determined in the tissues of the affected calves, this observation would emphasize

the vulnerability of (bovine) neuronal cells to either the substrate or the products of

3-ketosphinganine reductase. Nevertheless, a subsequent study indicated that

mutations in the 3-ketosphinganine reductase do not appear to account for spinal

muscular atrophy in humans (Parkinson et al. 2008).

2.3 Ceramide Synthases

So far, six mammalian genes encoding bona fide ceramide synthases have been

characterized (Levy and Futerman 2010). While no human disease has been

reported so far to be caused by mutations in the CERS genes, spontaneous or

engineered defects in the corresponding mouse genes have been recently described

(Table 1). In line with the predominant expression of Cers1 in brain, mutations in

the Cers1 coding region result in an ataxic phenotype in mice. On the other hand,

disruption of Cers2 leads both to a hepatopathy that partially resembles that induced

by fumonisin B1, a fungal inhibitor of ceramide synthase, and an encephalopathy

(see Table 1).

In these mouse models, the lipid molecules acting as a culprit in the disease

pathogenesis remain to be identified. Nevertheless, studies of these defects have led

to the following conclusions. First, there is no metabolic redundancy between Cers1

or Cers2 and other ceramide synthases; at best, the decreased content of some

ceramide species due to a defective synthase isoform is compensated by an eleva-

tion of other ceramide species. These observations also corroborate the previously

reported substrate specificity of this family of enzymes. Second, Cers1 and Cers2

play key distinct tissue-specific functions that are likely ascribed to specific (or very

restricted) molecular ceramide species in a given cell type or organ. Third, the

substrate (chiefly, sphinganine) and/or lipid products of Cers1 and Cers2 play

critical roles in liver and brain disease development. Whether similar conclusions

hold true in other mammals and whether comparable diseases in humans are caused

by CERS defects is still unknown.

2.4 Dihydroceramide Desaturase

Two genes in mammals (DEGS1 and DEGS2) are involved in the introduction of a

double bond in the sphingoid moiety to produce ceramides. So far, only ablation of
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the Degs1 gene in mice has been described (Holland et al. 2007). Rather simple

analyses of SL levels in different organs of this animal model indicated that the

Degs1 gene product plays a major role in desaturing dihydroceramide. While

homozygous null mice display a complex phenotype that deserves further attention,

heterozygous animals were refractory to glucocorticoid-induced insulin resistance,

which led the authors to conclude about the critical function of ceramide in glucose

homeostasis and the development of insulin resistance.

3 Defects in the Degradation of Simple Sphingolipids

3.1 Ceramidases

Ceramidases (CDases) are the enzymes that catalyze the hydrolysis of ceramides to

form sphingosine and free fatty acids. According to their pH optima of activity, they

have been classified into acid, neutral, and alkaline forms. Five human CDases

encoded by five distinct genes have been identified: an acid CDase (ASAH1),
a neutral CDase (ASAH2), and three alkaline CDases (ACER1/ASAH3, ACER2/
ASAH3L, and ACER3/APHC) (Mao and Obeid 2008).

Acid CDase is a ubiquitous lysosomal enzyme whose genetic deficiency causes

Farber disease (FD, OMIM#228000), also called lipogranulomatosis (Levade et al.

2009). FD is a rare inherited lipid storage disorder characterized by accumulation of

ceramide in cells and tissues of patients. Clinically, FD patients show deformed and

painful joints, subcutaneous granulomas, hoarseness due to laryngeal involvement,

and premature cell death (see Table 2). Also, patients may present hepatosple-

nomegaly and nervous system dysfunction (Levade et al. 2009). Currently, besides

palliative care, there is no treatment for FD. Bone marrow or hematopoietic stem

cell transplantations have been performed in a few trials in patients without

neurological involvement. As a result, only partial resolution of the peripheral

symptoms has occurred (Vormoor et al. 2004; Ehlert et al. 2006). Recently, a

preclinical gene therapy study for FD has been carried out employing a lentiviral

vector coding for acid CDase (Walia et al. 2011). This vector was used for

transduction and transplantation of primary hematopoietic cells in three enzymati-

cally normal nonhuman primates. An increase of acid CDase activity and a reduc-

tion of ceramide levels in peripheral blood and bone marrow cells, spleen, and liver

throughout a 1-year study period were observed, without compromising the health

status of the animals. This therapeutic approach appears as a promising strategy

for the treatment of FD and other monogenic defects in future clinical gene

therapy trials.

Li et al. have disrupted the mouse gene Asah1 in embryonic stem cells by

insertional mutagenesis to investigate the role of acid CDase in mammalian devel-

opment (Li et al. 2002; Eliyahu et al. 2007). Homozygosity for Asah1 disruption

resulted in very early embryonic lethality suggesting that acid CDase activity is
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essential for embryo development. The heterozygous Asah1+/� mice survived,

but quite intriguingly showed evidence of a progressive lipid storage disease in

their organs.

Neutral CDase, encoded by the ASAH2 gene, is highly expressed in the small

intestine along the brush border, where it is involved in the catabolism of dietary

SLs. Kono et al. generated neutral CDase-null mice that were viable, healthy, and

fertile, with no apparent gross abnormalities (Kono et al. 2006). This was possibly

due to the control of ceramide levels by other CDases, such as the acid or the

alkaline forms. However, increased concentrations of C16-ceramide were observed

in intestine and feces, suggesting that neutral CDase is important for the digestion

of dietary ceramides. In contrast, Yoshimura et al. (2004) observed that the knock-

down of neutral CDase in zebrafish increased the number of embryos with severe

morphological and cellular abnormalities. This indicated that in zebrafish and

possibly other vertebrates, neutral CDase is essential for early development

(Yoshimura et al. 2004).

With respect to the alkaline CDases, no genetic deficiency or knockout studies in

animals have been reported to date.

3.2 Sphingosine Kinases

Sphingosine kinases (SK) catalyze the synthesis of sphingosine 1-phosphate (S1P)

via the phosphorylation of sphingoid bases. Two isoforms of mammalian SKs

(termed 1 and 2), encoded by SPHK1 and SPHK2 genes, have been cloned and

characterized (Kohama et al. 1998; Liu et al. 2000). SK1 localizes predominantly in

the cytoplasm but upon stimulation can relocate to the inner leaflet of the plasma

membrane. Interestingly, in endothelial cells SK1 is secreted and able to produce

S1P extracellularly (Ancellin et al. 2002). Although SK1 and SK2 are expressed in

numerous tissues, they show a distinct tissue distribution and developmental

expression pattern (Liu et al. 2000; Fukuda et al. 2003). Indeed, while SK1 is

predominantly expressed in lung, spleen, and thymus, SK2 is highly expressed in

liver, heart, and kidney. In order to better understand the role of SK in mammalian

development, deficient mouse models have been generated and characterized.

Homozygosity for disruption of a single SK isoform leads to viable mice that are

fertile and display no obvious dysfunctions (Allende et al. 2004). Interestingly,

Sphk1�/� mice have reduced S1P levels in serum but not in tissues. Otherwise,

S1P levels in Sphk2�/� mice differ depending on the model described. Whereas

one model, produced on a 129/Sv � C57BL/6 mixed background, exhibited a 25 %

reduction of plasma S1P levels (Kharel et al. 2005), another on Balb/c mice did not

show a decrease but rather an increase as compared to wild-type animals (Zemann

et al. 2006). In sharp contrast, Sphk1�/� Sphk2�/� double-knockout mice, which

exhibit strongly reduced levels of S1P, die at E13.5 due to severe defects in

neurogenesis and angiogenesis (Mizugishi et al. 2007). However, the conditional

Sphk1�/� Sphk2�/� double-knockout mouse model generated by Pappu et al. (in
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which SK expression is abolished at postnatal day 5 in hematopoietic and endothe-

lial cells) was viable and showed that plasma S1P is mainly hematopoietic in origin.

Up to now, no mutation in the SPHK genes has been described in human disease.

Nevertheless, SK and S1P are viewed as critical players in several pathological

states, such as anaphylaxis, inflammation, cancer, diabetes, or atherosclerosis (Fyrst

and Saba 2010).

3.3 Sphingosine 1-Phosphate Lyase

S1P lyase (SPL) is a pyridoxal 50-phosphate-dependent aldehyde-lyase that irre-

versibly degrades S1P to phosphoethanolamine and hexadecenal in the final step of

SL catabolism (Bandhuvula and Saba 2007). By regulating intracellular S1P levels,

SPL participates in the so-called sphingolipid rheostat and has the ability to shift the

balance towards cell death. While no mutation of the SGPL1 gene has been reported
so far to cause human disease, its expression appears to be altered in some cancers;

SPL also plays a critical role in regulating immune functions. Indeed, SPL expres-

sion and activity were found to be downregulated in human colon cancer tissues and

in adenomatous lesions of the APCMin/+ mouse model of intestinal tumorigenesis

compared to normal adjacent tissues (Oskouian et al. 2006). SPL expression has

also been shown to be downregulated in human melanoma cell lines compared to

normal melanocytes (Colié et al. 2009).

To further investigate the role of SPL in development, knockout and humanized

mouse models have been recently created. Homozygous Sgpl1 knockout mice die

within 8 weeks after birth and exhibit significant growth failure, vascular

abnormalities, anemia, skeletal defects, and renal abnormalities (Schmahl et al.

2007). Beyond the reduced life span, SPL-deficient mice also display lesions in

lungs, heart, urinary tract, and bone, and develop myeloid cell hyperplasia.

Lymphopenia due to alterations in lymphocyte development and egress from the

thymus and secondary lymphoid organs has also been reported (Vogel et al. 2009).

This phenotype is reminiscent of that caused by FTY720 (Mandala et al. 2002); in

addition, the apoptosis observed in thymus might be mediated by increased levels

of ceramide in this tissue (Weber et al. 2009). The humanized knock-in mice

generated by the insertion of the human SGPL1 cDNA in the Sgpl1 null background
resulted in SPL expression at 10–20 % of normal mouse SPL levels, yet failed to

restore normal T-cell development and trafficking (Vogel et al. 2009). In summary,

these animal models indicate that the absence of SPL leads to significant develop-

mental and functional defects. However, whether SGPL1 mutations are compatible

with life and/or are responsible for human disease remains to be determined.
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4 Defects in Transport or Trafficking of Simple Sphingolipids

4.1 Ceramide Transporter

CERT is a cytosolic protein that mediates the ATP-dependent ER-to-Golgi transfer

of ceramide in a non-vesicular manner. Human CERT is encoded by the

COL4A3BP gene which was initially isolated in 1999 as the gene for Goodpasture

antigen-binding protein (GPBP) (Raya et al. 1999). Goodpasture’s syndrome is a

strictly human disorder caused by antibodies directed against the non-collagenous

domain of the α3-chain of type IV collagen. In 2003, Hanada and coworkers

showed that a spliced variant of GPBP which lacks a serine-rich domain composed

of 26 amino acids was responsible for the cytosolic trafficking of ceramide from the

ER to the Golgi apparatus (Hanada et al. 2003). GPBPs are phylogenetically highly

conserved during evolution between lower vertebrates and mammals at the amino

acid level.

CERT was identified in the Chinese hamster ovary LY-A cell line that displays a

severe defect in the synthesis of sphingomyelin. Its reduced level of SM makes this

cell line resistant to lysenin, a cytolytic toxin derived from the earthworm Eisenia
foetida (Hanada et al. 2003). CERT is a hydrophilic 68 kDa protein which contains

three domains:

(a) The amino terminal region (�120 aa) forms a pleckstrin homology domain

which specifically binds to phosphatidylinositol 4-phosphate, mainly

distributed to the Golgi apparatus. In the mutant LY-A cell line, the PH-domain

of CERT has one point mutation, G67E, which destroys the phosphoinositide-

binding activity, resulting in an impaired ER-to-Golgi ceramide transport

(Levine and Munro 2002; Hanada et al. 2003).

(b) The middle region (�250 aa) contains an FFAT (two phenylalanine residues in

an acidic tract) motif which interacts with vesicule-associated ER proteins

(VAPs A and B) and targets CERT to ER membranes (Kawano et al. 2006).

(c) The carboxy terminal region (�230 aa) is a START (steroidogenic acute

regulatory protein-related protein transfer) domain which forms a deep lipid-

binding pocket that could extract ceramide from membranes and transfer the

bound ceramide to other membranes (Kumagai et al. 2005).

Gene disruption of the corresponding CERT in mice resulted in death around

embryonic day 11.5. Cells of themutant embryos (analyzed at E10.5) showed a 60%

reduction in the total SM content and a twofold increase in the ceramide content of

the ER as compared to wild-type controls, leading to an abnormal dilation of the ER

and degenerating mitochondria, probably affecting organogenesis (Wang et al.

2009). Whether mutations in the COL4A3BP gene cause developmental (or other)

defects in humans has never been reported.
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4.2 Niemann–Pick C1

NPC1 is a 13 trans-membrane domain glycoprotein mainly residing in late

endosomes (Higgins et al. 1999; Davies and Ioannou 2000). The gene (NPC1)
that encodes this protein is located on chromosome 18q11-q12 (Greer et al. 1997).

The exact role of NPC1 is still unclear but mutations in NPC1 are responsible for a
genetic disorder called Niemann–Pick disease type C (MIM #257220) (Carstea

et al. 1997). About 5 % of patients affected with this disease carry mutations in the

NPC2 gene, encoding a soluble lysosomal protein. Niemann–Pick type C is an

autosomal recessive lysosomal storage disorder characterized by the accumulation

of a large variety of lipids in late endosomes and lysosomes (Table 3). While

unesterified cholesterol and SM accumulate in peripheral tissues, brain storage is

dominated by GM2 and GM3 gangliosides. Niemann–Pick type C is a

neurovisceral disease of variable severity (for a review, see Vanier 2010; Patterson

et al. 2009). Disease onset (as well as death) can range from the neonatal period to

adult age. Progressive neurological impairment occurs in all patients, and may

manifest as cerebellar ataxia, dysarthria, dysphagia, and/or dementia. Visceral

involvement, mainly splenomegaly and hepatomegaly or, more rarely, neonatal

cholestasis and respiratory distress, always precedes the neurological disease, but

may be absent in some patients.

Two murine, one feline, and one canine spontaneous models of Niemann–Pick

type C have been reported (Morris et al. 1977; Miyawaki et al. 1982; Lowenthal

et al. 1990; Kuwamura et al. 1993), showing clinical and pathological features quite

similar to those in humans. Experimental analyses based on both human samples

and animal models led to the conclusion that a key function of NPC1 is the transport

of unesterified cholesterol out of the acidic compartments (Liscum and Faust 1989;

Infante et al. 2008; Kwon et al. 2009). The exact role of NPC1, however, in the

metabolism or trafficking of SLs is still unsolved. Nonetheless, its involvement in

the transport of sphingosine has been postulated (Lloyd-Evans et al. 2008). Sphin-

gosine is the final product of SL catabolism and is known as a bioactive lipid with

pro-apoptotic properties. Previous work showed a marked increase in the levels of

sphingosine in Niemann–Pick type C tissues (Goldin et al. 1992; Rodriguez-

Lafrasse et al. 1994). It has recently been proposed that sphingosine might be the

first lipid accumulating in late endosomes/lysosomes of Niemann–Pick type C cells.

This storage would affect the late endosome/lysosome calcium homeostasis, induc-

ing a global defect in vesicular trafficking and the secondary accumulation, in late

endosomes, of cholesterol and SLs (Lloyd-Evans et al. 2008). Niemann–Pick type

C can thus be viewed as a genetic disorder of sphingosine metabolism where NPC1

could play the role of a sphingosine transporter. Nevertheless, this view has recently

been challenged by a work which showed no specific sequestration of lysosomal

sphingosine in NPC1-deficient cells (Blom et al. 2012). While there is currently no

effective therapy for this disorder, promising results have been obtained in affected

mice and cats using the cholesterol chelators cyclodextrins (Davidson et al. 2009;

Liu et al. 2009; Ward et al. 2010).
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5 Concluding Remarks

A number of alterations in the genes encoding proteins that control the metabolism

of simple SLs have already been identified or created. The cell lines derived from

the human patients or animals bearing these defects, as well as the corresponding

mutant mice, represent unique models for the study of SL metabolism and

functions. Analysis of the metabolic and functional consequences of these genetic

defects has already produced invaluable insights into the physiological role of SLs.

Nevertheless, not only further gene products which remain very poorly studied

(such as ketosphinganine reductase, dihydroceramide desaturases, or S1P

phosphatases) need to be characterized, but also more refinements in manipulation

of gene expression can be introduced to generate animal models that help dissect

the functions of SLs and, perhaps, replicate reliably various human pathological

conditions.
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Abstract In mammalian cells, cermide-1-phosphate (C1P) is produced via the

ATP-dependent mechanism of converting ceramide to C1P by the enzyme,

ceramide kinase (CERK). CERK was first described as a calcium-stimulated lipid

kinase that co-purified with brain synaptic vesicles, and to date, CERK is the only

identified mammalian enzyme known to produce C1P in cells. C1P has steadily

emerged as a bioactive sphingolipid involved in cell proliferation, macrophage

migration, and inflammatory events. The recent generation of the CERK knockout

mouse and the development of CERK inhibitors have furthered our current under-

standing of CERK-derived C1P in regulating biological processes. In this chapter,

the history of C1P as well as the biological functions attributed to C1P are

reviewed.
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1 Ceramide-1-Phosphate: The Early Years

Ceramide-1-phosphate (C1P) is synthesized in mammalian cells by the direct

phosphorylation of ceramide by ceramide kinase (CERK). To date, CERK is the

only known mammalian enzyme to produce C1P (Sugiura et al. 2002), and the

enzyme was first described by Bajjalieh and coworkers (1989) as a calcium-

stimulated lipid kinase co-purified with brain synaptic vesicles and possessing

activity specific for the conversion of ceramide to C1P. Soon after this initial

finding, the production of C1P was observed in the human pro-myelocytic leukemia

cell line, HL-60 (Dressler and Kolesnick 1990). In this same study, the authors

demonstrated that during stimulation, C1P was produced from ceramide derived

from sphingomyelin, but not from glycosphingolipids. Follow-up studies by

Kolesnick and Hemer (1990) reported a CERK activity distinguishable from

diacylglycerol kinase in HL-60 cells verifying the findings of Bajjalieh and

coworkers. After these initial studies, over a decade passed before successful

cloning of the CERK enzyme was accomplished, and this new molecular “tool”

provided researchers with the means to study the role of not only CERK in cellular

functions but also C1P.

After the cloning of CERK, the mRNA for the enzyme was found to be

expressed in heart, kidney, lung, brain, and hematopoietic cells (Sugiura et al.

2002). Analysis of the CERK mRNA sequence showed that human CERK protein

consists of 537 amino acids, which closely resembles the amino acid homology and

structure of sphingosine kinase 1 (Sphk1) and 2 (Sphk2). Specifically, CERK was

found to contain the five conserved domains (C1–C5) previously identified for

Sphk1 and 2. CERK also contains additional conserved regions across several

species (M. musculus, D. melanogaster, C. elegans, and O. sativa) that are not

homologous to SphK. These include a PH-domain at the N-terminus known to bind

the β/γ subunit of heterotrimeric G-proteins, phospoinositol-4,5-bisphophate, and

phosphorylated tyrosine residues (Sugiura et al. 2002). These conserved domains

have been shown to play a regulatory function for the enzyme. For example,

Igarashi and coworkers and Bornancin and coworkers have both demonstrated

that the PH-domain is required for the activity of CERK in vitro as well as proper

localization of the enzyme in cells (Kim et al. 2005; Carre et al. 2004). Interest-

ingly, expression of the PH-domain alone also demonstrated improper localization

suggesting that the catalytic domain also imparts specificity for specific internal

membranes of the cell (Kim et al. 2006).

CERK also contains a calcium/calmodulin (CaM)-binding motif of the 1-8-14

type B spanning residues 422–435 [(F/I/L/V/W) XXXXXX (F/A/I/L/V/W)

XXXXX (F/I/L/V/W) with a net charge of 2+ to 4+] (Sugiura et al. 2002). The

functionality of this calcium/CaM-binding motif was confirmed by Igarashi and

coworkers who demonstrated that CaM interacts with CERK and acts as a calcium

“sensor” for the enzyme (Mitsutake and Igarashi 2005). Specifically, they showed

that the CaM antagonist W-7 decreased both CERK activity and intracellular C1P

formation. Additionally, exogenously added CaM enhanced CERK activity in vitro

even at low concentrations of Ca2+.
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CERK also contains two conserved phosphorylation sites: a casein kinase II

phosphorylation site [(S/T) XX (D/E)] at Ser340 and a cAMP-dependent phosphor-

ylation site at Ser424 (Sugiura et al. 2002). There are also many putative protein

kinase C (PKC) phosphorylation sites conserved in mammals: Ser72, Thr118, Thr127,

Ser230, Ser300, Ser340, and Ser424. At present, the only study investigating the role of

phosphorylation in regulating the activity of CERK was carried out by Bornancin

and coworkers, which demonstrated that a mutation of Ser340Ala affected the

stability of CERK (Chen et al. 2010). The Ser340 residue is located downstream

of the catalytic site in a region that has been suggested to possess a regulatory role

in CERK activity (Chen et al. 2010). Future identification of the kinases that are

involved in CERK phosphorylation may provide additional understanding of how

CERK activity is regulated.

Prior to the cloning of CERK, initial studies of the function of C1P utilized

exogenous delivery of the sphingolipid followed by the examination of a biological

phenotype. In this regard, the first biological activity of C1P was described by the

Brindley laboratory. Specifically, Gomez-Munoz et al. (1995) demonstrated that C1P

induced DNA synthesis and cell division. Since this initial study, a number of

biological activities attributed to C1P have been steadily increasing, further

enhancing its recognition as an important lipid-signaling molecule. Currently, C1P

has been demonstrated to play a role in DNA synthesis (Gomez-Munoz et al. 1995),

macrophage proliferation and migration (Gangoiti et al. 2010; Granado et al. 2009),

cPLA2α activation and subsequent production of inflammatory mediators (Pettus

et al. 2004; Subramanian et al. 2005; Lamour et al. 2009), as well as inhibition of

apoptosis via inhibition of acid sphingomyelinase (A-SMase) (Gomez-Munoz et al.

2004). More recent studies have discovered a potential role for C1P in the processing

of the pro-inflammatory cytokine tumor necrosis-alpha (TNFα) (Lamour et al. 2011).

These new advances in our knowledge of C1P biology have been facilitated by the

development of accurate and reliable methods for detecting the relatively low cellular

levels of C1P (Wijesinghe et al. 2010), as well as the availability of CERK-deficient

animals, CERK inhibitors, and C1P agonists. Here, we discuss the major findings that

have provided substantial evidence supporting a distinct role for C1P in cell growth

and inflammatory processes.

2 C1P in Cell Growth and Survival: A Pro-survival Player

As previously stated, the first biological effect for C1P was reported by Gomez-

Munoz and coworkers (1995) in regard to cellular proliferation/growth. For exam-

ple, these early studies demonstrated that short-chain (not naturally found in cells)

C1P induced DNA synthesis in Rat-1 fibroblasts (Gomez-Munoz et al. 1995).

Additional studies demonstrated that treatment of T17 fibroblasts with natural

C1P induced a potent increase in DNA synthesis and levels of proliferating cell

nuclear antigen (PCNA) (Gomez-Munoz et al. 1997). Over the course of two

reports Gangoiti and coworkers (2008a, b) further demonstrated that C1P stimulates
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macrophage proliferation through the downstream activation of the extracellularly

regulated kinase 1 and 2 (ERK1/2) and c-Jun N-terminal kinase (JNK) pathways.

The mechanisms behind the growth promoting role of C1P have recently become a

bit more complex, as accompanying reports also implicate the activation of protein

kinase C-alpha (PKCα) in C1P-stimulated macrophage proliferation (Gangoiti et al.

2010). Interestingly, these results suggested that the C1P induces the translocation

of PKCα from the cytosol to the cell membrane, an event that was shown to be

required for the mitogenic effect of C1P in macrophages (Gangoiti et al. 2010).

Most recently, the Gomez-Munoz group has demonstrated that C1P also stimulates

proliferation in C2C12 myoblasts, a skeletal muscle cell model (Gangoiti et al.

2012). Overall, one of the best described and characterized biological functions for

C1P is the role of this lipid in promoting cellular proliferation and growth, which

was also corroborated by Bornancin and coworkers using cells from the CERK

ablation model (Graf et al. 2008).

C1P has also been implicated as an anti-apoptotic lipid; specifically, a later

report from the Gomez-Munoz laboratory demonstrated that C1P also prevented

cell death in bone marrow-derived macrophages (BMDMs) after withdrawal of

macrophage colony-stimulating factor (M-CSF) (Gomez-Munoz et al. 2004).

Treatment of BMDMs with C1P effectively blocked the activation of caspases

and prevented DNA fragmentation upon serum removal. In the same study, this

laboratory also demonstrated that C1P treatment inhibited ceramide generation

from A-SMase. Furthermore, A-SMase was shown to be a direct target of C1P,

consequently inducing inhibition of this enzyme (Gomez-Munoz et al. 2004).

A follow-up study by Gomez-Munoz et al. (2005) demonstrated that C1P enhanced

DNA binding to transcription factor NF-κB via stimulation of phosphatidylinositol

3-kinase (PI3-K) activity and protein kinase B (PKB)/(AKT) phosphorylation.

Additionally, C1P treatment resulted in the upregulation of the anti-apoptotic

regulator Bcl-XL (Gomez-Munoz et al. 2005). Hence, C1P can activate a number

of pro-survival pathways and antagonize the pro-apoptotic effects of ceramide.

Along these same lines, the Gomez-Munoz group has also presented evidence

that supports a role for C1P in macrophage migration. Macrophage recruitment is a

key event in mediating the inflammatory response as these cells are necessary for the

release of cytokines, prostaglandins, and a variety of additional enzymes involved in

the innate immune system. This recruitment process is highly dependent on the

rate of macrophage proliferation, as well as the rate of migration and efflux (Pollard

2004). In this regard, the Gomez-Munoz laboratory demonstrated that addition of

natural C1P stimulated the migration of macrophages (Granado et al. 2009).

Interestingly, this finding of Granado and colleagues strongly suggested that

C1P-induced migration was independent of intracellular C1P synthesis via CERK

activation implicating the existence of cell-surface receptor for C1P. Furthermore,

this study demonstrated that migration effects of exogenous C1P did not act through

the currently known S1P receptors (Granado et al. 2009), a closely related

sphingolipid known to induce cell survival and migration. Hence, the findings of

the Gomez-Munoz laboratory suggest that C1P-stimulated macrophage migration is

coupled to an, as of yet, unidentified Gi protein receptor. Indeed, a study by Zor and
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coworkers corroborated the possible existence of receptors for C1P and C1P analogs.

Specifically, this laboratory demonstrated that incubation of RAW 264.7

macrophages with the phospho-ceramide analogue-1 (PCERA-1) reduced TNFα
production at the mRNA and protein level in response to LPS-stimulation (Goldsmith

et al. 2009). Structure–function studies of PCERA-1 show that the phosphate group

and the lipid moiety are mutually required for its activity (Matsui et al. 2002a, b).

Likewise, this study by the Zor group showed that the anti-inflammatory effect of

PCERA-1 was dependent on the presence of PCERA-1 in the cell media during LPS

treatment of RAW264.7 macrophages, which suggests that this C1P analogue acts

extracellularly by binding a protein target present at the cell membrane (Goldsmith

et al. 2009). Although additional biological and biophysical studies are required to

validate the existence of a C1P receptor, the biological implications of a new class of

lipid receptors are exciting and should be vehemently explored. Regardless, the

culmination of these studies further emphasizes the role of C1P in the regulation of

cellular homeostasis in macrophages.

3 C1P in Immunity and Inflammation: “The Missing Link”

Eicosanoids are one of the most important classes of lipids, which include

prostaglandins, prostacyclins, leukotrienes, and thromboxanes. These eicosanoids

give rise to the classical features of inflammation, which are necessary to defend the

organism against infection and injury. In spite of these protective efforts, these

processes can produce an overwhelming response, which leads to an excess of these

molecules. As a result, unnecessary levels of eicosanoids can promote a wide range

of disease states including chronic inflammation, allergy, cardiovascular disease,

and cancer (Yedgar et al. 2007). The mechanism of prostaglandin synthesis begins

with the rate-limiting step, the formation of arachidonic acid (AA), via the activity

of phospholipase A2 (Murakami et al. 1996). In many cases, inflammatory

cytokines (e.g., TNFα) induce the activation and translocation of Group IVA

cytosolic phospholipase A2 (cPLA2α), which requires the association of cPLA2α
with membranes in a Ca2+-dependent manner via a C2/CALB domain (Fig. 1).

The hypothesis that C1P regulated the activation of a phospholipase A2 (PLA2)

and eicosanoid synthesis came from an unlikely source. A link existed between

inflammation/eicosanoid synthesis and the venom from Loxosceles recluse
(brown recluse spider). Specifically, the main component of this venom is

sphingomyelinase D (SMase D), which hydrolyzes sphingomyelin to produce

C1P. The pathology of a wound generated from the bite of this spider is that of

an intense inflammatory response mediated by AA and prostaglandins. The

production of endogenous C1P by the action of SMase D suggested the possibility

of C1P acting as a pathophysiologic link in the activation of cPLA2 and the

inflammatory response mediated by AA and prostaglandins. Initial evidence for

the validation of this hypothesis came from an investigation focused on the regula-

tion of prostanoid synthesis, which showed that the CERK/C1P pathway was
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required for PLA2 activation in response to calcium ionophore and cytokines

(Pettus et al. 2003). Subsequent in vitro studies by our laboratory confirmed these

findings, pointing to C1P as a direct activator of cPLA2 through interaction with the

C2/CaLB domain (Pettus et al. 2004). Collectively, these findings provided

evidence for C1P as the “missing link” in the eicosanoid synthetic pathway (Fig. 1).

The Chalfant group forged forward with mechanistic studies demonstrating that

the interaction of C1P and cPLA2α was very specific, as closely related lipids and

metabolites were unable to activate cPLA2α in vitro and in cells (Pettus et al. 2004;

Subramanian et al. 2005; Wijesinghe et al. 2009). The interaction site for C1P

within cPLA2α was characterized in depth over the course of several years, and

these investigations provided evidence that C1P interacted with cPLA2α at the C2

domain via a novel and previously undescribed interaction site (Pettus et al. 2004;

Subramanian et al. 2005; Stahelin et al. 2007) (Fig. 1). C1P activates cPLA2α by

decreasing the dissociation constant of cPLA2α with membranes, and by acting in a

manner similar to a positive allosteric activator (Subramanian et al. 2005, 2007).

The C1P/cPLA2α paradigm was subsequently tested in cells, which confirmed that

this interaction is required for translocation of cPLA2α and subsequent production

of eicosanoids in response to several inflammatory agonists (Lamour et al. 2009)

(Fig. 1).
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Fig. 1 The interaction between C1P and cPLA2α is a crucial link in eicosanoid synthesis.

Following an inflammatory stimulus, Ca2+ activated cPLA2α translocates to the golgi membrane

where it binds phosphatidylcholine (PC). CERK-derived C1P directly interacts with cPLA2α,
thereby enhancing the association of cPLAα to the PC-rich membrane. cPLA2α hydrolyzes PC to

produce arachidonic acid (AA), which is further metabolized to several different eicosanoids, one

of which is prostaglandin (PGH2). Prostaglandins are involved in various biological processes

associated with the inflammatory response
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In addition to affecting the biochemical pathways through direct interaction with

effector proteins like cPLA2α, C1P has also been surmised to induce indirect effects

via changes to the structure of resident membranes. Biophysical studies by Kooijman

et al. (2008, 2009) have demonstrated that C1P has the potential to alter membrane

curvature, membrane fluidity, and membrane electrostatics. Specifically, negative

curvature of membranes was observed upon incorporation of C1P into glyceropho-

spholipids, which in turn induced the formation of non-lamellar structures

(Kooijman et al. 2008). This property was observed even at membrane concentrations

of C1P as low as<1 % with large portions of membranes in non-lamellar formations

at 5 mol% (Kooijman et al. 2008). Formation of such non-lamellar structures was

found to be important in events such as membrane protein insertion (Alonso et al.

2000; Martin et al. 2004) and membrane fusion (Goni and Alonso 2000;

Chernomordik et al. 2006), and also has the potential to influence lipid signaling

(van Blitterswijk et al. 2003; Kolesnick et al. 2000). Further studies by Koojiman

et al. (2009) demonstrated that C1P affected membrane structure in a pH-dependent

fashion. Specifically, C1P has a pKa2 of 7.39, and at a slightly acidic pH of around

6 (which is found in many subcellular locations), C1P was observed to form a highly

ordered crystalline structure via extensive intermolecular hydrogen bonding

(Koojiman et al. 2009). However, at physiologic pH approaching its pKa2, a high

proportion of the phosphomonoester moieties of C1P are di-anionic resulting in

significant repulsion among C1P molecules leading to a more diffused arrangement

(Koojiman et al. 2009). In addition to pH, Ca2+ was also shown to affect the

membrane organization of C1P by masking the negative charge, dehydrating the

phosphomonoester head group, or linking different C1P molecules together

(Koojiman et al. 2009). Additional biophysical studies have demonstrated that C1P

formation has the potential to inhibit or reverse the formation of gel-like ceramide

domains (Morrow et al. 2009). This finding has implications for a role of C1P in the

destabilization of ceramide-rich lipid rafts. Thus C1P, although a relatively simple

sphingolipid, has the potential to influence multiple aspects of biological membranes

in a pH- and Ca2+-dependent manner, which in turn has the potential to affect a

significant array of cellular functions. Indeed, these membrane effects and/or changes

in C1P structure may explain the stoichiometry of cPLA2α activation by C1P of >4

molecules per micelle. The possibility of cPLA2α or C1P interacting proteins

associating with a specific C1P structure induced by localized pH or Ca2+ changes

is an intriguing hypothesis to explore.

The connection between CERK/C1P and cPLA2α activation is also of great

interest with regard to disease states involving unnecessary eicosanoid production.

In opposition to this link, recent studies published by the Bornancin group using an

in vivo disease model for rheumatoid arthritis showed that CERK�/� mice were

unaffected and responded similar to wild-type (WT) mice. These studies also

suggested that cPLA2α-dependent pathways are unchanged in CERK-deficient

mice (Graf et al. 2008). However, this study also found that while the CERK-

deficient mice lacked CERK activity, C18:1/16:0C1P was still present at significant

levels with minor effects on total C1P. In an independent study utilizing a separate

CERK�/� mouse, Igarashi and coworkers confirmed a minor effect on total C1P
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levels (Mitsutake et al. 2007). These data implicate an alternate mechanism for C1P

synthesis and the possibility that the CERK-deficient mice have developed a

compensatory system adapting biologically to the lack of CERK.

In contrast to the idea that cPLA2α-dependent pathways are completely

functional in the CERK�/� mouse, Niwa et al. (2010) demonstrated that PGE2

levels were reduced in the bronchoalveolar fluid of CERK-deficient mice compared

to WT mice, thus providing initial in vivo evidence supporting a role for CERK and

its product, C1P, in the regulation of eicosanoid synthesis in vivo. Furthermore,

recent studies from our laboratory show that ablation of CERK results in a signifi-

cant dysregulation/dysfunction in basal eicosanoid synthesis in ex vivo cells

(Mietla et al. unpublished observation). In light of these latest findings, the

CERK-deficient mouse model may only be partially adapted when cells are

removed from the animal model. Why the CERK�/� mouse does not show

the same phenotype observed in the cPLA2α�/� mouse is a conundrum, but the

relatively unaffected levels of C1P are a likely rationale. Indeed, CERK siRNA-

mediated knockout in cultured cell lines results in a significant and major reduction

in total C1P levels in contrast to cell from the CERK�/� mouse (Wijesinghe et al.

2010). The phenotypic adaptation of CERK�/�mice in vivo may also be due to the

higher levels of C1P found in the serum of these animals, which corresponds to the

normal C1P levels found in the liver cells from the CERK�/� mouse. Regardless,

the Chalfant laboratory has now created a cPLA2α knock-in mouse, to overcome

the controversy surrounding the CERK�/� model and the role of CERK-derived

C1P in eicosanoid synthesis/inflammation disorders. This new mouse model

expresses a cPLA2α dysfunctional for the C1P interaction and will hopefully

determine whether the C1P/cPLA2α interaction plays a role in inflammatory

phenotypes in vivo. By examining the C1P/cPLA2α interaction directly in an

in vivo model the compensatory mechanisms for C1P production activated in the

CERK�/� mouse will be circumvented.

While the C1P/cPLA2α interaction has been a recent major focus in the C1P

research field, it is not the only function for C1P in the inflammatory response.

Recent work from the Chalfant laboratory has implicated an additional role for C1P

as a potential regulator of cytokine secretion, specifically TNFα, as described below
(Lamour et al. 2011). TNFα is a major mediator of systemic and acute inflamma-

tion, and TNFα secretion is a pro-inflammatory event occurring in response to

invading microbes. Unfortunately, dysregulation of this process results in hyper-

activation of the immune response accompanied by an unnecessary amount of

TNFα production and lethal tissue damage most commonly described as septic

shock or sepsis (Lin and Yeh 2005). In addition to sepsis, excessive TNFα produc-

tion has been linked to other diseases such as rheumatoid arthritis and cancer

(Feldmann and Maini 2008; Sethi et al. 2008).

The TNFα protein is synthesized as a membrane-bound pro-peptide (Pro-TNFα)
(Kriegler et al. 1988). Proteolytic cleavage of TNFα releases the active C-terminal

portion from the cell surface, thus producing the secreted/soluble form of TNFα,
which mediates the recruitment of subsequent activation of inflammatory cells to

infected tissues or to the site of injury (Old 1988). Several enzymes have been
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implicated in the processing of TNF, a posttranslational protease-mediated

mechanism that has been described as “ectodomain shedding” (Blobel 2000).

Specifically, a member of A disintegrin and metalloprotease family (ADAM),

ADAM17, has extensively been shown to act as the “sheddase” for TNFα, hence
the more common name, TNFα-converting enzyme (TACE) (Moss et al. 1997;

reviewed in Black 2002). The sheddase activity of TACE plays a critical role in the

regulation of TNFα activation via the direct cleavage of pro-TNFα, thus releasing
TNFα (Fig. 2). Indeed, TACE was demonstrated to be the major TNFα sheddase in

response to endotoxin stimulation (Horiuchi et al. 2007). Moreover, Blobel and

coworkers demonstrated that mice bearing a temporal and conditional inactivation

of TACE resulted in significantly decreased serum TNFα levels and were protected

from LPS-stimulated endotoxin shock (Horiuchi et al. 2007). Due to the involve-

ment of excessive TNFα release in sepsis and several inflammatory-associated

diseases, there is a significant amount of interest in developing therapeutic

strategies that can alter TNFα shedding. Thus, TACE sheddase activity has become

an attractive target for novel anti-TNFα therapies. Along these lines, the

mechanisms regarding the induction or termination of TACE activity following a

cellular insult, such as LPS-stimulation, are presently unclear.

In regard to C1P playing a role in TNFα secretion, two recent studies have

reported findings that suggest a regulatory role for the sphingolipids, ceramide and

C1P, in TNFα secretion following LPS stimulation. Initially, studies by Rozenova

et al. (2010) demonstrated that A-SMase may act as a regulator of posttranslational

processing of TNFα via inhibition of TACE in LPS-stimulated macrophages,

providing mechanistic insight for the previous finding that A-SMase-deficient

mice were partially protected from the tissue-damaging effects of LPS

(Haimovitz-Friedman et al. 1997). The involvement of the sphingolipid pathway

in the generation of soluble TNFα was further corroborated in immortalized mouse

ADAM17/TACE

Pro-TNFα

TNFα

Cer CERK
aSMase

SM

release

C1P

Fig. 2 Prospective role of C1P in TNFα production via direct inhibition of TACE. ADAM17/

TACE is the major metalloprotease responsible for cleaving or “shedding” mature TNFα (pro-

TNFα) to release the active soluble form. Recent studies have demonstrated a direct interaction

between C1P and TACE, which inhibits the sheddase activity and hinders the ability of TACE to

release active TNFα. Current investigations are focused on identifying the TACE residues that

mediate the interaction of the enzyme with C1P
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embryonic fibroblasts (MEFs) and BMDMs (Lamour et al. 2011). Specifically,

these recent studies implicated the CERK/C1P pathway in the processing of pro-

TNFα to soluble/active TNFα by direct and specific inhibition of TACE (Fig. 2).

For example, the Chalfant laboratory demonstrated that genetic ablation of CERK

led to a significant increase in TNFα secretion and TACE activity. These findings

mirrored those of studies by Nikolova-Karakashian and coworkers in the A-SMase-

deficient mice (2010), which also showed increased levels of TACE activity in

LPS-treated BMDMs lacking the enzyme. Interestingly, the report by Nikolova-

Karakashian and coworkers showed that ceramide did not directly affect the

activity of TACE. These findings led to the hypothesis that C1P may directly

regulate TACE activity. Following the C1P/cPLA2α model, plausible interaction

sites in TACE for C1P were identified, demonstrating that C1P potently and

directly inhibited TACE enzyme activity (Lamour et al. 2011). This effect of C1P

was specific, as closely related lipids such as ceramide and S1P could not recapitu-

late this inhibitory effect. While these studies propose a different sphingolipid as an

essential component of TNFα production, they clearly depict the same theory,

which is the existence of a sphingolipid that regulates the posttranslational

processing and secretion of TNFα via the interruption of TACE enzymatic activity.

Furthermore, C1P is a direct metabolite of ceramide suggesting that CERK utilizes

ceramide derived from A-SMase. Future characterization of the C1P/TACE

interaction may explain the anti-inflammatory effects of some C1P analogs. For

example, the C1P analogs, pCERA1 and ONO-SM-362, inhibit the production of

TNFα in animal models (Avni et al. 2009; Ogata et al. 2008; Goldsmith et al. 2009).

Validation of the C1P interaction site within TACE would be a substantial achieve-

ment and would allow for testing of the hypothesis that C1P analogs are blocking

TNFα production in cells and in vivo via direct inhibition of TACE enzymatic

activity. This interaction could perhaps be a future therapeutic target for treating

sepsis in addition to chronic inflammatory diseases.

Our current understanding clearly emphasizes the role of the CERK/C1P

pathway in the regulation of membrane-bound proteins with a considerable amount

of involvement in fundamental inflammatory processes. The establishment and

characterization of the C1P/cPLA2α interaction have provided investigators with

a representative mechanism that can be used to study additional potential C1P

interacting proteins. Furthermore, in vivo relevance of this interaction in inflamma-

tory disease phenotypes is still unclear, but the current subject is under intense

investigation by many laboratory groups.
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Abstract Sphingolipids are not only structural components of biological

membranes, but also play an important role in cellular signalling and, thus, are

involved in cell proliferation and differentiation but also stress and cell death. It is

therefore of great clinical relevance to define inhibitors of the enzymes involved

in sphingolipid metabolism. Here, we describe the state of the art of

functional inhibitors of the acid sphingomyelinase. The acid sphingomyelinase

converts sphingomyelin to ceramide, a compound often involved in cell stress.
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We describe the structural and physicochemical properties, the distribution, the

pharmacokinetics, the pharmocodynamics and the clinical use of direct and func-

tional inhibitors of the acid sphingomyelinase.

Keywords Acid sphingomyelinase • Functional inhibitors • Ceramide •

Structure–property-activity relation

1 Introduction

Many clinically applicable drugs function via the “lock and key” principle. In this

model, the specific structure of a drug is of utmost importance in determining its

interaction with target proteins such as receptors or enzymes and is also important

for obtaining the desired pharmacological effects. In this article, we characterize a

large group of compounds with weak basic and amphiphilic properties that func-

tionally inhibit an important lysosomal enzyme, the acid sphingomyelinase

(ASM, EC 3.1.4.12), by a mechanism different to the “lock and key” principle.

These drugs function via physicochemical mechanisms based on protonation state

and electrostatic interactions. Consequently, these drugs are structurally diverse but

share common physicochemical properties.

Eukaryotic cells contain membrane-bound acidic compartments called

lysosomes, where ATP-driven proton pumps maintain the low pH within these

organelles (see Fig. 1a). At physiological pH, weak basic and amphiphilic drugs

consist of molecules in the protonated and unprotonated state. Only the molecules in

the unprotonated state are able to cross biological membranes (Fischer et al. 2007).

However, once inside the lysosomes, these drugs become highly protonated and are

thus trapped inside the acidic compartment. This phenomenon is called

“acidotropism” or “lysosomotropism” (De Duve et al. 1974; Trapp et al. 2008).

Figure 1a illustrates how weak organic bases are enriched within the lysosome

because of their basic nature. Since the enrichment of these compounds is based

on their protonation equilibrium constant and their log P value, which describes the

lipophilicity of the molecule in general, a physicochemical model to predict the

accumulation of compounds within the lysosome has been established (Trapp et al.

2008). These weakly basic compounds may accumulate to high levels in the

lysosomes because of the constant action of the proton pumps. Depending on the

physicochemical properties of the drug, the concentration of drug inside the lyso-

somemay bemore than 100-fold higher than the concentration outside the lysosome,

according to empirical results (Novelli et al. 1987) and the physicochemical cell-

based prediction model (Trapp et al. 2008).

What are the consequences of such high lysosomal drug concentrations? Are

these consequences related to the desired or undesired pharmacological effects of a

drug? Only recently has the lysosomal sequestration phenomenon been exploited in

the development of novel drug targeting strategies (Black and Percival 2006;

Kaufmann and Krise 2007; Kornhuber et al. 2008, 2011), and further studies need

to be performed to validate lysosomal sequestration as a viable target.
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Fig. 1 (a) Sequential steps by which some lysosomotropic drugs result in functional inhibition of

ASM. Lysosomal proton pumps maintain an acidic lysosomal pH value. Weak bases with

lipophilic properties accumulate inside the lysosome; the lipophilic part of these weak bases

partitions into the inner leaf of the lysosomal membrane. The basic part of the weak bases is

protonated and charged due to the low pH inside the lysosome; these parts of the molecules do not

partition into the membrane; instead they present their positive charge at the inner surface of the

lysosomal membrane. This results in altered electrostatic properties of the inner leaf of the lysosomal

membrane and detachment of the ASM. Subsequently, the ASM is inactivated in the lysosomal lumen

most likely by proteolytic degradation. Reprint with permission from J Med Chem. 51; 219–237;

Copyright 2008, American Chemical Society (Kornhuber et al. 2008). (b) The degree of functional

inhibition of ASM is bimodally distributed, meaning that most drugs either act as FIASMAs or not.

The figure is based on 276 compounds investigated. The red line represents a Gaussian fit to the

two peaks. The figure is taken from (Kornhuber et al. 2011). (c) FIASMAs are unevenly distributed

across the groups of drugs represented by the second level of the ATC drug classification system.

The scatter-plot shows the relative amount of FIASMAs with a significance level coloring, where

red indicates non-significance and blue extremely high significance. The significance levels are

corrected for multiple testing. Only 8 of the 86 drug classes are significantly enriched with

FIASMAs, namely, A03 (drugs for functional gastrointestinal disorders), A15 (appetite stimulants),

C08 (calcium channel blockers), D04 (antipruritics), N04 (anti-Parkinson drugs), N05

(psycholeptics), N06 (psychoanaleptics), and R06 (antihistamines for systemic use). There are a

number of other drug classes with high ratio of FIASMAs, such as A04. However, these classes do

not reach significance because of the low group size. (d) The plot shows experimental data on

functional inhibition of ASM in relation to blood–brain barrier (BBB) permeability. All

compounds that do functionally inhibit ASM (i.e., residual ASM activity below 50 %) also cross

the BBB (logBB values greater than 0). The figure is taken from (Kornhuber et al. 2011). (e)

Contour-Plot for 241 compounds (black dots). ASM activity is color coded; yellow, orange, and
red colors indicate high activity as functional inhibitor of ASM. It is evident that FIASMAs

segregate in a narrow area of the log P-pKa-parameter space. Only those compounds combining

both high log P and high pKa values do act as FIASMA. Basic pKa and log P values were

calculated by ACD10 (ACD Inc., Toronto, ON). (f) FIASMAs work in an additive way. The

combination of amitriptyline and fluoxetine, each at 2.5 μM, functionally inhibits ASM, while the

drugs do not inhibit ASM when given alone. The figure is taken from (Kornhuber et al. 2011)
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Here, we describe the accumulation of certain lysosomotropic drugs and their

partition into the inner leaf of the lysosomal membrane, which results in the

functional inhibition of ASM. Those compounds have the potential to reduce

the activity of ASM, although they do not interact with ASM directly. Therefore,

the acronym functional inhibitor of acid sphingomyelinase (FIASMA) has been

proposed for this large and pharmacologically interesting group of compounds

(Kornhuber et al. 2010).

The ASM is a lysosomal glycoprotein that catalyzes the hydrolysis of

sphingomyelin into ceramide and phosphorylcholine. Ceramide is further

metabolized to sphingosine and subsequently to sphingosine-1-phosphate. Ceramide

and sphingosine-1-phosphate have antagonistic actions on cell proliferation, growth,

survival, and apoptosis. High concentrations of ceramide in the cell membrane result

in a reorganization of the signal transduction machinery by exclusion or the aggre-

gation of receptors and ion channels from or into ceramide-richmembrane platforms

(Bollinger et al. 2005). Both the functional inhibition of ASM and the clustering of

ceramide are pure biophysical processes clearly different from the “lock and key”

principle.
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Fig. 2 FIASMAs are structurally diverse. Six randomly selected FIASMAs illustrate this diver-

sity, as they are very different with respect to their molecular structure. It also highlights that

FIASMAs occur in various ATC subgroups. CID PubChem’s compound ID, ra residual ASM

activity in percent of controls at 10 μM drug concentration, ATC anatomical therapeutic chemical

drug classification system. See also Table 1 for further information

172 J. Kornhuber et al.



ASM first garnered attention for its involvement in Niemann–Pick disease,

which is a lysosomal storage disorder caused by ASM deficiency (Brady et al.

1966). The pathological reduction of ASM activity in this disease is caused by a

mutation in the gene coding for ASM, and the severity of Niemann–Pick disease is

highly correlated with the residual activity of ASM (Schuchman 2007).

Studies using cells from patients with Niemann–Pick disease or from ASM

knockout mice added novel information regarding the consequences of reduced

ASM activity (Macauley et al. 2008). Remarkably, the deficiency of ASM may

provide beneficial consequences, including anti-apoptotic and cytoprotective

effects (Short 2010). In fact, some evidence suggests that ASM activation and

ceramide accumulation play a central role in the progression of a broad range of

common human diseases (Smith and Schuchman 2008). For instance, aberrant

activation of ASM and/or altered levels of ceramide have been described in several

psychiatric and neurological disorders, such as major depression (Kornhuber et al.

2005; Schwarz et al. 2008), morphine antinociceptive tolerance (Ndengele et al.

2009), Alzheimer’s disease (Han et al. 2002; He et al. 2010; Malaplate-Armand

et al. 2006), spinal cord injury (Cuzzocrea et al. 2009), and seizure disorder (Mikati

et al. 2008), which suggests that these disorders may be treated by inhibiting ASM.

Activation of ASM itself is critical for several cellular responses, such as

apoptosis induced by reactive oxygen and nitrogen species (Charruyer et al.

2005), chemotherapy drugs such as cisplatin (Rebillard et al. 2008), bacteria

(Grassme et al. 2003), radiation (Santana et al. 1996), CD95 (Grassmé et al.

2001), or TNFα (Kim et al. 1991; Wiegmann et al. 1994). FIASMAs may therefore

have broad clinical applications. For further details, please refer to the

corresponding chapter within this book.

2 Direct Inhibitors of ASM

Until now, high-throughput screening assays to identify inhibitors of ASMwere not

successful in finding lead structures that inhibit ASM directly (Mintzer et al. 2005).

It is even more difficult to find a general scaffold for drugs that are able to directly

inhibit ASM because the crystal structure of the enzyme has not yet been published.

Currently, the only information on the three-dimensional structure of ASM is a

homology model based on the purple acid phosphatase, and this model only covers

the active site of ASM (Seto et al. 2004). Consequently, only a few examples of

direct ASM inhibitors have been reported (Arenz 2010). Although these compounds

are able to inhibit ASM, they require localization at their target to be biologically

active. Therefore, direct ASM inhibitors need to enter the lysosome to interact with

ASM and be active under in vivo conditions. In contrast to functional inhibitors,

direct inhibitors do not require high lysosomal drug concentrations as a prerequisite

to effectively inhibit ASM. The concentration of the inhibitor needs to be of the
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same magnitude as the concentration of the enzyme, which is typically very low.

Additional information regarding direct inhibitors of ASM is presented in the

corresponding chapter and elsewhere (Arenz 2010).

3 Functional Inhibition of ASM

In addition to compounds that directly inhibit ASM, a broad group of compounds

shows a high potential to inhibit ASM without evidence of direct inhibition. These

compounds are called functional inhibitors and have been proposed to act via an

alternative mechanism (Kornhuber et al. 2008). The inner lysosomal membrane

surface is negatively charged because of the presence of the abundant phospholipid,

bis(monoacylglycero)phosphate (BMP) (Gallala and Sandhoff 2011; Kolter and

Sandhoff 2005; Wilkening et al. 1998). Positively charged proteins form electro-

static interactions with the negatively charged membrane and are subsequently

shielded from lysosomal degradation (Hurwitz et al. 1994). In the case of native,

undisturbed lysosomal metabolism, ASM is attached by electrostatic attraction to

the inner lysosomal membrane. FIASMAs partition into the inner leaf of the

lysosomal membrane with their lipophilic part and present their protonated and

positively charged part to the lysosomal lumen, which results in a detachment of

ASM from the lysosomal membrane and subsequent proteolytic degradation within

the lysosomal lumen (see Fig. 1a) (Kölzer et al. 2004; Hurwitz et al. 1994). Detailed

studies with one of these compounds, desipramine, showed that they facilitate the

detachment of ASM from the inner lysosomal membrane. Thus, lysosomal accu-

mulation of the drug is a prerequisite for ASM inhibition. Another prerequisite is

the ability of the drug to integrate into the inner leaf of the lysosomal membrane and

to detach the ASM from the lysosomal membrane.

4 Known FIASMAs

Various drugs have been tested for their ability to inhibit ASM in vitro. In a

systematic approach, the conversion rate of radiolabeled 14C-sphingomyelin by

ASM has been investigated (Kornhuber et al. 2008, 2011). These studies showed

that various drugs already approved by the Federal Drug Administration (FDA) are

able to inhibit ASM, even at therapeutic concentrations. In total, 72 compounds

reduced the activity of ASM by at least 50 % at 10 μM concentration and were

therefore classified as FIASMAs (Kornhuber et al. 2011). Table 1 gives a compre-

hensive overview of FIASMAs experimentally identified to date. Remarkably, the

distribution of residual ASM activity shows a bimodal distribution (see Fig. 1b).

Therefore, most compounds tested clearly inhibited or did not inhibit ASM; only a

few intermediate compounds were observed.
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Table 1 Hitherto known FIASMAs (meaning that they reduce the ASM activity to below 50 % at

a 10 μM concentration)

CID Name ATC short code Log P pKa
Residual ASM

activity (%)

3678 Alverine A03AX08 5.9 9.5 21.7

2157 Amiodarone C01BD01 8.9 9.4 14.5

2160 Amitriptyline N06AA09 4.9 9.2 11.7

2162 Amlodipine C08CA01 4.2 9.0 12.0

2218 Aprindine 5.8 10.4 27.5

2247 Astemizole R06AX11 5.8 9.0 14.3

9705 AY-9944 6.0 9.1 22.1

6832 Benztropine N04AC01 5.0 10.5 12.7

2351 Bepridil C08EA02 5.8 9.2 27.1

2381 Biperiden 4.0 9.8 26.2

5902 Camylofine A03AA03 5.6 10.0 21.7

2585 Carvedilol C07AG02 4.1 8.2 22.4

360849 Cepharanthine 5.2 7.6 9.2

2726 Chlorpromazine N05AA01 5.2 9.4 42.4

667467 Chlorprothixene N05AF03 6.1 9.1 22.4

1547484 Cinnarizine N07CA02 4.6 6.5 48.9

26987 Clemastin 5.7 10.2 12.6

2794 Clofazimine J04BA01 7.3 8.6 23.7

1548955 Clomiphene G03GB02 8.0 9.6 13.0

2801 Clomipramine N06AA04 5.4 9.5 21.8

2805 Cloperastine R05DB21 5.2 8.9 26.7

441082 Connesine 5.7 10.2 20.8

2895 Cyclobenzaprine M03BX08 5.0 9.1 26.2

2913 Cyproheptadine A15AA01 6.4 8.9 22.2

2995 Desipramine N06AA01 4.1 10.4 15.6

124087 Desloratadine R06AX27 6.8 10.3 21.9

3042 Dicyclomine A03AA07 6.1 9.2 18.6

3074 Dilazep C01DX10 4.3 8.3 41.6

197033 Dimebon 4.0 9.1 44.1

667477 Doxepin N06AA12 3.9 9.2 46.6

3166 Drofenine 5.6 9.2 20.8

10219 Emetine 4.9 8.9 0.4

3290 Ethopropazine N04AA05 5.8 9.9 29.7

3336 Fendiline C08EA01 4.9 9.5 25.2

941361 Flunarizine N07CA03 4.7 6.4 32.7

3386 Fluoxetine N06AB03 4.1 10.1 13.0

5281881 Flupenthixol N05AF01 4.5 6.5 18.2

3372 Fluphenazine N05AB02 4.8 6.8 16.5

5324346 Fluvoxamine N06AB08 3.1 9.4 37.4

3658 Hydroxyzine 2.0 6.1 43.0

3696 Imipramine N06AA02 4.8 9.5 32.6

3947 Lofepramine N06AA07 7.0 6.5 19.2

3955 Loperamid A07DA03 4.3 8.1 24.4

3957 Loratadine R06AX13 5.9 4.8 48.5

(continued)
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5 Distribution of FIASMAs Among Drugs and Natural

Products

To render a detailed and objective picture of the distribution of FIASMAs with

respect to their clinical application, all known FIASMAs were analyzed according

to the anatomical therapeutic chemical (ATC) drug classification system, which is

Table 1 (continued)

CID Name ATC short code Log P pKa
Residual ASM

activity (%)

4011 Maprotiline N06AA21 4.5 10.6 13.5

4031 Mebeverine A03AA04 5.6 9.5 31.8

22530 Mebhydroline R06AX15 4.1 9.1 41.9

60663 Mibefradil C08CX01 6.3 9.3 20.8

4541 Norfluoxetine 4.4 9.1 22.5

4543 Nortriptyline N06AA10 5.7 10.0 13.3

43815 Paroxetine N06AB05 3.9 10.3 31.7

33630 Penfluridol N05AG03 6.0 8.4 22.0

4746 Perhexiline C08EX02 7.0 11.2 8.5

4748 Perphenazine N05AB03 4.3 6.8 20.1

4822 Pimethixene R06AX23 6.9 8.8 16.5

16362 Pimozide N05AG02 6.4 9.4 30.6

4926 Promazin N05AA03 4.6 9.4 33.6

4927 Promethazin D04AA10 4.8 9.0 32.2

4976 Protriptyline N06AA11 5.1 10.6 12.7

237 Quinacrine P01AX05 4.8 10.5 44.3

60149 Sertindole N05AE03 5.3 9.1 12.0

68617 Sertraline N06AB06 4.8 9.5 12.3

442985 Solasodine 5.8 8.7 22.2

5354 Suloctidil C04AX19 6.1 9.7 21.9

2733526 Tamoxifen L02BA01 7.9 8.7 4.1

5405 Terfenadine R06AX12 6.5 9.6 21.8

5452 Thioridazin N05AC02 6.1 9.6 10.4

65576 Tomatidine 6.2 8.7 15.8

5566 Trifluoperazine N05AB06 5.1 8.2 8.3

5568 Triflupromazine N05AA05 5.7 9.4 29.5

5584 Trimipramine N06AA06 5.2 9.4 13.8

91769 Zolantidine 5.0 8.9 21.6

All structures were obtained from the PubChemWeb site (pubchem.ncbi.nlm.nih.gov/). Additionally,

PubChem’s compound ID (CID), ATC short code (taken from http://www.dimdi.de/static/de/amg/

atcddd/index.htm), and the calculated log P and the calculated most basic pKa values are listed in

the table. Log P and pKa values were calculated by ACD 10 (ACD Inc., Toronto, ON); ra represents

the residual ASM activity. Please note that not every compound is classified by the ATC system
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recommended by the World Health Organization (WHO) (World Health Organiza-

tion 2011). However, not all ATC-classified drugs have been experimentally tested

for their effect on ASM activity. Therefore, a prediction system has been developed

to virtually screen large compound collections that is based on four computer-

calculated properties and classifies compounds by a random forest model, giving a

validated accuracy of 88 % (Kornhuber et al. 2011). Using this prediction system,

the ATC database was virtually screened for FIASMAs. The distribution of

FIASMAs with respect to their ATC code revealed a remarkable representation in

specific therapeutic groups, namely, C08 (calcium channel blockers), D04

(antipruritics), N04 (anti-Parkinson drugs), A03 (drugs for functional gastrointesti-

nal disorders), R06 (antihistamines for systemic use), N06 (psychoanaleptics), and

N05 (psycholeptics) (Fig. 1c). An interesting common feature of ATC subgroups

with overrepresented FIASMAs is the involvement of excitable cells, where many

FIASMAs appear to primarily act. Over 40 % of the known FIASMAs belong to

groups N04 (anti-Parkinson drugs), N05 (12 psycholeptics), and N06 (14

psychoanaleptics), which supports the hypothesis that FIASMAs do in fact cross

the blood–brain barrier (BBB) (Fig. 1d) and that their clinical effects may be related

to their functional inhibition of ASM (Kornhuber et al. 2005).

It is important to keep in mind that the size of the ATC drug groups varies widely

and drug development often takes advantage of similar scaffolds that are known to

be bioactive and/or have a high bioavailability. Thus, many approved drugs share

common scaffolds that are known to exhibit good ADME properties. In general,

groups with a high proportion of FIASMAs may be of general interest and may lead

to the identification of novel FIASMAs or drugs with ASM side effects.

In contrast to drugs approved for medical use, FIASMAs are reported to be rare

in natural products (Kornhuber et al. 2011). However, the chemical space of the

small, drug-like molecules and natural products differs; therefore, these results

must be interpreted with caution.

6 Association of FIASMAs with Other Relevant Biological

and Generic Parameters

6.1 Blood–Brain Barrier

The BBB is a complex membrane system that separates the central nervous system

(CNS) from the systemic blood circulation. It is formed by the endothelial cells that

enclose cerebral microvessels (Bradbury 1993) and that develop tight junctions

between adjacent endothelial cells. These tight junctions are able to block most

molecular traffic across the BBB, which forces the traffic to take the transcellular

route (Abbott and Romero 1996). Compounds entering the CNS via the

transcellular route have to cross at least two membrane barriers, namely, the
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luminal and the abluminal plasma membranes, as well as the cytoplasm of the

endothelial cells in CNS capillaries. Thus, crossing the BBB should be similar to

localization within the lysosome because this process also involves the crossing of

two membrane systems, the cellular and lysosomal membranes. Therefore, it can be

assumed that the molecules that have to enter the CNS or the lysosomes should have

similar molecular properties. In agreement with this assumption, it has been shown

that FIASMAs tend to cross the BBB (Kornhuber et al. 2011). Figure 1d shows that

all known FIASMAs with published quantitative data on BBB permeability,

represented by their logBB values, are readily able to pass through the BBB.

It is widely known that many active transporters mediate the transport of certain

substrates across the BBB (de Boer et al. 2003; de Lange 2004; Miller 2010). An

interesting compound in this context is loperamide. Our experimental data classify

loperamide as a FIASMA (Kornhuber et al. 2011) (Table 1). Unexpectedly, this

drug does not appear in the brain (Baker 2007) because loperamide is a substrate of

P-glycoprotein and is effectively transported out of the CNS (Baker 2007).

6.2 Lipinski’s Rule-of-5

Lipinski’s Rule-of-5 (Lo5) was established to identify properties of drugs that

indicate bioavailability (Lipinski et al. 2001) by determining whether bulk

molecules and drug-like molecules could be separated by a set of rules that are

simple and easy to calculate. Remarkably, FIASMAs violate Lo5 more often than

other drugs, mostly because of their high lipophilicity, as represented by their log P
values (Kornhuber et al. 2011). This is noteworthy because FIASMAs are still

highly effective at their target and also indicates that the requirements for general

bioavailability, as estimated by Lo5 violations, differ significantly from the

requirements for enrichment in an acidic compartment such as the lysosome,

which is necessary for ASM inhibition.

6.3 Cationic Amphiphilic Drugs

Cationic amphiphilic drugs (CADs) form a special group of compounds that share at

least two integral features: a cationic center and a lipophilic portion. The lipophilic

part is necessary to pass through lipid bilayer membranes, but the cationic center is

assumed to be a barrier against passive transport across a membrane system. In the

case of weak organic bases, this hindrance is obviously linked to the degree of

protonation. Altogether, CADs are assumed to be able to integrate into lipid

bilayers without difficulty (Nussio et al. 2007). We suggest that a CAD should

have a basic pKa of at least 7.4 because this value represents a functional group that
is at least partially protonated at physiological pH. We also expect that a CAD has a

log P of at least 3. Applying these two rules to the compounds listed in Table 1, the
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majority of compounds, i.e., 64 out of 72, are CADs. All hitherto known FIASMAs

possess a basic nitrogen atom; none of the compounds without a basic nitrogen

atom were able to functionally inhibit ASM. For these reasons, we examined the

distribution of FIASMAs with respect to properties related to lipophilicity and the

cationic character of the compound. When comparing FIASMAs to the inactive

compounds (Kornhuber et al. 2011), the calculated log P and the pKa values clearly
show a preferred range (FIASMAs: log P ¼ 5.35 � 1.13, pKa ¼ 9.04 � 1.18;

inactives: log P ¼ 3.69 � 1.82, pKa ¼ 7.76 � 3.07). This is also evident from

Fig. 1e.

6.4 Phospholipidosis

Phospholipidosis (PLD) is characterized by an excessive accumulation of

phospholipids, which occurs mainly in lysosomes. Small drug-like compounds

must be able to pass through two biological membranes, namely, the cellular

membrane and the lysosomal membrane, to induce PLD. As this prerequisite is

also found for FIASMAs, it is not unexpected that many, but not all, FIASMAs also

induce PLD (Muehlbacher et al. 2012).

7 Molecular Properties Common to FIASMAs

A set of common properties can be derived from the evaluation of the known

FIASMAs. There is a consensus that log P and pKa values are crucial for the

functional inhibition of ASM (Kornhuber et al. 2005, 2010). A density plot of

log P and pKa clearly shows that there is a preferential range for FIASMAs (see

Fig. 1e) at higher log P values and more basic pKa values. Furthermore, other

molecular properties, like size-intensive descriptors and the polar surface area, have

been found to be important for a compound to act as a FIASMA (Kornhuber et al.

2011). For example, the molecular weight of a compound is often used to scale the

effect of calculated properties with the size of the molecule (Purvis 2008). The

polar surface area and properties closely correlated to the polar surface area are also

frequently used in the context of biological activity (Clark 2011). In contrast,

properties that avert effects on ASM can also be useful to exclude compounds

within the virtual screen. An example of such a property that is incompatible with

functional inhibition of ASM is an acidic pKa value; none of the acids tested

experimentally so far do functionally inhibit ASM activity.

Table 2 summarizes several of the most important characteristics of FIASMAs.
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Table 2 A list summarizing the general properties of FIASMAs

Structural and physicochemical properties

Structure FIASMAs are structurally diverse and include mono-,

bi-, and tricyclic compounds (see Fig. 2). The

structural diversity is also evident from hierarchical

clustering of 2D-fingerprints of FIASMAs

(Kornhuber et al. 2011).

Physicochemical properties Functional inhibition of ASM requires specific

physicochemical properties of a drug, namely, high

log P and high basic pKa values, to accumulate

within lysosomes and some further properties in

order to result in detachment of ASM from the inner

leaf of the lysosomal membrane (Kornhuber et al.

2011) (see Fig. 1a, e).

Cationic amphiphilic drugs The majority of FIASMAs can be classified as cationic

amphiphilic drugs (CADs). This also refers to the

requirements to enrich within the lysosome, where

the ASM is located.

Chemoinformatic prediction Functional inhibition of ASM may be accurately

predicted by binary random forest machine learning

algorithms (Kornhuber et al. 2011).

Single-cell biodistribution

High intralysosomal concentration FIASMAs feature high intralysosomal concentrations,

which are due to a weak basic center but still having

a high log P value. To unfold activity in vivo,

FIASMAs need to be able to accumulate within the

lysosome.

Lysosomal accumulation kinetics FIASMAs differ in terms of lysosomal accumulation

kinetics. When testing a drug’s effect on ASM

activity, longer incubation times need to be taken

into consideration (Kornhuber et al. 2011; Trapp

et al. 2008).

Pharmacokinetics and pharmacodynamics

Active in different cell lines Usually, there is a high concordance between the effect

of FIASMAs in different cell lines (in vitro)

(Kornhuber et al. 2008) as well as different tissues

(in vivo).

No complete inhibition In contrast to genetic deficiency, functional inhibition

of ASM usually leaves a basal level of activity. This

may be the reason for good clinical tolerability of

FIASMAs. However, an exception is emetine,

which nearly completely inhibits ASM (see

Table 1).

No habituation FIASMAs inhibit ASM acutely, without building up a

habituation effect (Kornhuber et al. 2005).

Reversible inhibition FIASMAs show a reversible inhibition of ASM

(Kornhuber et al. 2005).

No rebound effect Upon withdrawal of FIASMAs, there is no rebound

effect (Kornhuber et al. 2005).

Additive effect FIASMAs show an additive effect with respect to ASM

inhibition (Kornhuber et al. 2011) (see Fig. 1f).

(continued)
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8 Clinical Implications of FIASMAs

Theoretically, FIASMAs should have therapeutic value in all situations where there

is increased activity of the ASM/ceramide system, including clinical situations

where increased activity of ASM/ceramide has already been observed, such as

Table 2 (continued)

Pharmacokinetics and pharmacodynamics

Bimodal distribution FIASMAs show bimodal distribution. There are only

few compounds that have an intermediate effect on

the activity of ASM (see Fig. 1b).

Blood–brain barrier (BBB) All FIASMAs with published data on BBB

permeability appear to readily penetrate the BBB

(Kornhuber et al. 2011).

Phospholipidosis Most, but not all, FIASMAs induce phospholipidosis

(Muehlbacher et al. 2012).

Lipinski’s rule-of-5 FIASMAs tend to violate Lipinski’s rule-of-5 more

often than other drugs (Kornhuber et al. 2011).

Apparent volume of distribution FIASMAs have, compared to non-FIASMAs, a large

apparent volume of distribution.

Tissue plateau concentrations Drugs like fluoxetine reach tissue plateau

concentrations only after months of continued

treatment (Karson et al. 1993). It is not known

whether this applies to all FIASMAs.

ASM-related effects FIASMAs are related to a large range of biological

effects, mediated by ASM.

No effect on neutral and alkaline

sphingomyelinase

FIASMAs do not inhibit neutral or alkaline

sphingomyelinase (Kornhuber et al. 2010).

No general effect on lysosomal

hydrolases

Although FIASMAs work by unspecific

physicochemical mechanisms, they apparently do

not functionally inhibit all lysosomal hydrolases

(Kornhuber et al. 2010).

Other molecular targets Most of the clinically approved compounds have been

developed to inhibit, activate, or modify a specific

biological target. Up until now, there is no

compound available acting specifically as a

FIASMA.

Clinical use

Clinically available A large number of FIASMAs are available as licensed

and FDA-approved drugs.

ADME/Tox properties Many of the hitherto identified FIASMAs have

desirable ADME/Tox properties.

Active in therapeutic concentration FIASMAs are active in lower concentration levels,

even in therapeutic concentrations.

Distribution across pharmacological

groups

FIASMAs are distributed widely among bioavailable

drugs. Moreover, they occur among numerous

classes of medicinal drugs (Kornhuber et al. 2011)

(see Fig. 1c).
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major depression (Gracia-Garcia et al. 2011; Kornhuber et al. 2005), alcohol abuse

(Reichel et al. 2010, 2011), cystic fibrosis (Becker et al. 2010), septic shock (Claus

et al. 2005), and liver fibrosis (Fernández et al. 2008). However, until now, only one

clinical study has been performed that chose a FIASMA a priori as a therapeutic

drug (Becker et al. 2010; Riethmüller et al. 2009). In this study, amitriptyline was

used to treat cystic fibrosis (Becker et al. 2010; Riethmüller et al. 2009). Addition-

ally, many clinical studies have used drugs that are now known to be FIASMAs.

The results of these studies may be reinterpreted when the action of these drugs on

ASM/ceramide is considered. One such example is multiple sclerosis. Fluoxetine

has been shown to have a beneficial effect on the course of this disease (Mostert

et al. 2008) and the clinical effect may be related to its effect on ASM. Another

example is the action of fluoxetine in experimental models of stroke where fluoxe-

tine has beneficial effects on motor performance and cerebral activation (Pariente

et al. 2001). However, considering that fluoxetine acts on multiple neurobiological

targets, other interpretations are also possible.

In addition to the clinical examples given above, several disease conditions such

as cystic fibrosis (Teichgräber et al. 2008), inflammatory bowel disease (Sakata

et al. 2007), Wilson’s disease (Lang et al. 2007), and pulmonary edema (Göggel

et al. 2004) have been examined in animal models. Thus, FIASMAs show a broad

range of medicinal applications and promise to be useful in the treatment of many

disorders. Further information on the potential clinical applications of FIASMAs is

given in other chapters of this book.

Many of the FIASMAs that are currently available are already FDA approved,

which introduces the opportunity of using these drugs in clinical studies aimed at

reducing ASM/ceramide activity. However, a major disadvantage is that there is no

FIASMA currently available with specific effect on ASM; all available FIASMAs

also act on other biological targets. The inhibitory effect of currently licensed drugs

on ASM has been identified years after the initial development of the drug.

Therefore, an important goal is to develop drugs that functionally inhibit ASM

without interfering with other biological targets. Such drugs may be also used as

tools in identifying biological effects that are clearly related to the functional

inhibition of ASM.

Pharmacological inhibition of ASM is a novel and only recently used treatment

option. Many remaining open questions are related to the medical effects of

FIASMAs, including the following:

• Which FIASMA should be chosen to treat human diseases?

• Are there any clinical side effects, such as obesity (Bikman and Summers 2011),

that are common to all FIASMAs?

• Are there contraindications common to all FIASMAs that would proscribe their

use?

• Do FIASMAs present in food constituents, such as tomatidine (Kornhuber et al.

2011), have an impact on health? In particular, is it possible that tomatidine

contributes to the positive effect of mediterranean diets on health (Féart et al.

2009) via the functional inhibition of ASM?
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Abstract While the evidence for an involvement of sphingolipids (SLs) in a

variety of diseases is rapidly increasing, the development of sphingolipid-related

drugs is still in its infancy. In fact, the recently FDA-approved fingolimod or FTY-

720 (see chapter by J. Pfeilschifter for more information) is the first drug on the

market to interfere with sphingolipid signaling. The reasons for this lagging are

manifold and within this chapter we try to name some of them. Ceramide is in the

center of sphingolipid metabolism. We describe the most important and most recent

inhibitors for enzymes controlling cellular ceramide levels.

Keywords Enzyme inhibitors • Enzyme assays • Small molecules • Drugs •

Natural products

1 Introduction

Historically, the first group of diseases that was related to SL metabolism is

formed by the inborn lysosomal sphingolipid storage diseases also termed as

sphingolipidoses. The fact that most of these diseases are very rare has certainly

prevented many of the major pharmaceutical companies to make a stronger
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commitment to drug development. Since these genetic diseases are characterized

by a dysfunction of catabolizing enzymes, in some cases recombinant enzymes

for an enzyme replacement therapy are available (imiglucerase and velaglucerase

alfa, both for Gaucher’s disease) and a number of gene therapy strategies are

under development. Indeed, even a number of small molecules acting as site-

specific chemical chaperones (Fan 2003) have been reported, some of which

entered clinical studies (isofagomine, an inhibitor of glucocerebrosidase and

chemical chaperone for Gaucher’s disease). Miglustat is a market-approved

small-molecule drug, inhibiting glycosylceramide synthase (GCS) and thus the

synthesis of the main storage compound in Gaucher’s disease. A more detailed

review of recent therapeutic approaches to sphingolipid storage diseases can be

found in the chapter by Futerman and has been published elsewhere (Hemsley

and Hopwood 2011).

The second reason for a lack in sphingolipid-related drugs is the fact that

detailed molecular mechanisms for the biological activity of many sphingolipids

are missing. The structurally most diverse subgroup of sphingolipids is formed by

the glycosphingolipids (GSL). However, many enzymes involved in GSL biosyn-

thesis have a limited substrate specificity leading to the combinatorial biosynthesis

of gangliosides (Kolter et al. 2002) arguing that there is only a minimal chance to

control the function of individual GSL by inhibition of their biosynthesis. During

the last years, especially those sphingolipids involved in lipid signaling processes

gained increased attention. This group of signaling lipids includes ceramide,

sphingosine, sphingosine-1-phosphate, and also ceramide-1-phosphate. However,

despite the small number of signaling lipids, many different enzymes are involved

in their regulation making a pharmacological control difficult. Ceramide is the

central lipid molecule in the sphingolipid family. Ceramide levels are controlled

by the de novo biosynthetic pathway, secondly by the interconversion to membrane

constituents like GSL and sphingomyelin, and also by the degradation to sphingo-

sine and sphingosine-1-phosphate. More importantly, the exact mechanisms of

ceramide-mediated signaling are only partially understood and are at least of

complex nature. In contrast, sphingosine-1-phosphate acts in a more classical

fashion by binding to a set of clearly defined sphingosine-1-phosphate receptors.

Accordingly, the enzymes and receptors involved in sphingosine-1-phosphate

bioactivity have been in the focus of industrial drug development relatively early

(see chapter by Pfeilschifter).

A third reason that has slowed progress in the development of sphingolipid-

related drugs lies in the chemical nature of the sphingolipids. As a general rule,

biological recognition is mainly mediated by hydrophobic interactions that provide

high affinity but less specificity and secondly by hydrogen bonds and other electro-

static interactions mainly contributing to the specificity of interaction. Thus, it

seems reasonable that in the case of GSL-metabolizing enzymes, the rational

development of substrate-analog inhibitors is relatively easy, since specificity is

provided by a number of hydrogen bonds. In contrast to ceramide, which forms the

center part of sphingolipid metabolism, mainly consists of hydrophobic parts while

it accomplishes only a total of four heteroatoms that might be able to form hydrogen
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bridges. It seems obvious that a potent inhibition of enzymes like the ceramidases

can only be achieved by either irreversible covalently acting inhibitors or alterna-

tively by allosteric inhibitors that bind independently of the substrate-recognizing

active site of the enzyme. Inhibitors of the latter type cannot be rationally designed,

but are usually identified in high-throughput-screening (HTS) formats. Indeed, we

are convinced that for many sphingolipid-mediating enzymes, the unavailability of

fast, specific, and cost-effective assays is one major bottleneck for the identification

of novel lead structures for drug design. Thus, the development assays suitable for

HTS approaches is of utmost importance. In the present chapter we concentrate on

the most important or most recent developments. Further drugs and inhibitors can

be found in a number of reviews (Arenz 2010; Delgado et al. 2006; Fan 2003;

Kolter and Sandhoff 1999).

2 Inhibitors of Sphingolipid Biosynthetic Enzymes

Several inhibitors of ceramide de novo synthesis have been described (Fig. 1) and

although some of them have very high biological activity, a market-approved drug

is missing. Since sphingolipids are crucial for cellular function, the biosynthesis of

ceramide is not a primary target for pharmacological strategies. However, the fact

that sphingolipids play essential roles for many different organisms is obviously the

main reason for the existing rich arsenal of natural secondary metabolites with

potent activity against ceramide biosynthesis. Serine palmitoyl transferase (SPT),

the first enzyme in ceramide de novo synthesis, is potently inhibited by the antibi-

otic myriocin. Due to its very potent immune-suppressive activity, myriocin was a

Fig. 1 Inhibitors of sphingolipid biosynthetic enzymes
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lead structure for the development of FTY-720 (Brinkmann et al. 2010). FTY-720

however, which now has been approved for the treatment of multiple sclerosis (MS)

in several countries, is not an inhibitor of SPT (see chapter by Pfeilschifter). Several

other potent inhibitors of SPT like sphingofungin B have been described. For

an excellent review see Delgado et al. 2006. 3-Ketosphinganine, the product of

SPT, is transformed to sphinganine by 3-ketosphinganine reductase. Consecutively,

sphinganine or sphingosine is acylated by ceramide synthase. The latter enzyme is

most prominently inhibited by fumonisin B1, a fungal toxin from Fusarium
verticillioides. Not at least due to its complex toxic nature, this compound is only

used as a biochemical tool. Several other inhibitors of natural origin are known

(Delgado et al. 2006). N-acylsphinganine or dihydroceramide is dehydrogenated by

dihydroceramide desaturase (DES) to yield ceramide. This enzyme is moderately

inhibited by a synthetic compound named GT11 (Triola et al. 2001). Interestingly,

the inhibitory activity in living cells is in the lower nanomolar range (Triola et al.

2004), suggesting a time-dependent and thus probably covalent mechanism of

inhibition.

Ceramide is substrate for the biosynthesis of sphingomyelin and glycosphin-

golipids. While the above enzymes all lead to a reduction of cellular ceramide

concentration, inhibition of the downstream biosynthetic enzymes sphingomyelin

synthase (SMS) or GCS conversely leads to an increased level of ceramide. In the

light of recent research underscoring the importance of ceramide as an important

regulator of cell fate, such enzymes are particularly important for the development

of future drugs (see chapter by Kolesnick). The most important inhibitors are shown

in Fig. 1. SMS is inhibited by the xanthogenate D609 (Luberto and Hannun 1998).

Due to its ionic nature, this compound is poorly cell permeable. Its prodrug

analogue X is cell permeable, twice as active, and more stable in buffer and cell

media (Bai et al. 2004). D609 has some remarkable effects in a number of experi-

mental therapies of cancer and atherosclerosis (Adibhatla et al. 2011). In most cases

it remains unclear whether the observed effects can be attributed to SMS or to

phosphatidyl choline-specific phospholipase C, which was originally found to be

inhibited by D609 (Amtmann 1996). The other main biosynthetic route from

ceramide leads to the diverse group of GSL via the synthesis of glucosyl ceramide

by glucosyl ceramide synthase. As mentioned above, inhibition of this enzyme has

gained importance in the context of GSL storage diseases, especially for the

treatment of Gaucher’s disease. Besides N-butyl deoxynojirimycin (NBDNJ) or

Miglustat (Platt et al. 1994), which has orphan drug status in many countries,

several even more potent inhibitors of this enzyme exist (Delgado et al. 2006).

In contrast to vertebrates which mainly synthesize GSL, many fungi synthesize

large amounts of inositol phosphoceramide (IPC), which has essential functions in

these organisms. The natural product khafrefungin is a potent inhibitor of IPC

synthase in fungi and exhibits high and selective fungicidal activity (Mandala

et al. 1997). The same IPC synthase inhibitory activity has been reported for

rustmicin or galbonolide A. This macrolide antibiotic is active against clinically

relevant microorganisms like Candida albicans, but it is not in clinical use,

probably due to its low chemical stability (Mandala et al. 1998).
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3 Inhibitors of Catabolic Enzymes

During the last decade the interest in inhibitors targeting the catabolic enzymes of

sphingolipid metabolism (Fig. 2) has steadily increased. Especially the highly

abundant membrane constituent sphingomyelin is a source for the fast and induc-

ible production of ceramide catalyzed by several sphingomyelinases that differ in

pH optima and subcellular localization. The acid sphingomyelinase (aSMase) has

been shown to play important roles in many diseases like cystic fibrosis

(Teichgraber et al. 2008), Wilson’s disease (Lang et al. 2007), and atherosclerosis

(Devlin et al. 2008). Therefore, aSMase has become a potential drug target for a

variety of diseases.

Fig. 2 Inhibitors of sphingolipid catabolic enzymes
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Though not being true inhibitors of this enzyme, the tricyclic antidepressants

such as desipramine, imipramine, and amitriptyline are the most important tools to

dampen cellular aSMase activity (Albouz et al. 1981). Such molecules enrich in the

lysosomes to millimolar concentrations and render aSMase susceptible for degra-

dation by lysosomal proteases (see chapter by Kornhuber). This process is obvi-

ously rather unselective and a similar type of inhibition has been reported at least

for the lysosomal aCDase as well (Elojeimy et al. 2006). Nonetheless, these drugs

and several other functional inhibitors of acid sphingomyelinase (FIASMA)

(Kornhuber et al. 2010) are approved as antidepressants and have already success-

fully been used in first clinical trials for the treatment of cystic fibrosis (Riethmüller

et al. 2009). The promising results with FIASMAs have also stimulated the search

for direct inhibitors of aSMase. The first potent and selective inhibitor of aSMase

was phosphatidyl-inositol-3,5-bisphosphate 1 (Kölzer et al. 2003). However, this

compound could not be used in cell culture or in living animals due to its low

chemical and biological stability, lack of cell permeability, and poor off rates from

biomembranes. Very recently, our group has developed a number of bisphosphates

with some important modifications over the existing compound. A major modifi-

cation was the replacement of two-tailed diacylglycerol part by a one-tailed

analogue with a dodecyl sulfonate ester chain (compound 2) (Roth et al. 2009a).

The new compound 2 was found to be active in cell culture and inhibits apoptosis

induced by dexamethasone in HEK293 cells at low micromolar concentration.

A further enhancement in the inhibition towards aSMase was observed upon the

replacement of inositol moiety with a carbohydrate molecule (compound 3)

indicating that some further structural modification in the inhibitors is possible

(Roth et al. 2010). A third modification was carried out with the replacement of

biologically labile phosphates with the uncleavable phosphonates. After a detailed

structure–activity correlation studies, a new series of geminal bisphosphonates 4–6

were developed that exhibited remarkable in vitro inhibition towards aSMase

(Roth et al. 2009b). The geminal amino-bisphosphonate 4 was found to be the

most active compound (IC50 ¼ 20 nM) that exhibited strong inhibition towards

dexamethasone-induced cell death in HEK293 cells and also exhibited dose-

dependent inhibition of platelet-activating factor (PAF)-induced pulmonary

edema formation in perfused rat lungs at a concentration of 100 nM (Roth et al.

2009b). Although these new sets of compounds were found to be very active in cell

culture and ex vivo experiments, more data on their mechanism of action is needed.

It is unclear whether these compounds are able to enter cells or whether they

exclusively act on the secreted form of aSMase. Further, mostly moderate

inhibitors of aSMase have been reviewed recently (Arenz 2010).

There are at least two types of neutral sphingomyelinases, which are

designated as nSMase1 and nSMase2 (see chapter by Hannun). Similar to

aSMase, nSMases have been implicated in many biological disorders such as

inflammatory diseases, heart failure, diabetes, cell cycle arrest, etc. Therefore, the

selective inhibition of nSMases has become important and challenging from a

therapeutic point of view. The first potent selective inhibitor of nSMases was

found to be a fungal compound scyphostatin (Nara et al. 1999). This compound
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exhibited much pronounced inhibition towards nSMases rather than aSMase. In

contrast to scyphostatin the spiroepoxide inhibitor, a synthetic structural ana-

logue, was found to act by an irreversible time-dependent mechanism (Arenz

and Giannis 2000) and also the farnesyltransferase inhibitor manumycin A (Arenz

et al. 2001) and the sphingolactone inhibitor (Wascholowski and Giannis 2006)

were identified to be irreversible nSMase inhibitors. A selective noncompetitive

inhibitor of purified and cellular nSMase (GW4869, IC50 ¼ 1 μM) was discov-

ered in systematic screening approach (Luberto et al. 2002). Except scyphostatin,

all these alternative nSMase inhibitors are available from commercial sources.

A group of guanidinium-based lipophilic compounds was characterized as mod-

erate nSMase inhibitors (Amtmann et al. 2000, 2003). Among those compounds,

the inhibitor C11AG was found to be selective towards nSMase2 subtype

(Amtmann and Zoller 2005). A recent study also reports the moderate but

selective inhibition of nSMase2 by D-lyxo- and D-arabino-sphinganine (IC50

between 50 and 100 μM for both compounds), whereas GW4869 showed no

subtype selectivity (Lee et al. 2011). Inhibitors of SMases and ceramidases

(CDases) have been reviewed recently (Canals et al. 2011).

CDases catalyze the hydrolysis of the amide bond in ceramide to produce

sphingosine and fatty acid. Depending on the subcellular localization and pH-

optima, CDases can be divided as acid ceramidase (aCDase), neutral ceramidase

(nCDase), and alkaline ceramidase (alkCDase). It should be noted that ceramide

induces apoptosis, whereas its metabolite sphingosine-1-phosphate induces cell

proliferation. Thus the CDases are regarded as “rheostats” of cell fate and the

inhibition of CDases may be an effective therapy in cancer therapy.

Several inhibitors of CDases have been described. While acid ceramidase is

selectively inhibited by B-13 with an IC50 of about 10 μM (Raisova et al. 2002),

D-MAPP selectively inhibits alkaline ceramidase derived from HL-60 cell extracts

with an IC50 of about 1–5 μM (Bielawska et al. 1996). However, in human

melanoma and HaCaT cells, D-MAPP exhibits no activity towards neutral

ceramidase, but is a moderate inhibitor of acid ceramidase (Raisova et al. 2002).

At somewhat higher concentrations, even aSMase is inhibited (Schuchman and

Desnick 2005). Although B-13 fairly inhibits aCDase in cell lysates, it showed

nearly no cellular activity towards the lysosomal aCDase (Bai et al. 2009), obvi-

ously due to poor lysosomal penetration by this compound. A number of basic

structural analogues of B-13 and D-MAPP were developed for subcellular targeting

(Szulc et al. 2008; Bai et al. 2009). Inhibitors like LCL-464 can enrich in the

lysosomes. N-oleoylethanolamine (NOE) is a very weak (IC50 ~0.2–0.5 M) inhibi-

tor of aCDase (Ueda et al. 2001). However, this substance is easily available and

has been shown to increase the ceramide level and thereby enhance the apoptosis in

different cell lines (Strelow et al. 2000). Recently a series of structural analogues of

NOE have been reported and a detailed SAR study suggested those compounds as

somewhat more potent inhibitors of aCDase (Grijalvo et al. 2006).

Compared to the potential relevance of CDase inhibition for therapeutic

approaches, the potency and selectivity of existing CDase inhibitors are not
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satisfying. As pointed out before, an HTS approach for allosteric inhibitors is

needed. Recently, a homogenous assay of CDase activity has been developed that

might be compatible with HTS endeavors (Bedia et al. 2007).

4 Conclusions and Outlook

A detailed review on the inhibition of sphingolipid-metabolizing enzymes reveals a

number of small molecules that effectively inhibit one or more enzymes. In

addition, many molecules exhibit very selective and potent inhibition towards a

certain enzyme in the in vitro studies with purified enzymes but lack the activity in

living cells. Therefore, the design of lipophilic molecules with some proper func-

tionality would have some possibilities to localize in a particular cell compartment

to have a selective inhibition towards a certain enzyme. Furthermore, the develop-

ment of potent inhibitors could be better achieved with the discovery of some

homogeneous assay methods for the determination of key enzymes involved in the

sphingolipid metabolism. These advancements would definitely solve many issues

related to sphingolipid-mediated pathologies.
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Abstract Nanotechnologies, while small in size, widen the scope of drug

delivery options for compounds with problematic pharmacokinetics, such as

bioactive sphingolipids. We describe the development of historical sphingolipid

nanotechnologies, such as nanoliposomes, and project future uses for a broad

repertoire of nanoscale sphingolipid therapy formulations. In particular, we

describe sphingo-nanotherapies for treatment of cancer, inflammatory disease,

and cardiovascular disease. We conclude with a discussion of the challenges

associated with regulatory approval, scale-up, and development of these nano-

technology therapies for clinical applications.

Keywords Sphingolipid • Nanotechnology • Ceramide • Liposome • Therapy

J.L. Hankins • U.A. Doshi • J.K. Haakenson • M.M. Young • B.M. Barth • M. Kester (*)

Department of Pharmacology, R130, Penn State University College of Medicine, Hershey,

PA 17033, USA

e-mail: mkester@psu.edu

E. Gulbins and I. Petrache (eds.), Sphingolipids: Basic Science and Drug Development,
Handbook of Experimental Pharmacology 215, DOI 10.1007/978-3-7091-1368-4_11,
# Springer-Verlag Wien 2013

197

mailto:mkester@psu.edu


1 Suitability of Nanotechnologies for Sphingolipid Therapies

Spatiotemporal modulation of sphingolipid mass and metabolism is a promising

avenue to treat inflammatory disease, cancer, and cardiovascular disease. Tactics

for manipulation of physiologic sphingolipid mass include pharmacologic targeting

of sphingolipid enzymes or transporters, or direct(ed) delivery of the desired

sphingolipid to the site of action. To deliver sphingolipids as therapeutics in both

a direct and directed manner, one has a number of challenges to surpass. Key

considerations include improved solubility of these highly hydrophobic molecules,

host response to the sphingolipid:carrier complex, and capacity to selectively target

delivery to the desired physiological compartment.

Nanoscale technologies can address many of these challenges, while also

capitalizing on novel properties, due to their size of 100 nm or less. Engineering

of nanoparticles can facilitate alteration of size, shape, and electrostatic charge, as

well as the attachment of targeting moieties. Notably, nanotherapeutics can also be

designed to passively accumulate in tumor beds due to the enhanced permeability

and retention effect (Matsumura and Maeda 1986). Beyond the usual pharmacoki-

netic profiling of any potential drug, nanotechnologies must meet additional

criteria for development into drug delivery vehicles. These criteria include drug-

encapsulation, -retention, -efficacy, and -stability under physiologic conditions,

and the absence of toxic materials, both in the initial formulation and after

metabolism (Adair et al. 2010).

2 Liposome-Based Sphingolipid Nanotherapy Development

The timeline of nanoscale sphingolipid development highlights the advancement

toward a more sophisticated nanotherapeutic with predictable immunological

properties (Fig. 1). While immune stimulation is desirable for nanoparticle vaccine

delivery, immune escape is a key feature of nanotherapies that require long circula-

tion times for biodistribution to the appropriate compartment. The first lipid-based

nanotechnologies were phospholipid liposomes, simple lipid vesicles that enclosed

an aqueous compartment with limited diffusion into or out of the vesicle (Bangham

et al. 1965). Systemic administration of active pharmaceutical ingredient (API)-

loaded liposomes exhibited protective encapsulation of compounds in vivo, albeit
with a short half-life (Gregoriadis and Ryman 1972). However, the observation that

the immune system could readily destroy such liposomes by complement-mediated

lysis (both with and without antibody opsonization) demonstrated that further

refinement was necessary for liposomes to be viable drug delivery vehicles

(Haxby et al. 1969; Lachmann et al. 1970).

To optimize drug delivery, liposomes and other nanotechnologies were

engineered to evade immune detection through composition and surface modifica-

tion. Early liposomes were perceived as an immune challenge due to their lipid
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composition and tendency to aggregate into larger structures. Thus, they readily

accumulated in the reticuloendothelial system, and thereby had unfavorable pharma-

cokinetics and distribution properties for many applications. Alterations in the lipid

composition of liposomes to mimic erythrocyte membrane composition, such as

incorporation of sphingomyelin and the complex sphingolipid ganglioside GM1,

proved to increase liposome retention in circulation (Allen and Chonn 1987; Allen

et al. 1989; Maruyama et al. 1990). Since immune system destruction is initiated by

the binding of proteins such as immunoglobulins and complement to nanoparticles in

the blood, surface modifications that could prevent this binding was an important

development. Phospholipid-coupled polyethylene glycol (PEG) was demonstrated to

effectively increase the circulation time of liposomes and protect them from degra-

dation by preventing aggregation (Klibanov et al. 1990). Further, the addition of PEG

or other surface molecules was able to effectively mask the surface, decreasing

Fig. 1 The evolution of the nanoliposome. (a) Liposomes of various lipid mixtures (phospholipids

and cholesterol) can be created at the nanoscale, less than 100 nm. (b) Second-generation

nanoliposomes can be composed of various concentrations of bioactive lipids, including

sphingolipids. (c) In addition, nanoliposomes can be created to contain therapeutic concentrations

of active pharmaceutical ingredients (API). Nanoliposomal vehicles for bioactive lipids or APIs

can then undergo surface passivation with PEG to increase biological circulation time. (d) In

addition, discrete phospholipids can be bio-conjugated with targeting molecules, including

antibodies, to create immuno-liposomes for enhanced tissue targeting
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plasma protein adsorption and minimizing host responses to the nanomaterials while

in circulation (Bazile et al. 1995; Dobrovolskaia and McNeil 2007). Currently,

liposomes can be formulated to contain the sphingolipid of choice, and the use of

PEG-conjugated sphingolipids has been shown to improve bioavailability (Stover

and Kester 2003). Nanoliposomes have been formulated for short- and long-chain

ceramides as well as their phosphorylated and glycosylated metabolites (Stover and

Kester 2003; Stover et al. 2005; Shabbits and Mayer 2003a; Sun et al. 2008; Hankins

et al. 2011; Salli et al. 2009; Shabbits and Mayer 2003b). As an example, our

laboratory has engineered a highly PEGylated (14 molar percent) formulation that

includes bioconjugated PEG2000-1,2-distearoyl-sn-glycero-3-phosphoethanolamine

and PEG750-C8-ceramide to create an 80 nm-sized vehicle for the delivery of 30

molar percent C6-ceramide (Stover and Kester 2003). These formulations exhibit

shelf stability for 2 years (unpublished, Nanocharacterization Laboratory, NCI) and

an 11-h biological half-life (Stover and Kester 2003). We have demonstrated that the

delivery of nanoliposomal C6-ceramide occurs through interlammellar bilayer

exchange to allow for the rapid distribution of C6-ceramide to well-perfused tumor

tissues (Zolnik et al. 2008). It is surprising that ceramide liposome formulations

that included cholesterol documented movement of labeled ceramide, but not

labeled cholesterol, into cells, arguing that membrane fusion may not be the

primary mechanism of ceramide delivery (Stover and Kester 2003; Shabbits and

Mayer 2003b).

The next improvement in liposome technology was targeting of the nanotech-

nology to specific cell types. Coupling of antibodies to liposomes first allowed for

site-specific targeting of liposomes to the appropriate compartment or cell type

(Barbet et al. 1981). Now, directed delivery can be accomplished through antibody

fragments, aptamers, small molecules, peptides, or proteins targeting cell surface

receptors (Yu et al. 2010).

The new paradigm in sphingolipid nanoliposome therapy is combination therapy.

This includes a multipronged approach whereby one “primes” a system with exoge-

nous sphingolipid while also delivering an enzymatic inhibitor. For example, we have

shown that delivery of PDMP (D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-

propanol), a glucosylceramide inhibitor, within a C6-ceramide liposome formulation

potentiated the cytotoxic effect of C6-ceramide in pancreatic cancer (Jiang et al.

2011) and glio- and neuroblastomas (Barth et al. 2010a). In addition, combination

therapies may also include ceramide-containing nanoliposomes that are also delivery

vehicles for ceramide-generating or sphingolipid-modulating chemotherapeutics

(Barth et al. 2011). Thus, liposome formulations can be modified to modulate

multiple sphingolipid pathways and provide a unique reinforcement mechanism.

However, despite the ability to formulate targeted and combinational sphingolipid-

containing nanoliposomes, delivery of the bioactive sphingolipids at the desired

therapeutic concentration, to a specific cell type, in a complex tissue bed or tumor

microenvironment remains a challenge and an area for future improvement.
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3 Other Sphingolipid Nanotherapy Platforms

Nanotechnologies, other than liposomes, that incorporate sphingolipids have also

been developed. These include nanoemulsions, polyethyleneoxide-modified

polyepsilon-caprolactone nanoparticles (PEO-PCL), linear-dendritic nanoparticles,

and calcium phosphosilicate nanoparticles (Barth et al. 2011). Nanoemulsions are

suitable vehicles for topical or intravenous administration of sphingolipids. For

example, delivery of 2S,3S,4R-2-stearoylamide-1,3,4-octadecanetriol (ceramide 3,

an N-acylated phytosphinganine) as a topical nanoemulsion improved skin elastic-

ity and moisture content (Yilmaz and Borchert 2006). Topical sphingolipid

chemotherapies at one time appeared promising, but a clinical trial to test the

efficacy of a short-chain ceramide nanoemulsion in cutaneous metastatic breast

cancer patients did not demonstrate benefit (Jatoi et al. 2003). However, an intra-

venous ceramide and paclitaxel nanoemulsion, designed to cross the blood–brain

barrier, increased apoptosis in glioblastoma cells, but has not yet been tested in vivo

(Desai et al. 2008).

Other intravenous nanoformulations include PEO-PCL and thermally activated

linear-dendritic nanoparticles. Each of these nanotechnologies offer unique, con-

trolled drug delivery capabilities. PEO-PCLs are polymers that undergo hydrolysis

under physiologic conditions (Kumari et al. 2010). The molecular weight of the

polymer controls the release of the active ingredient, with larger structures gener-

ally exhibiting slower release characteristics. Coadministration of ceramide and

either paclitaxel or tamoxifen in PEO-PCLs induced apoptosis and resensitized

multidrug-resistant ovarian cancer cells (Devalapally et al. 2007, 2008; van Vlerken

et al. 2007). Likewise, thermally activated linear-dendritic nanoparticles offer the

opportunity for improved pharmacokinetic properties. For example, these thermally

activated, linear-dendritic polymer nanoparticles can slowly release the API after

reaching the target. Using linear-dendritic nanoparticles, sustained ceramide deliv-

ery induced apoptosis in breast adenocarcinoma cells (Stover et al. 2008).

Nanocolloidal suspensions are another technology platform that is conducive to

intravenous administration. Calcium phosphosilicate nanoparticles (CPSNPs) are

nanocolloids with unique properties. CPSNPs are approximately 20 nm in diameter

and break down into nontoxic products normally found in the body, namely, calcium

and phosphate ions (Morgan et al. 2008). CPSNPs escape enterohepatic circulation,

which limits hepatic accumulation and toxicity because they are excreted in the

feces (Barth et al. 2010b). One distinguishing feature of CPSNPs is the targeted

dissolution of the nanoparticle in the late endosome (Morgan et al. 2008). CPSNPs

have limited solubility at pH 7.4, but when the pH within the late endosome drops to

pH 4–5, the particle dissolves (Morgan et al. 2008). Since the release of the active

agent within CPSNPs is pH responsive, toxicity to normal, non-targeted cells due to

accumulation of free drug in extracellular fluids is limited (Barth et al. 2010b).

We speculate that release of phosphate from the particle acts to buffer the action of

proton pumps to acidify the endosome, ultimately causing endosomal rupture.

CPSNPs may therefore function as “bio-smart bombs.” Nanocolloidal formulations
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allow for controlled release of cargoes in a stable platform with limited toxicity.

In vitro data also suggests that bioconjugated CPSNPs loaded with both fluorescent

imaging agents and ceramide can potentially be developed for “theranostic” use,

a strategy which combines therapeutic and diagnostic tools (Kester et al. 2008;

Morgan et al. 2008; Barth et al. 2010b). Incorporation of C6-ceramide into CPSNPs

has been shown to inhibit cell growth in human vascular smooth muscle cells

(VSMC) much more potently than other ceramide-delivery systems (Morgan et al.

2008), arguing that CPSNPs are promising nanocolloid delivery vehicles for

sphingolipids. Other nanocolloids, including silica, gold, or silver, may also allow

for sphingolipid delivery, albeit as surface-decorated particles.

4 Sphingolipid Nanoscale Therapies for Cancers

Sphingolipid-centered nanotherapies have garnered attention as a strategy to selec-

tively seek and destroy cancerous cells. The clinical success of Doxil®, a PEGylated

nanoliposomal formulation of doxorubicin, is a model for the use of nanotechnology

delivery systems in cancer therapy. Approved for clinical use in the treatment of

ovarian cancer, AIDS-related Kaposi’s sarcoma, and multiple myeloma, Doxil®

significantly prolongs the half-life of doxorubicin to enhance its efficacy (Product

Information Booklet). Furthermore, Doxil® limited the accumulation of doxorubicin

in the myocardium, thereby reducing clinical cardiotoxicity (Rahman et al. 2007).

Interestingly, incorporation of short-chain glucosylceramide into doxorubicin-

containing nanoliposomes has been shown to enhance the cellular uptake of the

agent and its antitumor activity in vitro and in vivo (van Lummel et al. 2011).

The ability of ceramide to selectively induce apoptosis in cancer cells versus

non-transformed cells has spurred the development of several promising ceramide-

based therapeutics (Barth et al. 2011). Nanoliposomes are an effective delivery

vehicle for natural (Shabbits and Mayer 2003a, b) and short-chain ceramides

in vivo, and have been shown to inhibit tumor growth in models of breast cancer

(Stover and Kester 2003; Stover et al. 2005), J774 sarcoma (Shabbits and Mayer

2003a), melanoma (Tran et al. 2008), hepatocellular carcinoma (Tagaram et al.

2011), large granular lymphocytic leukemia (Liu et al. 2010), and pancreatic cancer

(Jiang et al. 2011). As outlined, ceramide-based nanotherapies have proven effica-

cious in multiple solid and non-solid cancer models in vitro and in vivo. Impor-

tantly, C6-ceramide nanoliposomes selectively target cancerous cells with minimal

adverse toxicity (Liu et al. 2010; Stover and Kester 2003; Stover et al. 2005; Tran

et al. 2008), a result that is supported by extensive in vivo toxicology studies

(see http://ncl.cancer.gov/working_technical_reports.asp).

Importantly, ceramide nanoliposomes lend themselves to combinatorial therapy

by serving as delivery vehicles for cytotoxic agents. Ceramide accumulation has been

observed to occur secondary to the primary effects of a wide range of chemother-

apeutics, including doxorubicin, fluorouracil, sorafenib, paclitaxel, tamoxifen, and

gemcitabine (Barth et al. 2011). As a result, encapsulation of these agents within
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ceramide-containing nanoliposomes can enhance cytotoxicity by improving pharma-

cokinetics and providing a multipronged mechanism for the induction of cell death.

In fact, C6-ceramide nanoliposomes have been shown to synergistically enhance

the preclinical therapeutic efficacy of sorafenib in melanoma and breast cancer

(Tran et al. 2008) and gemcitabine in studies of pancreatic cancer (Jiang et al. 2011).

Furthermore, several sphingolipid-modulating agents have been developed to target

dysregulated sphingolipid metabolism in cancer and to promote cell death. These

agents include inhibitors of sphingosine kinase, acid ceramidase, and glucosyl-

ceramide synthase (discussed in Barth et al. 2011). Similar to that of the chemother-

apeutics discussed above, encapsulation of sphingolipid-modulating agents within

ceramide nanoliposomes can greatly improve the pharmacokinetics, toxicology, and

cytotoxic efficacy of these compounds. Delivery of safingol, a synthetic L-threo
isomer of dihydrosphingosine, as an emulsion in combination with cisplatin has

recently shown promising results in a phase I clinical trial for refractory adrenocorti-

cal cancer (Dickson et al. 2011). However, this formulation has been shown to cause

hemolysis and dose-limiting toxicity in preclinical models (Kedderis et al. 1995).

Recently, liposomal delivery of safingol has been demonstrated to improve the

pharmacokinetics and cytotoxicity of the sphingolipid-modulating agent in an acute

myeloid leukemia model while significantly reducing hemolysis (Tan et al. 2012).

The future incorporation of safingol in ceramide nanoliposomes can be envisioned as

one approach to further improve cytotoxic efficacy through combinatorial therapy.

In addition to combinatorial therapy, sphingolipid nanoliposome formulations

can be specifically targeted to cancer cells. For example, the transferrin receptor is

frequently overexpressed in cancer cells, making it an excellent target for drug

delivery (Larrick and Cresswell 1979). Incorporation of the glycoprotein transferrin

into C6-ceramide nanoliposomes has been shown to significantly increase endocy-

tosis of the liposomes, lysosomal accumulation of ceramide, and induction of

apoptosis (Koshkaryev et al. 2012). Furthermore, the glycosphingolipid, GD2, has

been utilized as a target for nanotherapies. GD2 is highly expressed in cancers of

neuronal origin, and the conjugation of an anti-GD2 antibody to the liposomal

surface has been shown to effectively and selectively deliver siRNA targeting

VEGF (Adrian et al. 2011) and doxorubicin (Pastorino et al. 2006) to neuroblastoma,

as well as siRNA targeting c-myc (Pastorino et al. 2003) and fenretinide (Pagnan

et al. 1999) to GD2-positive melanoma. Finally, nanotherapies engineered to target

specific subcellular organelles have been developed. Ceramide is a well-known

inducer of mitochondrial damage and has been shown to assemble pores in the

outer mitochondrial membrane to mediate the release of cytochrome c (Siskind and

Colombini 2000). C6-ceramide nanoliposomes have been targeted to mitochondria

by conjugating the triphenylphosphonium (TPP) cation to a stearyl residue that is

incorporated into the lipid bilayer (Boddapati et al. 2008). These targeted liposomes

preferentially accumulate in the mitochondria to result in enhanced cytotoxicity in

models of mouse mammary carcinoma (Boddapati et al. 2008). Collectively, these

developments provide a basis for further development of sphingolipid-based

nanoliposomes that target specific cancer cells and/or organelles.
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Other than liposome-based formulations, we have shown that C10-ceramide-

loaded CPSNPs reduced cell survival and viability of melanoma cells and breast

cancer cells in vitro (Kester et al. 2008). Ceramide formulated in thermoresponsive

and biodegradable linear-dendritic nanoparticles in breast adenocarcinoma cells led

to prolonged release of C6-ceramide in vitro, thus displaying a great potential for the

treatment of solid tumors with bioactive lipids and hyperthermia (Stover et al. 2008).

Additionally, self-assembled nanoparticles containing synthetically conjugated cer-

amide and hyaluronic acid (HA) and the block copolymer Pluronic 85 have been

reported. Docetaxel- and doxorubicin-loaded HA-ceramide nanoparticles have

been shown to enhance the efficacy of each agent by effectively targeting cancer

cells through the association of HA and CD44, a cell surface receptor frequently

overexpressed in cancer (Cho et al. 2011, 2012). Collectively, a variety of

sphingolipid-centered nanoscale therapies for cancers have shown promising results.

While these therapies have focused on ceramide due to its well-documented

apoptotic properties, other apoptotic sphingolipids, such as sphingosine, may be

incorporated into cancer nanotherapies in the future.

5 Sphingolipid Nanotherapy in the Control of the Immune

Response

Sphingolipids are important regulators of immune response, and sphingo-

nanotherapies targeting inflammation are ripe for development. In a model of

corneal keratitis, topical administration of C6-ceramide nanoliposomes prevented

release of chemotactic cytokines from the cornea, limiting neutrophil infiltration,

without inhibiting the wound healing response (Sun et al. 2008). The concept that

new immunosuppressive therapies could arise from sphingolipid modulation is

exemplified by the sphingolipid mimetic, FTY720, which when phosphorylated

prevents egress of lymphocytes from secondary lymphoid organs through sphin-

gosine-1-phosphate (S1P) receptor ligation and internalization (Brinkmann et al.

2002; Mandala et al. 2002; Matloubian et al. 2004). FTY720 (fingolimod) has been

approved for the treatment of relapsing multiple sclerosis (Brinkmann et al. 2010).

Other inhibitors of S1P signaling show promise to treat inflammatory diseases such

as cancer, asthma, rheumatoid arthritis, and inflammatory bowel disease (Edmonds

et al. 2011).

In addition, the acid sphingomyelinase/ceramide/ceramide-1-phosphate (C-1-P)

pathway could be an exploitable target to control inflammation through nanotechnol-

ogy. Acid sphingomyelinase-deficient mice displayed potentiated TNF-α secretion

following LPS challenge (Rozenova et al. 2010), and both ceramide and C-1-P have

been shown to dampen LPS-mediated TNF-α secretion (Jozefowski et al. 2010).

Further, C-1-P directly interacts with TNF-α-converting enzyme to negatively regu-

late its activity (Lamour et al. 2011). Extending upon these anti-inflammatory actions
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of C-1-P, we have demonstrated that nanoliposomal C-1-P limited secretion of not

only TNF-α but also IL-6, IL-8, and IL-1β in LPS-stimulated human peripheral blood

mononuclear cells (Hankins et al. 2011).

While sphingolipid modulation is one approach to control inflammation by

nanotechnology, it is also conceivable that sphingolipid moieties could be

employed as engineering tools. Since pathogen-like molecules may be affixed to

nanotechnologies from material impurities (or by design), and these molecules

can activate Toll-like receptors, it may be desirable to modulate inflammatory

responses to these nanotechnologies. Sphingolipids such as ceramide and C-1-P

can limit cytokine secretion following Toll-like receptor 4 activation in some cell

types (Chiba et al. 2007; Hankins et al. 2011; Jozefowski et al. 2010; Sun et al.

2008). Therefore, modification of nanotechnologies with these sphingolipids

could selectively alter host detection or the response profile to these therapies.

In sum, sphingolipid-targeted or sphingolipid-protected immunotherapy appears

promising, and nanotherapies are uniquely qualified to deliver upon these

promises.

6 Sphingolipid Nanotherapy in Cardiovascular Disease

Altered sphingolipid metabolism is critical in cardiovascular physiology and disease.

We have shown that ceramide nanofilm-coated balloon catheters inhibited

neointimal hyperplasia and decreased restenosis, indicating that ceramide was

anti-proliferative, anti-inflammatory, and anti-atherogenic (Charles et al. 2000;

O’Neill et al. 2008). In addition, ceramide delivery from balloon catheters decreased

macrophage activation and fibrin matrix formation (O’Neill et al. 2008). To limit

smooth muscle cell proliferation while maintaining endothelial cell wound healing

response, C6-ceramide nanofilms capitalized on differential metabolism in vascular

endothelial cells and smooth muscle cells (O’Neill et al. 2008). In VSMC, C6-

ceramide limited proliferation and induced cell cycle arrest (Charles et al. 2000).

However, in coronary artery endothelial cells, C6-ceramide was readily converted to

C-1-P and glycosphingolipids, which may have facilitated wound healing (O’Neill

et al. 2008). Thus, ceramide nanofilms modulated different actions in multiple cell

types to orchestrate a desired response at the tissue level. Drug-eluting stents with

biopolymerized PDMP, a glucosylceramide and lactosylceramide synthase inhibitor,

have also been shown to prevent smooth muscle cell proliferation and prevent

stent-induced hyperplasia (Tang et al. 2009), indicating that sphingolipid therapies

could modulate cardiovascular disease. In the future, nanotherapeutics that target

sphingolipid metabolism could be used as long-lasting, nontoxic treatments and

preventative agents for restenosis, myocardial infarction, atherosclerosis, and venous

thrombosis.

S1P has also been shown to have a dramatic effect on the cardiovascular system.

S1P has been shown to decrease heart rate, blood pressure, and blood flow in

various parts of the body, including the renal and mesenteric arteries (Bischoff
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et al. 2000; Peters and Alewijnse 2007). In addition, S1P mediated endothelial cell

migration, proliferation, and barrier integrity (Peters and Alewijnse 2007), and it

protected cardiac myocytes from hypoxic death (Alewijnse and Peters 2008). The

effects of S1P on VSMC migration, proliferation, and contraction were dependent

on the specific S1P receptors (S1P1–5) expressed at a particular time (Peters and

Alewijnse 2007). There may be times when angiogenesis is desirable, such as in the

treatment of peripheral vascular disease, or to protect and differentiate cardiac

myocytes in congestive heart failure. Thus, it may be plausible to utilize

nanoformulations for the targeted delivery of S1P in these circumstances.

7 Outlook on Development and Commercialization

of Sphingolipid Nanotherapies

Clinical studies with nanoscale formulations of sphingolipids have not yet

commenced. Non-nanoscale topical ceramide-based gels have been tested in the

clinic for cutaneous breast cancer, but did not demonstrate efficacy (Jatoi et al. 2003).

Systemic delivery of non-aggregating nanoscale formulations may have more effi-

cacy in clinical applications. Many laboratories and companies are beginning to edge

toward the clinic as they continue to characterize, optimize, and validate the various

pharmacological, molecular, and nanotechnological approaches to reset sphingolipid

metabolism in diseased patients. Completing costly and time-consuming pharmaco-

kinetics/ADME/toxicity studies for sphingolipid-based nanotechnologies often

requires one to leverage resources from many sources. These sources include, but

are not limited to, the Nanotechnology Characterization Laboratory, National Cancer

Institute (Ft. Detrick, MD), or the National Institutes of Health Bridging Interven-

tional Development Gaps Program (BRIDGs). Even with sufficient resources, criti-

cal pharmacokinetic and toxicity data for scaled-up good manufacturing practices

(GMP)-grade preparation of sphingolipid-based nanoformulations remains a hurdle.

As a case in point, extrusion methodologies to formulate nanoliposomes for animal

experiments are not physically equivalent to a “scaled-up” formulation. To support

human trials, onemust employ microfluidic/emulsification methodologies to produce

the required quantity (grams) of GMP-grade materials. Data from GMP-grade lipid

materials are required in order to file an Investigational New Drug application to

support first-in-man studies. Investigators or development companies often must

negotiate and partner with organizations vertically along the supply chain to begin

efficient scale-up, manufacturing, and testing of GMP-grade nanoformulations.

One final consideration is that very few nanoscale drugs have been approved for

human use, with Doxil® (doxorubicin-encapsulated liposomes) and Abraxane®

(docetaxel-conjugated albumin) as notable exceptions. The path to market is there-

fore not sufficiently demarcated for one to proceed without an arsenal of resources to

clear the way. The Food and Drug Administration is rightly concerned about chronic

toxicities that may result from nanoscale formulations that are designed, by
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definition, to exhibit long biological half-lives. Yet, as more nanotechnologies, such

as lipid–polymer complexes and nanocolloids (silver, gold), continue to progress

through Phase 1/2 studies, it can be envisioned that variations of these nanoscale

formulations engineered for systemic delivery of sphingolipids will also transition

successfully to the clinic.
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Abstract Sphingolipid-metabolizing enzymes are becoming targets for chemo-

therapeutic development with an increasing interest in the recent years. In this

chapter we introduce the sphingolipid family of lipids, and the role of individual

species in cell homeostasis. We also discuss their roles in several rare diseases and

overall, in cancer transformation. We follow the biosynthesis pathway of the

sphingolipid tree, focusing on the enzymes in order to understand how using
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small molecule inhibitors makes it possible to modulate cancer progression.

Finally, we describe the most used and historically significant inhibitors employed

in cancer research, their relationships to sphingolipid metabolism, and some

promising results found in this field.

Keywords Ceramide • Sphingosine • Glycosphingolipid • Cancer • Myriocin •

Cycloserine • Fumonisin B1 • 4-HRP • Scyphostatin • GW4869 • Desipramine •

NOE • B13 • E-tb • MAPP • PDMP • Safingol • PF-543 • FTY720 • ABC294640

Abbreviations

D-e-MAPP (1S, 2R)-D-erythro-2-(N-Myristoylamino)-

1-phenyl-1-propanol

CDase (aCDase nCDase, alkCDase) Ceramidase (acid, neutral, and alkaline

ceramidase)

CerS Ceramide synthase

DES Dihydroceramide desaturase

GSC Glucosylceramide synthase

DMS N, N-dimethylsphingosine

TMS N, N, N-Trimethylsphingosine

NOE N-oleoylethanolamine

PKC Protein kinase C

SPT Serine-palmitoyl transferase

SMase (aSMase nSMase) Sphingomyelinase (acid, neutral

sphingomyelinase)

SMS Sphingomyelin synthase

SPP Sphingosine 1-phosphate phosphatase

SK Sphingosine kinase

1 Sphingolipids

1.1 A Brief Introduction of Sphingolipids

Sphingolipids are a vast family of naturally occurring lipids containing a D-erythro-
sphingoid (Shapiro and Flowers 1962) backbone (in sphingosine, (E,2S,3R)-2-

aminooctadec-4-ene-1,3-diol). The sphingolipid group encompasses a growing

variety of structures such as lysosphingolipids, ceramides, cerebrosides, sulfatides,

and gangliosides. Sphingolipids were discovered studying the chemical composi-

tion of the brain. The father of neurochemistry, JLW Thudichum, described for the

212 D. Canals and Y.A. Hannun



first time sphingomyelin and sphingosine in a study published in 1884. At that time,

and for a long time thereafter, sphingolipids were considered as structural

compounds in biological membranes (Stoffel 1970) of eukaryotes and in plasma

lipoproteins. As an exception, sphingolipids have been also found in the

Sphingomonas bacterial genus and other bacteria (Olsen and Jantzen 2001). Work-

ing as structural components, sphingomyelin and glycosphingolipids are the most

abundant sphingolipids occurring in cells, normally accounting for 10–30 % of

lipids in the cellular membranes whereas other sphingolipids such as ceramide or

sphingosine are much less abundant. However, as it has been found for other lipids,

the role of sphingolipids was found not to be only structural. In the middle 1980s

sphingosine was found to inhibit protein kinase C, suggesting a bioactive role for

sphingolipids as a second messenger (Hannun et al. 1986). After that, ceramide was

shown to have regulatory roles in the cell. Following these findings, their

phosphorylated forms, ceramide-1-phosphate (C1P) and sphingosine 1-phospate,

were also described to have roles in apoptosis, proliferation, senescence, angiogen-

esis, and vesicular trafficking (Hannun and Obeid 2008). Interestingly, ceramide

and sphingosine 1-phosphate, separated only by two bidirectional metabolic steps,

have been described to exert opposites effects in the cell. Thus, ceramide has been

reported to trigger apoptosis and cell arrest whereas S1P enhances cell survival and

cell proliferation.

1.2 Biosynthesis of Sphingolipids

The de novo biosynthesis of sphingolipids in mammals begins by the condensation

of serine with palmitoyl-coenzyme A to form 3-ketosphinganine, catalyzed by

serine-palmitoyl transferase (SPT), a pyridoxal 50-phosphate-dependent enzyme,

and then reduced to sphinganine (Fig. 1). Less abundant, and biologically less

studied, glycine or alanine can be incorporated instead of serine to form 1-

desoxymethyl- or 1-deoxy- derivatives, respectively. N-acylation of the amino

group of sphinganine with several possible coenzyme A-activated fatty acid (nor-

mally between C16/C16:1 and C24/C24:1, although shorter and longer backbone

chains have been described, as well as a variety of backbone modifications Abe

et al. 1996) leads to dihydroceramides, and this step is catalyzed by at least 6 known

(dihydro)ceramide synthases (CerS1-6), each one with different fatty acid length

preference. These enzymes are also responsible for N-acylation of sphingosine.

Ceramides are formed by desaturation of dihydroceramides by dihydroceramide

desaturase (DES) (Fabrias et al. 2012).

Classically, ceramide was treated as a single biological entity; however, cer-

amide is a family of structurally related molecules, and recently researchers have

realized the biological diversity that may accompany this structural diversity.

In mammals, it is possible to identify a growing number of ceramides, which are

over 300 structures. Increasing the complexity, the same species of ceramide may

be found in different subcellular compartments, in biological fluids, or in different
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metabolic contexts in the cell. This variability in structure and localization raised

the concept of many ceramides (Hannun and Obeid 2011), with different possible

functions.

Ceramides are also the central hub from which diverse chemical modifications

such as N-acyl hydrolysis or esterification in C1 result in hundreds of diverse

structures with different potential functions. Moreover, the catabolism of more

complex sphingolipids leads to ceramide formation, which can be converted to

other complex sphingolipids, or continue its catabolism. That positions ceramide as

a central key regulatory step in the whole sphingolipid diversity and function.

One of the fates of ceramides is its hydrolysis by ceramidases (N-acylsphingosine
amidohydrolase, EC 3.5.1.23, here abbreviated as CDase) to form sphingosine,

Fig. 1 Sphingolipid pathway and subcellular localization of sphingolipid enzymes. The biosyn-

thesis of sphingolipids begins in the endoplasmatic reticulum (ER)–Golgi network. Vesicular

transport distributes sphingolipids to different compartments such as plasma membrane, and

lysosome. Sphingolipids and a sphingomyelinase (Man) have been found in the mitochondrion.

a/nSMase acid/neutral sphingonyelinase, a/nCDase acid/neutral ceramidase, nSMase neutral

sphingomyelinase, SK1/2 sphingosine kinase 1/2, Man mitochondrial sphingomyelinase, GBA
acid β-glucosidase, SMS sphingomyelinase synthase, DES dihydroceramide desaturase, GCS
glucosylceramide synthase, SPT serine palmitoyl-CoA transferase
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which is considered a bioactive molecule by itself (as mentioned before it was

discovered to inhibit PKC), and it is the main sphingoid base in mammals. There

are different ceramidases in human, codified by five different genes. Depending on

their pH range of activity, they have been named as acid, neutral, and alkaline. Acid

CDase (aCDase) is codified by the gene ASAH1. The optimum activity of aCDase is

pH 4.5, and it is found in the lysosome, secreted in the media, and it could also have a

role in trafficking vesicles. Another CDase has its optimum activity at pH 7–9, and it

has been dubbed neutral CDase (nCDase, codified by the gene ASAH2) which has

been localized bound to the plasma membrane, and also secreted to the intestinal

lumen, but also may be present in mitochondria (Novgorodov et al. 2011). Finally,

three different CDases with activity at pH 8.5–9.5, named as alkaline CDases

(alkCDase, codified by the genes ACER1 or ASAH3, ACER2, and ACER3), are

localized in the endoplasmic reticulum and the Golgi complex (Mao et al. 2001).

The potential modifications of sphingosine are N-acylation (ceramides),

N-methylation (N, N-dimethylsphingosine, DMS; N, N, N-trimethylsphingosine,

TMS), and phosphorylation. Additionally, sphingosine can be reverted/recycled to

ceramide by reverse activity of CDases or by CerS activity (the same enzyme seen

working on the N-acylation of dihydrosphingosine in the biosynthesis of de novo

dihydroceramide/ceramide). The N-acylation by CDases does not require fatty acid

activation by coenzyme A, as it is necessary for N-acylations catalyzed by CerS

(El Bawab et al. 2001; Mao et al. 2000). Phosphorylation of sphingosine to

sphingosine 1-phosphate is carried out by one of the two sphingosine kinases

(SK1, 2). DMS also has been reported to be phosphorylated to DMS-1-phosphate;

however this compound has not been further studied (Yatomi et al. 1997).

Sphingosine 1-phosphate is a bioactive lipid, triggering biological responses

such as cell migration, cell proliferation, and angiogenesis through five known

GPCR receptors (S1P1-5) (Hannun and Obeid 2008; Maceyka et al. 2012; Pyne and

Pyne 2011; Sanchez and Hla 2004). The biological effects of sphingosine

1-phosphate might be also mediated in a receptor-independent way, and intracellu-

lar targets have been described to mediate calcium homeostasis and cell growth

(Spiegel and Milstien 2011). In blood, sphingosine 1-phosphate concentration is

elevated (around 400 nM), mainly associated with lipoproteins and albumin.

Stimulated platelets are a main source of blood sphingosine 1-phosphate. As seen

before for other sphingolipids, the conversion to sphingosine 1-phosphate is revers-

ible, and it can return to sphingosine by the action of phosphatases (SPP1 and

SPP2). Importantly, sphingosine 1-phosphate can be irreversibly hydrolyzed by

sphingosine 1-phosphate lyase (SPL) to hexadecenal and ethanolamine-phosphate,

which are non-sphingolipid molecules, and it is the only exit point of the

sphingolipid network. Interestingly, as with SPT (the entrance point enzyme to

the sphingolipid structure), also SPL (the exit point) is a pyridoxal 50-phosphate-
dependent enzyme (Bourquin et al. 2011).

Returning to ceramide, its phosphorylation by ceramide kinase (CK) results in

C1P, another bioactive sphingolipid involved in cell homeostasis, inflammation,

and cell migration through interaction with phospholipase A1 and possibly also by

acting on a G-protein-coupled receptor (Granado et al. 2009). Growing in
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complexity, two sphingomyelin synthases (SMS1, 2) add a phosphocholine group,

from phosphatidylcholine, to ceramide resulting in formation of sphingomyelin and

diacylglycerol. Sphingomyelin is one of the main structural lipid of biological

membranes, and it has been described to form defined domains in the plasma

membrane together with cholesterol, offering localization domains for certain

proteins.

The hydrolysis of sphingomyelin by several sphingomyelinases (SMase)

generates ceramide in different compartments, which can then trigger several and

distinct cellular responses. As we saw for CDase, different genes also encode for

SMases: an acid SMase (aSMAse, sphingomyelin phosphodiesterase 1, codified by

the gene SMPD1) which can be lysosomal or secreted to the extracellular matrix

(Jenkins et al. 2009). Three neutral SMase genes (nSMAse1, nSMase2, and

nSMase3) have been identified and cloned. However, mammalian nSMase1,

although with bacterial neutral SMase sequence homology, and in vitro SMase

activity, acts primarily as a lyso-PAF phospholipase C in vivo, with no SMase

detected in cells (Marchesini et al. 2003). On the other hand, nSMase2 shows

SMase activity in vitro and in vivo, whereas nSMase3 has been shown to exhibit

SMase activity in some studies but not others. As such, nSMase2 has been much

more studied and found to be involved in a myriad of biological effects in cells

(Wu et al. 2010). All of the cloned nSMase proteins require addition of magnesium

in vitro assays, although only nSMase2 has been shown to really increase

sphingomyelin hydrolysis in vivo when overexpressed in breast cancer MCF-7

cell line. Moreover, an additional SMase, a magnesium-independent nSMase activ-

ity has been described in cytosolic fractions. Nevertheless, this activity has not been

associated to a gene yet (Okazaki et al. 1994).

Other modifications in the ceramide structure include condensation of hexosyl

units. Commonly, in the endoplasmic reticulum, units of glucose or galactose are

attached in β-linkage to ceramide forming the cerebrosides glucosyl-ceramide and

galactosyl-ceramide by glucosylceramide transferase and galactosylceramide trans-

ferase, respectively. The addition of more units of sugars to the glucosylceramide

structure including different numbers and combinations of galactose, glucose,

N-acetylgalactosamine, neuraminic acid (sialic acid), fucose, etc. in a precise

sequence, bond configuration, and with or without ramifications defines different

subcategories of glycosphingolipids, such as globo-sphingolipids, gangliosides

(rich in sialic acid, forming several series: GMs, GD, GTs, GQs, GPs), and lacto-

series. Sulfation of galactoceramide by galactosylceramide sulfotransferase results

in another subgroup of glycosphingolipids, named sulfatides, rich in axonal myelin

sheath and associated with apolipoprotein E in cerebrospinal fluid. Glycosphin-

golipids in general have been identified as antigens defining for example some of

the blood groups, and used to define tumor-associated antigens. Glycosphingolipids

are also involved in cis and trans cell interactions, contact cell growth inhibition,

cell adhesion, and signal transduction (Hakomori 2008).

216 D. Canals and Y.A. Hannun



1.3 Sphingolipids and Disease

The enormous variety of sphingolipid structures imparts on the family a tremen-

dous range of biological functions, which are commonly discovered in disease

conditions. The misregulation of one sphingolipid metabolic enzyme, a

sphingolipid receptor, or any other sphingolipid-modulated protein can develop

several severe and fatal diseases. Thus, there is a collection of lysosome storage

diseases due to a mutation in different lysosomal sphingolipid catabolic enzymes

resulting in accumulation of one or another sphingolipid in the lysosome and

provoking cellular, tissue, and organ failure. The lack of aCDase activity in the

lysosome results in Farber disease. There is an accumulation of ceramide in the

lysosomes, linked to a deficient neurological and general organ development,

normally with short life span. A deficiency of alpha-galactosidase A (GLA) causes

Fabry’s disease, a multisystemic accumulation of globotriaosylceramide which

results in severe complications in kidney, heart, and brain (Schaefer et al. 2009;

Tarabuso 2011) commonly leading to early death. In Niemann–Pick disease, there

is a lack of aSMase activity, resulting in storage of sphingomyelin in the endo-

lysosomal compartment. The disease can present with different severities.

Niemann–Pick type A (Ledesma et al. 2011) develops a severe neurological

pathology with shorter life span. Type B is not as severe as type A but it still

has a life expectancy during adulthood. Another lysosomal storage disorder is

Gaucher’s disease, the most common lysosomal storage disorder. Gaucher’s dis-

ease presents accumulation of glucosylceramide due to lack of the lysosomal

enzyme that hydrolyzes glucosylceramide to ceramide and glucose, glucocereb-

rosidase (acid β-glucosidase, GBA1 gene). Gaucher’s disease patients often show

visceral disorders, and in some severe cases neurological abnormalities (Farfel-

Becker et al. 2011). Moreover, accumulation of GM2 gangliosides comprises

three different disorders (Tay–Sachs disease, Sandhoff disease, and the very rare

GM2A deficiency) including GM2 gangliosidosis due to deficiency in beta-

hexosaminidase activity. Accumulation of GM1 by beta-galactosidase activity

deficiency results in GM1 gangliosidosis. Both types of gangliosidosis are fatal.

Finally, accumulations of sulfatides are described in metachromatic leukodystro-

phy. These diseases illustrate how important is the regulation of the sphingolipid

pathway, and how a malfunction of one of their enzymes seems not to have another

exit than the accumulation of the lipid. Mutations in SPT underlie hereditary

autonomic neuropathy which has been mechanistically linked to formation of

deoxysphingolipids.

Other diseases have been also related to malfunction of the sphingolipid path-

way, including Alzheimer’s disease, diabetes, atherosclerosis, cystic fibrosis,

Wilson disease, and cancer. In this review, it is in cancer that we focus the drug

development status involving targets in the sphingolipid pathway.
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2 Sphingolipids and Cancer

Aberrations in bioactive sphingolipids, mainly ceramide, sphingosine 1-phosphate,

and gangliosides, have been linked to several steps in cancer progression and

response to cancer treatment, including resistance to chemotherapeutics.

In mammalian cells, accumulation of certain ceramide species in certain subcel-

lular localizations might play a role in apoptosis (Birbes et al. 2002), cell cycle arrest,

and inhibition of cell motility. Apoptosis is a natural response in tissue homeostasis,

immune cell maturation, elimination of damaged or infected cells (for example

exposed to UV-C light, or viral infection), or in the ontogenic process. Apoptosis

can be triggered by a variety of stimuli such as cytokines (for example TNF) or DNA

damage (activating p53 protein). In some cellular models the apoptotic mechanism

has been shown to involve ceramide accumulation. Thus, several cancer cells and

cancer models have been reported to have significant alterations in the enzymes

involved in ceramide generation (aSMase, nSMAse, CerS) or degradation (aCDase

Flowers et al. 2011, nCDase), often resulting in loss of ceramide, and could be one of

the reasons of a cancer cell behavior, avoiding cell death.

In an opposite direction, changes in metabolism of sphingosine 1-phosphate

have also been seen in cancer. S1P has been shown to induce cell proliferation,

angiogenesis, cell invasion, and cell migration through five known G-protein-

coupled receptors (S1P1-5). The enzymes responsible to catalyze sphingosine

1-phosphate have been reported to be overexpressed in several cancers, and thus,

elevated levels of sphingosine 1-phosphate have been also reported in cancer cells

and tissues. Especially relevant to cancer biology is the protein p53 which recently

has been found to act upstream of SK1/sphingosine 1-phosphate pathway

(Heffernan-Stroud et al. 2012).

Aberrant glycosylation has become a marker of the majority of cancers (Durrant

et al. 2012). One of the recognized functions for glycosphingolipids is cell adhesion

and cell motility. Changing the pattern of glycosphingolipid by expressing aberrant

glycosphingolipids, and/or truncating the glycosphingolipids biosynthetic pathway,

or overexpression of the glycosphingolipids, can dramatically promote or inhibit

the spreading of cancer cells.

Because of these multiple contributions of sphingolipid in regulating cancer

cells, their key enzymes have become targets in drug development.

3 Chemotherapeutical Drugs

Despite the observation that many sphingolipid enzymes have been implicated

directly in cancer pathobiology, and even though drug inhibitors of virtually all

of them have been developed, it is mainly glucosyl ceramide synthase, acid

ceramidase, and sphingosine kinase that have garnered most attention as targets

in recent research (Table 1).

In this chapter we review the main inhibitors of sphingolipid enzymes, and we

mainly focus on those with more chemotherapeutic possibilities.
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3.1 Serine-Palmitoyl Transferase

One of the first SPT inhibitors was beta-chloroalanine which was shown to inhibit

SPT in vitro using rat liver microsomes as a source of SPT and in vivo, using

Chinese hamster ovary (CHO) cells (Medlock and Merrill 1988). Nonetheless, this

compound also inhibits other pyridoxal phosphate-dependent enzymes and

transaminases. From the fungus Isaria sinclairii, (ISP-1) was isolated as an immu-

nosuppressant compound along with the antibiotics myriocin and thermozymocidin,

but once the chemical structures were resolved, it was appreciated that the three of

them were identical (Miyake et al. 1995). The structural similarity of myriocin with

sphingosine led to the discovery of its inhibitory effect on SPT. The biological

effects of myriocin as inhibitor of cell growth were reverted by addition of sphingo-

sine and sphingosine 1-phosphate. Other sphingosine analogues, such as DMS, had

no effect on SPT (Miyake et al. 1995). Myriocin has been shown to reduce mela-

noma cell proliferation by decreasing sphingolipid levels and increasing p53 and

p21 expression. In vivo, injection of myriocin reduced tumor growth in murine

melanoma with a similar decrease in sphingolipids and increase in p53 and p21

showed in cells (Lee et al. 2012). L-cycloserine, another SPT inhibitor, has been

shown to block taxol-induced ceramide, reducing apoptosis in breast cancer MCF-7

and MDA-MB-231 cell lines (Charles et al. 2001).

Recently, geranyl linalool, phytol, and farnesol have been also described as

novel SPT inhibitors that reduce fumonisin B1-induced sphinganine accumulation

and thus inhibit the first step of sphingolipid de novo synthesis (Shin et al. 2012).

3.2 Ceramide Synthases

Fumonisins were the first specific inhibitors described for the sphingolipid pathway.

They are natural mycotoxins, with 15 different fumonisins, whereas FB1 is the most

toxic. Fumonisins inhibit N-acylation of sphingoid bases by CerS, blocking the de

novo synthesis of ceramide, and its recycling from sphingosine, causing an accu-

mulation of free dihydrosphingosine and sphingosine resulting in a reduction of the

total amount of complex sphingolipids and a total disruption of sphingolipid

metabolism and eventually cellular metabolism failure.

3.3 Dihydroceramide Desaturase

The first DES inhibitor came from rational design. Based on the inhibitory mecha-

nism of cyclopropene fatty acids on fatty acyl desaturase, the cyclopropene ana-

logue of ceramide, N-[(1R, 2S)-2-hydroxy-1-hydroxymethyl-2-(2-tridecyl-1

cyclopropenyl)ethyl] octanamide, or briefly, GT11, was developed and found to
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inhibit DES (Triola et al. 2001). GT11 functioned as a competitive inhibitor with a

Ki ¼ 6 μM with N-octanoyl-sphinganine (Triola et al. 2003). In vivo studies

showed GT11 to inhibit DES in different cultured cell lines. However, at higher

concentrations (>5 μM), GT11 caused the accumulation of dihydrosphingosine

1-phosphate and sphingosine 1-phosphate in primary cerebellar neurons due to

inhibition of sphingosine 1-phosphate lyase (Triola et al. 2004). From GT11

structure, another ceramide analogue, 5-thiadihydro- ceramide (XM462),

containing a sulfur atom instead of the cyclopropene ring of GT11, also inhibited

DES but with less potency than GT11, but was a more stable compound (Munoz-

Olaya et al. 2008). From the work on GT11 and XM462, a new library of

compounds was designed showing in vitro and in vivo inhibition of DES (Camacho

et al. 2012).

Interestingly, although not designed and initially not used to inhibit DES, the

drugs celecoxib and methylcelecoxib, which are COX-2 inhibitors, were shown to

cause the accumulation of dihydroceramide species and dihydrosphingosine by

inhibiting DES in HCT-116 cells, having no effect on reducing ceramide species

(Schiffmann et al. 2009).

The most explored DES inhibitor is the synthetic retinoid N-(4-hydroxyphenyl)
retinamide (fenretinide or 4-HPR) which has been shown to inhibit cell growth and

induce cell death in several cancer cell lines. Moreover, 4-HPR has been approved

for phase I and II in clinical trials. For example, 4-HPR is currently in clinical trials

in pediatric patients with recurrent neuroblastoma (Villablanca et al. 2011), in

premenopausal breast cancer risk (Macis et al. 2012), and in recurrent prostate

cancer (Moore et al. 2010). 4-HPR was shown to cause accumulation of

dihydroceramide and to act as an inhibitor of DES in cells (Wang et al. 2008).

Mechanistically, the direct inhibition of DES by 4-HPR was demonstrated in

in vitro studies using microsomes as a source of DES (Rahmaniyan et al. 2011).

The cytotoxicity of 4-HPR has been related to accumulation of reactive oxygen

species (ROS) and to inhibition of DES, although a recent study suggests that

4-HPR induction of cell death may occur independent of dihydroceramide and ROS

accumulation (Apraiz et al. 2012).

3.4 Sphingomyelinases

In a screening amongst 10,000 microbial extract to find an nSMase2-specific

inhibitor, a mycelial extract of Trichopeziza mollissima showed a micromolar-

range inhibition for nSMase2 activity from rat liver microsomes. The active

compound was scyphostatin, a water-insoluble and unstable compound when

dried that can be stored at 20 �C in methanol (Nara et al. 1999a, b). The characteri-

zation of this inhibitor showed a reversible inhibitor, where the Km and Vmax were

modified, and its specificity for neutral versus acid SMase was shown to be around

50-fold higher for nSMase, with IC50 for aSMase around IC50 ¼ 49.3 μM, versus

1 μM for nSMase (Nara et al. 1999a, b). Of note, nSMase3 was inhibited by
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scyphostatin (Krut et al. 2006). Interesting synthetic analogues of scyphostatin have

been developed looking for more potent nSMase inhibitors. Amongst them,

kotylostatin, modified in its acyl chain, resulted in it being an irreversible inhibitor

(Wascholowski et al. 2006). Not many biological studies have been carried out with

scyphostatin or their analogues. Moreover, another natural and structural related

inhibitor, manumycin A, is a reversible nSMase inhibitor with an affinity to nSMase

comparable to the natural substrate, sphingomyelin. Some synthetic manumycin A

analogues were shown to be irreversible inhibitors. Manumycin A has been shown

to have antitumor activity. However, manumycin A has been shown to have Ras

farnesyltransferase- and interleukin-1-converting enzyme inhibitory activities

(Arenz et al. 2001). Manumycin A is currently used in cancer research, but its

activity is attributed to Ras farnesyltransferase inhibition.

Probably, one of the most used nSMase2 inhibitors in research is GW4869. It is a

potent, cell-permeable, noncompetitive, and specific nSMase inhibitor with an

in vitro IC50 of 1 μM for nSMase, and it does not inhibit aSMase up to 150 μM.

The inhibitor was shown to work in vivo as well by blocking the hydrolysis of

sphingomyelin by nSMase induced by TNF (Luberto et al. 2002). GW4869 has

been shown to reduce cellular ceramide levels and increase hyaluronic acid secre-

tion (Qin et al. 2012), reducing secretion of miRNA (Kosaka et al. 2010) and

counteracting the retinoic acid-induced growth inhibition (Somenzi et al. 2007).

Screening guanidinium derivatives, undecylidene-aminoguanidine (C11AG)

was shown to inhibit nSMase and block HSV-1 replication by 50 % using

2.5 μM. It also blocked LPS-stimulated sphingomyelin hydrolysis (Amtmann

et al. 2003) and enhanced cell death in Jurkat T-cell lymphoma cells.

There is not much literature on SMase3 in cancer progression, although it has

been shown to be deregulated in several primary tumors (Corcoran et al. 2008), and

it could play important roles in cellular homeostasis.

Similarly for nSMase, there are no selective inhibitors for this enzyme. How-

ever, aSMase was found to participate in evodiamine, a cytotoxic alkaloid, and

induction of apoptosis in human gastric cancer SGC-7901 cells (Huang et al. 2011a,

b), and it mediates apoptosis by ceramide production and radiosensibilization by the

combination of the synergistic compounds sorafenib and vorinostat in cancer

treatment (Park et al. 2010). The difluoromethylene sphingomyelin analogue

SMA-7 is an SMase inhibitor that reduces levels of aSMase to basal in LPS-

induced colon cancer cells, blocking the release of pro-inflammatory cytokines

(Sakata et al. 2007). However, SMA-7 also inhibits nSMAse with a similar

IC50 ¼ 3.3 μM (Yokomatsu et al. 2001). The tricyclic group of compounds, such

as desipramine, have been shown to indirectly inhibit aSMase by inducing its

degradation.
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3.5 Ceramidases

Ceramidases, and more exactly aCDase, has been a common target to drug devel-

opment since they have a dual role in cancer progression. The first role is decreasing

ceramide levels. Ceramide has been shown to drive cellular apoptosis, often in

response of cytokines, or chemotherapeutic drugs. Thus activation of CDase results

in decrease of ceramide levels, and failure of apoptosis. The second role is to

participate in generation of sphingosine 1-phoshate, a pro-proliferative agonist.

In that way, CDase activity hydrolyzes ceramide to form sphingosine, which

in the presence of sphingosine kinase activity is converted to sphingosine

1-phosphate. This dual role makes CDase a strong player in cancer progression,

and an attractive target for anticancer drug development. This opposite effect of

ceramide and sphingosine 1-phosphate is not just limited to cell proliferation; for

example, in our group we have recently described that the pro-migratory family of

proteins ezrin, radixin, and moesin, which are overexpressed in several cancer cells,

are also oppositely regulated by ceramide and sphingosine 1-phosphate (Canals

et al. 2010).

Lyosomal aCDase and aSMase are inhibited by some amphiphilic tricyclic

agents such as desipramine, and by other amphipathic amines such as chlorproma-

zine and chloroquine. These agents downregulate aCDase and aSMase protein

levels, although they do not affect the RNA message levels. These compounds

are not specific for SMases or CDases, affecting some, but not all, lysosomal

enzymes (Canals et al. 2011). Looking for more specific inhibitors, and based on

the sphingoid-base structure, synthetic chemistry has brought some families of

CDase inhibitors. The first sphingolipid analogue-based CDase inhibitor was

N-oleoylethanolamine (NOE) (Sugita et al. 1975). NOE has been broadly used as

an aCDase inhibitor, increasing cellular ceramide, and inducing apoptosis in several

cell lines, such as the mouse L929 fibroblast (Strelow et al. 2000), human glioma

U87-MG cells, primary placenta trophoblast (Payne et al. 1999), and bone marrow-

derived dendritic cells. However, NOE was found to also inhibit ceramide glyco-

sylation and later, its aCDase inhibitor potency was found to be weak in vitro and

in vivo (Grijalvo et al. 2006). Currently, NOE is not used as an aCDase inhibitor but

as an endocannabinoid-related molecule. However, NOE has served as a scaffold to

design other aCDase inhibitors.

Another attempt for CDase inhibitor was a ceramide analogue, (1S, 2R)-D-
erythro-2-(N-Myristoylamino)-1-phenyl-1-propanol or D-e-MAPP, which was

shown to accumulate intracellular ceramide in human promyelocytic HL-60 leuke-

mia cells causing cell cycle arrest. It was shown to inhibit in vitro neutral and

alkaline CDase at micromolar concentrations, but it had no effect on aCDase

(Bielawska et al. 1996).

In a study of D-e-MAPP analogues, (1R, 2R)-2-(N-tetradecanoylamino)-1-

(4-nitrophenyl)-1,3-propanediol (or B13) was shown to be a potent in vitro aCDase

inhibitor (Bielawska et al. 2008). B13 also accumulated cellular ceramide in vivo,

although the mechanism in vivo has been argued, since the neutral nature of the
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compound makes it difficult to be accumulated in the lysosome. To solve this

problem, B13 was modified to enter in the lysosome, resulting in series of

lysomotrophic molecules such as LCL204 (also known as AD 2646). Thus,

LCL204 inhibits aCDase in vitro as well as in vivo, increasing ceramide levels in

a myriad of cultured cells, and counteracting the resistance to apoptosis caused by

overexpression of aCDase found in some cancers. LCL04 was found to reduce

aCDase protein levels, and destroy the lysosomes and thus affect other lysosomal

proteins, including aSMase (Bai et al. 2009).

3.6 Glucosylceramide Synthase

The ceramide analogue, D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-

propanol or D-threo-PDMP or just D-PDMP, is a competitive inhibitor of GSC.

Interestingly, the L-PDMP isoform was found not to have an inhibitory effect on

cells (Inokuchi et al. 1990). D-PDMP treatment of human leukemia HL-60 cells

resulted in reduction of basal levels of glucosylceramide, lactosylceramide, and

GM3. The reduction of glucosylceramide species and derivatives has been also

observed in a myriad of cancer cells and it has been suggested as a chemotherapeu-

tic agent, alone or to sensitize cells to other chemotherapeutic drugs. For example,

Lewis lung carcinoma cells lost its lung-colonizing capacity after micromolar

PDMP treatment. D-PDMP has been used in combination with imatinib to kill

K562 leukemic cells (Baran et al. 2011), in combination with nanoliposomal

C6-ceramide (Jiang et al. 2011), and with GNF-2- Bcr-Abl inhibitor to induce

apoptosis in human chronic myeloid leukemia cell line (Huang et al. 2011a, b).

Moreover, D-PDMP was seen to inhibit galactosylceramide synthase as well. The

L-isomer of PDMP was not only found to have no inhibitory effect on GSC but also

had the opposite effect of increasing the levels of glucosyl- and lactosylceramides

and their respective metabolites (Chatterjee et al. 1996). However, L-PDMP was

found to inhibit glycosylceramide glycanases, which are abnormally expressed in

some tumor cancers such as colon cancer, neuroblastoma, and some breast cancer

cell lines (Basu et al. 1999).

3.7 Sphingosine Kinases

There are two enzymes with sphingosine kinase activity to generate sphingosine

1-phosphate, SK1 (with three N-terminal variants Tonelli et al. 2010) and SK2. The

participation of SK1 in cancer progression has been reported in many studies, and

SK1 has been repeatedly considered as an oncogene. For example, overexpression

of SK1 in NIH3T3 fibroblast cell line resulted in increase in cell proliferation, loss

of cell growth inhibition by cell contact, increase in colony formation, and increase

in the number of established tumor in mice injected with SK1-transfected cells.
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Microarray databases, like oncomine (http://www.oncomine.org/), show statisti-

cally significant up-regulation of SK1 in a large number of cancers.

The N-methyl natural derivative of sphingosine, N,N-dimethylsphingosine

(DMS), was found to inhibit SK activity in human platelets (Yatomi et al. 1996)

and it has been reported to block chemotaxis towards growth factors, as well as

inducing apoptosis in U937 human leukemic monocytes. As with other sphingosine

analogues, DMS also inhibits PKC (Khan et al. 1990). Moreover, the quaternary

ammonium derivative of DMS, TMS, which is a more stronger PKC inhibitor, has

also been found to inhibit in vitro cancer cell growth, and in vivo growth of human

tumor cells in nude mice, in a similar way than DMS (Endo et al. 1991). The similar

results between DMS and TMS make it difficult to distinguish between SK and

PKC effects using these compounds.

The synthetic sphingosine analogue L-threo-dihydrosphingosine (safingol) was
first described as an inhibitor of PKC, and as with other sphingosine isomers and

analogues was also found to inhibit SK activity in partially purified rat brain SK and

from human platelet SK (Buehrer and Bell 1992). Moreover, safingol has been

related to ceramide generation and induction of apoptosis (Noda et al. 2009), and in

a sphingolipid-independent way inducing autophagy in human HCT-116 colon

carcinoma cell line (Coward et al. 2009). Other protein kinases have been reported

to be directly or indirectly inhibited by safingol such as the PI3k/Akt/mTOR

pathway, and the ERK MAPK signaling upon bradykinin and PDGF stimulation

(Tolan et al. 1996). Safingol has been shown to inhibit cancer cell growth (Schwartz

et al. 1993) and sensitization of cancer cells to chemotherapeutic drugs, and it has

been successfully used in animal models and successfully passed a phase I clinical

trial in combination with doxorubicin (Schwartz et al. 1997). Safingol alone and in

combination with cisplatin is ready to start clinical phase II trials (Dickson et al.

2011). From the safingol structure, an analogue library was constructed finding L-

threo-N-(4-heptylbenzoyl)dihydrosphingosine derivative having a dramatic apo-

ptotic effect in lung cancer A549 cells (Villorbina et al. 2007).

It is important to note that some of the effects of sphingoid analogues that were

initially attributed to PKC inhibition could also be due to SK inhibition, or vice

versa, or combination of the two enzymes.

Recently, another competitive inhibitor, PF-543, has been described to inhibit

SK1 with a Ki of 3.6 nM, reducing the level of sphingosine 1-phosphate, and

increasing the level of sphingosine in head and neck 1,483 carcinoma cell line.

Surprisingly PF-543 did not affect the growth rate and total ceramide levels, but it

affected the rate of newly synthesized ceramide (Schnute et al. 2012).

Other SK1 inhibitors are FTY720 (fingolimod) and (S)-FTY720 vinylpho-

sphonate which were shown to inhibit SK1 activity (with a sphingosine competition

inhibition of Kic ¼ 2 μM and uncompetitive inhibition of Kuc ¼ 17 μM, respec-

tively). The mechanism involves SK1 proteosomal degradation in smooth muscle,

breast cancer MCF-7, and LNCaP prostate cancer cell lines. Thus, whereas FTY720

phosphate results in cell proliferation and migration, the FTY720 parent compound

induces apoptosis. Moreover, the two compounds also showed opposite effects on

ERK1/2, Akt, FAK, and caspase-3 (Tonelli et al. 2010). Of note, (s)-FTY720
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vinylphosphonate acts as an antagonist of S1P receptors, increasing the potential

therapeutical effect of the drug to induce cancer cell death. Interestingly,

(R)-FTY720 methyl ester has been shown to inhibit selectively SK2 (Ki ~16 μM
with sphingosine), implicating SK2 in cytoskeleton rearrangements in breast cancer

MCF-7 cells (Lim et al. 2011).

Inhibition of SK using SKI-II (2-(p-hydroxyanilino)-4-(p-chlorophenyl) thia-

zole) (IC50 ¼ 0.5 μM, for human recombinant SK1) typically employed a concen-

tration of 10 μM, and this resulted in decreased multidrug-resistant breast cancer

proliferation and viability (Antoon et al. 2012), blocked the activation of ezrin

protein by S1P required for migration in cervical cancer HeLa cells (Canals et al.

2010), and resulted in SK1 degradation in MDA-MB-453 breast cancer cells

(Ohotski et al. 2012). Indeed, this inhibitor has been suggested of not inhibiting

directly SK1, but enhancing its lysosomal degradation (Ren et al. 2010). Recently,

it has been used in combination with bortezomib to induce caspase-dependent

apoptosis in leukemic cells (Li et al. 2011).

Specific for SK1, (2R,3S,4E)-N-methyl-5-(4-pentylphenyl)-2-aminopent-4-ene-

1,3-diol (BML-258 or SK1-I) is a water-soluble ATP-competitive inhibitor with no

activity towards SK2 and PKC. This inhibitor showed antiproliferative effects on

human leukemia U937 cells inducing caspase- and BCL-2-dependent apoptosis.

SK1-I showed an anti-proliferative effect and inhibition of migration and invasion

in glioblastoma U373 and LN229 cells towards serum, EGF, and lysophosphatidic

acid. Moreover, SK1-I inhibited the growth of acute myeloid leukemia xenograft

tumors in mice and reduced tumor burden, serum S1P levels, metastasis,

hemangiogenesis, and lymphangiogenesis in mouse metastasic breast cancer

model (Nagahashi et al. 2012; Paugh et al. 2008).

Selective inhibitors for SK2 have been identified, and these include ABC294640

[3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide], a

competitive inhibitor with respective sphingosine, Ki ~10 μM. In cell culture,

ABC294640 inhibited cell proliferation, cell migration in several cancer cell lines

(French et al. 2010), induced autophagy and apoptosis in PC-3 prostate and breast

cancer MDA-MB-231 cancer cells, and reduced tumor incidence in an

azoxymethane/dextran sulfate sodium mouse model (Beljanski et al. 2011;

Chumanevich et al. 2010).

It is not the goal of this chapter to describe small molecules that inhibit

sphingosine 1-phosphate receptors. However, it is important to point out that

another set of inhibitors are available for these receptors, and they are also impor-

tant targets in the current drug discovery research (Huwiler and Pfeilschifter 2008).

3.8 Antibodies as Chemotherapeutics

This chapter would not be complete if we do not mention that antibodies raised

against sphingosine 1-phosphate and antibodies which recognize aberrant glycolipids

expressed in tumors have become strong activators of the complement system, or
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directly induce cell death (Durrant et al. 2012). Amongst all the glycolipids,

glycosphingolipids are the most up-regulated in tumor cells, and thus, appear to be

the most important targets for cancer drug development. In this context, sphingomab,

a murine monoclonal antibody that binds sphingosine 1-phosphate (the human

version is known as sonepcizumab), has shown reduction in cancer progression in

a murine model and in human cancers (Milstien and Spiegel 2006; Visentin et al.

2006). Sphingomab has already completed phase I clinical trials for cancer treatment

and is being considered for phase II studies (Sabbadini 2011).

3.9 Chemotherapeutics that Modify Sphingolipid Pathway

Although the majority of therapeutics used in cancer are not directly targeted to

sphingolipid enzymes, their action mechanism might require the participation of

sphingolipids. For example resveratrol, which is an apoptotic compound used to

induce cancer cells to die, may involve ceramide generation, since when breast

cancer MDA-MB-231 cell lines are pretreated with myriocin, the cells do not

accumulate ceramide in response to resveratrol and cells are rescued from the

induction of apoptosis. Moreover, resveratrol has been reported to inhibit sphingo-

sine kinase 1 in breast cancerMCF-7 cells (Lim et al. 2012). Other chemotherapeutic

apoptotic agents such as fenretinide (Maurer et al. 1999), doxorubicin (Saad et al.

2007), ara-C (Grazide et al. 2002), etoposide (Perry et al. 2000), andΔ9-tetrahydro-
cannabinol have been shown to induce cell death by accumulation of ceramide

(Galve-Roperh et al. 2000).

4 Perspectives

The identification of a role of sphingolipids in tumor behavior, development, and

prognosis suggests a point of regulation in cancer progression, and new targets to

block cancer growth or metastasis. While a few sphingolipid analogues have been

already incorporated in clinical trials, other sphingolipid-regulating enzymes have

poor- or low-efficiency inhibitors; other inhibitors are specific and potent in vitro

but poor when used in vivo, or there is still a lack in their metabolism by the cell, or

in blood. However, this is an active and exponentially growing field in cancer

research, and we expect that in the near future chemotherapies involving inhibitors

of sphingolipid-metabolizing enzymes, and other sphingolipid-regulated proteins,

will be part of clinical trials and cancer patient treatments.
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Abstract The recent success of FTY720 (Fingolimod, Gilenya®), which has been

approved for the treatment of relapsing–remitting multiple sclerosis and is the first-

in-class sphingosine-1-phosphate (S1P) receptor modulating drug, has boosted the

interest in further drug development in this area. Several selective S1P1 receptor-

modulating drugs are being investigated in clinical trials for the treatment of diverse

autoimmune disorders. Sphingosine kinase inhibitors are under development for the

treatment of cancer, aberrant angiogenesis and inflammatory diseases; an inhibitor

of SK2 with relatively low affinity is being analysed in patients with advanced solid

tumours. While an indirect S1P lyase inhibitor has just failed the proof of concept in

patients with rheumatoid arthritis, S1P lyase is still a promising target for the

treatment of inflammatory and autoimmune diseases. Another approach is the

development of S1P-scavenging or -clearing agents, including a monoclonal S1P

antibody that has successfully passed phase I clinical trials and will be further

developed for age-related macular degeneration.
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1 Introduction

The bioactive lipid, sphingosine-1-phosphate (S1P), is a ubiquitous signalling mole-

cule that regulates cell proliferation, migration and cell–cell contacts and thereby

controls essential organ functions. S1P for example regulates immune cell trafficking,

maintenance of the vascular barrier, angiogenesis, regulation of heart rate and many

other functions (Chi 2011; Maceyka et al. 2012; also see other chapters of this book).

Drugs that target the S1P signalling system are under development for the treatment

of autoimmune diseases, inflammatory diseases, aberrant angiogenesis as well as

cancer (Huwiler and Pfeilschifter 2008; Pyne and Pyne 2010; Edmonds et al. 2011).

Established molecular targets within the S1P signalling system include the G-protein-

coupled S1P receptors (S1P-GPCR) and the enzymes that catalyse the formation and

degradation of S1P, the sphingosine kinases (SK1, SK2) and S1P lyase. The thera-

peutic potential of these targets and the presently available drugs will be discussed in

this chapter, with a focus on compounds that are in clinical development or have been

tested in animal models with a clear concept for further clinical development.

Notably, the S1P-GPCR are important regulators of cell migration during devel-

opment and in immune and inflammatory responses (Chi 2011). These migratory

activities are controlled by concentration gradients of S1P, for example by the

blood-tissue gradient which directs lymphocyte migration from lymphatic tissues

with low S1P concentrations to lymph and blood with high S1P concentrations (Hla

et al. 2008). In fact, blocking the sensitivity of lymphocytes for this gradient or

disturbing the gradient by different means are presently the most common

mechanisms of drugs targeting the S1P signalling system.

The S1P signalling system also comprises the transporters that allow inside-out

signalling by S1P and autocrine/paracrine activation of S1P-GPCR. Of these enzymes,

the spinster-2 protein recently gained interest because it was shown that it contributes to

the blood-tissue gradient of S1P (Fukuhara et al. 2012). Thus, the deletion of spinster-

2 in mice led to a decrease in S1P plasma concentrations and defects in lymphocyte

egress (Fukuhara et al. 2012). These effects were traced back to endothelial spinster-2,

confirming the previously suggested important role of the vascular endothelium for

maintenance of the S1P gradient (Fukuhara et al. 2012; Hla et al. 2008). Therefore,

spinster-2 might be a target for inflammatory and autoimmune diseases.

2 S1P Receptor-Modulating Drugs

There are five high-affinity S1P-GPCR which are widely expressed and regulate a

multitude of functions in a partly overlapping and partly antagonistic manner (Chun

et al. 2010). The interest in the development of S1P receptor-modulating drugs has
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been initiated by the discovery that FTY720, an immunosuppressive drug with a

unique influence on lymphocyte trafficking and homing, interacted with S1P-

GPCR. The whole area is still strongly influenced by FTY720, and therefore,

further drug development primarily focuses on selective functional antagonists at

the S1P1 receptor as immunosuppressive drugs. Several compounds have been

synthesized that act as agonists or antagonists at the S1P2/3/4/5 receptors, and they

are used experimentally for studying the functional roles of these receptors. These

rather experimental compounds will not be reviewed here.

FTY720 (fingolimod; Fig. 1) has recently been approved by FDA and EMEA

for the treatment of relapsing–remitting multiple sclerosis (see Web sites http://

www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm?fuseaction¼Search.

DrugDetails and http://www.ema.europa.eu/docs/en_GB/document_library/

EPAR_-_Product_Information/human/002202/WC500104528.pdf). Pharmaco-

dynamics and pharmacokinetics of FTY720 as well as the pivotal clinical trials

have been extensively reviewed (see, e.g., Brinkmann et al. 2010; Cohen and Chun

2011; David et al. 2012; Pelletier and Hafler 2012). FTY720 is the prodrug of

FTY720-phosphate, which is produced by sphingosine kinases, preferentially by

SK2, and acts as agonist with nanomolar affinity at the S1P-GPCR, S1P1/3/4/5.

Diverse studies have confirmed that FTY720’s immunosuppressive action is

based on activation of the S1P1 receptor, which is subsequently internalized and

Fig. 1 Structures of selected modulators of the S1P signalling system. The asterisks mark

compounds that need to be phosphorylated at the indicated sites to be able to interact with S1P

receptors. For further information, see text
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may be degraded (Oo et al. 2007) or induce prolonged signalling (Mullershausen

et al. 2009). This removal of the S1P1 receptor from the cell surface, rendering the

cells insensitive to external S1P, can be interpreted as superagonistic activity or

functional antagonism. As a consequence, certain populations of T lymphocytes

(mainly naı̈ve and central memory T cells) as well as B lymphocytes lose their

ability to sense the blood-tissue gradient of S1P and are trapped in lymphatic tissues

(reviewed by Brinkmann et al. 2010; Cohen and Chun 2011). Lymphopenia can also

be observed with S1P1 receptor antagonists such as W146 and TASP0277308,

provided the pharmacokinetic properties of the compounds are considered (Tarrasón

et al. 2011; Fujii et al. 2012). Interestingly, other effects of FTY720, such as the

S1P1-mediated improvement of the endothelial barrier function, are not mimicked

by S1P1 receptor antagonists, in contrast, they induce a vascular leak (Sanna et al.

2006; Tarrasón et al. 2011; Fujii et al. 2012), suggesting that barrier improvement by

FTY720 as agonistic effect may be due to prolonged signalling of the internalized

ligand–receptor complex. Repeated administration of FTY720 and other S1P1
receptor agonists, on the other hand, may exacerbate vascular leak, as observed in

the mouse model of bleomycin-induced lung injury (Shea et al. 2010), indicating

loss of S1P1 on the long term. While the main in vivo activities of FTY720 are

probably in large part due to impaired invasion of lymphocytes into inflamed tissues,

the drug may also have direct effects on cells of the central nervous system that

contribute to its clinical effectiveness in multiple sclerosis (for discussion, see

Brinkmann et al. 2010; Cohen and Chun 2011). Interestingly, a specific knockout

of S1P1 in astrocytes alleviated the course of experimental autoimmune encephalitis

(EAE) in mice and also abrogated the activity of FTY720, suggesting that the S1P1
receptor plays an important role in astrocyte pathophysiology during EAE as well as

for the activity of FTY720 (Choi et al. 2011).

Presently there are no clinical guidelines for the use of FTY720 in multiple

sclerosis (Killestein et al. 2011; Pelletier and Hafler 2012). The most common

serious adverse effects of FTY720 are bradycardia and atrioventricular block,

which typically occur during initiation of the therapy and resolve within 24 h

despite continued FTY720 treatment (Kappos et al. 2010; Cohen et al. 2010). The

underlying mechanism is the activation of G-protein-gated inwardly rectifying

potassium (GIRK) channels in the cardiac conduction system by S1P-GPCR.

Notably, there is a report of a severe bradycardia and asystole even 21 h after the

first dose of FTY720 (Espinosa and Berger 2011). Furthermore, a case of sudden

death after the first dose of FTY720 has been reported in December 2011, and this

case is being further investigated by FDA and EMEA (see Web sites http://www.

fda.gov/Drugs/DrugSafety/ucm284240.htm and http://www.ema.europa.eu/docs/

en_GB/document_library/Press_release/2012/01/WC500120703.pdf). Other side

effects of FTY720 include mild infections as a consequence of immunosuppression,

mild increases in systolic and diastolic blood pressure as well as a decrease in lung

function probably due to S1P-GPCR modulation, asymptomatic increases in liver

enzymes and macular oedema (Kappos et al. 2010; Cohen et al. 2010; Pelletier and

Hafler 2012). FTY720 is being further developed for the treatment of primary

progressive multiple sclerosis (Table 1).
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Several S1P receptor-modulating drugs with selectivity for the S1P1 receptor

have been developed and some of them are being tested in clinical trials for the

treatment of multiple sclerosis and other autoimmune diseases (Fig. 1 and Table 1).

KRP-203 is the prodrug of KRP-203-phosphate, which induces [Ca2+]i increases

via the S1P1 and S1P4 receptors with EC50s of ~1 and ~10 nM, respectively, and

lacks activity at the S1P3 receptor (Song et al. 2008). KRP-203 induced

lymphopenia in mice and was active in rat organ transplantation, rat autoimmune

myocarditis, chronic colitis in interleukin-10 deficient mice (reviewed by Huwiler

and Pfeilschifter 2008) and autoimmune kidney disease in the MRL/lpr mouse

model (Wenderfer et al. 2008). KRP-203 is being tested in phase II clinical trials for

ulcerative colitis and subacute lupus erythematosus. AUY954 can activate the S1P1
receptor without being phosphorylated. In a GTPγS binding assay, AUY954

activated the S1P1 receptor with an EC50 of ~1 nM, while it activated S1P5 and

S1P3 with EC50s of 340 and 1,200 nM, respectively, and lacked activity at S1P2 and

S1P4 (Pan et al. 2006). AUY954 induced lymphopenia and prolonged the survival

of cardiac allografts in rats (Pan et al. 2006), reduced allergen-induced plasma

leakage in mice (Blé et al. 2009) and attenuated paraparesis in a T cell-mediated

autoimmune inflammatory demyelinating disease of the peripheral nervous system

(Zhang et al. 2009). ACT-128800 (ponesimod) stimulated GTPγS binding with

EC50s of ~6 nM at S1P1, 60 nM at S1P5, 100 nM at S1P3, and ~1,000 nM at S1P4,

Table 1 S1P modulating drugs in clinical development

Drug Target(s) Indication(s) tested in clinical trials

Developing

company/sponsor

FTY720,

fingolimod

(Gilenya®)

S1P1/3/4/5 • Relapsing–remitting multiple sclerosis

(approved by FDA and EMEA)

• Primary progressive multiple sclerosis

(phase III)

Novartis

KRP-203 S1P1>4 • Ulcerative Colitis (phase II)

• Subacute cutaneous lupus erythematodes

(phase II)

Novartis

BAF312 S1P1/5 • Relapsing–remitting multiple sclerosis

(phase II)

• Polymyositis, dermatomyositis (phase II)

Novartis

ACT-128800,

ponesimod

S1P1 • Relapsing–remitting multiple sclerosis

(phase II)

• Severe chronic plaque psoriasis (phase II)

Actelion

ONO-4641 S1P1 • Multiple sclerosis (phase II) Ono Pharma

GSK2018682 S1P1 • Relapsing–remitting multiple sclerosis

(phase I)

GlaxoSmithKline

CS-0777 S1P1 • Multiple sclerosis (phase I) Daiichi Sankyo

ABC294640 SK2 • Advanced solid tumours (phase I) #

LX3305

(¼LX2931)

S1P lyase • Rheumatoid arthritis (phase II) Lexicon

Sonepcizumab S1P • Age-related macular degeneration

(phase II)

Lpath, Pfizer

See http://www.clinicaltrials.gov. #, Medical University of South Carolina, Apogee Biotechnol-

ogy Corporation, National Cancer Institute USA
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while no activity at S1P2 was detectable (Piali et al. 2011; Bolli et al. 2010). ACT-

128800 attenuated the inflammatory responses in the skin of mice with delayed-

type hypersensitivity and in rats with adjuvant-induced arthritis (Piali et al. 2011).

The drug had a relatively short plasma half-life of ~3 h after a single oral dose in

rats, which corresponded to a relatively rapid reversibility of the lymphopenia

compared to FTY720, which has an elimination half-life of 6–9 days and requires

1–2 months for full recovery of the immunological effects (Piali et al. 2011). ACT-

128800 is being tested in phase II clinical trials for relapsing–remitting multiple

sclerosis and severe chronic plaque psoriasis. In agreement with the concept that the

S1P5 receptor contributes to the activity of FTY720 in multiple sclerosis, BAF312,

an S1P1/5 agonist (Gergely et al. 2009), is being tested in phase II clinical trials of

relapsing–remitting multiple sclerosis and polymyositis/dermatomyositis. Indeed,

in an organ model of de- and remyelination, in which the drugs’ influence on

lymphocyte trafficking is irrelevant, FTY720 and BAF312, but not the S1P1-

selective AUY954, increased markers of remyelination (Jackson et al. 2011). CS-

0777 is another S1P1 receptor modulator that is being tested in clinical trials. It

again is a prodrug that needs to be phosphorylated, which is interestingly catalysed

by fructosamine-3-kinase and fructosamine-3-kinase-related protein in

erythrocytes (Yonesu et al. 2011). CS-0777 has a similar long half-life and slow

reversibility of action as FTY720 (Moberly et al. 2012). CYM-5442 is a highly

selective agonist at the S1P1 receptor and inhibited forskolin-stimulated cAMP-

responsive element transcription with an EC50 of ~1 nM (Gonzalez-Cabrera et al.

2008). This compound was able to activate the S1P1 receptor without binding to the

amino acid residues, R120 and E121 (Gonzalez-Cabrera et al. 2008), which form

ionic interactions with the phosphate head group of S1P (Parrill et al. 2000; Hanson

et al. 2012). CYM-5442 has a relatively short half-life in plasma (~3 h after oral

application in rats; Gonzalez-Cabrera et al. 2008), but it strongly accumulates

within the CNS (Gonzalez-Cabrera et al. 2012). In agreement, during once daily

application of CYM-5442 in mice, lymphocyte counts recovered within each cycle,

while the S1P1 receptor was downregulated on astrocytes and neurons and EAE was

attenuated (Gonzalez-Cabrera et al. 2012). These observations may support the

hypothesis that the S1P1 receptor on cells within the CNS is the major target in

multiple sclerosis, but it may also be the case that a transient lymphopenia is

sufficient for reducing the symptoms of EAE.

Taken together, the S1P1 receptor modulators differ with regard to S1P receptor

subtype selectivity and pharmacokinetics. Both the receptor profile and a potential

organ accumulation will have an impact on the drugs’ clinical activities. The hope

that S1P1 selective compounds will cause less cardiac arrhythmias, because GIRK

activation is mediated by S1P3 in mice (Sanna et al. 2004), has been challenged by

reports showing that highly selective S1P1 agonists can cause bradycardia in

humans (Gergely et al. 2009). Compounds with shorter elimination half-life and

quicker recovery from immunosuppression than FTY720 will have the advantage of

rapid washout in case of side effects. A thorough comparison of the S1P1 receptor

modulators, however, requires more comprehensive data than publicly available.

Therefore, access to original preclinical and phase I data is urgently needed.
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3 Sphingosine Kinase Inhibitors

The two isoforms of sphingosine kinase are differentially expressed and regulated

(Pitson 2011), and initiate diverse cellular responses depending on their subcellular

localization (Maceyka et al. 2012). There is substantial evidence that sphingosine

kinase inhibitors might be useful for the treatment of cancer, aberrant angiogenesis

and inflammatory diseases. SK1, in particular, is regarded as a player in tumour cell

growth and survival. In several human cancers, SK1 expression is higher than in

adjacent normal tissue, and high SK1 expression correlates with malignancy and/or

reduced patient survival (reviewed by Pyne and Pyne 2010). SK2, in contrast, has

been associated with cell cycle arrest and apoptosis (Igarashi et al. 2003; Liu et al.

2003). However, observations from knockout mice, in which deletion of a single

SK isoform was compensated for by the other isoform, and studies with SK2

inhibitors (see below) have challenged the view that SK1 and SK2 play antagonistic

roles. Sphingosine kinases, with most studies focused on SK1, are furthermore

involved in the regulation of inflammatory processes such as arthritis, colitis,

asthma, and anaphylaxis, they contribute to the regulation of smooth muscle

(vascular and bronchial) contraction, they stimulate angiogenesis and play a role

in ischemia–reperfusion injury (for review, see Snider et al. 2010; Maceyka et al.

2012). Importantly, signalling by sphingosine kinases can either be due to secreted/

exported S1P which acts on S1P-GPCR, a process that is called inside-out signal-

ling, or to interaction of S1P with intracellular targets. Intracellular SK1/S1P

signalling for example mediated NF-κB activation downstream of the TNF-α
receptor, and nuclear SK2/S1P signalling inhibited histone deacetylase activity

(reviewed by Maceyka et al. 2012). Thus, the functional roles of sphingosine

kinases are even more complex than those of the S1P-GPCR.

The first nonlipid SK inhibitors were identified by screening of ~16,000

compounds for inhibition of purified recombinant human SK1 (French et al.

2003). Of these compounds, SKI-II (4-[[4-(4-Chlorophenyl)-2-thiazolyl]amino]

phenol) was orally active and inhibited the growth of a mammary adenocarcinoma

in a syngeneic mouse model (French et al. 2006). The mode of inhibition was non-

competitive for ATP (French et al. 2003). Later, it was found that in intact cells,

SKI-II caused an effective degradation of SK1 (Ren et al. 2010; Loveridge et al.

2010). There is some disagreement whether this occurs through lysosomal (Ren

et al. 2010) or proteasomal (Loveridge et al. 2010) degradation.

While SKI-II also inhibits the SK2 isoform (Lim et al. 2011), the water-soluble

sphingosine analog, SK1-I ((2R,3S,4E)-N-methyl-5-(40-pentylphenyl)-2-
aminopent-4-ene-1,3-diol), inhibited specifically SK1 with a Ki of ~10 μM, while

it had no influence on SK2, ceramide kinase, and several protein kinases in a protein

kinase activity screen (Paugh et al. 2008). It induced apoptosis in leukaemia cell

lines and in primary blasts from patients with acute myelogenous leukaemia in vitro

(IC50 ~7.5 μM), and inhibited the growth of U937 (human leukemic monocyte

lymphoma) cell xenografts in vivo (Paugh et al. 2008). SK1-I furthermore induced

cell death in glioblastoma cell lines and attenuated migration and invasion of these
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cells (Kapitonov et al. 2009). It also was active against glioblastoma xenografts and

prolonged the survival of nude mice with intracranial glioblastoma cell xenografts

(Kapitonov et al. 2009).

It is an irony in the history of SK inhibitor development that primarily SK1 has

been regarded as the target for treatment of cancer, but an SK2 inhibitor became the

first to be tested in clinical trials. ABC294640 (Fig. 1) inhibited recombinant SK2

with a Ki of ~10 μM but had no effect on SK1 up to at least 100 μM (French et al.

2010). Its mode of action was competitive to sphingosine. ABC294640 was inactive

against 20 different protein kinases at a concentration of 50 μM. In cell lines,

ABC294640 inhibited S1P formation with an IC50 of 26 μM and decreased cellular

S1P levels. The compound inhibited the growth of various tumour cell lines in vitro,

reduced migration and disrupted actin microfilament structure, suggesting that it

might be able to reduce tumour metastasis. ABC294640 had a good oral bioavail-

ability and tolerability in mice. Toxicity was associated with the haematopoietic

system, with slight decreases in red blood cell number and haematocrit (French

et al. 2010). At 35 and 100 mg/kg, ABC294640 reduced the growth of a mouse JC

mammary adenocarcinoma cell line growing subcutaneously in immunocompetent

Balb/c mice (French et al. 2010). The antitumor activity of ABC294640 has

furthermore been shown in diverse xenograft models, including kidney, pancreatic

and hepatocellular carcinoma (Beljanski et al. 2011a; Beljanski et al. 2011b).

Interestingly, ABC294640 binds in the antagonist ligand-binding domain of the

oestrogen receptor and has antiestrogenic effects, and therefore it has therapeutic

potential for treatment of oestrogen receptor-positive breast cancer by inhibiting

both SK and oestrogen signalling (Antoon et al. 2010). The low affinity to SK2

raises the suspicion that ABC294640 also has yet (an)other target(s). The drug is

presently being tested in a phase I clinical trial involving patients with advanced

solid tumours (Table 1). ABC294640 was furthermore active in diverse models of

inflammatory diseases. The compound suppressed dextran sulphate sodium-

induced and trinitrobenzene sulphonic acid-induced colitis in mice (models for

ulcerative colitis and Crohn’s disease, respectively), and reduced colitis-driven

colon cancer development in mice (Maines et al. 2008, 2010; Chumanevich et al.

2010). ABC294640 also attenuated collagen- and adjuvant-induced arthritis in rats

(Fitzpatrick et al. 2011a), although SK1 siRNA reduced and SK2 siRNA

aggravated collagen-induced arthritis in mice (Lai et al. 2009), and even was

beneficial in experimental osteoarthritis in rats (Fitzpatrick et al. 2011b).

A major problem of the above-described SK inhibitors is their low potency.

Recently, the up to now most potent SK inhibitors were identified by in silico

screening with a homology model of SK1 (Kennedy et al. 2011). Several amidine-

based compounds were identified which inhibited SK1 and/or SK2 in the

submicromolar concentration range (Kennedy et al. 2011). Compound “1a”

inhibited SK1 with a Ki of 0.1 μM and SK2 with a Ki of 1.5 μM and effectively

reduced S1P levels in cultured cells (Kharel et al. 2011). “1a” potently inhibited

epidermal growth factor-stimulated S1P synthesis, ERK and Akt phosphorylation,

while ~tenfold higher concentrations of “1a” were required to induce cytotoxicity,

caspase-3 and PARP cleavage than for the reduction of S1P levels. Interestingly,
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intravenous application of “1a” to mice within 20 min reduced blood S1P levels in

wild type, but not in SK1�/� mice, confirming that the drug acts as SK1 inhibitor

in vivo and revealing that there is a rapid turnover of S1P in blood (Kharel et al.

2011). These data challenge the hypothesis that SK1 is a target for treatment of

cancer, however, the novel compounds will help to redefine the roles of the two

sphingosine kinases in health and disease.

4 S1P Lyase Inhibitors

S1P lyase catalyses the irreversible cleavage of the sphingosine backbone, therefore

it is required for the ultimate degradation of sphingolipids (Kumar and Saba 2009). It

was first reported in 2005 that the blood-tissue-gradient of S1P is dependent on the

enzymatic activity of S1P lyase. This was discovered because the component of

caramel colour III, 2-acetyl-4-tetrahydroxybutylimidazole (THI; Fig. 1), which was

known to induce lymphopenia, elevated S1P concentrations in lymphoid tissues by

inhibiting S1P lyase activity (Schwab et al. 2005). The high concentrations of S1P-

induced internalization of the S1P1 receptor in lymphocytes within lymphatic tissues

and therefore had similar consequences as treatment with S1P1 (functional)

antagonists: decreased egress of lymphocytes from lymphatic tissues, lymphopenia

and immunosuppression. The effects of THI were mimicked by downregulation of

S1P lyase in hematopoietic cells and by 4-deoxypyridoxine (DOP), which inhibits

pyridoxal phosphate-dependent enzymes including S1P lyase (Schwab et al. 2005).

Thus, inhibition of S1P lyase emerged as a novel immunosuppressive principle. S1P

lyase-deficient mice indeed have lymphopenia, but they suffer from many other

pathologies in lung, heart, urinary tract and bone, have vascular defects and a

strongly reduced life span (Vogel et al. 2009; Schmahl et al. 2007). While a full

knockout of S1P lyase has features of a lipid storage disease, a partial restoration of

S1P lyase activity was sufficient to protect from organ damages while lymphocyte

trafficking remained impaired (Vogel et al. 2009). As a consequence, there might be

a therapeutic window in which partial inhibition of S1P lyase could lead to clinical

immunosuppression without causing significant organ damage. On this background,

LX2931 (¼LX3305; Fig. 1), which differs minimally from THI, was developed by

Lexicon Pharmaceuticals (Princeton, NJ, USA) for immunosuppression. LX2931/

3305 elevated S1P concentrations in lymphoid tissues, caused lymphopenia in

multiple species and prevented the development of arthritis in the mouse collagen-

induced arthritis model (Bagdanoff et al. 2010). In a phase I clinical trial in healthy

subjects, the compound was well tolerated up to 180 mg daily and reduced lympho-

cyte counts (used as a surrogate marker for S1P lyase inhibition) by ~50 % at that

dose (Bagdanoff et al. 2010). Recently, a phase II trial in patients with rheumatoid

arthritis on stable methotrexate therapy has been completed and showed a

favourable safety profile of LX2931/3305, but the compound failed the proof-of-

concept (see Web sites http://clinicaltrials.gov/ct2/show/study/NCT00903383?

term¼lexicon&rank¼3&sect¼X36015 and http://www.lexpharma.com/images/
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pdfs/EULAR%202011%205-20-11%20finalv3.pdf). The company presently opts

for a scale-up in the hope to identify a therapeutically active dose http://www.

lexpharma.com/images/pdfs/EULAR%202011%205-20-11%20finalv3.pdf.

An interesting fact about all S1P lyase inhibitors is that neither THI nor

Lexicon’s compounds directly inhibit the enzyme in vitro, and this cannot be

explained by the occurrence of active metabolites (Bagdanoff et al. 2009, 2010).

DOP inhibits all pyridoxal phosphate-dependent enzymes and therefore is highly

unspecific. Thus, the run is open to find the first-in-class direct S1P lyase inhibitor.

5 S1P Scavenging or Clearing Agents

The effectiveness of S1P-scavenging agents to attenuate the pro-angiogenic and

cancer promoting activities of S1P has first been shown with a monoclonal antibody

to S1P. The anti-S1P antibody reduced tumour progression and tumour angiogene-

sis in murine xenograft and allograft models, and reduced the vessel formation in

VEGF- and bFGF-containing Matrigel plugs in vivo (Visentin et al. 2006). A

humanized version of this antibody, sonepcizumab, developed by Lpath Therapeu-

tics (San Diego, CA, USA), reduced blood lymphocyte counts, indicating that it

was able to affect the blood-tissue-gradient of S1P (O’Brien et al. 2009).

Sonepcizumab inhibited choroidal and retinal neovascularization and sub-retinal

fibrosis in ocular angiogenesis models when injected into the vitreous body (Xie

et al. 2009; Caballero et al. 2009). From a screen of ~60 different lipids, the

antibody also recognized dihydro-S1P and sphingosylphosphorylcholine and had

a low affinity to D-erythro-sphingosine and sphingomyelin (O’c et al. 2009).

Sphingomyelin is a highly abundant lipid (>1,000-fold excess over S1P; Hannun

and Obeid 2008) that might be able to bind sonepcizumab in relevant amounts.

Nevertheless, sonepcizumab passed several preclinical toxicology tests, and its

safety and tolerability has been analysed in phase I clinical trials in patients with

refractory advanced solid tumours (oncology formulation ASONEP®) and in

patients with exudative age-related macular degeneration (ocular formulation

iSONEP®) (reviewed by Sabbadini 2011). The favourable outcome led to its further

development for treatment of age-related macular degeneration (Table 1).

Noxxon Pharma (Berlin, Germany) has chosen a different approach to S1P scav-

enging by developing an S1P-binding spiegelmer, NOX-S93. Up to now there are no

published data regarding this spiegelmer. On its Web site http://www.noxxon.com/

index.php?option¼com_content&view¼article&id¼62&Itemid¼101, the company

states that NOX-S93 inhibited signalling of S1P through S1P1 and S1P3 with low

nanomolar affinity and induced transient lymphopenia in mice. Target indications of

NOX-S93 would be cancer angiogenesis, autoimmune disorders and ocular diseases.

Another approach to remove extracellular S1P in conditions such as cancer,

inflammation, fibrosis and aberrant angiogenesis is the application of recombinant

soluble S1P lyase. S1P lyase from the prokaryote Symbiobacterium thermophilum
disrupted S1P signalling in cell culture models, inhibited tumour cell-induced
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angiogenesis in the chicken chorioallantoic membrane model, and effectively

reduced S1P plasma levels when injected intravenously in mice (Huwiler et al.

2011). The advantage of the prokaryotic S1P lyase is its lack of an N-terminal

transmembrane domain that makes it a soluble enzyme, while eukaryotic S1P

lyases are integral membrane proteins.

6 Concluding Remarks

In conclusion, the S1P1 receptor has been established as a target for immunosup-

pression, while drugs that modulate the other S1P receptors or inhibit SKs and S1P

lyase still await the proof of their clinical usefulness. A possible advantage of the

S1P cleaving or scavenging agents is their high specificity and the fact that their

activity is restricted to extracellular pools of S1P, while small molecule inhibitors

of SKs or S1P lyase would also modulate intracellular levels of S1P, and moreover,

may have less specificity.
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