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Abstract

Non-surgical therapies for human malignancies must negotiate complex cell signaling pathways to

impede cancer cell growth, ideally promoting death of cancer cells while sparing healthy tissue.

For most of the past half century, medical approaches for treating cancer have relied primarily on

cytotoxic chemotherapeutics that interfere with DNA replication and cell division, susceptibilities

of rapidly dividing cancer cells. As a consequence, these therapies exert considerable cell stress,

promoting the generation of ceramide through de novo synthesis and recycling of complex

glycosphingolipids and sphingomyelin into apoptotic ceramide. Radiotherapy of cancer exerts

similar geno- and cytotoxic cell stresses, and generation of ceramide following ionizing radiation

therapy is a well-described feature of radiation-induced cell death. Emerging evidence now

describes sphingolipids as mediators of death in response to newer targeted therapies, cementing

ceramide generation as a common mechanism of cell death in response to cancer therapy. Many

studies have now shown that dysregulation of ceramide accumulation—whether by reduced

generation or accelerated metabolism—is a common mechanism of resistance to standard cancer

therapies. The aims of this chapter will be to discuss described mechanisms of cancer resistance to

therapy related to dysregulation of sphingolipid metabolism and to explore clinical and preclinical

approaches to interdict sphingolipid metabolism to improve outcomes of standard cancer

therapies.

1. INTRODUCTION

1.1. Ceramide as a mediator of apoptosis

Ceramide is the central molecule in sphingolipid metabolic pathways, and its generation and

metabolism are key in understanding advantageous and dysregulated sphingolipid responses

to cancer therapy. While many diverse functions have been ascribed to ceramide, for the

purposes of this review, ceramide is best characterized to promote apoptosis and cell

senescence. Among, the major effectors of ceramide signaling are protein phosphatases

PP2A and PP1, which are activated by ceramide (Chalfant et al., 1999; Dobrowsky,

Kamibayashi, Mumby, & Hannun, 1993; Galadari, Kishikawa, Kamibayashi, Mumby, &
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Hannun, 1998). Through activation of PP2A, ceramide promotes numerous signaling

alterations including deactivation of Akt (Teruel, Hernandez, & Lorenzo, 2001), PKC (Lee,

Hannun, & Obeid, 1996), and c-Jun (Shirakabe et al., 1997); destabilization of c-Myc

(Mukhopadhyay et al., 2009); and disruption of the Bax/Bcl-2 interaction (Xin & Deng,

2006). PP1 activation causes dephosphorylation of SR proteins with subsequent alternative

splicing of Caspase 9 and Bcl-X (Chalfant et al., 2002) and activation of retinoblastoma

(Liu, Wang, & Berndt, 2006). Apart from the myriad functions of ceramide downstream of

PP2A and PP1 activation, ceramide generated in the lysosome by acid sphingomyelinase

(ASMase) has also been shown to directly bind and induce autoproteolytic cleavage of

Cathepsin D (Heinrich et al., 1999), promoting the cleavage-induced activation of

proapoptotic Bid. These functions of ceramide, represented in Fig. 1.1, ultimately converge

upon causing cell cycle arrest, senescence, and in many cases apoptosis and cell death.

While the vast majority of the literature support these anticancer effects of ceramide, it is

worthwhile to acknowledge that antiapoptotic roles have been described for some specific

ceramide species (Hoye, Davoren, Wipf, Fink, & Kagan, 2008), highlighting the

complexities of ceramide signaling that remain to be fully characterized. A more complete

review by Ogretmen and Hannun (2004) details these functions of ceramide and more and

explains why ceramide accumulation is a hallmark of diverse apoptotic stimuli, including

chemo- and radiotherapy and lay the groundwork for why adjuvant therapeutics that

promote accumulation of ceramide are promising approaches to improving response to

standard therapies for cancer.

1.2. Ceramide generation and metabolism

A favorable sphingolipid response to cancer therapy is frequently a net accumulation of

ceramide; therefore, it is convenient to view metabolic pathways of ceramide generation and

consumption, outlined in Fig. 1.2, in terms of steps that generate ceramide and those that

consume it. Ceramide is N-acylated sphingosine with naturally occurring acyl chain lengths

from 14 to 26 carbons. It can be generated by de novo synthesis, a multistep process initiated

by the condensation of serine and palmitoyl CoA (Xu et al., 1998); by the salvage pathway,

which recycles cellular sphingosine (Kitatani, Idkowiak-Baldys, & Hannun, 2008); or by

hydrolysis from complex sphingolipids such as sphingomyelin and cerebrosides (galactosyl-

and glucosylceramide). De novo synthesis and hydrolysis of sphingomyelin frequently play

key roles in generating ceramide in response to cancer therapy, and defects in generation of

ceramide by these pathways are implicated in therapy resistance. The following sections will

highlight known defects in ceramide generation and how they impact cancer therapy.

Conversely, consumption of free ceramide by incorporation into sphingomyelin or

cerebrosides or by deacylation of ceramide to form sphingosine is associated with defects in

therapy-induced apoptosis. As will be discussed in this chapter, response of cancer cells and

tumors to standard therapies like chemotherapy and radiation can be improved by

potentiating accumulation of ceramide whether by promoting its generation or by inhibiting

its catabolism. Importantly, deacylation of ceramide by ceramidases generates sphingosine,

the substrate of sphingosine kinases. Sphingosine 1-phosphate (S1P) is a pleiotropic

signaling lipid that frequently opposes apoptosis and promotes angiogenesis and cell

migration, justifying prevention of S1P formation in addition to enhancement of ceramide

generation as a worthy goal in interdiction of sphingolipid metabolism to improve response
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to cancer therapy. While this chapter will include discussion of sphingosine kinases and

S1P, their roles in cancer promotion and therapy are dealt with more completely in Chapters

5, 6, and 7 of this volume.

1.3. Dysregulation of sphingolipid metabolism in cancer

One of the defining characteristics of cancer cells is the ability to evade apoptosis by

development of signaling mechanisms that prevent response to apoptotic stimuli (Hanahan

& Weinberg, 2000). Numerous mechanisms are described for death resistance in cancer,

including upregulation of pro-survival genes and downregulation of apoptotic genes. Cancer

cells also frequently cultivate dysregulation of enzymes involved in sphingolipid

metabolism to escape cell death. Dysregulation of sphingolipid metabolic pathways is a

common theme in human cancers, perhaps because sphingolipid signaling operates upstream

of several apoptotic mediators, suggesting that alteration of sphingolipid metabolism may be

an important step in tumorigenesis and, as such, that manipulation of sphingolipid

metabolism may improve response to therapeutics. Multiple sphingolipid enzymes are

known to be aberrantly expressed in human cancer (Table 1.1).

1.4. Susceptible nodes of sphingolipid metabolism for interdiction in cancer therapy

Study of sphingolipid metabolism in cancer has led to the identification of several nodes of

sphingolipid metabolism that are susceptible to interference as we seek to improve outcomes

of cancer therapy. These nodes can generally be divided into those that promote ceramide

generation and those that prevent its consumption. Multiple therapeutic approaches cause

generation of ceramide through de novo synthesis and sphingomyelin hydrolysis, and thus

ceramide generation is an important part of standard cancer therapy. Increasingly,

approaches that rely on inhibition of enzymes that consume ceramide such as

glucosylceramide synthase (GCS), ceramidases, or sphingosine kinases are being combined

with standard cancer therapies as known dysregulation of these enzymes occurs in cancer

and contribute to therapy resistance. Each of the approaches outlined in Fig. 1.2 will be

discussed in terms of both known defects in these pathways that contribute to resistance to

standard cancer therapies as well as work that demonstrates the principles and feasibility of

targeting these enzymes to improve patient response to standard of care therapies including

cytotoxic chemotherapy, radiation therapy, and more recently introduced targeted therapies

like tyrosine kinase inhibitors (TKIs), deacetylase inhibitors, and monoclonal antibodies

(mAbs).

2. SPHINGOLIPIDS AND CYTOTOXIC CHEMOTHERAPIES

The past decade has brought on a new wave of therapeutic approaches to medical

management of cancer including TKIs, mAbs, and cancer vaccines; however, mainstay

therapy for most human cancer remains, as it has since the mid-century development of

mustine (Mechlorethamine Hydrochloride) in the treatment of lymphoma, cytotoxic

chemotherapy that targets DNA synthesis and cell division, thus, affecting rapidly

proliferating cancer cells more than most normal tissues. Interestingly, several classes of

cytotoxic chemotherapeutics cause accumulation of ceramide. These include vinca alkaloids

(vincristine and vinblastine), anthracyclines (doxorubicin and daunorubicin), taxanes
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(paclitaxel), and topoisomerase inhibitors (irinotecan, etoposide), among others. Here, we

will discuss how cytotoxic chemotherapeutics elicit ceramide generation, research that

demonstrates dysregulation of sphingolipids as a mechanism of resistance to chemotherapy,

and how augmentation of a favorable sphingolipid response to therapy could improve

outcomes.

2.1. Chemotherapy-induced ceramide generation

Mammalian cells respond to diverse stressors including radiation, nutrient deprivation, and

oxidative stress with ceramide generation, largely through hydrolysis of sphingomyelin and

de novo synthesis (Hannun, 1996; Ogretmen & Hannun, 2001). Evidence of stress-induced

ceramide generation in yeast points to ceramide generation as an evolutionarily ancient

response to cell stress (Cowart & Obeid, 2007). While how exactly remains incompletely

understood, it seems that cytotoxic chemotherapeutics co-opt this stress response, inducing

ceramide generation and thereby the goal of such therapies: apoptosis. Ceramide

accumulation in response to chemotherapy occurs both through de novo synthesis and

hydrolysis of sphingomyelin. Danuorubicin, etoposide, camptothecin, and gemcitibine

appear to cause de novo ceramide biosynthesis either by activation of dihydroceramide

synthases or by increasing the activity of serine palmitoyl transferase, the first step in the de

novo pathway (Bose et al., 1995; Chalfant et al., 2002; Chauvier, Morjani, & Manfait, 2002;

Perry et al., 2000). Interestingly, inhibiting the de novo pathway of ceramide synthesis

antagonizes the cytotoxic effects of these drugs, highlighting the role of de novo ceramide

generation in chemotherapy-induced cell death. Chemotherapy also promotes ceramide

generation through the sphingomyelinase (SMase) pathway, liberating death-inducing

ceramide from the vast reservoir of membrane sphingomyelin. Treatment of HL-60 cells

with DNA antimetabolite cytosine arabinoside increased ceramide levels following

stimulation of neutral sphingomyelinase (NSMase) activity (Strum, Small, Pauig, & Daniel,

1994), demonstrating sphingomyelin hydrolysis in response to a chemotherapy drug.

Jaffrezou et al. (1996) described biphasic generation of ceramide in leukemia cells in

response to daunorubicin that was unaffected by the ceramide synthase inhibitor Fumonisin

B1, again implicating SMase activation as a mechanism of chemotherapy-induced ceramide

generation. In another study, etoposide was found to cause ceramide generation by

activating NSMase in glioma cells (Sawada et al., 2000). Interestingly, overexpression of

Bcl-2 suppressed NSMase activation, preventing ceramide accumulation and cell death. This

study is an excellent example of how cancers can suppress ceramide generation following

chemotherapy by inhibiting SMase, thereby escaping treatment-induced cell death.

2.2. Glucosylceramide synthase dysregulation

While mechanisms employed by cancer cells to prevent generation of ceramide to avoid

therapy-induced death are interesting proof of concept that ceramide is a potent mediator of

successful chemotherapy, inhibition of enzymes that catabolize ceramide is ultimately more

likely to result in treatment protocols with sphingolipid metabolizing enzyme inhibitors as

chemosensitizing agents. Perhaps the best-studied mechanism of chemotherapy resistance

due to sphingolipid dysregulation is the increased activity of GCS and accumulation of

glucosylceramide in chemotherapy resistant cells. Early in the study of sphingolipid

dysregulation as a mechanism of chemotherapy resistance, it was discovered that
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glucosylceramide was markedly elevated in multidrug resistant cells compared to their drug-

sensitive counterparts (Lavie et al., 1997), as well as the presence of glucosylceramide in the

tissues of patients who did not respond to chemotherapy, but not in the tissues of patients

who had chemotherapy response (Lucci et al., 1998). These studies led to the identification

of GCS as a mediator of chemotherapy resistance. Inhibition of GCS restored paclitaxel,

etoposide, and doxorubicin sensitivity to drug-resistant MCF-7 cells (Liu et al., 2004; Liu,

Han, Giuliano, &Cabot, 2001). GCS has since been shown to be overexpressed in metastatic

breast cancer and bladder cancer (Liu et al., 2011; Sun et al., 2010) and has been found by

multiple groups to regulate multidrug resistance through regulation of p-glycoprotein and

MDR1 expression (Gouaze et al., 2005). Interference with glucosylceramide generation by

targeting GCS with small molecule inhibition and RNA interference techniques has

consistently shown that inhibition of this enzyme can restore chemotherapy sensitivity and

promote cell death and apoptosis by reversing upregulation of MDR1 (Sun et al., 2010) and

p-glycoprotein (Gouaze et al., 2005) and causing ceramide accumulation (Baran, Bielawski,

Gunduz, & Ogretmen, 2011). Thus, at least in preclinical models, GCS is a prototypical

ceramide-metabolizing enzyme that is a prime target for overcoming cancer resistance to

standard chemotherapy.

2.3. GCS as a target for chemosensitization

Given the strong body of the literature implicating GCS in multidrug resistance in cancer

cell lines, it is surprising and perhaps disappointing how few studies have examined the

feasibility and efficacy of targeting GCS in vivo. The data that are reported, however, are

encouraging. Treatment of ganglioside-rich murine melanoma cells with the GCS inhibitor

1-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol drastically reduced their tumor-

forming ability and incidence of metastasis when injected into mice (Deng, Li, & Ladisch,

2000). The same group reported similar results using GCS antisense (Deng, Li, Guerrera,

Liu, & Ladisch, 2002), confirming that targeting GCS inhibition is efficacious in inhibiting

cancer in vivo. Miglustat is an FDA-approved inhibitor of GCS used in some patients with

Gaucher’s disease, who lack glucosylceramidase, as substrate reduction therapy (Machaczka

et al., 2012). Though this drug has not been evaluated in cancer and is often poorly tolerated,

its approval lends proof of concept to treating patients with GCS inhibitors as

chemosensitizing agents.

2.4. Ceramidase dysregulation

Another means of preventing the accumulation of ceramide that is necessary for

chemotherapy-induced apoptosis is by action of ceramidases. These enzymes, of which there

are five in humans, deacylate ceramide to form sphingosine and a fatty acid. This positions

them at a critical juncture in the balance between proapoptotic ceramide and antiapoptotic

S1P. As such, ceramidases have been intensively studied as mediators of sphingolipid

metabolism and cancer. Much of the focus of the roles of ceramidases in cancer has been on

lysosomal acid ceramidase. Our group and others have demonstrated that acid ceramidase is

frequently dysregulated in human cancer including >60% of human prostate tumors (Saad et

al., 2007) and >70%of head and neck squamous cell carcinoma (Elojeimy et al., 2007). Acid

ceramidase has been shown to confer aggressive characteristics to cancer cells in vitro and

in vivo, promoting cell proliferation and xenograft growth (Saad et al., 2007), and cancer
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cell invasion (Beckham et al., 2012). Additionally, acid ceramidase has been shown to

mediate resistance to a number of treatment modalities including cytotoxic chemotherapy.

Our group has shown that acid ceramidase overexpression promoted prostate cancer cell

resistance to chemotherapy with etoposide, cisplatin, doxorubicin, and gemcitabine by

preventing accumulation of proapoptotic C16-ceramide following administration of these

drugs. Importantly, targeting acid ceramidase with siRNA restored sensitivity to

chemotherapy, further highlighting the potential of targeting ceramidases to overcome

chemotherapy resistance. Interestingly, evidence suggests that acid ceramidase is

upregulated in cancer cells as a response to chemotherapy. Morales et al. (2007) showed that

treatment of hepatoma cells, but not normal hepatocytes, with daunorubicin

posttranscriptionally upregulated acid ceramidase. When acid ceramidase was

pharmacologically inhibited or targeted with siRNA in these cells, ceramide accumulated

more than when cells were treated with daunorubicin alone, and the hepatoma cells were

sensitized to cell death. We have shown that acid ceramidase overexpression induced by

radiation therapy (discussed in Section 3) protected prostate cancer cells from subsequent

taxol chemotherapy, an effect that was reversed using a small molecule inhibitor of acid

ceramidase, LCL385 (Mahdy et al., 2009). Small molecule inhibitors of acid ceramidase

based on the structure of the prototypical ceramidase inhibitors (1R, 2R)-N-

myristoylamino-4′-nitro-phenylpropandiol-1,3 (B13) and (1S, 2R)-N-myristoylamino-

phenylpropanol-1 (D-e-MAPP) have been developed (Bielawska et al., 2008; Szulc et al.,

2008) and tested in vitro and in vivo against cancer cell lines and xenografts with promising

results (Holman et al., 2008).

Ceramidases generate sphingosine which is phosphorylated by sphingosine kinases to form

S1P. Thus, sphingosine kinase inhibition has been evaluated as a mechanism to prevent

generation of frequently oncogenic S1P, but also as a means to prevent consumption of

cellular ceramide and sphingosine. Indeed, sphingosine kinases have been well studied as

mediators of cancer. Sphingosine kinase 1 (SK1) is overexpressed at the message or protein

level in lung, breast, stomach, thyroid, brain, colon, and kidney cancer (Pyne & Pyne, 2010).

Myriad studies demonstrate a clear oncogenic role for sphingosine kinases and S1P, which

are discussed more completely in Chapters 5, 6, and 7 of this volume and in a number of

excellent reviews (Pyne & Pyne, 2010; Takabe, Paugh, Milstien, & Spiegel, 2008).

With the well-described oncogenic roles of sphingosine kinases, it is perhaps unsurprising

that sphingosine kinase dysregulation has been observed as a mechanism for resistance to

conventional chemotherapy. Resistance of prostate cancer cells to the topoisomerase

inhibitor camptothecin was found to be due to upregulation of both SK1 and S1P receptors 1

and 3 in PC3 cells in response to camptothecin treatment. Camptothecin-sensitive LNCaP

cells did not exhibit upregulation of these proteins. Knockdown of SK1 with siRNA and

inhibition of S1P G-protein-coupled receptor signaling with pertussis toxin predictably

resensitized PC3 cells to camptothecin (Akao et al., 2006). These results were confirmed by

another group, which also showed that LNCaP resistance to docetaxel was similarly due to

upregulation of SK1. Again, inhibition of sphingosine kinases, this time with small molecule

inhibition, sensitized PC3 and LNCaP cells to chemotherapy with camptothecin and

docetaxel, respectively (Pchejetski et al., 2008). Further work by this group demonstrated
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that docetaxel chemotherapy in hormone-resistant prostate cancer cells could be potentiated

by pharmacological and RNAi targeting of SK1, with inhibition resulting in a fourfold

improvement in docetaxel IC50 (Sauer et al., 2009). In notoriously difficult to treat

pancreatic cancer, manipulation of the ceramide/S1P ratio using ceramide analogs and SK1

inhibition improved sensitivity to gemicitibine therapy, whereas upregulating SK1 caused

gemcitibine resistance. In another interesting study, SK1 overexpression was frequent in

human non-small cell lung carcinoma tissues, and positively correlated with nodal

involvement and metastasis whereas it negatively correlated with patient survival (Song et

al., 2011). The same study determined that SK1 expression mediated resistance to docetaxel

and doxorubicin, and that targeting SK1 expression with RNAi sensitized cancer cells to

these therapies. While much focus of sphingosine kinase in cancer has been on SK1,

sphingosine kinase 2 (SK2) is also considered a target as its inhibition has been effective in

in vitro models of cancer (Gao & Smith, 2011). In fact, an isozyme-specific SK2 inhibitor,

ABC294640, is in a phase I clinical trial for patients with solid tumors making it the most

clinically advanced sphingosine kinase inhibitor to date.

2.5. Sphingomyelin synthase and ceramide kinase

While somewhat less studied than chemotherapy resistance by metabolism of ceramide by

GCS, ceramidases, and sphingosine kinases, activation of sphingomyelin synthase activity is

another means by which cancers have been shown to escape death by chemotherapy.

Sphingomyelin synthase and GCS activities were found to be elevated in doxorubicin-

resistant leukemia cells compared to doxorubicin-sensitive cells, and resistant cells had

lower levels of ceramide (Itoh et al., 2003). This study highlights the possibility that

sphingomyelin synthesis could be a mechanism of escape from treatment sensitivity in

leukemia and perhaps other cancers, and that sphingomyelin synthase inhibition may restore

ceramide accumulation and apoptosis in response to chemotherapy. Conversely, a recent

study has shown that the efficacy of the novel anticancer drug 2-hydroxyoleic acid is

effective in inducing cell cycle arrest and apoptosis glioma cells by virtue of its ability to

activate sphingomyelin synthase (Barcelo-Coblijn et al., 2011). The authors point to the

critical role of sphingomyelin in organizing lipid raft signaling events that are frequently

necessary for apoptosis. These conflicting reports on the impact of sphingomyelin synthase

in cancer chemotherapy remind us of the complexity of sphingolipid signaling and the

diverse roles that ceramide plays both as a signaling lipid and as a component of more

complex structural components of cell membranes. Another ceramide-modifying enzyme,

ceramide kinase, and its product ceramide 1-phosphate have been shown to promote cancer

in in vitro models (Mitra et al., 2007). While no studies implicating ceramide kinase in

resistance to cancer therapy have been published to date, ceramide kinase has been proposed

as a potential target for cancer therapy, and could, theoretically, improve outcomes to

standard chemotherapies in certain contexts (Lamour & Chalfant, 2008).

The rationale for targeting ceramide-metabolizing enzymes to enhance response to cytotoxic

chemotherapies is clear: generation of ceramide is a consequence of cancer chemotherapy,

and mechanisms that prevent ceramide accumulation in response to chemotherapy cause

resistance. Several enzymes have been identified as worth targets of interdiction of ceramide

metabolism in chemotherapy including GCS, acid ceramidase, and sphingosine kinases.
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With a wealth of data justifying targeting these enzymes to improve standard cancer

chemotherapy, it is our hope that clinically viable agents will be developed in the near

future.

3. SPHINGOLIPIDS AND RADIATION THERAPY

3.1. Radiation therapy in the standard of care

Radiation therapy aims at deteriorating the malignant cells and tumor bed via delivery of

physical lesions resultant of high energy liberation of electrons from vital cellular structures,

which in turn activate pathways of programmed cell death. Therefore, unlike the systemic

administration of cytotoxic chemotherapy, the efficacy of most radiation modalities is based

on targeted delivery to discernible sites of tumor growth, and is limited by toxic exposure to

neighboring, noncancerous organs and tissues. A classical understanding of radiation-

induced cellular injury centers on DNA damage as a primary target of programmed cell

death pathway activation manifesting cellular lethality from double-strand breaks or

reproductive/mitosis-associated cell death from unrepaired and misrepaired breaks (Radford,

1986; Yu, Long, Fu, Zhang, & Ni, 2003). Yet, while the p53-mediated pathway is the most

widely recognized mechanism of radiation-induced apoptosis (Ali, Schriml, & Dean, 1999),

the past two decades have yielded a burgeoning crop of the literature, much of which grows

from the work of Richard Kolesnick and colleagues at the Memorial-Sloan Kettering Cancer

Center, that continues to elucidate the p53-independent contributions of sphingolipid

metabolism and signaling to cellular fate upon irradiation.

3.2. Induction of p53-independent apoptosis

The first foray into defining the DNA damage-independent context of sphingolipids in γ-

radiation-induced apoptosis described the rapid, SMase-mediated hydrolysis of

sphingomyelin into ceramide (Haimovitz-Friedman et al., 1994). This process was sensitive

to phorbol ester and coincided with the induction of apoptosis. Moreover, preparations of

nuclei-free cell membrane isolate generated ceramide upon stimulation with ionizing

radiation, thereby demonstrating a functional apoptotic response without the involvement of

DNA damage. While this phenomenon occurs generally, the literature suggests that the

specific SMase isoenzymes driving sphingomyelin metabolism may be cell type specific.

For instance, rapid, radiation-induced NSMase activation is preferred in bovine aortic

endothelial (BAEC; Haimovitz-Friedman et al., 1994), WEHI-231 murine lymphoid

(Chmura, Nodzenski, et al., 1997), and TF-1 human leukemia cells (Bruno et al., 1998),

whereas ASMase activation plays a predominant ceramide-generating role in irradiated

Rat-1 MycER fibroblasts (Zundel & Giaccia, 1998), human B lymphoblastoid cells, and

lung epithelium (Santana et al., 1996). SQ-20B human head and neck squamous carcinoma

cells demonstrated involvement of both NSMase and ASMase in the response to radiation

(Chmura, Nodzenski, et al., 1997).

Experimental support of the SMase-mediated mechanisms came from the genetic ablation of

ASMase in human tissues, immortalized from type I Niemann–Pick Disease patient B

lymphoblastoid cells (Santana et al., 1996), or murine models (Lozano et al., 2001; Santana

et al., 1996). Here, defects in radiation-stimulated ceramide generation and apoptosis were
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shown in each model, which was rescued by ectopic restoration of ASMase expression and

function. Importantly, radiosensitization of cells was also restored by the exogenous

administration of natural ceramides in combination with irradiation, indicating the defect of

apoptosis in these cells was caused not by the dysfunction of a particular SMase isoenzyme,

but results from the general failure of radiation-induced ceramide generation, thereby

fingering ceramide as the obligate molecule necessary for radiation-induced apoptosis.

3.3. DNA damage incites ceramide generation by ceramide synthases

Apart from the ceramide generated via SMase activation, ceramide synthases (CerS) were

implicated in radiation-induced apoptosis via cellular responses to DNA damage. Studies by

the Kolesnick group demonstrated irradiation of BAEC and HeLa cells induced fumonisin-

sensitive ceramide generation and apoptosis (Liao et al., 1999). In the same report, it was

shown that the ataxia telangiectasia-mutated (ATM) gene product regulates the apoptotic

pathway activated by radiation-induced DNA damage (Liao et al., 1999). Epstein Barr Virus

(EBV)-immortalized B-cell lines from six ataxia telangiectasia (AT) patients with different

mutations of the ATM gene exhibited radiation-induced CerS activation, ceramide

generation, and apoptosis, whereas irradiation of three cell lines from normal patients did

not produce these same responses. Ectopic expression of wild-type ATM reversed the

response of the AT patient-derived cells, while antisense targeting of ATM in normal B cells

produced the AT phenotype. These data provided evidence that signals from DNA damage

and ATM can reciprocally regulate the CerS activity and the proclivity to apoptosis upon

radiation exposure.

Vit and Rosselli (2003) integrated the previous evidence into a model of biphasic ceramide

accumulation within the radiation-exposed human lymphoblast cell lines, AHH-1 and

HSC-93, consisting of transitory, DNA damage-independent SMase activity followed by a

lagging, CerS-dependent generation of ceramide. The late phase ceramide accumulation was

found to be dependent upon the early phase ceramide-generating process, but independent of

caspase activity. Ultimately, the late phase generation of ceramide depends on the DNA

damage machinery, supporting earlier results involving the ATM gene, and CerS-mediated

ceramide represents the rate-limiting apoptotic step of radiation-induced cell death. Similar

biphasic patterns of ceramide generation were demonstrated in Jurkat leukemia cells (Ardail

et al., 2009). The dependence of late phase ceramide generation on the earlier phase was

supported by this study which found sphingomyelin-sourced ceramide in plasma membrane

lipid rafts only 15 min postirradiation; a second peak in ceramide 4 h later was evidenced at

the mitochondria via ASMase targeting of this organelle.

3.4. Downstream effectors of radiation-induced ceramide generation

The downstream signaling of ceramide generation upon radiation exposure harkens to well-

characterized responses to other forms of cell stress. The stress-activated protein kinase/c-

jun kinase (JNK) cascade and apoptosis are activated in irradiated BAEC and human

monocytic U937 cells (Verheij et al., 1996). Dominant negative kinases of the JNK cascade

abrogated the apoptotic response to either ionizing radiation or exogenous ceramide

administration. Basic fibroblast growth factor (bFGF) inhibited radiation-induced apoptosis

through JNK activity (Verheij et al., 1996) by activating the diacylglycerol (DAG)-PKC
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pathway (Cairns et al., 1997; Haimovitz-Friedman et al., 1994). Zundel and Giaccia (1998)

demonstrated in Rat-1 Myc-ER cells ASMase-dependent PI3K inhibition via stress- or

ceramide-induced coupling to caveolin which resulted in PI3K inactivation, Akt inhibition,

and diminution of death effector phospho-Bad (Zundel & Giaccia, 1998). In addition, cells

from Niemann–Pick disease patients were deficient in radiation-induced ceramide

generation, PI3K inhibition, and apoptosis.

A definitive study demonstrating the necessity of ceramide biogenesis in radiation-induced

apoptosis was reported in the Caenorhabditis elegans germline, which required

mitochondrial ceramide generation for ultimate execution (Turner et al., 2011).

Investigations of the mitochondrial effectors of cell survival and death on an evolutionary

higher order were first plumbed by a study that, on the one hand, generated CD95 (FAS/

APO-1) resistance in Jurkat T cells, which resulted in cross-resistance to either ionizing

radiation or etoposide, and was resensitized by administration of ceramide analogs (Tepper,

de Vries, van Blitterswijk, & Borst, 1999). On the other hand, the report showed that forced

Bcl-2 overexpression in wild-type Jurkat cells manifested lower levels of ceramide

accumulation upon exposure to etoposide or ionizing radiation. Although other reports

demonstrate that Bcl-2 does not block ceramide generation upon stress (Martin et al., 1995;

Pesche et al., 1998; Susin et al., 1997), this study established ceramide downstream of

radiation and upstream of mitochondrial control of apoptosis execution. In HeLa and BAEC

cells, the engagement of Bax downstream of ceramide was first suggested (Bold, Chandra,

& McConkey, 1999) and later reported (Lee et al., 2011) by the Kolesnick group. This study

showed that radiation-induced fumonisin-sensitive ceramide generation at the mitochondrial

outer membrane forms a platform—termed a mitochondrial ceramide-rich macrodomain—

into which Bax inserts, oligomerizes, and functionalizes mitochondrial outer membrane

permeabilization leading to cytochrome c release.

3.5. Ceramide in γ-irradiation damage in vivo

Ionizing radiation was shown to activate ceramide-mediated endothelial cell apoptosis in

several organs in vivo, including respiratory alveolar septi (Fuks, Alfieri, Haimovitz-

Friedman, Seddon, & Cordon-Cardo, 1995; Santana et al., 1996), intestinal mucosa (Paris et

al., 2001), and central nervous system (Pena, Fuks, & Kolesnick, 2000). Histopathological

analyses seemed to indicate the endothelial damage was focused in the microvasculature,

while larger vessels remained intact. Endothelial apoptosis developed as an early, dose-

dependent event after exposure, peaking at 4–10 h after irradiation. Maximal apoptotic

effects were observed in the intestinal mucosa at 15 Gy, in the lung at 25 Gy, and in the

CNS at 40 Gy (Fuks, Haimovitz-Friedman, & Kolesnick, 1995; Paris et al., 2001; Pena et

al., 2000; Santana et al., 1996). Ceramide kinetics in tissue extracts from the lung

demonstrated that the apoptosis induction was preceded by ceramide elevation which peaked

at twofold of control by 15 min after 10 Gy (Santana et al., 1996). ASMase was indicated as

the obligatory mediator of this response based on the reports of the asmase−/− mice

demonstrating abrogated ceramide generation and apoptosis in the endothelium of the lung

and intestines and brain after whole body radiation (Paris et al., 2001; Pena et al., 2000;

Santana et al., 1996). Interestingly, these animals showed normal, p53-mediated apoptosis in

the thymus, whereas p53−/− mice manifested not only normal ceramide generation and
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apoptosis in the lung and intestines, but also abolition of thymic apoptosis, cementing the

independence of the p53 and sphingomyelin pathways of radiation-induced apoptosis.

Consistent with the in vitro studies above, intravenous administration of bFGF inhibited

both a ceramide generation and an endothelial apoptotic response in the intestines, brain, and

lung of wild-type mice (Haimovitz-Friedman et al., 1997; Paris et al., 2001; Pena et al.,

2000; Santana et al., 1996).

The microvasculature became the focus of radiation-related organ injury because of

evidence from the genetic and pharmacologic studies in intestinal and lung models. These

studies posited the microvascular endothelium, rather than tissue stem cells, as the primary

target for radiation. Whole-body irradiated C57BL/6 mice receiving 10–13 Gy died between

10 and 13 days with an intact gastrointestinal tract and depleted bone marrow, while mice

irradiated with 15 Gy died at 61 days with denuded GI mucosa and moderately damaged

marrow (Paris et al., 2001). TUNEL staining demonstrated apoptosis in the crypt/villus

microvasculature as early as 4-h postirradiation and the risk of death from the GI syndrome

correlated with the severity of endothelial apoptosis. Intravenous bFGF administration

abrogated endothelial apoptosis and prevented radiation-induced crypt damage, organ

failure, and GI death. Inhibition of endothelial apoptosis and protection from GI death were

also found in asmase−/− mice treated with 15 Gy radiation. In situ hybridization showed that

the endothelium, and not epithelial crypt cells, expressed high affinity bFGF receptors,

thereby stratifying the endothelial lesion upstream of crypt stem cell damage in the

manifestation of the radiation-induced GI syndrome. Consistent with this notion, bFGF

administration also protected C3H/HeJ mice from lethal radiation pneumonitis (Fuks,

Alfieri, et al., 1995).

Exquisite sensitivity to ASMase-mediated apoptosis upon irradiation was demonstrated in

the ovary of fertile female mice. Tilly et al. demonstrate a defect in asmase−/− mice of

normal apoptotic deletion of fetal oocytes during embryogenesis, leading to neonatal ovarian

hyperplasia (Morita et al., 2000). The cell autonomy of this defect was confirmed ex vivo in

oocytes from asmase−/− mice, or wild-type oocytes treated with S1P-resisted daunorubicin-

induced apoptosis. Of note, Bax was found to function downstream of ceramide in this

pathway. Irradiation at only 0.1 Gy induced 90% loss of oocytes and infertility in wild-type

female mice, which was abrogated in vivo by administration of S1P. Furthermore, oocytes

superovulated from S1P-pretreated and irradiated animals generated normal blastocysts after

in vitro fertilization, while oocytes from vehicle-treated animals yielded defective

blastocysts, indicating preservation of organ function by S1P.

3.6. Restoration and perturbation of sphingolipid balance in radiotherapeutic enhancement

Armed with an understanding of the ceramide response to ionizing radiation, we have

witnessed a number of pharmacologic interventions in sphingolipid metabolism that produce

predictable functional outcomes to alter the balance between ceramide generation and its

removal, thereby influencing radiation-induced apoptotic signaling and its pathologic

consequences. Chmura, Nodzenski, et al. (1997) selected a population of WEHI-231 cells

after long-term selection with the acid ceramidase inhibitor N-oleoylethanolamine, which
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purportedly selects for ceramide-intolerant cells. The resultant WEHI-231 subline exhibited

resistance to SMase-mediated apoptosis in response to radiation.

Much attention has been paid to prostate cancer radiotherapy, because it is a leading

indication for local solid organ radiation modalities (Nguyen et al., 2011). Kimura, Bowen,

Spiegel, and Gelmann (1999) found that androgen-sensitive human LNCaP prostate cancer

cells produced neither a ceramide nor an apoptotic response to ionizing radiation, but were

apoptotic under the influence of TNF-α (Kimura et al., 1999). However, the combination of

radiation and TNF-α affected synergistically ceramide elevation and apoptosis. Moreover,

substitution of TNF-α with ceramide analogs, at doses that did not induce apoptosis under

singular treatment, yielded synergistic cell killing in combination with radiation. An

alternative approach to target radiation resistance in LNCaP cells was reported by Garzotto

et al. (Facher & Law, 1998; Garzotto et al., 1999). Although most cell types treated with

phorbol ester signal antiapoptotic signals via PKC activation (Cairns et al., 1997;

Haimovitz-Friedman et al., 1994), in LNCaP cells, TPA treatment demonstrated a CerS-

mediated apoptotic response in combination with radiation (Garzotto et al., 1999).

Pretreatment of LNCaP cells with TPA significantly enhanced ceramide generation by CerS

activation, and resulted in a synergistic, fumonisin-sensitive apoptotic response. Orthotopic

transplantation into the prostates of nude mice, recapitulated the responses of LNCaP cell-

derived tumors to combination treatment within 24 h of irradiation. An additional benefit

was noted, in that neighboring rectal tissues were protected by TPA administration, thereby

improving the therapeutic window of radiation therapy in this small animal model.

Norris and colleagues have targeted prostate cancer cells undergoing radiation therapy with

rationally designed ceramide analog inhibitors of acid ceramidase to effect radiation

sensitization and enhanced tumor killing (Mahdy et al., 2009). The strategy is based on the

observation that ionizing radiation stimulates overexpression of the acid ceramidase and

alleviates this choke point of ceramide accumulation by conversion to sphingosine and rapid

phosphorylation to S1P. Rational design of ceramide analogs based on the structures of d-e-

MAPP and B13 has led to development of several lead compounds (Bai et al., 2009;

Bielawska et al., 2008; Szulc et al., 2008) that demonstrate efficacious inhibition of acid

ceramidase activity and enhancement of cancer cell killing either with monotherapeutic

administration (Holman et al., 2008; Samsel et al., 2004; Selzner et al., 1999) of the inhibitor

or in combination with other modalities (Elojeimy et al., 2007; Liu, Elojeimy, et al., 2006;

Norris et al., 2006), including radiation therapy (Mahdy et al., 2009).

Targeting the sphingosine kinases in order to elevate ceramide and sphingosine levels, as

well as shut down S1P production and signaling, is another mechanistic node for

investigation. Cuvillier and colleagues utilized the sphingosine analog, FTY720

(fingolimod), in combination with ionizing radiation on prostate cancer cell lines in vitro

and in vivo (Pchejetski et al., 2010). In prostate cancer cell lines, FTY720 inhibited SK1 and

induced prostate cancer cell apoptosis in a manner independent of S1P receptors. Ionizing

radiation did not affect SK1 activity in prostate cancer cells; yet, synergized with FTY720 to

inhibit SK1. Combination therapy in orthotopic and subcutaneous mouse models

demonstrated marked radiosensitization of the tumors. N,N-dimethyl-D-erythro-sphingosine

also has demonstrable applications as a sphingosine kinase inhibitor that, when combined
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with radiation, produced increased sphingosine accumulation and apoptosis in LNCaP

prostate adenocarcinoma cells (Nava et al., 2000) and Lewis lung carcinoma cells (Park et

al., 2004).

Several studies have shown that PKC modulation affects the apoptotic response to radiation

(Cairns et al., 1997; Haimovitz-Friedman et al., 1994), likely through the blockade of

radiation-induced DAG generation (Bruno et al., 1998; Chmura, Mauceri, et al., 1997;

Okahara, Ikawa, Kanaho, & Maehama, 2004). As mentioned above, PKC activation with

phorbol ester blocked ceramide generation and apoptosis in most cell types tested with

radiation exposure (Bruno et al., 1998; Cairns et al., 1997; Haimovitz-Friedman et al., 1994;

Nakamura et al., 2000; Okahara et al., 2004; Vazquez, Ramaswamy, Nakamura, & Sellers,

2000). Conversely, pharmacologic inhibition of PKC augmented radiation-induced cell

killing (Hallahan et al., 1992). The ceramide-related mechanism by which phorbol ester and

DAG affect apoptosis apparently likely occurs through SMase activation (Nakamura et al.,

2000). As mentioned above, bFGF similarly protected endothelial cells against radiation-

induced apoptosis, in part through activation of PKC and MAPK cascades (Cairns et al.,

1997; Verheij et al., 1996).

Studies by Rodriguez-Lafrasse and colleagues have explored mechanisms of achieving high

levels of ceramide accumulation in order to sensitize a range of cancer cell lines. In a study

of the radioresistant head and neck squamous cell carcinoma line SQ20B versus a

radiosensitive cell line of the same histological type, SCC61, the group found that the

resistant cell line lacked the typical ceramide response to ionizing radiation and was

demonstrably insensitive to SMase-generated ceramide (Alphonse et al., 2002, 2004). The

SQ20B cell line was found to lack ASMase activity and translocation to produce ceramide-

associated membrane rafts (Bionda et al., 2007). Poly-drug pretreatment of SQ20B cells to

bolster the endogenous ceramide levels consisted of: (1) an inhibitor of GCS, DL-PDMP;

(2) an inhibitor of ceramidase, D-MAPP; and (3) an amphiphillic amine that disturbs lipid

turnover in biological membranes, imipramine (Alphonse et al., 2004; Rodriguez-Lafrasse et

al., 2002). This potent cocktail radiosensitized SQ20B to produce clonogenic and apoptotic

cell death upon exposure to 10 Gy ionizing radiation, and demonstrated a threshold of

intracellular ceramide that was necessary for cell death. Polydrug treatment was similarly

effective in Jurkat leukemia cells (Rodriguez-Lafrasse et al., 2002). In addition, attacking

the antioxidant defenses of SQ20B cells with either peroxide or GSH depletion also

triggered ASMase activation and translocation, lipid raft coalescence, and apoptosis

induction (Bionda et al., 2007).

Additionally, untested hypotheses have been posited to drive cancer toward

radiosensitization through interdiction of ceramide-related pathways. Pharmacological and

biochemical studies suggest that investigating compounds capable of interfering with SMase

activity is of potential benefit (Claus, Dorer, Bunck, & Deigner, 2009). Exploitation of a

positive feedback loop between PLA2-mediated arachidonic acid generation and ceramide

and/or ceramide 1-phosphate has also been hypothesized to provide a viable strategy to

mediate ceramide-induced radiosensitivity (Eng, 2003; Huwiler, Johansen, Skarstad, &

Pfeilschifter, 2001; Nakamura, Hirabayashi, Shimizu, & Murayama, 2006; Shimizu et al.,

2009).
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3.7. Swords to ploughshares

As research continues into increasing tumor radiosensitization and improving

radiotherapeutic response, radioprotective strategies have also been developed from our

understanding of sphingolipid metabolism. Interest in protecting normal tissues from

collateral injury during radiation therapy, or, from general radiation contamination,

highlighted by recent interest ignited by radiation concerns after the 2011 Japanese

earthquake (Bhattacharjee, 2011), has led to investigation of sphingolipid interdiction as

well. Richard Kolesnick is leading development of a humanized monoclonal anticeramide

antibody, 2A2, for efficacious protection against radiation injury, particularly GI syndrome

(Bhattacharjee, 2011). Interference of the acute response to IR via sphingomyelin was

investigated with the administration of sphingomyelin synthase inhibitor tricyclodecan-9-yl-

xanthogenate (D609), which caused diminution of ionizing radiation (IR)-induced (1)

production of reactive oxygen species, (2) decrease in intracellular reduced glutathione, (3)

oxidative damage to proteins and lipids, and (4) activation of nuclear factor-kappaB (Davies,

Jans, & Wagstaff, 2010). S1P analogs, such as FTY720, (S)-FTY720-phosphonate (fTyS),

and SEW-2871, have recently shown efficacy in attenuating radiation-induced lung injury in

a murine models (Mathew et al., 2011). At the step of S1P metabolism, oral administration

of an S1P Lyase (SPL) inhibitor to mice prolonged their survival after exposure to a lethal

dose of total body IR (Kumar et al., 2011). Successful induction of sphingolipid-modulated

radioprotection combined with precise delivery to noncancerous tissues present a feasible,

alternative strategy to improving the therapeutic window for radiation therapy of solid

tumors.

4. SPHINGOLIPIDS AND TARGETED ANTICANCER AGENTS

The discovery of the first human oncogene, Ras, in 1982 by Weinberg and colleagues

brought on boundless energy and enthusiasm for the concept of cancer therapies that target

cancer-driving signaling pathways specifically rather than relying on cytotoxic

chemotherapies, whose tumor specificity was centered around rapidity of cell division

(Hanahan & Weinberg, 2000). Since then, myriad oncogenes have been discovered and, in

turn, inhibited with high hopes for transforming cancer therapy. Major classes of targeted

therapies now approved for cancer include TKIs, histone deacetylase inhibitors (HDACIs),

and mAbs. These therapies certainly have improved therapeutic outcome for many cancer

patients. Disappointingly, however, targeted therapies infrequently cure patients, as

development of resistance is nearly universal. Interestingly, as with cytotoxic chemotherapy

and radiotherapy, study of the mechanisms of cell death and resistance to targeted therapies

has again implicated sphingolipid metabolism as integral to both favorable outcomes and

development of resistance. In this section, we will review the literature on sphingolipid

metabolism in response to newer targeted therapies, both in terms of eliciting favorable

treatment responses and the development of resistance.

4.1. Tyrosine kinase inhibitors

TKIs are a class of anticancer drugs that function by inhibiting many signal transducing

protein kinases. The classic TKI is imatinib, which targets the bcr–abl fusion kinase that

drives chronic myelogenous leukemia (CML). Constitutive bcr–abl signaling activates well-
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characterized oncogenic pathways including Ras/ERK, Jak Stat, PI3K, and c-MYC. The

development of imatinib to target the bcr–abl tyrosine kinase by competitive interference at

the ATP-binding pocket has been one of the great advancements of cancer therapy.

Interestingly, sphingolipid metabolism has been found to be a key element in imatinib

effectiveness and resistance against CML. Treatment of CML cells with imatinib caused an

accumulation of ceramide in imatinib-sensitive cells, but not in cells that had been cultured

to become imatinib resistant (Baran et al., 2007). Ceramide generation was found to occur

through CerS1, increasing primarily C18 ceramide and inducing apoptosis. Analysis of gene

expression in imatinib-resistant cells led to the discovery that resistant cells had elevated

SK1 and S1P. Targeting SK1 restored imatinib sensitivity, whereas SK1 overexpression

conferred resistance, demonstrating a clear role for SK1 in imatinib resistance in CML. The

same group later showed that imatinib-resistant cells also have elevated GCS activity, and

that ceramide accumulation and therapeutic response could be augmented by treatment with

the GCS inhibitor PDMP (Baran et al., 2011). Multiple groups have reported similarly that

imatinib resistance is mediated by SK1 (Bonhoure et al., 2008; Marfe et al., 2011) and GCS

(Huang et al., 2011). Second generation TKIs used in imatinib-resistant CML have also been

investigated with regards to sphingolipid signaling. Gencer, Ural, Avcu, and Baran (2011)

showed that dasatinib cell killing was due to increased ceramide generation through CerS1

and downregulation of SK1. Similar results were observed by the same group with nilotinib

(Camgoz, Gencer, Ural, Avcu, & Baran, 2011), suggesting that ceramide is indeed a critical

mediator of TKI-induced treatment of CML.

Sphingolipid manipulation may be further important in combination with TKIs during CML

blast crisis. It has been found that during blast crisis, PP2A, which performs many of the

apoptotic signaling functions induced by ceramide accumulation, is functionally inactive due

to CML-driven expression of the PP2A inhibitor SET (Neviani et al., 2005). FTY720, an

S1P analog that induces S1P receptor downregulation and is an approved therapy for the

treatment of relapsing multiple sclerosis and with preclinical data supporting its potential

use as an antineoplastic agent (Wallington-Beddoe, Hewson, Bradstock, & Bendall, 2011),

can lead to the reactivation of PP2A (Perrotti & Neviani, 2008). Additional work has shown

that the mechanism of SK1 and S1P in conferring TKI resistance in CML is through

inhibition of PP2A (Salas et al., 2011). These studies implicate that targeting PP2A stability

and activation, perhaps with the clinical agent FTY720 or with a novel clinical approach to

elevating cancer cell ceramide, are worthy of further study in the treatment of CML.

In addition to the large body of work examining sphingolipids as key in CML resistance to

TKIs, ceramide generation has been shown to occur downstream of multiple other TKIs.

Gefitinib inhibits EGFR by competing at the ATP-binding site of the EGFR tyrosine kinase

domain (Albitar et al., 2010). Gefitinib combination therapy with tamoxifen and etoposide

(Mimeault, Venkatraman, et al., 2007) or gefitinib with cyclopamine and doxetaxel

(Mimeault, Johansson, et al., 2007) in metastatic prostate cancer cells enhanced apoptotic

cell death in part through ceramide accumulation. Sorafenib, a multikinase inhibitor with

antiVEGF, -PDGF, and -Raf effects was shown to be effective in combination with the SK2

inhibitor ABC294640 in hepatocellular carcinoma by antagonizing ERK signaling

(Beljanski, Knaak, Zhuang, & Smith, 2011). Sunitinib, a VEGFR/PDGFR kinase inhibitor

approved for the treatment of renal cell carcinoma and gastrointestinal tumors, in
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combination with FTY720, was shown to potentiate the sunitinib response in breast cancer

models, with the combination therapy decreasing tumor growth compared to single agent

controls (Mousseau et al., 2011). This effect is perhaps due to further suppression of PDGFR

by FTY720, as S1P receptor 3 crosstalks with PDGFR (Brunati et al., 2008). The FTY720-

mediated enhancement in TKI cell killing may be able to be more broadly applied to the

other TKIs, and further evaluation of mechanisms of resistance to TKIs may uncover

conservation of ceramide metabolism as an approach to potentiating therapy.

4.2. Histone deacetylase inhibitors

HDACIs are a class of newly developed antineoplastic agents that inhibit histone

deacetylases and thereby modulate gene expression by affecting the relative accessibility of

targeted regions of DNA to transcription machinery (Imanishi et al., 2002). HDACIs have

been heavily investigated in the treatment of cancer. Vorinostat is clinically approved for the

treatment of T-cell lymphomas, and many other agents are in clinical trials. Interestingly,

links have been found between chemotherapy with HDACIs and sphingolipids. In vitro

HDACI treatment with MS-275 enhanced leukemia cell killing with fludarabine, with a

large increase in ceramide over single agent treatment (Maggio et al., 2004). Delivery of

exogenous cell permeable C6 ceramide and the HDACI trichostatin A synergistically

enhanced cell death and decreased tumor proliferation in vivo and in vitro in ovarian and

pancreatic models (Zhu et al., 2011). Interestingly, trichostatin A itself elicited ceramide

generation that failed to result in apoptosis due to rapid glycosylation. Treatment with

PDMP, the GCS inhibitor, markedly increased trichostatin A-induced ceramide

accumulation and potentiated cell death. In another study which combined vorinistat with

the Akt inhibitor Perifosine, it was shown that efficacy of the combination in human

leukemia cells was dependent on ASMase-generated ceramide, as inhibition of this enzyme

prevented ceramide accumulation and downstream reactive oxygen species generation and

cell death (Rahmani et al., 2005).

Combination regimens with TKIs and HDACIs have also been evaluated. Low dose

sorafenib and vorinostat treatment enhanced cell killing and inhibited tumor growth in vivo

in renal cell carcinoma, hepatocellular carcinoma, and pancreatic adenocarcinomas (Park et

al., 2010, 2008; Walker et al., 2009). Sorafenib and vorinostat cotreatment was initially

found to activate CD95, an effect that was found to be the result of ceramide generation

through ASMase and de novo ceramide synthesis. Interestingly, it appears that LASS6, the

gene for CerS6, was hyperacetylated with vorinostat treatment, suggesting a mechanism by

which ceramide and dihydroceramide were generated in the combination therapy. Inhibition

of ASMase and de novo ceramide generation reduced the reduced ROS production,

intracellular calcium accumulation, and synergistic cell death. This combination is currently

being evaluated in a Phase I clinical trial for renal cell carcinoma and non-small cell

carcinoma.

4.3. Monoclonal antibodies

mAbs are a mechanism to target and neutralize specific cellular antigens. These therapies

are advantageous in that they allow very specific targeting of proteins or molecules, and thus

can be tumor specific. An excellent example is trastuzumab which inhibits the her2/neu
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translocation kinase that drives many breast cancers. While relatively little is known about

sphingolipid metabolism in response to treatment with approved mAbs, it is worth noting

that rituximab, an antiCD20 mAb used to treat B-cell dyscrasias, results in a rapid and

transient increase in ceramide associated with ASMase activation and colocalization with

the CD20 receptor (Bezombes et al., 2002). Additional work conducted using milatuzumab,

an antiCD74 mAb in Phase I/II clinical trials, demonstrated synergistic killing with FTY720

in mantle cell lymphoma (Alinari, Mahoney, et al., 2011; Alinari, Yu, et al., 2011). These

studies uncovered an interesting mechanism through which FTY720 disrupted autophagy

resulting in cell death through leakage of lysosomal hydrolases into the cytoplasm.

Disruption of autophagy led to an accumulation of CD74, which is normally recycled in the

lysosome, thus mechanistically explaining potentiation of milatuzumab effectiveness by

FTY720.

Targeted therapies are likely to play a large role in the future of cancer therapy as techniques

to identify specific molecular alterations that drive patient-specific malignancies improve.

The oncogene era has defined hundreds of potential targets for cancer therapy, so the task

remains to develop methods to attack those targets as well as to predict and respond to

mechanism of resistance. The potential for interdiction of sphingolipid metabolism to be

useful in the treatment of cancer extends beyond cytotoxic chemotherapy and radiation into

the new age of targeted therapies. Preclinical evidence shows that these therapies frequently

upregulate ceramide generation and that resistance often occurs through ceramide

consumption. Development of clinical agents that inhibit sphingosine kinases, ceramidases,

GCS, and perhaps other ceramide consumers holds promise in the potentiation of targeted

cancer therapy.

5. CONCLUDING REMARKS

Decades of study have shown that ceramide is a critical mediator of apoptosis in response to

standard cancer therapies including radiation, chemotherapy, and emerging targeted

inhibitors. As we have delineated in this review, it is critical that the mechanisms that result

in its accumulation of ceramide remain intact for fully efficacious therapy, as altered

metabolism of sphingolipids can cause treatment resistance and result in poor therapeutic

outcomes. Interdiction of sphingolipid metabolism represents a unique opportunity to

sensitize cancers to standard therapy for several reasons:

1. Consumption of ceramide and generation of S1P are mechanisms of resistance to

diverse therapies. We have outlined generation of ceramide as a critical part of

therapy-induced cell death in response to cytotoxic chemotherapies, radiation

therapy, and newer targeted therapies. This confirms a conserved role for

sphingolipids in apoptosis.

2. Ceramide induces apoptosis through redundant mechanism. Ceramides mediates

apoptosis through effectors upstream of multiple Bcl-2 family members, Akt, Myc,

SR proteins, Rb, PKC, and JNK, among others. Therefore, in contrast to therapies

that signal specifically at distal points in cell death cascades, ceramides have the

potential to be effective even in cells with multiple apoptosis signaling defects by

affecting intact pathways.
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3. Multiple sphingolipid metabolizing enzymes have been identified as mechanisms

of resistance to cancer therapy. Inhibition of acid ceramidase, sphingosine kinases,

and GCS is well supported as means of sensitizing cancer cells to standard

treatment.

The challenge is to develop feasible ways to inhibit these enzymes in patients. Clinically

tested agents that target sphingolipid metabolism are few. As discussed above, there is an

SK2 inhibitor in clinical trials, and multiple groups are actively searching for clinically

relevant inhibitors of ceramidase (Draper et al., 2011), sphingosine kinases (French et al.,

2003), and GCS (Nietupski et al., 2012). Successful development of these therapies is an

exciting prospect for the future of cancer therapy. With decades of study justifying

cotargeting sphingolipid metabolism with standard therapies, the time has come to test these

ideas in human disease.
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Figure 1.1.
Ceramide in apoptosis. Several direct targets of ceramide have been identified, including

Cathepsin D and the serine/threonine protein phosphatases PP1 and PP2A. These

phosphatases act on several substrates such as the retinoblastoma gene product Rb, Bcl-2,

PKC, Akt, and SR proteins. Increasingly, these pathways seem to be compartmentalized. In

particular, Cathepsin D is activated by ceramide generated in lysosome membranes leading

to activation of the proapoptotic protein Bid. Mitochondrial membrane potential can also be

altered by these pathways, probably through disparate signal cascades affecting various
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Bcl-2 family members. Apoptosis induction through JNK activation is mediated by

ceramide-dependent signaling by MKK4. These downstream effects can lead to changes in

growth arrest, senescence, and apoptosis.
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Figure 1.2.
Basic sphingolipid metabolism and nodes of interdiction: Ceramide is generated by (1) de

novo biosynthesis, a multistep process which is initiated by condensation of serine and

palmitoyl CoA; (2) metabolism of existing complex sphingolipids such as glucosylceramide

and sphingomyelin; and (3) salvage of free sphingosine by N-acylation by ceramide

synthases. Enzymes that catalyze steps that reduce cellular ceramide and have been

investigated as potential nodes of interdiction of ceramide metabolism to improve clinical

response to standard therapies are boxed in red and will be further discussed. Note that other

sphingolipids and sphingolipid metabolizing enzymes, such as ceramide-1-phosphate and

ceramide kinase, are not further discussed in this chapter and are not included in this

diagram. A complete review of sphingolipid metabolism is referenced (Gault, Obeid, &

Hannun, 2010).
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Table 1.1

Summary of the literature demonstrating alterations in sphingolipid-metabolizing enzymes in primary human

cancer tissues

Sphiningolipid
enzymes

Expression
incancer Cancer model Reference

Glucosylceramide synthase (GCS) Elevated Bladder, breast Liu et al. (2011) and Sun et al. (2010)

Acid ceramidase Elevated Head and neck, prostate, T-
cell large granular
lymphocyte (LGL)
leukemia

Elojeimy et al. (2007), Norris et al. (2006), and
Shah et al. (2008)

Sphingomyelinase Decreased (Alkaline) Colon, liver Di Marzio et al. (2005) and Hertervig, Nilsson,
Nyberg, and Duan (1997)

Sphingosine kinases Elevated Breast, astrocytomas, head
and neck, prostate, thyroid,
gastric

Erez-Roman, Pienik, and Futerman (2010), Guan
et al. (2011), Li et al. (2008, 2009), Malavaud et
al. (2010), and Shirai et al. (2011)

Ceramide synthases Elevated (Cer2/4/6) Breast Erez-Roman et al. (2010) and Schiffmann et al.
(2009)

Ceramide kinase Elevated Breast, non-small cell lung Kossenkov et al. (2011) and Ruckhäberle et al.
(2009)

S1P lyase Decreased Colon Oskouian et al. (2006)

S1P phosphatase Decreased Colon Oskouian et al. (2006)
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