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Cover:: Et-18-OCH3( an anticancer alkyl-lysophospholipid (ALP), induces internalization of the epidermal 

growthh factor receptor (EGFR) in A431 cells. After stimulation for 3 min with 500 nM Et-18-OCH3l A431 

cellss were fixed, immunostained for EGFR (red) or caveolin-1 (geen) and visualized by confocal 

microscopy.. See chapter 4. 
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Chapte rr  1 

Generall  introductio n 

Partss of this chapter have been published: 

Thee rote of the stress-activated protein kinase (SAPK/JNK) signaling pathway in radiation-induced 

apoptosis.. M. Verheij, G.A. Ruiter, S.F. Zerp, W.J. van Blitterswijk, Z. Fuks, A. Haimovitz-Friedman, H. 

Bartelink.. Radiother. Oncol. 47: 225-232 (1998) 





GeneralGeneral Introduction 

Genera ll  Introductio n 

Alkyl-lysophospholipidsAlkyl-lysophospholipids  as antitumor  agents 

Byy definition, the morphological and functional integrity of cellular membranes is an absolute 

requirementt for cell survival and homeostasis. In this respect, biological membranes have been 

suggestedd as targets for anti-neoplastic agents. Several phospholipid analogues have been synthesized 

overr the past 2 decades and screened for antitumor activity. Synthetic ether-linked lysophospholipid 

analogues,, or alkyl-lysophospholipids (ALPs), were found to exert antitumor effects both in vitro and in 

vivovivo against a broad spectrum of tumor cell types1"7. The prototype of these compounds is 1-0-

octadecyl-2-0-methylglycero-3-phosphocholinee (Et-18-OCH3; Edelfosine), which is structurally related to 

thee bioactive phospholipid platelet activating factor (PAF), having a glycerol backbone with an ether-

linkedd long alkyl-chain at position sn-1 and an ether-linked methyl group at position $n-2 (Fig. 1A). Later 

itt was found that the glycerol moiety is not an essential structural element for the antitumor activity and 

thatt alkylphosphocholines, such as hexadecylphosphocholine (HePC; Miltefosine), have similar if not 

betterr potencies (Fig. 1B)8. In the HePC analogue octadecyl-(1,1-dimethyl-4-piperidynio-4-yl)-phosphate 

(Zentariss compound D-21266; Perifosine), the choline head group has been substituted by a piperidine 

moietyy (Fig. 1C). 

Thee clinical applications of ALPs are diverse. Promising results have been obtained in clinical 

trialss with Miltefosine in the treatment of patients with skin metastases of breast cancer9,10 and cutaneous 

lymphomas11.. In our Institute a phase II study was performed determining the efficacy and tolerability of 

topicallyy applied Miltefosine in 33 patients with cutaneous metastases from breast cancer. During 8 

weeks,, these patients were treated with a 6% Miltefosine solution applied once daily in the first week and 

twicee daily in the following weeks. The overall response rate of was 43% for 30 evaluable patients, 

comprisingg 23% complete response and 20% partial response10. 

11 1 
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Fig.. 1 Chemical structures of ALPs. A EH8-OCH3, Edelfosine; B: HePC, Miltefosine; C: D-21266, Perifosine 

Thee observation that ALPs preferentially induced apoptosis in blasts from bone marrow of 

leukemicc patients rather than normal bone-marrow progenitors suggested that these compounds could 

alsoo be used as bone-marrow purging agents1213. Indeed, Edelfosine proved to be very successfull in 

selectivelyy purging leukemic cells from the bone marrow for autologous bone marrow transplantation14,15. 

Anotherr example of the clinical application of ALPs is the oral administration of Miltefosine, which was 

shownn to be an effective therapy for visceral leishmaniasis, a systemic infection with the protozoa 

LeishmaniaLeishmania donovanP5. In these studies, Miltefosine induces an increase in white-blood-cell and platelet 

countss in patients16. Although the exact mechanism of action is still unclear, Miltefosine can induce or 

enhancee secretion of tumor necrosis factor, NO and reactive oxygen intermediates by T-cells and 

macrophage-likee cells17"20. These molecules act to kill intracellular Leishmania donovanF22. 

CytotoxicCytotoxic  effects  of  alkyl-lysophospholipids 

ALPss have been studied as antitumor agents for more than 20 years. Initially, the inhibition of 

tumorr growth by these class of compounds has mainly been interpreted as being mediated by 

12 2 



GeneralGeneral Introduction 

tumoricidall activity of cytotoxic macrophages2324, induction of tumor cell differentiation25 and by the 

inhibitionn of neoplastic cell invasion in normal tissue2626"28. ALPs have recently regained new interest 

whenn it was found that these compounds induced apoptosis (programmed cell death) in a variety of 

humann tumor cell lines and in primary tumor cell cultures from cancer patients7 29"32. This apoptotic effect 

mostt likely contributes to the previously reported cytotoxic effects exerted by ALPs7,30 33. A very attractive 

propertyy of ALPs is that they appear to induce apoptosis preferentially in tumor cells, causing minimal 

toxicityy in non-malignant cells30-3234. Another aspect that makes ALPs clinically interesting is that they 

havee synergistic cytotoxic effects in vitro in combination with other anticancer treatments like 

radiotherapyy and chemotherapeutic drugs35"37. 

Althoughh the mechanism of the cytotoxic action of ALPs has not yet been fully established, it is 

knownn for some time that ALPs interfere with the biosynthesis and turnover of phospholipids, processes 

essentiall for cell survival38,39. ALPs also inhibit phospholipase C (PLC) and consequent inositol 1,4,5-

triphosphatee (IP3) formation and protein kinase C (PKC) activition40. In addition, it was shown that HePC 

inhibitss phospholipase D (PLD) activity 41. Because increased activities of phospholipases and PKC 

(co)activatee the MAPK/ERK pathway42, inhibition of these activities most likely contributes to inhibition of 

mitogenicc signaling43. As will be discussed below, the inhibition of the MAPK/ERK pathway could also 

playy a role in the induction of apoptosis by ALPs. 

Anotherr important effect that contributes to apoptosis induction is the inhibition of de novo 

phosphatidylcholinee (PC) biosynthesis by ALPs39. PC is the major structural element of biological 

membraness and the precursor of another important membrane phospholipid, sphingomyelin and the 

secondd messengers diacylglycerol (DAG) and phosphatidic acid (PA)44. Unrestrained PC synthesis is 

essentiall for membrane vesicular traffic, which contributes to cell signaling45. It was shown that a genetic 

defectt in PC biosynthesis induced apoptosis in CHO cells46. In addition, depletion of choline from the 

culturee medium resulted in apoptosis in PC12 cells and in primary neural cultures47,48. 

CTP:phosphocholinee citidylyltransferase (CT) catalyzes the conversion of phosphocholine into CDP-

cholinee and is the rate-limiting enzyme in the PC biosynthetic pathway. The final step in this pathway is 

thee condensation of CDP-choline with diacylglycerol, resulting in the formation of PC4950. ALPs inhibit 

thiss pathway at the CT-step5152, which may abrogate vesicular traffic. 

13 3 
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Ourr group has previously shown that ALPs, such as Et-18-OCH3, are readily taken up by cells 

andd accumulate in cellular membranes due to their resistance to cellular lipases53. Under non-toxic 

conditions,, Et-18-OCH3, was found to incorporate in various tumor cell lines to varying extents, affecting 

membranee fluidity and inhibiting tumor cell invasiveness in embryonic chicken heart fragments53. More 

recently,, our group showed that ALPs concentrate in cholesterol- and sphingomyelin-enriched 

membranee micro-domains, known as lipid rafts (reviewed by Simons and Toomre54), and are 

endocytosedd via these rafts52. It was found that this raft-dependent internalization of ALPs is important 

forr the apoptosis induction. 

14 4 



GeneralGeneral Introduction 

ApoptosisApoptosis  signaling 

Althoughh it is generally known that all mammalian cells constitutively express the biochemical 

apparatuss to execute apoptosis, it is often not clear which intracellular signal transduction pathway(s) are 

involved,, nor to which extent different stimuli of apoptosis employ these pathways. Recent studies have 

providedd important insights into the molecular mechanisms that control the execution phase of 

apoptosis.. The final common pathway in the apoptotic machinery involves activation of a cascade of a 

familyy of aspartate-specific cysteine proteases, known as caspases, which are involved in the initiation 

andd amplification of the cell death machinery55,56. Each caspase is synthesized as an inactive zymogen 

whichh is converted by proteolytic cleavage into an active enzyme. The caspase family has been divided 

intoo initiator caspases (e.g. caspases-8 and -10) that can activate downstream effector caspases (e.g. 

caspases-3,, -7, and -6), which are responsible for the cleavage of critical cellular substrates, including 

poly(ADP-ribose)) polymerase and lamins, leading to the execution of apoptosis57'59. 

Thee initiator caspases can be directly activated via the ligation of specialized cell-surface 

receptorss from the tumor necrosis factor (TNF) family, known as death receptors, such as CD95 (APO-

1/Fas)) (extrinsic pathway), or via the release of cytochrome c (Cyt c) from mitochondria (intrinsic 

pathway)60-62.. A cross-talk between both pathways exists via the Bcl-2 family member Bid: upon ligation 

off death receptors, caspase-8 or -10 is activated resulting in the activation of effector caspases and 

cleavagee of Bid. A carboxy-terminal fragment of Bid (tBid) translocates to the mitochondria and 

stimulatess the release of Cyt c63M. Cyt c acts as a co-factor in the formation of a complex between the 

scaffoldd protein Apaf-1 and caspase-9 (the "apoptosome"), resulting in the activation of caspase-9 and 

downstreamm effector caspases65,66 

Differentt mechanisms have been proposed to explain how ALPs couple to the caspase network. 

Onee group demonstrated in human T lymphoma Jurkat cells that liposomal Et-18-OCH3 induces caspase 

activationn through the release of Cyt c, independently of the CD95 receptor67, while another group 

showedd in murine fibroblasts that Et-18-OCH3 only induced apoptosis in cells that were stably 

transfectedd with CD95 cDNA68. In the latter study it was demonstrated that Et-18-OCH3 induced 

clusteringg and capping of CD95. These different findings might be explained by the specific cellular 

context. . 

15 5 
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SignalingSignaling  through  Mitogen  Activated  Protein  Kinases 

Givenn the fact that anticancer treatments results in cellular stress, it was suggested that this plays 

aa key role in the apoptosis induction by anticancer regimens. The mammalian response to stress is 

complex,, involving multiple signaling pathways that act in concert to determine the cellular fate. Mitogen-

activatedd protein kinase (MAPK) cascades are important signaling pathways that transduce various 

extracellularr signals to intracellular events69"71. 

Inn mammals, signal transduction through MAPKs consists, as it is known today, of three highly 

homologouss yet distinct cascades72. One is strongly activated by mitogens and growth factors and 

resultss in the activation of the extracellular signal-regulated kinase family of MAPK (MAPK/ERK), 

mediatingg mitogenesis and differentiation. The other two cascade is mainly activated by inflammatory 

cytokiness (such as TNFa and interleukin-1 (IL-1)) and by cellular stress (UV, heat shock, 

osmotic/oxidativee stress and protein synthesis inhibition) and leads to activation of a stress-activated 

proteinn kinase, also known as c-Jun N-terminal kinase (SAPK/JNK), and p38, mediating stress 

responses73"76.. Generally, agonists that stimulate the MAPK/ERK cascade weakly activate SAPK/JNK 

andd conversely, potent activators of the SAPK/JNK cascade are poor activators of the MAPK/ERK 

cascade74. . 

Eachh cascade consists of 3 enzymes that are sequential activated: a MAPK kinase kinase 

(MAPKKK),, MAPK kinase (MAPKK), and a MAP kinase (MAPK). The MAPK/ERKs can be distinguished 

fromm SAPK/JNK and p38 by their downstream targets as well as by their upstream activators (Fig. 2). 

Thee ERKs are phosphorylated on threonine and tyrosine residues within the sequence Thr-Glu-Tyr, 

whereass the corresponding sequences for SAPK/JNK and p38 are Thr-Pro-Tyr and Thr-Gly-Tyr, 

respectively77.. ERK1 and ERK2 are phosphorylated by MAPK/ERK kinase (MEK)1 and MEK2, which in 

turnn are phosphorylated by Raf-1. SAPK/JNK is phosphorylated on Thr and Tyr by MAPK kinase (MKK4) 

(alsoo known as SEK1; SAPK/ERK kinase 1)78 and MKK779. Three different MKK4 and six different MKK7 

isoforms,, which are biochemically distinct and differentially activated by upstream MAPKKK, have been 

described79.. While both MKK4 and MKK7 can activate JNK, only MKK4 can also activate p38. Whether 

MKK44 is a physiologically relevant activator of p38 is not clear, because p38 is also phosphorylated by 

MKK3777 and MKK680. The MAPKKs have been reported to be activated by several MAPKKKs, including 

16 6 
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memberss of the MEKKK group (MEKK1 through 4), the mixed-lineage protein kinase group (MLK1, 

MLK2,, MLK3, DLK, and LZK), and the ASK group (ASK1 and ASK2) (reviewed by Davis81). Although it 

wass demonstrated that these MAPKKKs could phosphorylate and activate different MAPKKs in vitro, 

theirr physiological role is not completely established. By performing gene disruption studies, significant 

progresss has been made towards understanding the function of the MEKK group of MAPKKK in 

SAPK/JNKK signaling. Early work demonstrated that MKK4, MKK3 and MKK6 are phosphorylated by 

MEKK76822 and later studies in Mekkl^ cells established a critical role for MEKK1 in SAPK/JNK 

signaling83,84. . 

Ras,, which lies upstream of Raf-1, is essential in the activation of MAPK/ERK. Although Ras may 

interactt with the SAPK/JNK cascade through the activation of MEKK1758285, SAPK/JNK activation occurs 

inn a predominantly Ras-independent fashion7475. Dominant-negative mutants of Ras were found to 

efficientlyy prevent MAPK/ERK activation by EGF, without an effect on SAPK/JNK activation by TNFa and 

anisomycin86.. Activation of the SAPK/JNK cascade upstream of MEKK1 may occur through members of 

thee Rho subfamily of small GTP-binding proteins involved in cytoskeletal reorganization and 

transcriptionall activation. It was demonstrated that constitutively activated Rac and Cdc42Hs, but not 

RhoA,, activate SAPK/JNK and p38 without affecting MAPK/ERK86"89. In addition, activation of SAPK/JNK 

byy Rac1 and Cdc42Hs resulted in increased c-Jun transcriptional activity88. Expression of dominant-

negativee mutants of Rac1 or Cdc42Hs blocked SAPK/JNK and p38 activation by cytokines and growth 

factors86,8890.. Furthermore, kinase-inactive mutants of SEK1 or MEKK1, acting upstream of SAPK/JNK, 

abolishedd Rac1 activation of SAPK/JNK88. Rac1 and Cdc42Hs, but not RhoA, were shown to bind and 

activatee a serine/threonine protein kinase, termed p21-activated kinase 1 (PAK1), which is related to the 

yeastt protein Ste20p91'93. PAK in turn stimulates SAPK/JNK and p38, but not MAPK/ERK activity8790, 

placingg PAK1 between Rac1/Cdc42Hs and MEKK1. In addition, numerous studies have demonstrated 

thatt other Ste20-related protein kinases, also activate the SAPK/JNK and p38 pathways94"97. 

Oncee activated, SAPK/JNK binds to the amino-terminal transactivation domain of the 

transcriptionn factor c-Jun, where it phosphorylates Ser-63 and Ser-73, thereby increasing AP-1-

dependentt gene expression7698. In addition, SAPK/JNK (and p38) phosphorylate the transcription factor 

ATF299andELK-1100. . 

17 7 



ChapterChapter 1 

RoleRole  of  SAPK/JNK  in  radiation-  and stress-induced  apoptosis 

Severall lines of evidence support the concept that the SAPK/JNK pathway is involved in 

signalingg apoptosis. First, the kinetics and magnitude of SAPK/JNK activation demonstrate a close 

correlationn with the induction of apoptotic nuclear changes101"103. Cells that are susceptible to the lethal 

effectss of radiation for example, display efficient SAPK/JNK activation, whereas resistant cells fail to 

activatee SAPK/JNK102. Furthermore, there is extensive evidence for a role of c-Jun in apoptosis 

(reviewedd by Bossy-Wetzel et al.104). 

MAPKKK MAPKKK 
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\ \ 
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Fig.. 2. Schematical diagram of the MAPK/ERK, p38 and SAPK/JNK signalling pathways. The MAPK/ERK cascade acts 

downstreamm of mitogens to induce cell proliferation and differentiation, whereas the p38 and SAPK/JNK pathways are activated 

byy cellular stress and induce cell death by apoptosis. Dashed lines represent hypothetical pathways (see text for details). 

InIn vivo studies have demonstrated that programmed cell death, naturally occurring in the 

developingg brain, or after irradiation, is associated with selective c-Jun expression105. More direct and 

convincingg evidence is provided by studies using dominant-interfering proteins of the SAPK/JNK 

signalingg pathway. Ham ef al. showed that in sympathetic neurons expression of a c-Jun dominant-

negativee mutant protected against apoptosis after nerve growth factor (NGF) withdrawal106. In addition, 
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overexpressionn of c-Jun protein was sufficient to induce apoptosis in these cells. Similar results were 

foundd by Xia ef a/.107 who demonstrated that in PC-12 pheochromocytoma cells dominant-negative 

mutantss of SEK1 and c-Jun blocked apoptosis induced by constitutively active MEKK1 or by NGF 

deprivation.. Using a similar approach, the SAPK/JNK pathway was found to be involved in mediating cell 

deathh following exposure to other stress factors, including cis-platinum, UV and ionizing irradiation, heat 

shock,, oxidative stress, CD95, TNFa and disruption of cell-matrix interaction108"111. 

Multiplee mechanisms by which SAPK/JNK-induced c-Jun activation mediates apoptosis are 

suggested.. Among the pro-apoptotic targets of c-Jun are the promoters of CD95-L and TNFa. Several 

reportss exist showing that expression of these death-inducing ligands is activated by the sequential 

signalingg of SAPK/JNK and c-Jun following cellular stress-induced apoptosis112"115. Another downstream 

targett of SAPK/JNK activity is p53. Depending on the cellular context, SAPK/JNK either destabilizes p53 

byy binding, promoting ubiquitin-mediated degradation, or stabilizes p53 by phosphorylation, thereby 

inhibitingg ubiquitin-mediated degradation116117. In addition, SAPK/JNK may be involved in regulating 

transcriptionn of the p53 gene because c-Jun can repress the p53 promoter118. Thus, SAPK/JNK may be 

importantt for controlling p53 levels by regulating its half-life. SAPK/JNK can also interact with c-Myc by 

phosphorylatingg its residues Ser62 and Thr71119. Moreover, it was shown that SAPK/JNK stimulates the 

transactivationn activity of c-Myc120. 

Otherr studies indicate that SAPK/JNK is a direct activator of the mitochondrial apoptosis 

machinery121122.. It was shown that exposure to ionizing radiation induced translocation of SAPK/JNK to 

mitochondriaa and that SAPK/JNK can interact with the anti-apoptotic Bcl-xL protein. SAPK 

phosphorylatedd Bcl-x(L) on threonine 47 (Thr-47) and threonine 115 (Thr-115) both in vitro and in vivo. A 

mutantt Bcl-xL with the two threonines substituted by alanines (Ala-47, Ala-115) was a potent inhibitor of 

ionizingg radiation-induced apoptosis, leading to the conclusion that translocation of SAPK/JNK to 

mitochondriaa is functionally important for interactions with Bcl-xL in the apoptotic response to ionizing 

radiation122.. In addition, active SAPK/JNK caused the release of cytochrome c from isolated 

mitochondriaa in a cell-free assay121. Thus, SAPK/JNK may induce apoptosis by transcription-dependent 

signalingg (leading to secretion of death ligands), or by transcription-independent signaling (leading to 

19 9 
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cytochromee c release from mitochondria). It is possible that these mechanism act in concert to induce 

apoptosis. . 

Thee simple activation of the SAPK/JNK pathway may not always be sufficient to induce 

apoptosis,, because for example, TNFa induces a significant SAPK/JNK activity but does not invariably 

inducee apoptosis123. The concomitant inactivation of survival signals may be a prerequisite for 

SAPK/JNKK to induce apoptosis124. In this respect, it has been postulated that the balance between 

MAPK/ERKK and SAPK/JNK signaling cascades might determine whether a cell survives or undergoes 

apoptosis.. Support from this concept is provided by Xia ef a/.107, who demonstrated that in the presence 

off NGF, the survival signaling pathway (through MAPK/ERK) is activated and apoptosis is inhibited, 

whilee the pro-apoptotic signaling pathway (through SAPK/JNK) is suppressed. Conversely, NGF 

withdrawall resulted in SAPK/JNK-mediated apoptosis and a concomitant deactivation of the MAPK/ERK 

signalingg pathway. In agreement with these observations, Cuvillier ef a/.125 demonstrated that the 

balancee between levels of two distinct sphingolipid messengers and their respective effects on the 

MAPK/ERKK and SAPK/JNK pathways control cell survival and cell death. They found that exposure of 

U9377 and HL-60 cells to sphingosine-1 -phosphate (S1P) inhibited apoptosis induced by serum 

deprivation,, TNFa and CD95. Whereas S1P activated the MAPK/ERK pathway, it inhibited stimulation of 

SAPK/JNK.. Collectively, these data show that cell survival and cell death might be tightly regulated by 

opposingg actions of the MAPK/ERK and SAPK/JNK signaling pathways. In this model, the prevailing 

signall determines the ultimate biological outcome. 
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OutlineOutline  of  this  thesis 

Thee studies described in this thesis were undertaken to better understand the mechanism of 

actionn of alkyl-lysophospholipids and to investigate their interaction with ionizing radiation. Given the 

profoundd effects of ALPs on cellular signaling systems involved in cell death and survival, we 

hypothesizee that these compounds can be used to influence radiation-induced cytotoxicity. This would 

ultimatelyy lead to the design of clinical studies aiming at an improvement in therapeutic outcome. By 

modulatingg the balance between pro- and anti-apoptotic signaling, ALPs would enhance radiation-

inducedd cell death. This hypothesis was tested in two human leukemia cell lines with three clinically 

relevantt ALPs: Et-18-OCH3 (Edelfosine), HePC (Miltefosine), and the recently developed HePC 

analoguee octadecyl-(1,1-dimethyl-piperidionio-4-yl)-phosphate (Zentaris compound D-21266; Perifosine). 

Thesee data are presented in Chapter 2. We found that all tested ALPs enhanced radiation-induced 

apoptosiss in a dose-dependent fashion. In addition, ALPs not only inhibited MAPK/ERK activity, but like 

ionizingg radiation, rapidly activated the pro-apoptotic SAPK/JNK pathway. In Chapter 3 we present data 

onn the effect of ALPs on MAPK/ERK activity in more detail. We unexpectedly found in the human vulva 

carcinomaa cell line A431 that sub-apoptotic, nanomolar concentrations of ALPs induced internalization of 

thee epidermal growth factor receptor and a transient MAPK/ERK activation. These effects are ascribed to 

subtlee changes in the membrane lipid microenvironment. We also investigated the effect of ALPs on 

anotherr important signal transduction pathway that has been implicated in the regulation of survival: the 

PII 3K-Akt/PKB signaling pathway. The inhibitory effect of ALPs on this pathway is novel and presented 

inn Chapter 4. !n Chapter 5 the finding that ALPs have anti-angiogenic properties is reported. These 

studiess were based on our observation that ALPs have a preferential cytotoxic effect on proliferating 

endotheliall cells. Chapter 6 summarizes the recent insights into the mode(s) of action of ALPs, their 

interactionn with ionizing radiation, and clinical application. 
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ABSTRAC T T 

Alkyl-lysophospholipidss (ALPs) represent a new class of antitumor 
drugss that induce apoptotic cell death in a variety of tumor cell lines. 
Althoughh their  precise mechanism of action is unknown, ALPs primaril y 
actt  on the cell membrane, where they Inhibi t signaling through the 
mitogen-activatedd protein kinase (MAPK ) pathway. Because stimulation 
off  the stress-activated protein kina.se/c-.lun NH2-terminal kinase (SAPK/ 
JNK)) pathway is essential for  radiation-induced apoptosis in certain cell 
types,, we tested the effect of ALPs in combination with ionizing radiation 
onn MAPK/SAPK signaling and apoptosis induction. Here, we present data 
showingg that three ALPs, l-0-octadecyl-2-O-methyl-/uc-glycero-3-phos-
pbocholine,, hexadecylphosphocholine, and the novel compound octadecyl-
(l,l-dimethyl-piperidinio-4-yl)-phosphat ee (D-21266) induce time- and 
dose-dependentt  apoptosis in the human leukemia cell lines U937 and 
Jurka tt  T but not in normal vascular  endothelial cells. Moreover, in 
combinationn with radiation, ALPs strongly enhance the induction of 
apoptosiss in both leukemic cell lines. Al l tested ALPs not only prevented 
MAPKK  activation, but, lik e radiation, stimulated the SAPK/JNK cascade 
withi nn minutes. A dominant-negative mutant of c-Jun inhibited radiation-
andd ALP-induced apoptosis, indicating a requirement for  the SAPK/JNK 
pathway.. Our  data support the view that ALPs and ionizing radiation 
causee an enhanced apoptotic effect by modulating the balance between the 
mitogenic,, antiapoptotic MAPK , and the apoptotic SAPK/JNK pathways. 
Thiss type of modulation of specific signal transduction pathways in tumor 
cellss may lead to the development of new therapeutic strategies. 

INTRODUCTIO N N 

Syntheticc membrane-permeable ALPs,3 also referred to as ether 
lipids,, have been studied as antitumor agents for more than a decade. 
Exampless of these compounds include Et-18-OCH3 and HePC. The 
latterr has been successfully applied as a topical drug for the treatment 
off  cutaneous metastases (1-3). The precise mechanism of the anti-
proliferativee effect of ALPs has not yet been fully established. Unlike 
thee classical chemotherapeutic drugs that target the nuclear DNA. 
ALPss primarily act at the cell membrane. Due to their inherent 
resistancee to phospholipase activities, ALPs accumulate persistently 
inn the plasma membrane and other subcellular membranes (4), where 
theyy interfere with mitogenic signaling at different levels of the 
MAPKK signal transduction pathway (5, 6). These effects include: 
disturbancee of the continuous, rapid turnover and biosynthesis of 
naturall  phospholipids (7-9); reduction of phospholipase C-mediated 
inositoll  1,4.5-triphosphate formation; and calcium release and inhibi-
tionn of PKC (10-14). 
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ALPss have recently become the target of renewed interest because 
off  their capacity to induce apoptosis in various cell types (9, 15-18). 
Forr Et-18-OCH3, it has been suggested that the apoptotic effect is 
highlyy selective for malignant cells (9, 16, 17) and that this selectivity 
iss causally related to the cellular uptake of the compound (9). More-
over,, ALPs appear to enhance the cytotoxic effect of classical cyto-
staticc regimes (11, 19). For example, in two human epithelial carci-
nomaa cell lines, HePC and Et-18-OCH3 were found to enhance 
radiation-inducedd inhibition of colony formation to supra-additive 
levelss (19). 

Ionizingg radiation has been shown to induce apoptosis in a large 
varietyy of cell types (20-24). One of the signaling pathways that have 
beenn implicated in mediating radiation-induced apoptosis is the 
SAPK/JNKK cascade. We and others have shown that this pathway is 
rapidl yy activated upon exposure to various stress stimuli and precedes 
thee appearance of nuclear apoptotic features (20, 24-27). Further-
more,, activation of this pathway appeared to be essential in transduc-
ingg death signals because disruption of the pathway by dominant-
negativee mutants abrogated radiation- and stress-induced apoptosis 
(24,, 28-32). Whereas stimulation of the SAPK/JNK cascade has been 
associatedd with apoptosis induction, activation of MAPK  is essential 
forr cell growth and differentiation and may counteract apoptotic 
signaling.. In fact, the balance between the pro-apoptotic SAPK7JNK 
pathwayy and the antiapoptotic MAPK cascade may be critical in a 
cell'ss decision to activate the death or survival pathway (33, 34). In 
thiss respect, it has been shown that Et-18-OCH3 not only inhibits 
MAPKK signaling but also increases c-Jun gene expression in Jurkat T 
cells,, thereby enhancing the transcriptional activity of the AP-1 com-
plexx (35). Because c-Jun is a downstream target of SAPK/JNK, this 
effectt of AL P may contribute to the apoptotic response. 

Inn this report, we describe the apoptotic effect of ionizing radiation and 
ALPss in U937 and Jurkat T cells. We tested the hypothesis that a 
combinedd treatment of both modalities would lead to higher levels of 
apoptosiss than after single agent treatment due to a shift in the SAPK/ 
MAPKK signaling balance. Three ALPs were tested: Et-18-OCH3, HePC, 
andd the recently developed HePC analogue octadecyl-(l,l-dimethyl-
piperidiniü^4-yl)-phosphatee (ASTA compound D-21266; Fig. 1). The 
latterr compound is currently undergoing clinical Phase I evaluation as an 
orall  drug. We show here that all three ALPs that were tested inhibit 
MAPKK signaling, activate the SAPK/JNK pathway, and enhance radia-
tion-inducedd apoptosis. Whereas human leukemic cells were highly sen-
sitivee to the apoptotic effect of ALPs, normal human and bovine endo-
theliall  cells remained unaffected, providing a basis for selective and 
efficientt tumor cell kill . 

MATERIAL SS AND METHOD S 

Reagents.. Antibodies against SAPK7/JNKI (CI7) were from Santa Cruz 
Biotechnologyy (Santa Cruz, CA). [y-'-P]ATP (3 mCi/mmoll was from Am-
ershamm (Buckinghamshire. England). Antibodies against p44 and p42 MAPKs 
(ERKII  and ERK2) were from New England Biolabs (Beverly. MA). HePC 
wass purchased from Sigma Chemical Co. (Zwijndrecht, the Netherlands). 
Et-18-OCH,, was from Biomol (Plymouth Meeting, PA). D-21266 was kindly 
providedd by ASTA Medica AG (Frankfurt, Germany). ALPs were diluted in 
serum-freee medium. 
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Celll  Cultur e and Irradiatio n Procedure. Human monoblasts leukemia 
[\J937)[\J937) cells and the human T-lymphoid leukemic Jurkat cell line (Jl6, kindly 
providedd by Dr. J. Borst, NCI, Amsterdam, the Netherlands) were grown at a 
densityy between O.l X If/1 and 1 X 10'' cells/ml in Iscove's modified 
Dulbecco'ss medium (Life Technologies, Inc., Paisley, Scotland), supple-
mentedd with glucose (4.5 g/liter), 10% heat-inactivated FCS. penicillin (50 
jnits/ml),, and streptomycin (50 /ig/ml). U937 cells stably transfected with 
TAM-67TAM-67 (U937/TAM-67 cells; a kind gift from Dr. M. J. Birrer, National 
Cancerr Institute, Rockville, MD; Ref 24) were cultured in the presence of 
neomycinn sulfate (G418; 400 p.g/ml). Cells were washed, resuspended in 
serum-freee medium, and irradiated with -y-rays from a l37Cs radiation source 
^Vonn Gahlen B.V., Didani, the Netherlands) at an absorbed dose rate of ~1 
3y/min.. Control cells were sham-irradiated. In some experiments, endothelial 
-ellss from human umbilical vein (HUVECs) or bovine aortic (BAECs) origin 
weree used. HUVECs (kindly provided by Dr. J. A. van Mourik, CLB, Am-
sterdam,, the Netherlands) were cultured in plastic six-well plates precoated 
ivithh human fibronectin (2 mg/ml). The medium consisted of an equal mixture 
jff  RPMI 1640 and Medium 199 (Life Technologies. Inc.), 20% (v/v) heat-
nactivatedd pooled human serum. 2 niM glutamine (Merck. Darmstadt, Ger-
many),, penicillin (100 units/ml), streptomycin (100 units/ml), and fungizone 
;2.55 u,g/ml; Life Technologies, Inc.). In serum-free medium, 0.5% human 
serumm albumin (CLB) and human transferrin (20 jxg/ml; Sigma) were added. 
Confluentt monolayers were harvested by trypsinization, resuspended in me-

dium,, and subcultured. Subcultured cells from passages 1 and 2 were used. The 
mediumm was replaced every 3 days. BAECs (kindly provided by Dr. Haimo-
vitz-Friedman.. Memorial Sloan-Kettering Cancer Center. New York, NY) 
weree grown to confluency in DMEM (Life Technologies, Inc.), supplemented 
withh glucose (1 g/liter), 10% heat-inactivated bovine calf serum, penicillin (50 
units/ml),, and streptomycin (50 yj.g/ml). Human recombinant basic fibroblast 
growthh factor (R&D Systems) was added every other day during the phase of 
exponentiall  growth. Confluent monolayers were used for the experiments. 

Apoptosiss Assays. Apoptosis was determined by either staining with the 
DNA-bindingg fluorochome fc/s-benzimide (Hoechst 33258; Sigma; Ref 36) to 
detectt morphological nuclear changes or by propidium iodide staining and 
FACScann analysis (37) to determine the percentage of subdiploid apoptotic 
nuclei. . 

Forr the W.v-benzimide staining, cells were washed once with PBS and 
resuspendedd in 50 /A! of 3.7% paraformaldehyde. After 10 min at room 
temperature,, the fixative was removed, and the cells were resuspended in 15
off  PBS containing 16 u,g/ml fr/.¥-bcnztmide. Following 15 min of incubation, 
aa 10-/xl aliquot was placed on a glass slide, and 500 cells per slide were scored 
inn duplicate for the incidence of apoptotic nuclear changes under a Olympus 
AH2-RFLL fluorescence microscope using a UVI exciter filter. 

Forr the propidium iodide staining, cells were seeded at 2 X 10'' cells/ml. 
2000 /xl/well in round-bottomed, 96-well microtiter plates in serum-free RPMI 
1640.. Cells were lysed in 200 fx\ of Nicoletti buffer (0.1 % sodium citrate, 0.1 % 
Tritonn X-100, and 50 jug/ml propidium iodide), and the percentage of apoptotic 
nuclei,, recognized by their subdiploid DNA content, was determined on a 
FACScann (Becton Dickinson, San Jose, CA) using Lysys II software. 

Proteinn Kinase Assays. SAPK/JNK activation was determined by an im-
munee complex kinase assay, using GST-c-Jun (1-135) as substrate (38). Ceils 
weree treated with increasing concentrations of ALP, washed, and lysed in lysis 
bufferr [20 mM HEPES (pH 7.4), 2 niM EGT A, 50 mM ^-glycerophosphate, 1 
mMM DTT, 1 mM Na3V04, 1% Triton X-100, 10% glycerol, 2 /xM leupeptin, 10 
mg/mll  soybean trypsin inhibitor, and 400 JAM phenylmethylsulfonyl fluoride) 
onn ice for 15 min. Lysates were clarified by centrifuging for 10 min at 3000 
rpm.. normalized for protein content, and subjected to immunoprecipitation 
withh anti-SAPKy/JNKl (C17) conjugated to protein A-Sepharose beads (Phar-
macia,, Uppsala, Sweden). To 41.5 /xl of SAPK/JNK-bound beads in assay 
bufferr were added 4 /xl of 1 mg/ml GST-c-Jun (1-135), 4.5 JAI of Mg-ATP mix 
(200 mM MgCL-25 AIM ATP), and 1 /xl of [7-12P]ATP. The reaction was 
terminatedd after 20 min at 30°C by addition of 15 JAI of Laemmli sample buffer 
andd boiling, and the products were resolved on 12.5% SDS-PAGE. The 
relativee SAPK/JNK activity was determined by quantification of the levels of 
phosphorylatedd GST-c-Jun (1-135) after stimulation relative to the control 
situation,, using a Fujix BAS 2000 TR Phosphorlmager. The effect of ALP on 
p44/p422 MAPK activity was determined similarly. Cells were preincubated for 
44 h with 8 /AM of ALP in serum-free medium. Fresh FCS (final concentration 
10%)) was then added to elicit a MAPK response. Nuclei-free lysates were 
assayedd for p44/p42 MAPK (ERKI/ERK2) activity, using anti-phospho-
specificc MAPK antibodies (New England Biolabs) and myelin basic protein 
(0.255 mg/ml) as substrate. 

Fig.. 2. Radiation-induced apoptosis in U937 
:ells.. Cells were stained by propidium iodide and 
ipoptosiss was determined by FACScan analysis. A, 
imee course of radiation (25 Gy)-induced apoptosis 

.. Control cells were sham-irradiated . B, 
iose-effectt curve. Apoptosis was scored at 16 h 
ifterr the indicated single doses of radiation. Data 
loints.loints. means from three independent experiments: 
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Fig.. 3. Morphological changes in U937 cells at 16 h after treatment with 20 Gy of 
ionizingg radiation (B), 8 pM of Et-18-OCH? (O, or a combination of both (D). Control 
cellss (A) were untreated. Apoptosis was visualized after Hoechst staining by fluorescence 
microscopyy (magnification, X400). 

Statisticall  Analyses. To characterize the interaction between ionizing ra-
diationn and ALPs, we performed calculations using the definition of additivity 
byy Laska et ol. (39). This definition is based on the analysis of equi-effect 
dosess (39, 40). If the effect of a combination treatment is equal to the effect 
expectedd based on those of its components, it is additive, and if it is superior, 
itt is considered synergistic. Equi-effect doses were calculated from single 
agentt and combined treatment dose effect curves in the range between 0 and 
200 /AM ALP and between 0 and 50 Gy. 

RESULTS S 

Radiation-- and ALP-induced Apoptosis. In both U937 and Jur-
katt T cells, ionizing radiation induced a time- and dose-dependent 
increasee in apoptotic cell death, as measured by both 6(.s-benzimide 
stainingg and FACScan analysis. The first morphological nuclear 
changess characteristic for apoptosis were detected after 6 h. Fig. 2 
showss the time (Fig. 2A) and dose dependency (Fig. 20) of radiation-
inducedd apoptosis in U937 cells. 

Threee different ALPs (shown in Fig. 1) were tested for their apoptotic 
potential.. Et-18-OCH3 (Fig. IB) is considered as the prototype of these 
compounds,, having a glycerol backbone with an ether-linked long alkyl 
chainn at position sn-1 and an ether-linked methyl group at position sn-2. 

Thee other two components, HePC (Fig. lA)andoctadecyl-(l,l-dimethyl-

piperidinio-4-yl)-phosphatee (ASTA compound D-21266; Fig. \C) lack a 

glyceroll  backbone and have a more linear shape. AH three ALPs, like 

ionizingg radiation, induced typical morphological features of apoptosis in 

aa time- and dose-dependent fashion (Figs. 3 and 4). ALP-induced apo-

ptosiss increased rapidly after 8 h for HePC and Et-18-OCH3 and after 

166 h for D-21266, reaching values of —35-40% after 21 h of incubation 

(Fig.. 4A). A steep dose-effect relation between 4 and 12 /AM was observed 

forr all three ALPs in both cell types with ED50s between 9 and 10 /AM for 

U9377 cells (Fig. 4B) and between 4 and 8 /AM for Jurkat T cells (Table 1). 

HePCC and Et-18-OCH3 appeared to be the most potent compounds, based 

onn ED50s, and achieved maximal levels of apoptosis at higher con-

centrationss and at the onset of apoptotic changes. Both radiation- and 

ALP-inducedd apoptosis occurred in a caspase-dependent manner because 

itt was associated with PARP cleavage and completely blocked by the 

broad-spectrumm caspase inhibitor zVAD (data not shown). 

Fromm the clinical point of view, it was relevant to test the sensitivity 

off  normal vascular endothelium toward ALPs at concentrations that 

inducedd apoptosis in the leukemic cells. Table 1 shows that primary 

endotheliall  cells (HUVECs and BAECs) were resistant to Et-18-

OCH33 at concentrations as high as 20 /AM, whereas in leukemic U937 

andd Jurkat T cells, high levels of apoptosis were already reached at 12 

/AM.. Similar results were obtained with HePC and D-21266 (data not 

shown). . 

Radiation-inducedd Apoptosis Is Enhanced by ALPs. To test the 

effectt of ALPs on radiation-induced apoptosis, we incubated U937 

andd Jurkat T cells with different concentrations of the three com-

poundss (4-10 /AM) and irradiated with increasing doses of y-radiation 

(10,, 15, and 20 Gy). At various time points, apoptosis was determined 

byy propidium iodide staining and FACScan analysis. Treatment with 

aa combination of radiation and AL P induced more apoptosis than 

radiationn alone and exceeded the sum of the effects caused by the 

singlee agent treatments (Fig. 5). Comparable results were observed in 

U9377 and Jurkat T cells. Statistical analysis of these data revealed an 

additivee effect for the combinations radiation and HePC and radiation 

andd D-21266. For the combination of radiation and Et-18-OCH3, the 

effectt was synergistic. 

ALP ss Inhibi t MAP K and Activate SAPK/JNK . To assess the 

antiproliferativee action of ALPs in our cell systems, we measured the 

effectt of these compounds on serum-induced MAPK activation. As 

shownn in Fig. 6, serum elicits a very rapid increase in MAPK activity 

inn U937 cells (up to 7.2-fold relative to basal p44/p42 MAPK activity 

withinn 6 min). In the presence of Et-18-OCH3, however, this response 

wass completely blocked. Similar results were obtained with HePC and 

D-212666 in both cell types (data not shown). As we have shown 

Fig.. 4. ALP-induced apoptosis in U937 cells. 
Apoptosiss was determined by FACScan analysis 
afterr propidium iodide staining. A, time course. 
Cellss were incubated with 8 JAM HePC , EM8-
OCH33 (A), or D-21266 . Control ceils ) were 
untreated.. B, dose-effect curve. Cells were incu-
batedd for 16 h with the indicated concentrations of 
thee three ALPs. Data points, means from three 
independentt experiments; bars. SD. 
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Tablee 1 Apoptotic effect of Et-18-OCHf on leukemic and endothelial cells" 

(^M) ) 

Control l 
4 4 
8 8 
12 2 
20 0 

U9377 cells 

4.55  0.5 
9.22  0.4 

25.88  0.2 
88.66  0.2 

ND D 

Apoplosiss (%) 

JurkaFF T cells 

6.00  0.6 
40.11 3 
83.00  1.8 
86.55  0.8 

ND D 

HUVECs s 

2.66  0.1 
2.00 1 

ND» » 
3.00  0.2 
4.44  0.6 

BAECs s 

0.44 1 
1.00 1 0.1 

ND D 
0.88 1 
2.55  0.2 

"Cellss were incubated with the indicated concentrations of EH8-OCH3. Apoptosis 
wass subsequently determined after 16 h Data are expressed as mean  SD of two 
experimentall  values. 

' 'ND,, not done. 

EMM 8-OCH 3 

200 Gy 

XRTT ALP comb i XRTT ALP comb i XRTT ALP comb i 

Fig.. 5. Radiation-induced apoptosis is enhanced by ALPs. U937 cells were incubated 
withh 8 fiM ALP (i.e.. HePC, EM8-OCH,, or D-21266, indicated at the top), 10 and 20 Gy 
off  ionizing radialion (XRT) or a combination of both. Apoptosis levels were determined 
afterr Id h by FACScan analysis and corrected for background apoptosis levels (usually 
beloww 5%). Columns, means from two independent experiments; bars, SD. 

previously,, MAPK was not significantly activated by radiation in 
thesee cells (24). 

Becausee the SAPK/JNK pathway plays an important role in radi-
ation-- and stress-induced apoptosis (24, 28, 32, 41), we tested whether 
ALPss also activate this signaling pathway. As shown in Fig. 7, all 
threee tested ALPs activate the SAPK/JNK pathway in a dose-depen-
dentt manner. Fig. 8 shows the time-dependent SAPK/JNK activation 
inn U937 cells by ALP in comparison to radiation. ALP-induced 
SAPK/JNKK activation showed somewhat slower kinetics but was 
clearlyy detected in 15 min. Radiation-induced SAPK/JNK activation 
appearedd to be biphasic, as we have recently observed in BAECs as 
welll  (41). When both treatments are combined, SAPK/JNK activity is 
furtherr enhanced by the apparent summation of both stimuli. Fig. 8fi 
alsoo illustrates that both radiation- and ALP-induced SAPK/JNK 
activationn contribute to the combined effect and complement each 
otherr over time. 

Too assess the role of the SAPK/JNK pathway in ALP-induced 
apoptosis,apoptosis, we used U937 cells stably transfected with the dominant-
negativee c-Jun deletion mutant TAM-67 (42). Fig. 9 shows that both 
ionizingg radiation- and ALP-induced apoptosis was strongly inhibited 
inn U937/TAM-67 cells, indicating a requirement for SAPK/JNK sig-
nalingg in apoptosis induction by both stimuli. In contrast, in (normal) 
HUVECss and BAECs, no significant activation of SAPK/JNK by 
ALPss (up to 14 IJM) was observed (data not shown). 

DISCUSSION N 

Inn these studies, we investigated the effect of membrane-permeable 
ALPss on radiation-induced apoptosis in human U937 and Jurkat T 
leukemicc cells. Three ALPs that have already shown clinical rele-

vance,, were used in our analyses: HePC, Et-18-OCH3, and D-21266. 
Thee first compound, also known as Miltefosine, has been successfully 
used,, at our institute as well as others, as a topical drug for metastatic 
skinn lesions in breast cancer patients (1,2) and for cutaneous lym-
phomass (3). The second compound, Et-18-OCH3 or Edelfosine, has 
beenn applied as a purging agent in bone marrow transplantation (43). 
Finally,, compound D-21266, which is structurally related to HePC, 

10 0 200 30 40 

timee (min) 
50 0 60 0 

Fig.. 6. Inhibition of serum-induced p44/p42 MAPK activity by ALPs in U937 cells. 
Cellss were serum starved during 4 h in the presence ) or absence ) of 8 fjM 
Et-18-OCH,.. After this incubation period, fresh FCS was added to a final concentration 
off  10% to induce p44/p42 MAPK activity. p42/p44 MAPK activity was determined at the 
indicatedd time points by an in vitro kinase assay with myelin basic protein (MBP) as a 
substratee (inset). The data presented here are representative of five experiments. 

HePC C 
00 2 4 i 12 |iM 

GST-c-Jun(1-135) ) 

foldd increase 1.0 1.8 2.0 2.7 2 7 

Et-18-OCH, , 
00 2 4 8 12 pM 

<-- GST-c-Jun(1-135) 

foldd increase 1.0 1.0 15 2.8 4.5 

D-21266 6 
00 2 4 8 12 pM 

|< -- GST-c-Jun(1-135) 

foldd increase 1.0 1.0 11 2 1.4 4 4.0 0 

Fig.. 7. ALP-induced SAPK/JNK activity in U937 cells. Cells were incubated for 15 
minn with the indicated concentration of the three ALPs. SAPK/JNK activity was deter-
minedd by an in vitro kinase assay with GST-c-Jun (1-135) as substrate. The relative 
SAPK/JNKK activity is indicated at the bottom of each lane. The data presented here are 
representativee of three experiments. 
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Fig.. 8. A combination of ionizing radiation and ALP results in an additive activation 
off  SAPK/JNK. A, U937 cells were treated with 8 /IM of Et-18-OCH,, 20 Gy of ionizing 
radiation,, or a combination of both for the indicated periods of time. SAPK/JNK activity 
wass determined by an in vitro kinase assay with GST-c-Jun (1-135) as a substrate. Ö, time 
coursee of SAPK/JNK activity caused by treatment with ionizing radiation . ALP , 
orr a combination of both (A). The data presented here are representative of two experi-
ments. . 

wass found to be more active and better tolerated than HePC in 
preclinicall  models {10). It has recently entered clinical Phase I studies, 
includingg one at our institute. Unlike the other two compounds, 
D-212666 can be administered p.o. with acceptable side effects. 

Forr all three compounds we observed an enhancement of radiation-
inducedd apoptosis. In the case of Et-18-OCH3, the interaction was 
foundd to be synergistic. The nature of this enhancing effect is un-
knownn but is clearly dependent on the mode of action of both 
inducers.. Our data show that MAPK activation by serum addition is 
suppressedd by ALPs. This is in agreement with other reports that have 
demonstratedd efficient inhibition of proximal signaling events in the 
MAPKK cascade by HePC, Et-18-OCH3, and related compounds (6, 
8-14).. It is, however, unlikely that this is the sole mechanism respon-
siblee for the strong apoptotic effect after combined treatment (14, 19). 
Thee observation that Et-18-OCH3 induces increased expression of 
c-Junn (35) and that ionizing radiation uses the SAPK/JNK pathway to 
inducee apoptosis (20, 24) prompted us to investigate the effect of 
ALPss on this signaling system. Activation of the SAPK/JNK cascade 
hass been shown to be essential for apoptosis induced by many forms 
off  cellular stress, including ionizing radiation and chemotherapeutic 
drugss (24, 31, 44, 45). The SAPK/JNK pathway involves sequential 
phosphorylationn and activation of the proteins MAPK/ERK kinase 
kinasee 1, SAPK/ERK kinase 1, SAPK/JNK, and c-Jun (38, 46-49) 
andd is distantly related to the MAPK signaling cascade. Whereas the 
SAPK/JNKK cascade is predominantly activated by cellular stress and 
iss essential for some forms of apoptosis, the MAPK cascade is mainly 
activatedd by mitogens and growth factors mediating mitogenesis and 
differentiationn (50). We found that, in leukemic cells, all three tested 
ALPss rapidly activated the SAPK/JNK pathway. It is important to 
notee that SAPK/JNK activation preceded the appearance of morpho-

logicall  features of apoptosis, indicating a temporal relation between 
bothh events. The crucial role of SAPK/JNK in radiation- and ALP-
inducedd apoptosis was demonstrated by our experiments using a 
dominant-negativee mutant of c-Jun. This mutant, TAM-67, lacks the 
NH2-terminall  transactivation domain of c-Jun, including Ser-63 and 
Ser-73,, the sites of phosphorylation and activation via the SAPK/JNK 
pathwayy (51, 52). In cells overexpressing TAM-67, radiation- and 
ALP-inducedd apoptosis was significantly inhibited. These data sug-
gestt that radiation- and ALP-induced apoptosis requires a functional 
SAPK/JNKK cascade. The important role of the SAPK/JNK signaling 
pathwayy in ALP-induced apoptosis is further illustrated by our obser-
vationss using normal endothelial cells. Whereas radiation-induced 
apoptosiss in endothelial cells is mediated by SAPK/JNK signaling 
(24),, ALPs fail to activate this pathway and do not cause significant 
apoptosiss in these cells. 

Itt has been proposed that apoptosis induction is under tight control 
off  both apoptosis-promoting and apoptosis-inhibiting signals (33, 34). 
Severall  lines of evidence from the literature support this proposition. 
(a)) It has been demonstrated that in the presence of nerve growth 
factorr the MAPK pathway is activated and apoptosis is inhibited, 
whereass the proapoptotic SAPK/JNK pathway is suppressed (32). 
Conversely,, nerve growtfi factor withdrawal resulted in SAPK/JNK-
mediatedd apoptosis and a concomitant deactivation of the MAPK 
signalingg pathway, (b) It has been demonstrated that the balance 
betweenn intracellular levels of distinct lipid second messengers and 
theirr respective effects on the MAPK and SAPK/JNK pathways 
controll  cell survival and cell death (53, 54). (c) Oxidative stress-
inducedd apoptosis was recently shown to increase when MAPK sig-
nalingg was inhibited, whereas apoptosis decreased when SAPK/JNK 
activationn was blocked (55). (d) PKC-mediated activation of the 
MAPKK pathway by basic fibroblast growth factor or phorbol ester was 
foundd to protect against radiation-induced apoptosis both in vitro and 
inin vivo (22, 56). Conversely, pharmacological inhibition of either PKC 
orr MAPK has been shown to enhance radiation-induced apoptosis (22, 
57,, 58). Collectively, these studies are in line with the concept of 
balancedd signaling and indicate that the MAPK and SAPK/JNK 
pathwayss are inversely related, for instance, via cross-talk at the level 
off  lipid second messengers (53, 54). Although it is difficult to assess 
thee relative contribution of these signaling systems to the apoptotic 

50 0 

40 0 

gg 30 
.2 2 '« « 
SS 20 
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MM U937/wt 
CIZ33 U937TAM67 

Fig.. 9. Radiation- and ALP-induced apoptosis is blocked in U937/TAM-67 cells. 
Wild-typee U937 (wt) and U937/TAM-67 cells were treated with 20 Gy of ionizing 
radiation,, 8 LIM three ALPs. or a combination of both. The percentage apoptosis was 
determinedd after 16 h by FACScan analysis. Columns, means from three independent 
experiments;; bars. SD. 
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response,, these data suggest that the enhancement of radiation-

inducedd apoptosis by ALPs is the result of a potent and prevailing 

apoptoticc SAPK/JNK signal elicited by both stimuli. The ability of 

ALPss to prevent MAPK activation by mitogenic stimuli may further 

facilitatee SAPK/JNK signaling. 

Itt remains to be established how ALPs activate the SAPK/JNK 

pathway.. Multipl e upstream activators of SAPK/JNK have been de-

scribed,, including ceramide (reviewed in Ref. 41). This putative 

secondd messenger, generated by hydrolysis of sphingomyelin, has 

beenn suggested to mediate apoptosis induction in a number of cell 

systemss (23, 5 9 - 6 2 ). including radiation-induced apoptosis (24, 4 1, 

63).. It was recently found in human keratinocytes that HePC inter-

feredd with sphingomyelin biosynthesis, resulting in enhanced cellular 

levelss of ceramide (18), Furthermore. HePC-induced apoptosis in 

thesee cells was additively increased by exogenous cell-permeable 

ceramidee and could be blocked by Fumonisin B j , a selective inhibitor 

off  ceramide synthase (18). These data suggest that ceramide might 

mediatee HePC-induced apoptosis and raise the possibility that ceram-

idee generation constitutes a common mechanism of ALP- and radia-

tion-inducedd apoptosis. In this context, it is interesting to note that 

inhibitionn of PKC activity, which is one of the documented effects of 

ALPss (11-14). potentiates the cytotoxic effect of ceramide in human 

leukemiaa and squamous eel! carcinoma (57, 64). 

AA number of biological properties of ALPs make this class of drugs 

attractivee for clinical application, (a) We note the differential cyto-

toxicc effect of ALPs on malignant versus normal cells. Whereas lumor 

cellss were found most sensitive to the lethal action of ALPs, nonma-

lignantt cells display no or minimal toxicity (9, 16, 17). These studies 

showw that endothelial cells, which line the inner blood vessel wall, 

alsoo remain unaffected by high doses of ALPs. This is a relevant 

finding,finding, because the vascular endothelium wil l be exposed for pro-

longedd periods of time to high concentrations of these drugs in vivo, 

whenn administered systemieally. (b) Another attractive biological 

effectt of ALPs relates to the interaction of these drugs with other 

conventionall  cytostatic regimens (11, 19). In combination with ion-

izingg radiation, ALPs cause an enhanced cytotoxic effect both in terms 

off  postmitotic (19) and. as shown in these studies, apoptotic cell death. 

Inn summary, we have shown that three clinically relevant ALPs 

enhancee radiation-induced apoptosis. Evidence is presented that this 

combinationn treatment causes a shift in the MAPK/SAPK balance, 

resultingg in a strong prevailing apoptotic signal. Because the cytotox-

icityy of ALPs shows a selectivity toward malignant cells, the additive 

effectt on radiation-induced apoptosis as described in the present 

studiess may be exploited to increase the therapeutic ratio. With the 

developmentt of better tolerated compounds like D-21266. il wil l 

bee possible to design and test more effective anticancer treatment 

protocols. . 
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Syntheti cc  ALPs , e.g., Et- l8-OCH 3 and HePC, are antican -
cerr  agent s tha t accumulat e in cel l membranes , wher e they 
interfer ee wit h llpid-mediate d signa l transduction . W e previ -
ousl yy  reporte d tha t ALPs , when added at micromola r con -
centration ss (5-25 u.M), inhibi t growt h factor-induce d MAPK / 
ERKK activatio n and enhanc e radiation-induce d apoptosls . W e 
noww sho w that , at nanomola r doses (10-500 nM) , ALPs acti -
vat ee th e MAPK/ER K pathwa y in A431 cell s withou t stimulat -
ingg cel l proliferation . Strikingly , ALP s (500 nM) also trigge r 
rapi dd clusterin g and internalizatio n of th e EGFR in A43 I cells . 
Tyrphosti nn AG 1478, an EGFR tyrosin e kinas e inhibitor , 
block ss ALP-induce d MAPK/ER K activatio n bu t no t EGFR in -
ternalization .. W e foun d no evidenc e fo r ALPs actin g vla G 
protein-couple dd receptor s and/o r transactivatio n of EGFRs, 
ass determine d by calciu m mobilization , EGFR phosphoryla -
tio nn and Grb 2 bindin g assays . Sinc e ALPs readil y intercalat e 
int oo th e plasm a membrane , ou r dat a sugges t tha t they in -
duc ee subtl e change s in th e lipi d microenvironmen t of th e 
EGFR,, resultin g in clusterin g and internalizatio n of th e EGFR 
andd concomitan t MAPK/ER K activation . 
©© 2002 Wiley-Liss,  Inc. 

Keyy words: alkyl-lysophospholipid; epidermal growth factor recep-
tor;tor;  internalization; MAPK/ERK 

Syntheticc membrane-permeable ALPs represent a class of anti-
cancerr drugs that primarily act at the level of the cell membrane, 
wheree they accumulate and affect both apoptotic and survival 
signal-transductionn pathways.'-5 Examples of clinically relevant 
ALPss include the prototypic compound Et-18-OCH, (Edelfosine), 
HePCC (Miltefosine) and octadecyl-(l,l-dimethyl-piperidinio-
4-yl)-phosphatee (Zentaris compound D-21266, Perifosine). Sev-
erall  reports have shown that ALPs disturb phospholipid metabo-
lismm and thereby affect membrane-localized signaling pathways.R-7 

Forr example, Et-18-OCH, and HePC inhibit de novo PC synthesis 
att the CTP:phosphocholine citidylyltransferase step.7 Interest-
ingly,, when applied at micromolar doses, ALPs act as potent 
inducerss of apoptosis in a variety of tumor cells. In combination 
withh radiation and certain cytostatic drugs, ALPs cause a syner-
gisticc cytotoxic effect.4-5-8-*  We have previously shown that, in 
humann leukemic and carcinoma cells, apoptotic concentrations of 
ALPss inhibit the MAPK/ERK mitogenic pathway and the Akt/ 
PKBB survival pathway, whereas they activate the proapoptotic 
SAPK/JNKK pathway.45 

Wee now report that, unexpectedly, submicromolar concentra-
tionss of ALPs activate the MAPK/ERK pathway in A431 carci-
nomaa cells. We considered the possibility that ALPs might activate 
aa G protein-coupled receptor since these compounds, Et-18-OCH, 
inn particular, are structurally similar to bioactive (lyso)phospho-
lipids,, such as PAF and LPC, which act on their cognate G 
protein-coupledd receptors.1011 However, we found no evidence of 
this.. Instead. AL P triggers rapid internalization but not phosphor-
ylationn of the EGFR, which is expressed at very high density in 
A4311 cells.12-11 While the underlying mechanism remains to be 
elucidated,, ALP-induced endocytosis of the EGFR may be suffi-
cientt to trigger MAPK/ERK signaling in A431 cells. This novel 

effectt of ALPs on EGFR fate may serve as a tool to downregulate 
overexpressedd EGFRs in A431 cancer cells. 

MATERIALL AND METHODS 

Material Material 

Et-18-OCH,,, HePC and lyso-PAF were purchased from Biomol 
(Plymouthh Meeting, PA) and diluted in serum-free DMEM, 
D-212666 (Perifosine) was kindly provided by Zentaris (Frankfurt, 
Germany).. EGF was from Becton Dickinson (Bedford, MA) . LPA, 
LPCC and MAbs against activated p42/p44 MAPK/ERK (diphos-
phorylatedd ERK-1, -2) were from Sigma (St. Louis, MO). An-
tiphosphotyrosinee MA b PY99 was from Santa Cruz Biotechnology 
(Santaa Cruz, CA). The p44/42 MA P Kinase Assay Kit was pur-
chasedd from Cell Signaling (Beverly. MA) . MAbs against Akt/ 
PKBB and antiphosphotyrosine (PY-20) were purchased from 
Transductionn Laboratories (Lexington, KY) . Polyclonal phospho-
Aktt (Ser473) antibodies were from New England Biolabs (Beverly, 
MA) .. [^-32P]ATP(3 mCi/mmol) was from Amersham (Aylesbury, 
UK) .. PTX was from List Biological Laboratories (Campbell, CA). 
Thee EGFR- and PDGFR-specific tyrphostins (AG 1478 and 
AGG 1296, respectively) were from Calbiochem (San Diego, CA). 
Rabbitt polyclonal serum 282.7 against EGFR was kindly provided 
byy Dr. L.H. Defize (Hubrecht Laboratory, Utrecht, the Nether-
lands).. Mouse MA b 528 against EGFR14 was from the ATCC 
(Rockville,, MD). GST-Grb2 fusion protein, isolated from bacterial 
lysates,, was kindly provided by Dr. J. Borsl (The Netherlands 
Cancerr Institute). 

Ahbrevatwns:Ahbrevatwns: ALP, alkyl-lysophospholipid; CLSM, confocal laser 
scanningg microscopy; CTP, cytidine triphosphate ; ECL, enhanced chemi-
luminescencc;; EGF, epidermal growth factor; EGFR, EGF receptor; Et-
18-OCH,,, 1-O-octadecyl 2-0-methyl-rar-glycero-3-phosphocholine; GST. 
glutathionee S-lransferase; HePC, hexadecylphosphocholine; LPA, lyso-
phosphatidicc acid; LPC. lysophosphatidylcholine; MAb, monoclonal anti-
bodyy ; MAPK/ERK. mitogen-activated protein kinase/extracellular signal-
regulatedd kinase; MEK-1/2, MAPK/ERK kinase 1/2; PAF, platelet-
activatingg factor; PC, phosphatidylcholine ; PDGFR, platelet-derived 
growthh factor receptor; PKB. protein kinase B ; PLC. phospholipase C; 
PTX.. pertussis toxin; SAPK/JNK. stress activated protein kinase/c-Jun 
N-terminall  kinase ; TBST, 10 mM TRIS HC1 (pH 7.5), 0.5 M NaCI, 0.05% 
Tween-20. . 
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FIGUREE 1 - Low doses of ALPs or other lysophospholipids induce MAPK/ERK activation in A431 cells, (a) Dose-effect relationship. Cells 
weree incubated for 5 min with the indicated concentrations of Et-18-OCH3 and lysed. MAPK/ERK activity was determined by Western blot 
analysiss using phosphospecific antibodies against MAPK/ERK (P-MAPK). The band intensity of the blot (inset) was measured densitometrically 
andd the MAPK activation plotted accordingly in arbitrary units, (b) In vitro MAPK/ERK activity assay. Phosphorylated MAPK/ERK was 
immunoprecipitatedd from the cell lysate after EGF (2.5 ng/ml, 5 min) or ALP (500 nM, 5 min) stimulation, and ELK-1 phosphorylation was 
assayedd in vitro using the ELK-1 fusion protein (upper panel), as described in Material and Methods. Total cell lysates were also analyzed for 
P-MAPKK (middle panel) and total MAPK (bottom panel), (c) Time course of MAPK/ERK activation induced by Et-18-OCH, (500 nM), LPA 
(55 M.M), EGF (2.5 ng/ml), LPC (500 nM) and lyso-PAF (500 nM). Data represent 3 experiments, (d) Effect of the MEK-1/2 inhibitor PD098059 
onn MAPK/ERK activation induced by EGF (2.5 ng/ml), Et-18-OOL,, LPA, LPC and lyso-PAF (500 nM each). Cells were preincubated for 30 
minn with 10 u,M PD098059 and subsequently stimulated for 5 min with the indicated stimuli. Lysates were subjected to Western blot analysis 
withh P-MAPK (upper panel). To control for total MAPK/ERK levels, the same lysates were also immunoblotted with MAPK/ERK antibodies 
(MAPK.. lower panel), (e) Comparison of 3 different ALPs (Et-18-0CHV HePC and D-21266) on MAPK/ERK activation. Cells were treated 
forr 5 min with 500 nM of the indicated ALPs. 

CellCell culture 

Humann A431 epidermoid carcinoma cells were grown in 
DMEMM (Lif e Technologies, Paisley, UK) supplemented with 7.5% 
(v/v)) heat-inactivated FCS, glutamine (2 mM; Merck, Darmstadt, 
Germany),, penicillin (50 units/ml) and streptomycin (50 p-g/ml). 

DMEMM for 16 hr and then treated as indicated in the figure 
legends.. Cells were routinely tested for mycoplasma infection. 

CellCell lysis and Western blotting 

Afterr stimulation, cells were washed once with ice-cold PBS 
Forr stimulation experiments, cells were preincubated in serum-free and lysed in lysis buffer [20 mM HEPES (pH 7.4), 2 mM EGTA, 
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500 mM ^-glycerophosphate, 1% (v/v) Triton X-100, 2.5 mM 
MgCl2,, 1 mM Na,V04 , 5 \xM leupeptin, 2.5 (JLM aprotinin and 400 
jxMM PMSF] on ice for 15 min. Lysates were clarified by centrif-
ugationn at 15,000 g for 10 min and normalized for protein content. 
Forr Western blot analysis, samples were boiled for 3 min in the 
presencee of Laemmli sample buffer and subjected to SDS-PAGE 
(12.5%% for phospho-MAPK/ERK, 6% for EGFR). Separated pro-
teinss were transferred to nitrocellulose membranes and blocked for 
11 hr with 5% (w/v) Nutrilon Premium (Nutricia, Zoetermeer, the 
Netherlands)) in TBST. For immunoblotting, blots were probed 
withh the appropriate antibodies in 1% Nutrilon Premium in TBST. 
Tyrosinee phosphorylation of EGFR was detected with antiphos-
photyrosinee MA b PY99. In this case, nitrocellulose membranes 
weree blocked with 5% BSA in TBST. After incubation with the 
appropriatee horseradish peroxidase-conjugated secondary anti-
bodies,, proteins were detected using an ECL detection system 
(Amersham)) and exposure to X-Omat AR film (Eastman Kodak, 
Rochester,, NY). 

Inn vitro MAPK/ERK assay 

MAPK/ERKK activity was determined using the p44/42 MA P 
Kinasee Assay Ki t as described in its instruction manual. After 
stimulationn and lysis of cells, lysates were subjected to immuno-
precipitationn using immobilized phospho-p44/42 MA P kinase 
MAbs.. A nonradioactive kinase reaction was performed, using 
Elk-11 fusion protein as substrate. After 30 min, the reaction was 
terminatedd with SDS sample buffer and the samples were sub-
jectedd to Western blot analysis with phospho-Elk-1 antibody. 

B B 
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FIGUREE 2 - No evidence for ALPs acting on G protein-coupled 
receptorss because (a) Et-18-OCH3 failed to mobilize calcium and (b) 
thee MAPK/ERK response was not blocked by PTX. (a) Effect of 
Et-l8-OCH33 V*. PAF and LPA on cytosolic free Ca2+ levels in A43l 
cells.. Cells were loaded with Indo-1/AM and stimulated with 500 nM 
Et-18-OCR,, and PAF or 5 u.M LPA and ionomycin as indicated. 
Fluorescencee at 405 nm, a measure of cytosolic free Ca2+ ([Ca2+] i) 
wass recorded (arbitrary units) over time, (b) Cells were pretreated 
overnightt with 200 ng/ml PTX in serum-free DMEM and subsequently 
stimulatedd for 5 min with 500 nM Et-18-OCH3 or for 10 min with 100 
u,MM ATP. Lysates were analyzed for MAPK/ERK activation by West-
ernn blotting using phosphospecific MAPK/ERK antibodies. 

GST-Grb2/EGFRGST-Grb2/EGFR interaction 

Cellss were stimulated and lysed as described above. Lysates 
weree incubated with GST-Grb2 or GST (control), prebound to 25 
(xll  of glutathione-agarose beads, for 1 hr. Precipitates were washed 
33 times in lysis buffer, suspended in Laemmli sample buffer, 
boiledd for 3 min and subjected to SDS-PAGE on 6% gels. Fol-
lowingg SDS-PAGE, proteins were transferred to a nitrocellulose 
membranee and immunoblotted for EGFR. 

PreparationPreparation of membrane vesicles from A431 cells by shedding 

Membranee vesicles from A431 cells were prepared by shedding, 
accordingg to the protocol of Cohen et al.15 Cells were grown in 
rollerr bottles and washed 3 times with 50 ml of Dulbecco's PBS at 
roomm temperature and once with 50 ml of 20-fold diluted (in 
water)) C ai + - and Mg2 + -free PBS (hypotonic PBS). Then, 150 ml 
off  hypotonic PBS were added and the roller bottles rotated (3 rpm) 
forr 15 min at room temperature. The hypotonic PBS was dis-
carded,, and the cells were washed once with 50 ml of vesiculation 
bufferr (100 mM NaCl, 50 mM Na2HP04, 5 mM KC1, 0.5 mM 
MgS04 ,, pH 8.5). Again, 50 ml of vesiculation buffer were added 
andd the bottles rolled for 20 min at room temperature and 1 hr at 
37°C.. Then, the vesiculation buffer was decanted through a nylon 
screenn (500 [xm) into a flask on ice and centrifuged at 150g for 5 
minn at 4°C. The pellet was discarded and the supernatant centri-
fugedd at 20,000g for 30 min at 4°C. Next, vesicle pellets were 
resuspendedd in 40 ml of 10 mM HEPES (pH 7.4) and centrifuged 
forr 1 hr at 80,000g. Final pellets were resuspended in 250 p.1 10 
mMM HEPES (pH 7.4), using a needle syringe. Aliquots were stored 
att -70°C until further use. 

EGFRphosphorylationEGFRphosphorylation in vitro 

Too measure EGFR autophosphorylation in vitro, 20 fxg of A431 
shedd membrane vesicle preparation were incubated for 20 min at 
roomm temperature with the indicated concentrations of EGF or 
Et-18-OCH-,.. The tyrosine kinase reaction was then started by 
addingg 15 u.M [y-32?] ATP (5 fxCi) in a total reaction volume of 40 
uJ.. After incubation on ice for 10 min, the reaction was stopped by 
addingg Laemmli sample buffer. Samples were boiled for 3 min and 
subjectedd to SDS-PAGE on 6% gels. Relative levels of EGFR 
phosphorylationn were determined using a Fujix (Tokyo, Japan) 
BASS 2000 TR Phospholmager. 

AnalysisAnalysis of EGFR localization by confocal immunofluorescence 
microscopy microscopy 

Serum-starvedd A431 cells were stimulated for 3 min with 2.5 
ng/mll  EGF or 500 nM Et-18-OCH3 (or other ALPs or Jysophos-
pholipids).. Cells were washed with ice-cold PBS and fixed in 
MeOHH (-20°C) for 2 min. After aspiration of the MeOH, cells 
weree rehydrated in PBS, blocked for 30 min with PBS-1% BSA 
andd subsequently incubated for 1 hr at 37°C with anti-EGFR MA b 
5288 IgG in PBS-1% BSA. After 3 washes in PBS, cells were 
incubatedd with polyvalent Texas red-labeled goat antimouse anti-
bodiess in PBS-1% BSA. Coverslips were washed 3 times in PBS 
andd mounted in Vectashield (Vector Laboratories, Inc., Burlin-
game,, CA) mounting medium. Samples were analyzed by a Leica 
(Heidelberg,, Germany) confocal scanning laser microscope. 

MeasurementMeasurement of cytosolic free calcium levels 

Calciumm mobilization was measured as described previously.16 

Cellss grown on coverslips were serum-starved overnight and then 
loadedd with the calcium-sensitive dye Indo-1/AM (Molecular 
Probes,, Eugene, OR). Cells were loaded by incubating for 20 min 
att 37DC with 65 u,M Indo-1/AM in loading buffer (DMEM con-
tainingg 13 mM HEPES, pH 7.4) and rinsed free of excess dye in 
measurementt buffer (150 mM NaCl, 5 mM KC1, 1 mM CaCl2, 1 
mMM MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.4). The 
coverslipp was placed in a cuvette with measurement buffer at 37°C 
inn a spectrofluorimeter (LS-3B; Perkin-Elmer, Oak Brook, IL) , and 
fluorescencee intensity was recorded over time (excitation 355 nm, 
emissionn 405 nm) after addition of the indicated stimuli. 
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FIGURRR 3 - Effect of AG1478 (inhibitor of EGFR kinase) or AG1296 (inhibitor of PDGFR kinase) on MAPK/ERK activation by EGF (2.5 
ng/ml)) or Et-18-OCH, (500 nM) (a) and LP A, LPC or lysoPAF (500 nM each) (*). (c) Effect of AG 1478 on EGFR tyrosine phosphorylation. 
A4311 cells were pretreated with AG1478 (50 nM) or AG1296 (5 u,M) for 30 min and then stimulated with the indicated agents for 5 min. Cell 
lysatess were subjected to Western blot analysis with phosphospecific antibodies against MAPK/ERK (a,bi or phosphotyrosine antibodies (PY99) 
too detect the phosphorylated EGFR (c), identified on the basis of its m.w. (180 kDa) and the complete inhibition of its phosphorylation by 
AG1478. . 
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FIGUREE 4 - Activation of Akt/PKB by insulin (10 (xg/ml), EGF (2.5 
ng/ml),, Et-18-OCH3, LPA, LPC and lyso-PAF (500 nM each). Cells 
weree stimulated for 5 min with the indicated agents, lysed and sub-
jectedd to Western blot analysis with phosphospecific antibodies against 
PKBB (P-Ser473). The same lysates were also subjected to Western blot 
analysiss with non-phosphospecilic PKB antibodies to control for the 
totall  PKB levels. 

RESULTS S 

NanomolarNanomolar doses of ALPs activate MAPK/ERK in A431 cells 

Wee have previously shown that micromolar concentrations of 
ALPss (5-25 p,M) induce apoptosis in several tumor cell lines.4-5 In 
thee human leukemic cell lines U937 and Jurkat T, ALP-induced 
apoptosiss was associated with inhibition of serum-induced MAPK/ 
ERKK activation. Similarly, in human A431 cells, micromolar doses 
off  Et-18-OCH3 prevented EGF-induced MAPK/ERK activation. 

Unexpectedly,, however, nanomolar, nonapoptotic concentra-
tionss of ALPs induced rapid induction of MAPK/ERK phosphor-

ylationn in these cells, as if AL P activates cell-surface receptors. 
Maximumm phosphorylation was observed after 3-5 min of stimu-
lationn with Et-18-OCH, at 10-500 nM (Fig. la). This effect was 
nott observed in several other cell types, including HeLa, MCF-7 
andd MDA-MB468 carcinoma cells; B103 and N1E-115 neuroblas-
tomaa cells; Meljuso melanoma cells; Rat-1 fibroblasts; and COS-7 
andd HEK-293 epithelial cells (data not shown). MAPK/ERK phos-
phorylationn in A431 cells did not lead to cell proliferation (under 
serum-freee conditions, not shown). In a nonradioactive in vitro 
MAPK/ERKK kinase assay, ALP-induced phosphorylated MAPK/ 
ERKK increased the phosphorylation of its downstream effector, 
ELK-1,177 thereby confirming that ALPs activate MAPK/ERK sig-
nalingg (Fig. \b). 

Too analyze the structural requirements of ALP-like molecules to 
inducee MAPK/ERK signaling at these low doses, we compared 
MAPK/ERKK activation by Et-18-OCH3 with EGF and other lyso-
phospholipids,, notably LPA, lyso-PAF and LPC. LPA acts 
throughh its cognate G protein-coupled receptors, whereas the 
latterr 2 lipids bear a phosphocholine head group like Et-18-OCHv 

Al ll  of these lysophospholipids induced rapid and transient MAPK/ 
ERKK activation in A431 cells, with kinetics similar to those ob-
servedd with Et-18-OCFL,, whereas the activation by EGF was more 
sustainedd (Fig. 1c). The activation of MAPK/ERK in response to 
EGF,, Et-18-OCFL, and the other lysophospholipids was effectively 
inhibitedd by incubation of A431 cells with PD098059, which 
inhibitss the kinase activity of MEK-1 /2 , '8 the upstream activator of 
MAPK/ERKK (Fig. Id). Thus, MAPK/ERK is activated in a cascade 
reactionn rather than by direct effects of these compounds. Two 
otherr ALPs tested- HePC and D-21266, also activated MAPK/ 
ERKK in A431 cells at low doses similar to Et-18-OCFf, (Fig. \e). 
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Thee latter 2 ALPs lack a glycerol backbone and have different 
polarr head groups: HePC contains a phosphocholine head group, 
whereass D-21266 has a piperidine head group. Thus, apart from a 
commonn single, long, saturated alkyl or acyl chain, there is littl e 
structurall  similarity between these lysolipids in their ability to 
activatee the MAPK/ERK pathway in A431 cells. 

NoNo evidence for ALPs acting on G protein-coupled receptors 

Sincee ALPs activate MAPK/ERK in the low nanomolar range, 
wee considered the possibility that ALPs may activate specific 
cell-surfacee receptors, though their low structural similarity (Fig. 
\e)\e) argues against this notion. 

Thee prototypic AL P Et-18-OCH3 is a synthetic PAF analogue, 
differingg only in the sn-2 position of the glycerol backbone, i.e., a 
methoxyy group in Et-18-OCH3 vs. an acetyl group in PAF. We 
thereforee asked whether MAPK activation by AL P could be me-
diatedd by the G protein-coupled PAF receptor, which signals PLC 
activation.. We measured the effect of Et-18-OCH3 on the cytosolic 
freee Ca24 concentration. The ionophore ionomycin was used to 
controll  for maximal calcium flux. Figure 2a shows that Et-18-
OCH33 had no effect on Ca2 f levels in A431 cells, whereas PAF 
andd LPA induced a rapid and transient increase in free [Ca2 +] . 
Furthermore,, addition of Et-18-OCH3 did not desensitize the PAF 
receptorr as subsequent addition of PAF still resulted in a Ca2* 
peakk (Fig. la). In addition, Et-18-OCH3 failed to mimic PAF in 
inducingg human platelet aggregation ex vivo (data not shown). 
Fromm these results, we conclude that AL P does not signal via the 
PAFF receptor or other calcium-mobilizing receptors. 

Wee next tested the effect of PTX on ALP-induced MAPK/ERK 
activation.. As a control, we used the purinergic receptor agonist 
ATP.199 Figure 2b shows that PTX (200 ng/ml) completely blocked 
ATP-inducedd MAPK/ERK activation but did not affect the Et-18-
OCH3-inducedd MAPK/ERK response, indicating that AL P does 
nott utilize a PTX-sensitive, G,-mediated pathway. 

Inn conclusion, both the low structural similarity of these lyso 
compoundss and the lack of involvement of PLC- and GÉ-mediated 
pathwayss make it unlikely that ALPs induce MAPK/ERK activa-
tionn through a specific G protein-coupled receptor. 

ALP-inducedALP-induced MAPK/ERK activation depends on a basal level of 
EGFREGFR autophosphorvlation 

A4311 cells overexpress EGFR (2.6 to 3.7 x 106 receptors/ 
cell).12133 Pretreatment of cells with 50 nM tyrphostin AG1478, a 
potentt and specific EGFR tyrosine kinase inhibitor,20 completely 
abolishedd the ability of Et-18-OCH,, lyso-PAF, LPC and LPA to 
inducee MAPK/ERK activation (Fig. 3a,b). The PDGFR tyrosine 
kinasee inhibitor AG1296,21 which was used at a much higher 
concentrationn (5 p-M), had only a minor effect on MAPK/ERK 
activity,, suggesting that all of these lysophospholipids require 
EGFRR tyrosine kinase activity (Fig. 3a). Using antiphosphoty-
rosinee antibodies, a basal level of EGFR tyrosine phosphorylation 
wass detectable (Fig. 3c). As expected, receptor phosphorylation 
wass strongly increased by EGF. However, Et-18-OCH3 had no 
detectablee effect on EGFR phosphorylation. 

Anotherr pathway that functions downstream of the EGFR in-
volvess activation of phosphatidylinositol 3-kinase and Akt/PKB.22 

Wee therefore investigated the effect of submicromolar concentra-
tionss of Et-18-OCH3 and other lysophospholipids on Akt/PKB 
activity.. Stimulation'of A431 cells with Et-18-OCH3, LPA and 
LPCC resulted in an increase in the phosphorylation of Akt/PKB at 
Ser47"'' to a similar extent as that induced by insulin and EGF 
(includedd as positive controls) (Fig. 4), further supporting the view 
thatt the EGFR is a potential target of ALPs and other lysophos-
pholipids. . 

Wee also assayed EGFR tyrosine kinase activity in shedded 
plasmaa membrane vesicles from A431 cells, as described previ-
ously.155 Figure 5a shows that incubation of A431 plasma mem-
branee vesicles with EGF in the presence of [-y-32P]ATP results in 
autophosphorylationn of the 180 kDa EGFR. However, no EGFR 
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FIGUREE 5 - Et-18-OCH3 does not activate the EGFR. (a) Effect of 
EGFF and Et-18-OCH, on EGFR in vitro kinase activity in isolated 
plasmaa membrane vesicles shed from A431 cells (see Material and 
Methods).. AHquots (20 p.g protein) were subjected to the phosphory-
lationn procedure for 10 min on ice in the presence of [*y- 32r] ATP and 
thee indicated concentrations of EGF (in |xg/ml) or Et-18-OCH, (in 
|xM).. Reaction mixtures were subjected to SDS-PAGE and autora-
diography.. Upper panel shows 1 representative autoradiogram of 3 
independentt experiments. Lower panel shows quantification of the 
levell  of EGFR phosphorylation (means of 3 independent experiments). 
(b)(b) Effect of EGF and Et-18-OCH3 on binding of tyrosine-phospho-
rylatedd EGFR to GST-Grb2 fusion protein. Cells were stimulated for 
thee indicated lime periods with EGF (2.5 ng/ml) or Et-18-OCH, (500 
nM).. Cell lysate proteins were coprecipitated with GST-Grb2, then 
immunoblottedd with anli-EGFR antibody. Data represent 3 experi-
ments. . 

phosphorylationn was observed after incubation with Et-18-OCH-, 
(upp to 10 p.M), supporting the notion that Et-18-OCH3 does not 
activatee the EGFR tyrosine kinase. 

Activatedd EGFR recruits Grb2/Sos complexes, resulting in ac-
tivationn of the Ras-MAPK/ERK pathway.23 We used a GST-Grb2 
fusionn protein to isolate Grb2-interacting proteins from A431 
lysates.. In lysates from EGF-stimulated cells, there was an in-
creasedd association between EGFR and GST-Grb2 (Fig. 5b, upper 
panel).. In contrast, in lysates derived from Et-18-OCH3-stimulated 
cells,, no increased binding of EGFR to GST-Grb2 was observed 
(Fig.. 5b, lower panel), again supporting the notion that ALPs do 
nott activate the EGFR in A431 cells. 

ALPALP induces EGFR internalization 

Givenn the inhibition of ALP-induced MAPK/ERK activation by 
AG14788 and the fact that A431 cells overexpress EGFR, we 
investigatedd the effect of AL P on the subcellular distribution of 
EGFRR by confocal microscopy. Using anti-EGFR MA b 528 IgG, 
thee EGFR in A431 cells was predominantly located at the plasma 
membranee (Fig. 6a). Strikingly, addition of Et-18-OCH, (500 nM) 
ledd to rapid clustering (within 1 min) of the EGFR at the cell 
surface,, followed by EGFR internalization (Fig. 6c), very similar 
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FIGUREE 6 - Low doses of ALP and other lysophospholipids induce rapid internalization of EGFRs. A431 cells were stimulated for 3 min with 
EGFF (2.5 ng/ml) (b), Et-18-OCH, (c), LPA (d), LPC (e) or lysoPAF (/) (500 nM each). Control cells were left untreated (a). After stimulation, 
cellss were fixed and incubated with antibodies against the EGFR. Cells were then incubated with secondary Texas red-labeled goat antimouse 
antibodiess and visualized by confocal microscopy. Effect of AG 1478 on control cells (g) and EGF- (ft), Et-18-OCH,- (i), LPA- (;'). LPC- (k) and 
lysoPAF-- (/) induced EGFR internalization. Bar — 10 U.M. 

too what was observed after addition of EGF (Fig. 6ft). EGFR 
clusteringg and internalization was also induced by submicromolar 
dosess of other lysophospholipids, notably LPA, LPC and lysoPAF 
(Fig.. 6d-f) and the other ALPs HePC and D-21266 (not shown). 
Too address the possibility that the high EGFR density is respon-
siblee for the ALP-induced EGFR internalization, we examined the 
effectt of AL P on the breast carcinoma cell line MDA-MB-468, 
whichh also overexpresses EGFR (1.3 X 106 EGFRs/cell),24 albeit 
too a 2- to 3-fold lesser extent than in A431 cells (2.6 to 3.7 X 10* 
EGFRs/cell).12133 In these cells, no EGFR clustering and internal-
izationn was observed after AL P stimulation (not shown). Although 
itt remains possible that the amount of EGFRs in MDA-MB-468 

mayy be just below critical density, it appears more likely that 
additionall  factors are required to cause EGFR internalization. As 
AL PP also failed to activate MAPK/ERK in these cells (not shown), 
thee correlation between EGFR internalization and MAPK/ERK 
activationn still holds. 

Wee next examined the effect of AG1478 on ALP- and EGF-
inducedd EGFR clustering. Under conditions where MAPK/ERK ac-
tivationn and EGFR phosphorylation are blocked (Fig. 3), AG1478 did 
nott prevent EGFR internalization in response to either EGF or lyso-
phospholipidss (Fig. 6g-l). It thus appears that EGFR internalization in 
A4311 cells does not require receptor tyrosine kinase activity. 
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DISCUSSION N 

Whilee micromolar concentrations of ALPs (>10 u.M) are 
knownn to induce apoptosis and inhibit MAPK/ERK activation, we 
reportt here that nonapoptotic doses of ALPs (range 10-500 nM) 
stimulatee MAPK/ERK activation in human A431 carcinoma cells. 
Wee considered the possibility that ALPs activate cell-surface re-
ceptorss in these cells. However, we found no evidence that ALPs 
actt through G protein-coupled receptors as they fail to elicit a 
calciumm signal and MAPK/ERK activation is resistant to PTX. 
Strikingly,, ALP-induced MAPK/ERK activation was accompa-
niedd by rapid internalization of the EGFR, very similar to what is 
observedd with EGF. However, ALP-induced EGFR internalization 
occurss without any sign of EGFR (trans)activation in that AL P 
failss to stimulate EGFR tyrosine phosphorylation and interaction 
withh the Grb2 adaptor protein. Furthermore, ALPs failed to mimic 
EGFF in inducing rapid morphologic changes (becoming flattened 
andd spread out) in A431 cells (results not shown). However, 
ALP-inducedd MAPK/ERK activation was blocked by the EGFR-
specificc tyrphostin AG 1478 and not by the PDGFR-specific tyr-
phostinn AG1296, indicating that ALPs require (basal) EGFR ki-
nasee activity for MAPK/ERK activation. EGFR internalization, 
inducedd by either EGF or ALP, was insensitive to AG 1478. This 
iss not unexpected since "kinase-dead" EGFR still undergoes li -
gand-inducedd internalization, albeit at a reduced rate.2V26 

Bioactivityy of ALPs at such low concentrations is reminiscent of 
structurallyy related LPA, sphingosine-1 -phosphate, LPC and 
sphingosylphosphorylcholine,, all of which can act, at nanomolar 
concentrations,, through specific binding to their respective G pro-
tein-coupledd receptors."-27-'*  Ligands of this type of receptor are 
capablee of transactivating the EGFR.34 " However, although tyr-
phostinn AG 1478 inhibits ALP-induced MAPK/ERK activation in 
A4311 cells, direct involvement of a G protein-coupled receptor is 
unlikely.. This conclusion is based on the following results: (i) in 
contrastt to receptor ligands such as PAF and LPA, AL P did not 
inducee a rapid Ca2 * signal, thus excluding involvement of PLC 
activation;; (ii)  pretreatment of cells with PTX inhibited ATP-
inducedd MAPK/ERK activation, whereas the AL P response re-
mainedd unaffected, which rules out the involvement of any G,-
coupledd receptor; and (Hi) structurally distinct ALPs (Et-18-OCH,, 
HePC,, D-21266) and lyso-PAF induced MAPK/ERK activation to 
aa similar extent. It is unlikely that these structurally distinct lipids 
actt on 1 putative G protein-coupled receptor to induce EGFR-
dependentt MAPK/ERK activation. 

Whilee ALPs are unlikely to act as receptor ligands, their mo-
lecularr structure (with a single alkyl chain) predicts that they are 
easilyy incorporated into cell membranes, as previously demon-
strated.'' Once in the plasma membrane, AL P could very well 
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affectt the microenvironment of the EGFR, triggering the clustering 
off  the receptor (particularly when its cell-surface density is high) 
andd subsequent internalization. This idea is in line with a report 
demonstratingg that Et-18-OCH-, can likewise induce ligand-inde-
pendentt CD95 clustering and capping into membrane domains, 
i.e.,i.e., lipid rafts.-18 In A431 cells, we did not find EGFR localization 
inn caveolae (no colocalization with caveolin), but we found partial 
colocalizationn of the EGFR with a genuine raft constituent, the 
gangliosidee GM, (data not shown). Since ALPs, with their satu-
rated,, long alkyl- or acyl chains, are predicted to accommodate 
thesee rigid, liquid-ordered, cholesterol- and sphingolipid-enriched 
microdomainss as well.39'40 it appears reasonable that ALPs affect 
thee EGFR microenvironment. Moreover, it is known that lipid rafts 
aree involved in endocytosis.41-42 

Thee exact mechanism by which ALPs induce EGFR internal-
izationn and MAPK/ERK activation remains to be established. We 
exploredd the possibility that the high EGFR density is responsible 
forr the ALP-induced EGFR internalization by including the breast 
carcinomaa cell line MDA-MB-468 in our experiments. Although 
thiss cell line also significantly overexpresses the EGFR (1.3 x 106 

EGFRs/cell),244 we did not observe EGFR internalization or 
MAPK/ERKK activation after AL P stimulation. Therefore, it ap-
pearss that additional factors besides high receptor density are 
requiredd for ALP-induced EGFR internalization and/or MAPK/ 
ERKK activation in A431 cells. 

Howw can we reconcile the present finding that nanomolar con-
centrationss of ALPs activate MAPK/ERK with our previous data 
thatt apoptotic micromolar doses of ALPs inhibit growth factor-
inducedd MAPK/ERK activation?4'5 Two causes could account for 
thiss apparent discrepancy. First, in the previous experiments, cells 
weree pretreated for 30 min with ALPs and subsequently stimulated 
withh EGF or serum. The present data suggest that AL P pretreat-
mentt downregulates EGFR cell-surface expression so that subse-
quentt addition of EGF or serum can no longer activate the EGFR 
(andd thus MAPK/ERK). Second, the micromolar concentrations 
resultt in much more AL P accumulation in the plasma membrane 
andd other, subcellular membranes.' This wil l cause inhibition of 
thee MAPK/ERK pathway at different levels as a result of distur-
bancee of the continuous, rapid turnover and biosynthesis of natural 
phospholipids7-43-444 and inhibition of PLC.4S-4* 

Pharmacologicc blockade of growth factor signaling, in particular 
thatt of EGFR, is emerging as a successful anticancer strategy when 
appliedd concurrently with radiotherapy or cytostatic drugs.47-48 

Whetherr the presently described mechanism of ALP-induced 
downregulationn of the EGFR in A431 cells represents a more 
generall  and clinically relevant phenomenon remains to be estab-
lishedd in a broader set of cancer cell lines. 
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InhibitionInhibition of PI3K-Akt/PKB by ALPs 

Anti-cance rr  alkyl-lysophospholipid s inhibi t the 
phosphatidylinosito ll  3-kinase-Akt/PK B surviva l pathwa y 
Geraldd A. Ruiterab, Shuraila F. Zerpa,b, Harry Bartelink3, Wim J. van Blitterswijkb 

andd Marcel Verheija,b 

Syntheti cc  alkyl-lysophospholipid s (ALPs) represen t a new 
classs of anti-tumo r agents that targe t cell membrane s and 
induc ee apoptosis . However , the exact mechanism s by 
whic hh ALPs exert these effect s remain unclear . Here, we 
Investigate dd in the epithelia l carcinom a cell lines A431 and 
HeLaa the effec t of thre e clinicall y relevan t ALPs [Et-18-
OCH33 (Ederfosine) , HePC (Mittefosine ) and D-21266 
(Perifosine) ]]  on the phosphatidylinosito l 3-kinas e (PI3 K)-
Akt/PK BB surviva l pathway . We foun d that growt h factor -
induce dd Akt/PK B activatio n in thes e cell s is dependen t on 
PI33 K and that all three ALPs inhibite d thi s pathwa y in a 
dose-dependen tt  manner . We furthe r showe d that inhibitio n 
off  the PI3K-Akt/PK B pathwa y by wortmanni n or ALPs is 
associate dd with activatio n of the pro-apoptoti c SAPK/JNK 
pathway .. Inhibitio n of the PI3K-Akt/PK B surviva l pathwa y 
represent ss a novel mode of actio n of ALPs that may 

Introductio n n 
Syntheticc membrane-permeable alkyl-lysophospholipids 
(ALPs),, also referred to as ether-lipids, represent a 
promisingg class of anti-tumor drugs with a broad range of 
clinicall  applications. For example, Et-18-OCHj (Ï-0-
Octadecyl-2-ü-methyl-rw-glycero-3-phosphocholine; ; 
Edelfosine)) has been used as a purging agent in 
autologouss bone marrow transplantation 11,2]. Topical 
applicationn of HePC (hexadecylphosphocholine; Milte-
fosine)) was shown to be an effective therapy for skin 
metastasess of breast cancer [3] and cutaneous lymphomas 
[4] .. Oral administration of HePC is successfully used in 
thee treatment of visceral leishmaniasis, a systemic 
protozoall  infection [5j . A HePC analog, D-21266 
[octadecyl-(( 1,1-dimethyl-pipe ridinio-4-yl)-phosphate; 
Perifosine],, has recently been evaluated as an oral anti-
cancerr drug in a clinical phase I study [6]. 

Althoughh the mode of action of ALPs has not yet fully 
beenn established, their target(s) have to be sought at the 
levell  of the membtane. Due to their single long alkyl 
chain,, ALPs readily insert in the outer leaflet of the 
plasmaa membrane. Furthermore, because ALPs are 
resistantt to phospholipase activities, these compounds 
accumulatee persistently in cellular membranes [7]. As a 
consequence,, ALPs cause a disturbance of the contin-
uous,, rapid turnover and biosynthesis of natural phos-
pholipidss [8-101. We and others have previously shown 

significantl yy  contribut e to the inductio n of apoptosis . Anti-
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thatt ALPs are capable of inducing apoptosis in a variety of 
tumorr cells [11-16]. We also found that ALPs strongly 
enhancedd apoptosis in the leukemic cell lines IJ937 and 
Jurkatt Twhen combined with ionizing radiation [11]. 

Thee phosphatidylinositol 3-kinase (PI3K) regulated Akt/ 
PKBB pathway has recently emerged as a pathway that is 
essentiall  for cell survival ]15] and important for the 
regulationn of apoptosis [17-20]. For example, overexpres-
sionn of constitutive active forms of Akt/PKB or PI3K has 
beenn shown to inhibit apoptosis induced by growth factor 
deprivation,, ultraviolet B irradiation or loss of matrix 
attachmentt [15,21-23]. Akt/PKB is activated downstream 
off  PI3K in response to receptor stimulation [19,24,25]. 
PI3KK catalyzes the phosphorylation of phosphatidyl! nosi-
tol{4,5)bisphosphatee [PI(4,5)P2] and phosphatidylinosi-
toll  (4)phosphate [P1(4)P1 into 
phosphatidylinositol(3,4,5)triphosphatee [PI(3,4,5)P?] 
andd phosphatidylinositol(3,4)bisphosphate [PI(3,4)P2] , 
respectivelyy [26|. The plecksttin homology (PH) domain 
off  Akt/PKB binds to these membrane-associated phos-
phatidylinositols,, leading to translocation of Akt/PKB to 
thee membrane and its activation [24,27]. At the 
membrane,, Akt/PKB becomes phosphorylated within its 
catalyticc loop at Thr308 and C-terminally at Ser473 [28-
31].. Phosphorylation of the Thr.308 residue is catalyzed 
byy the PI(3,4,5)P3-dependent kinase PDK1 [3L32|. 
Althoughh the kinase that is responsible for the phosphor-
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ylationn of the Ser473 residue has not been identified, 
severall  candidates have been suggested [33—35]. Both 
translocationn of Akt/PKB to the membrane and its 
phosphorylationn are believed to be required for a full 
activationn of Akt/PKB [36]. Akt/PKB signaling promotes 
celll  survival by phosphorylating and inactivating various 
pro-apoptoticc proteins, including Bad, Forkhead family 
transcriptionn factors, caspase-9 and ASK-1 [34,35,37-39]. 

Becausee ALPs act on membranes and it was shown that 
anotherr synthetic apoptosis-inducing lipid (C2-cetamide) 
inhibitss the Akt/PKB pathway [40], we investigated in 
thee epithelial carcinoma cell lines A431 and He La the 
effectt of ALPs on this signaling pathway. We show here 
thatt Akt/PKB activation is fully dependent on P13K 
activity.. Three clinically relevant ALPs [Et-18-OCH:, 
(Edelfosine),, HePG (Miltefosine) and D-21266 (Perifo-
sine)|| strongly inhibit the PI3K-Akt/PKB survival path-
way.. In addition, we demonstrate that inhibition of this 
pathwayy by the PI3K inhibitor wortmannin is associated 
withh activation of the pro-apoptotic stress-activated 
proteinn kinase (SAPK/JNK) pathway. 

Material ss  and method s 
Material s s 
HePCC was purchased from Sigma (Zwijndrecht, The 
Netherlands).. Et-18-OCH3 was from Biomol (Plymouth 
Meeting,, PA). D-21266 was kindly provided by ASTA 
YIedicaa {Frankfurt, Germany). ALPs were diluted in 
serum-freee media. [','-'"P]ATP (3 mCi/mmol) was from 
Amershamm (Littl e Chalfont, Uk). /fo-benzimide 
(Hoechstt 33258) was purchased from Sigma. Monoclonal 
antibodiess against Akt/PKB were purchased from Trans-
ductionn Laboratories (Lexington, KY). Polyclonal phos-
pho-Aktt (Ser473) antibodies were from New England 
Biolabss (Beverly, MA). Monoclonal anti-phosphotyrosinc 
(PY-20)) antibodies were purchased from Transduction 
Laboratories.. Wortmannin (Sigma) was dissolved in 
dimethyll  sulfoxide to a concentration of 2.3 mM and 
storedd at — 20 C Prior to use, an aliquot was diluted in 
waterr to a final concentration of 1 mM. LY294002 was 
purchasedd from Calbiochem (Calbiochem-Novabiochem, 
Schwalbach.. Germany). SAPKy/JNKl (CI7) antibodies 
weree from Santa Cruz Biotechnology (Santa Cruz, CA). 

Celll  cultur e 
A4311 and HeLa epithelial carcinoma cells were grown in 
Dulbecco'ss modified Eagle's medium (I)MEM ; Life 
Technologies,, Paisley, UK) supplemented with 8% heat-
inactivatedd fetal calf serum. 2 mM glutamine, 5017ml 
penicillinn and 50//g/ml streptomycin. 

Apoptosi ss  assay s 
Apoptosiss was determined by staining with the DNA-
bindingg fluorochome /v-benzimide) [41] to detect 
morphologicall  nuclear changes. 

Cellss were washed once with phosphate-buffered saline 
(PBS)) and resuspended in 50 ^1 of 3.7% paraformalde-
hyde.. After 10min at room temperature, the fixative was 
removedd and the cells were resuspended in 15 /d of PBS 
containingg 16 /Jg/ml //w-benzimide. Following 15 min 
incubarion,, a 10-/il aliquot was placed on a glass slide 
andd 500 cells per slide were scored in duplicate for the 
incidencee of apoptotic nuclear changes under an Olympus 
AH2-RFLL fluorescence microscope using a l"V l exciter 
filter. . 

Analysi ss  of Akt/PK B phosphorylatio n 
Afterr stimulation, cells were washed once with ice-cold 
PBSS and lysed in lysis buffer [20 mM HEPES (pH 7.4), 
2mMM EDTA, 50m.M /j-glycerophosphate, 1% (v/v) Triton 
X-100,, 2.5 mM MgCL, l'mM Na,V04l 5 / JM leupeptin, 
2.55 /A l aprotinin and 400/(M phenylmethylsulfonyl 
fluoride]]  on ice for 15 min. Lysates were clarified by 
centrifugationn at 14 000 r.p.m. for 10 min and normalized 
forr protein content. For Western blot analysis, samples 
weree boiled for 3 min in the presence of Laemmli sample 
bufferr and subjected to SDS-PAGE (10%). Separated 
proteinss were transferred to nitrocellulose membranes, 
blockedd for 1 h with 5% (w/v) Nutrilon Premium 
(Nutricia,, Zoetermeer, The Netherlands) in TBST 
UOmMM Tris-HCI, pH 7.5, 0.5 M NaCl and 0.05% Tween 
20).. Blots were incubated overnight at 4 C with 
polyclonall  phospho-Akt/PKB (Ser473) or monoclonal 
Akt/PKBB (for total Akt/PKB levels) antibodies in 1% 
Nutrilonn Premium in TBST. After incubation with the 
appropriatee horseradish peroxidase-conjugated secondary 
antibodies,, proteins were detected with SuperSignal 
WestWest Pico reagents (Pierce, Omnilabo, Breda, The 
Netherlands)) and exposure to X-Omat AR films (East-
mann Kodak, Rochester, NT). 

InIn  vitro  PI3K assay 
A4311 cells were made quiescent by culturing them 
overnightt in serum-free DMEM medium. Cells were 
incubatedd for 30 min with increasing amounts of ALPs 
andd then stimulated with 10/(g/ml insulin for 5 min. Cells 
weree then washed once with ice-cold phosphate-buffered 
salinee and scraped into 250 /d Ivsis buffer (50 mM Tris, 
pHH 8.0, 50 mM KC1, 10 mM EDTA, 1% NP-40, 1 ̂ g/ml 
aprotinin,, 1 /Jg/ml trypsin inhibitor, 1 mM Na,V04 and 
600/(g/mll  phenylmethylsulfonyl fluoride) and solubilized 
onn ice. The soluble cell lysates were clarified, by 
centrifugingg for 10 min at 14 000 r.p.m. and normalized 
forr protein content. Fkjual amounts of cell lysates were 
incubatedd with anti-phospho-tyrosine (PY-20) antibody 
forr 1 h. The lysates were incubated for an additional hour 
inn the presence of Protein A-Sepharose beads (Pharma-
cia,, Uppsala, Sweden). The immunocomplexes were then 
precipitatedd and washed 3 times with IP buffer (50 mM 
Tris,, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% Tween 20 
andd 0.02% NaAz) and once in PIPKIN buffer (50 mM 
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Tris,, pH 7.5, lOmM MgCl2, 70 mM KC1 and 2 mM 
EDTA).. The beads were resuspended in 90//l PIPKIN 
bufferr containing 5 nmol phosphatidylinositol. The reac-
tionn was started by adding 10 1̂ ATP-mix (200 fiM ATP 
andd 5/iCi [y-32P] ATP After 20 min at 30°C, the reaction 
wass stopped by the addition of 500/zl CHCl3:MeOH 
(1:1)) and 125 ^1 2.4 N HC1. Samples were centrifuged 
andd the lower organic phase was removed and applied to a 
silicaa gel 60 thin-layer chromatography plate that has 
beenn coated with 1% potassium oxalate. The plates were 
developedd in CHCl3:CH3OH:H20:NH40H (25%) 
(45:35:8:2),, dried, visualized and quantified by using a 
Fujixx BAS 2000 TR Phosphor I mager. 

InIn  vitro  SAPK/JN K assay 
SAPK/JNKK activation was determined by an immune-
complexx kinase assay, using GST-c-Jun (1-135) as 
substrate.. Cells were treated with Et-18-OCH3 or 
wortmannin,, washed and lysed in lysis buffer (20 mM 
HEPES,, pH 7.4, 2mM EGTA, 50 mM ^-glyceropho-
sphate,, ImM DTT, 1 mM Na3V04, 1% Triton X-100, 
10%% glycerol, 2 fiM leupeptin, 10mg/ml soy bean trypsin 
inhibitorr and 400^M phenylmethylsulfonyl fluoride). 
Cellss were allowed to solubilize on ice for 15 min and 
clarifiedd by centrifuging for 10 min at 14000 r.p.m. The 

nuclei-freee supernatant was normalized for protein 
contentt and subjected to immunoprecipitation with 
anti-SAPKy/JNKll  (C17) conjugated to Protein A-Sephar-
osee beads (Pharmacia, Uppsala, Sweden). To 41.5pi 
SAPK/JNK-boundd beads in assay buffer was added 4 fj.[ 
11 mg/ml GST-c-Jun (1-135), 4.5 //I Mg-ATP mix (20 mM 
MgCL/25/iMM ATP) and 1 pi [y-32P]ATP. The reaction 
wass terminated after 20 min at 30°C by addition of 15 pi 
Laemmlii  sample buffer and boiling, and the products 
resolvedd on 12.5% SDS-PAGE. The relative SAPK/JNK 
activityy was determined by quantification of the levels of 
phosphorylatedd GST-c-Jun (1-135) after stimulation 
relativee to the control situation, using a Fujix BAS 2000 
TRR Phosphorlmager. 

Results s 
ALPss induc e apoptosi s in thee human epithelia l carcino -
maa cell s A431 and HeLa 
Thee apoptotic potential of three clinically relevant ALPs 
(Et-18-OCH3,, HePC and D-21266) was tested in the 
humann epithelial vulva carcinoma cell line A431 and the 
humann epithelial cervix carcinoma cell line HeLa. All 
threee compounds tested induced a time- and dose-
dependentt increase in apoptosis in these cell types, as 
detectedd by tó-benzimide staining. Figure 1(A) shows a 

Et-18-OCH3- inducedd apoptosis in A431 cells. Morphological changes in A431 cells 1 6 h after treatment with 2 0 / i M of Et -18-OCH3 (B). Control 
cellss (A) were untreated. Apoptosis was visualized after b/s-benzimide staining by fluorescence microscopy (magnification, x 400). (C) Time course. 
Cellss were incubated with 20/<M Et -18-OCH 3 (squares). Control cells (triangle) were untreated. (D) Dose-effect curve. Cells were incubated for 
166 h with the indicated concentrations of Et-18-OCH3 . Apoptosis was determined after 6/s-benzimide staining by scoring 500 cells in duplicate for 
thee incidence of apoptotic nuclear changes. Data points represent means+ SD from three independent experiments. 
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fe-benzimidefe-benzimide staining of untreated A431 cells. The first 
morphologicall  changes characteristic of apoptosis were 
detectedd as early as 6h after treatment (Fig. IB and C). 
Apoptosiss reached maximal levels of about 55—65% after 
244 h incubation. A dose-effect relation was observed 
betweenn 5 and 30/(M Et-18-OCH3 with an ED50 of 
approximatelyy 15/rM (Fig. ID) . The ED50 values of the 
threee different ALPs in both cell lines are shown in Table 
1. . 

ALPss inhibi t the PI3K-Akt/PK B pathwa y 
Too determine Akt/PKB activation, we used antibodies 
againstt the phosphorylated Ser473 of Akt/PKB. Phos-
phorylationn of Akt/PKB on this residue is indicative for its 
activation.. Treatment of A431 cells with 10/tg/ml insulin 
resultedd within 3 min in a sustained increase in phos-
phorylationn of Akt/PKB at Ser473 (Fig. 2A). This 
phosphorylationn was prevented by 20 min pretreatment 

T.bieT.bie 1 E D 5 0 value s (jiM ) of E M 8 -OCH 3 , HePC and D-21266 in th e 
huma nn epithelia l carcinom a cel l line s A43 1 an d HeLa (mea n  SD 
fro mm thre e independen t experiments ) 

Et-18-OCH3 3 HePC C D21266 6 

A431 1 
HeLa a 

15.44 + 2.9 
5.11 6 

17.22 0 
8.11 4 

23.11 7 
9.22 8 

withh the PI3K inhibitors wortmannin (200 nM) and 
LY2940022 (5/A1), implying that this event is fully 
dependentt on the activity of PI3K in these cells (Fig. 
2B).. To investigate the effect of ALPs, cells were treated 
forr 30 min with increasing concentrations of ALPs and 
subsequentlyy incubated with 10^g/ml insulin for 5 min. 
Akt/PKBB phosphorylation was inhibited in a dose-
dependentt manner by Et-18-OCH3 (Fig. 2C). C2-
ceramide,, another apoptosis-inducing sphingosine-based 
lipid,, also inhibited insulin-induced Akt/PKB activity. In 
additionn to insulin, Et-18-OCH3 also inhibited LPA- and 
EGFF -induced Akt/PKB activation (Fig. 2D). The two 
otherr ALPs, HePC and D-21266, inhibited Akt/PKB 
signalingg as well (Fig. 3A). Similar results were obtained 
inn HeLa cells (Fig. 3B). 

Becausee Akt/PKB functions downstream of PI3K [24,42], 
wee investigated the effect of ALPs on PI3K activity in 
A4311 cells. Treatment of these cells for 5 min with 10 [ig/ 
mll  insulin resulted in a more than 5-fold increase in PI3K 
activity.. This activation was significantly inhibited in a 
dose-dependentt manner by a 30 min pretreatment with 
Et-18-OCH33 (Fig. 4 ). Similar data were obtained with 
HePCC and D-21266 (not shown). 
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Inhibitionn of Ak t /PKB activity by E M 8 - O C H 3 in A431 cells. Akt/PKB activity was determined by subjecting cell lysates to Western blot analysis 
usingg phospho-specif ic Ser473 Akt/PKB antibodies. Total Akt/PKB levels were determined by Western blot analysis using monoclonal Akt /PKB 
antibodies.. (A) Time course of insulin-induced Akt /PKB phosphorylation in A431 cells. Cells were stimulated with 10/xg/ml insulin for the indicated 
timee points. (B) Effect of wortmannin and LY294002 on insulin-induced Akt/PKB activity in A431 cells. Cells were pretreated for 20 min with 200 ng/ 
mll wortmannin or 5 / iM LY294002 and subsequently stimulated for 5 min with 10^g /ml insulin. (C) Effect of E M 8 - O C H 3 and C2-ceramide on 
insulin-inducedd Akt /PKB activity in A431 cells. Cells were pretreated for 30 min with the indicated concentrations of E M 8 - O C H 3 or C2-ceramide 
andd subsequently stimulated for 5 min with 10 / ig /m! insulin. (D) Effect of Et -18-OCH 3 on LPA, EGF and insulin-induced Akt /PKB activity in A431 
cells.. Cells were pretreated for 30 min in the presence or absence of 20 /iM E M 8-OCH3 and subsequently stimulated with 5 / iM LPA, 2 ng/ml EGF 
orr 10 pg/ml insulin. 
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Inhibitionn of Akt/PKB activity by two other ALPs (HePC and D-21266) in A431 cells and by Et -18-OCH 3 in HeLa cells. Akt /PKB activity was 
determinedd by subjecting cell lysates to Western blot analysis using phospho-specific Ser473 Akt/PKB antibodies. Total Akt/PKB levels were 
determinedd by Western blot analysis using monoclonal Akt /PKB antibodies. (A) Effect of HePC and D-21266 on insulin-induced Akt/PKB activity in 
A4311 cells. Cells were pretreated for 30 min with the indicated concentrations of HePC (upper panel) or D-21266 (lower panel) and subsequently 
stimulatedd with 10 /^g/ml insulin. (B) Inhibition of Akt/PKB activity in HeLa cells. Cells were pretreated for 30 min with the indicated concentrations of 
E t -18-OCH 33 and subsequently stimulated for 5 min with 10 /ug/ml insulin (upper panel) or with 2 ng/ml EGF (lower panel). 
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E M 8 - O C H 33 inhibits PI3K activity in A431 cells. Cells were incubated 
forr 30 min with the indicated concentrations of E M 8 - O C H 3 and 
subsequentlyy stimulated for 5 min with 10/ ig/ml insulin. Cells lysates 
weree subjected to an in vitro PI3K activity assay as described in 
Materialss and methods with phosphatidylinositol (PI) as substrate. PI is 
convertedd by active PI3K into phosphatidylinositol phosphate (PIP). 
Dataa shown are duplicates of a representative of three independent 
experiments.. The relative PI3K activity is indicated at the bottom of the 
lanes. . 

 Gst-c-Jun(1-135) 

foldd stimulation 

Inhibitionn of PI3K-AM/PKB signaling is associated with SAPK/JNK 
activationn in A431 cells. Cells were incubated for 20 min with 200 n g / 
mll wortmannin or 20 /<M EM8-OCH3 . Cell lysates were analyzed for 
SAPK/JNKK activity by an in vitro kinase assay as described in Materials 
andd methods with GST-c-Jun (1 -135) as substrate. 

Inhibitio nn of PI3K is associate d wit h activatio n of 
SAPK/JN K K 
AA recent report shows thar acrivated Akt/PKB physically 
interacrss with and phosphorylates SEK-1, thereby sup-
pressingg SEK-1-mediated signaling [43]. SEK-1 is the 
upstreamm activator of SAPK/JNK (44]. We have previously 
shownn that ALPs rapidly activate the pro-apoptotic 
SAPK/JNKK cascade. This SAPK/JNK activation appears 
too be an imporranr event during ALP-induced apoptosis, 
ass human myeloid leukemia cells (U937) stably expres-
singg a dominant-negative c-Jun construct (TAM-67/U937 

cells)) failed ro undergo apoptosis after ALP rreatment 
[11].. To investigate whether the inhibition of the PI3K-
Akt/PKBB parhway might conrribute to the activation of 
SAPK/JNK,, we treared A431 cells for 20 min with 200 nM 
off  the PI3K inhibitor wortmannin and subsequently 
measuredd the SAPK/JNK activity by an in vitro kinase 
assay.. The wortmannin treatment resulred in a 2.7-fold 
increasee activity of SAPK/JNK, which is of the same order 
off  magnitude as the SAPK/JNK activity induced bv 20/iM 
off  the ALP Et-18-OCH.,, i.e. 4.8-fold'(Fig. 5). 
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Inn summary, we have shown that three clinically relevant 
ALPss ate potent inhibitors of the PI3K-Akt/PKB survival 
pathway.. Our data furthet suggest that ALP-induced 
inhibitionn of the PI3K-Akt/PKB survival pathway con-
tributess to the SAPK/JNK activation and apoptosis 
induction. . 

Discussio n n 
Anti-cancerr ALPs represent a heterogeneous group of 
unnaturall  lysophospholipids with different biological 
effects,, including inhibition of tumot cell invasion (45], 
inductionn of cell differentiation [46}  and apoptosis 
[11,13-15].. 1'nlike most classical chemothenipeutic 
drugss that target the DNA, ALPs mainly exert their 
effectss on membtanes [47]. 

Wee have previously shown that ALPs affect two important 
signall  transduction pathways that originate from the 
plasmaa membrane, i.e. the MAPK/ERK and the SAPK/ 
JNKK pathways [11]. Apoptotic concentrations of ALPs 
preventedd the activation of the MAPK/ERK pathway and 
rapidlyy activated the SAPK/JNK pathway- While sustained 
MAPK/ERKK activation is important for mitogenesis [48], 
thee SAPK/JNK pathway appears to play a major role in the 
inductionn of apoptosis [49-51]. For example, it was shown 
thatt dominant-negative constructs of components of the 
SAPK/JNKK pathway significantly inhibited radiation-and 
drug-inducedd apoptosis [49,52]. We and others also 
demonstratedd the importance of this pathway for ALP-
inducedd apoptosis [11,53]. 

Thee PI3K-Akt/PKB pathway, which also originates from 
thee plasma membrane, has more recently been implicated 
ass an important regulator of cell death and survival [36]. 
Thee present study was initiated to test the hypothesis 
thatt ALPs may also interfere with this pathway. Our data 
indicatee that in the epithelial carcinoma cell lines A431 
andd HeLa three clinically relevant ALPs (Et-18-OCHj, 
HePCC and D-21266) [ i -6 ] strongly inhibit Akt/PKB 
signalingg at or upstream of PI3K. In addition, we 
demonstratedd that inhibition of the PI3K-Akt/PKB 
pathwayy by the PI3K inhibitor wortmannin was associated 
withh activation of SAPK/JNK. 

Numerouss studies suggest the existence of a balance 
betweenn pro- and anti-apoptotic signal transduction 
pathwayss that controls apoptosis. Several groups have 
shownn that inhibition of MAPK/ERK correlates with 
SAPK/JNKK activation [11,54,55]. For example, in the 
presencee of nerve growth factot (NGF) the MAPK/ERK 
pathwayy is activated whereas the SAPK/JNK pathway is 
suppressed.. Conversely, NGF withdrawal resulted in 
MAPK/ERKK inhibition and SAPK/JNK activation result-
ingg in apoptosis [54], 

AA link between the PI3K-Akt/PKB survival pathway and 
thee SAPK/JNK pathway has also been suggested in 
severall  studies [56,57]. In those studies it was shown 
thatt ovetexpression of a dominant-negative Akt/PKB 
mutantt correlates with an activation of SAPK/JNK, while 
thee ability of a constitutive active mutant to mediate cell 
survivall  correlates with inhibition of the SAPK/JNK 
pathway.. More direct evidence of the existence of a 
cross-talkk between both pathways came from recent work 
off  Park et al. [43]. These investigators showed in 293 T 
cellss that insulin inhibited the anisomycin-induced 
activationn of SEK-1 and its substrate SAPK/JNK. This 
inhibitoryy effect was prevented by the PI3K inhibitor 
LY294002,, and expression of a constitutively active 
mutantt of Akt/PKB inhibited the SEK-1 and SAPK/JNK 
activation.. In addition, they demonstrated that Akt/PKB 
physicallyy interacted with endogenous SEK-1 and that 
thiss interaction was promoted by insulin. Additional 
experimentss revealed that Akt/PKB inhibited SEK-1-
mediatedd apoptosis. Our own data showing that inhibition 
off  the PI3K-Akt/PKB survival pathway results in the 
activationn of SAPK/JNK are in line with these observa-
tions.. Apparently, Akt/PKB suppresses SAPK/JNK signal-
ingg by targeting SEK-1 and this suppression is abrogated 
whenn the PI3K-Akt/PKB pathway is inhibited. We 
thereforee speculate that ALP-induced inhibition of the 
PI3K-Akt/PKBB survival pathway (at least partially) 
contributess to the SAPK/JNK activation and apoptosis 
induction. . 

Conclusio n n 
Inn this study we have identified the PI3K-Akt/PKB 
pathwayy as a novel target of ALPs. Our data are consistent 
withh the concept that cell survival and death is tegulated 
byy a delicate and dynamic balance between anti-apoptotic 
andd pro-apoptotic signaling. We propose that ALPs 
inducee apoptosis by shifting this balance by decreasing 
anti-apoptoticc signaling (MAPK/ERK and PI3K-Akt/ 
PKB)PKB) and increasing pro-apoptotic signaling (SAPK/ 
JNK). . 
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Introduction Introduction 

Syntheticc alkyl-lysophospholipids (ALPs) represent a group of membrane-permeable compounds 

withh anti-neoplastic properties and a broad range of clinical applications. For example, Et-18-OCH3 (1-0-

Octadecyl-2-0-methyl-rac-glycero-3-phosphocholine;; Edelfosine) has been used as a purging agent in 

autologouss bone marrow transplantation1,2. Topical application of HePC (hexadecylphosphocholine; 

Miltefosine)) was shown to be an effective therapy for skin metastases of breast cancer3 and cutaneous 

lymphomas4.. Oral administration of HePC is successfully used in the treatment of visceral leishmaniasis, 

aa systemic protozoal infection5. A HePC analogue, D-21266 (octadecyl-(1,1-dimethyl-piperidinio-4-yl)-

phosphate;; Perifosine), has recently been evaluated as an oral anticancer drug in clinical phase I 

studies67. . 

ALPss differ from most currently used cytotoxic drugs with respect to their cellular targets. ALPs 

primarilyy act on cell membranes where they accumulate and interfere with the rapid and continuous 

phospholipidd turnover that is essential for cell survival8,9. This interference occurs at different levels: Et-

I8-OCH33 and HePC inhibit phosphoinositide-specific phospholipase C and consequent formation of the 

secondd messengers diacylglycerol and inositol 1,4,5-triphosphate1013. In addition, both EH8-OCH3 and 

HePCC inhibit phosphatidylcholine (PC) turnover at the level of PC degradation as well as PC 

resynthesis8,1415.. The latter inhibition occurs at the level of cytidylyltransferase16,17, the rate-determining 

stepp in PC biosynthesis. Signaling events downstream of these disturbing effects of ALPs on lipid 

metabolismm and signaling, include inhibition of the mitogen-activated protein kinase/extracellular signal-

regulatedd kinase (MAPK/ERK) pathway1819, activation of pro-apoptotic stress-activated protein kinase/c-

Junn N-terminal kinase (SAPK/JNK) signaling20,21 and, as we reported more recently, inhibition of the 

Akt/proteinn kinase B (PKB) survival pathway22. These effects most likely contribute to a change in the 

balancee between pro- and anti-apoptotic signaling. Indeed, ALPs are potent inducers of apoptosis in a 

varietyy of tumor cell lines23"26. In addition, ALPs enhance radiation- and chemotherapy-induced 

cytotoxicityy in a synergistic fashion21,22,27"29. 

Angiogenesiss is the outgrowth of new blood vessels from pre-existing ones and occurs during 

development,, but normally stops at maturity. In the healthy adult it is only found in the endometrium and 

66 6 



Anti-angiogenicAnti-angiogenic effect ofALPs 

Abstract Abstract 

Syntheticc alkyl-lysophospholipids (ALPs), such as Et-18-OCH3, HePC and D-21266 constitute a 

neww class of anti-neoplastic compounds. Besides inhibition of mitogenic signaling, ALPs stimulate pro-

apoptoticc pathways and enhance radiation- and chemotherapy-induced cell death. ALPs have been 

shownn to preferentially target malignant cells, leaving normal cells relatively unaffected. Here we have 

evaluatedd the anti-angiogenic potential of ALPs. The sensitivity of three types of vascular endothelial 

cellss (EC) {bovine aortic EC, human umbilical vein EC, human microvascular EC) to ALP-induced 

apoptosiss was dependent on the proliferative status of these cells and correlated with the cellular 

incorporationn of ALP. Whereas confluent, non-dividing endothelial cells failed to undergo ALP-induced 

apoptosis,, proliferating endothelial cells showed significant levels of apoptosis after ALP treatment. 

Thesee findings raised the question whether ALPs interfere with new blood vessel formation. To test the 

anti-angiogenicc properties in vitro, we studied the effect of ALPs on the ability of human microvascular 

endotheliall cells to invade a three-dimensional human fibrin matrix and form capillary-like tubular 

networks.. Using this system, we found that all three ALPs induced apoptosis in tube forming endothelial 

cellss and inhibited both vascular endothelial growth factor/tumor necrosis factor a (VEGF/TNFa-) and 

basicc fibroblast growth factor (bFGF)/TNFct-mediated capillary tube formation in a dose-dependent 

manner.. Inhibition of angiogenesis represents a novel mode of action of ALPs and may significantly 

contributee to the anti-tumor effect of these compounds. 
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ovariess during the menstrual cycle, and in conditions associated with tissue repair and inflammation. 

Angiogenesiss is increased in a number of diseases including rheumatoid arthritis, diabetic retinopathy 

andd cancer. This increase is accompanied by changes in the behavior of endothelial cells, which are 

reflectedd in a large increase in their proliferation rate, increased migration and invasion into the 

extracellularr matrix, and the formation of new tubular structures. The increased vascular bed nourishes 

thee malignant tissue and accelerates the growth of many tumors. In the last two decades not only have 

thee mechanisms and factors that underlie the angiogenic process become known, but insight has also 

grownn into the possibilities that inhibition of the angiogenic process may contribute to the treatment of 

solidd tumors3035. 

InIn the present studies we used three well-characterized ALPs (Edelfosine/Et-18-OCH3, 

Miltefosine/HePCC and Perifosine/D-21266) to evaluate the effect of ALPs on endothelial integrity. We 

foundd that ALP induced apoptosis in endothelial cells from both human and bovine origin depending on 

thee proliferative status of the cells. Confluent, quiescent endothelial cells were relatively resistant, 

whereass proliferating endothelial cells were highly sensitive to ALP-induced apoptosis. In addition, we 

investigatedd whether ALPs were capable to interfere with angiogenesis in vitro. For these studies 

microvascularr endothelial cells were cultured on top of a three-dimensional fibrin matrix and allowed to 

formm a capillary-like tubular network36,37. The ALPs were efficient inhibitors of both vascular endothelial 

growthh factor (VEGF)/tumor necrosis factor a (TNFa)- and basic fibroblast growth factor (bFGF)fi"NFa-

mediatedd capillary-like endothelial tube formation. In this system ALPs induce endothelial apoptosis in 

thee invading, tube forming endothelial cells and not in the endothelial monolayer on top of the fibrin 

matrix.. We conclude that besides the apoptotic effect preferentially on malignant cells, ALP-induced 

inhibitionn of angiogenesis may contribute to the anti-tumor effect of these compounds. 

MaterialsMaterials  and Methods 

Reagents Reagents 

HePCC (Miltefosine) was purchased from Sigma Chemical Co. (Zwijndrecht, The Netherlands). Et-

I8-OCH33 (Edelfosine) was from Biomol (Plymouth Meeting, PA) and PAF-18 from ICN Biomedical Inc. 
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(Aurora,, OH). [3H]-Et-18-OCH3 (specific activity 58 mCi/mmol) was synthesized by Moravek 

Biochemicalss (Brea, CA). [14C]-HePC (specific activity 42 mCi/mmol), D-21266 (Perifosine) and [14C]-D-

212666 (specific activity 31 mCi/mmol) were kindly provided by Zentaris AG (Frankfurt, Germany). These 

compoundss were diluted in serum free culture medium. Thrombin was purchased from Leo 

Pharmaceuticc Products (Weesp, The Netherlands) and human fibrinogen from Chromogenix AB 

(Mölndal,, Sweden). Factor XIII was generously provided by Dr. H. Metzner and Dr. G. Seemann (Aventis 

Behring,, Marburg, Germany), bFGF was obtained from PeproTech Inc. (London, UK), human 

recombinantt TNFa from Biogent (Gent, Belgium) and human recombinant VEGF-Ai65 from ReliaTech 

(Braunschweig,, Germany). A crude preparation of endothelial cell growth factor (ECGF) was prepared 

fromm bovine hypothalamus as described38. 

CellCell Culture 

Thee human squamous carcinoma cell lines A431 and HeLa and human fibroblasts were cultured 

inn Dulbecco's modified Eagle's medium (DMEM, GIBCO-BRL, Paisley, Scotland) supplemented with 

10%% heat-inactivated fetal calf serum (FCS), penicillin (50 units/ml), and streptomycin (50 u,g/ml). Human 

monoblasticc leukemia U937 cells and human T lymphoid leukemic Jurkat cells (J16; kindly provided by 

Prof.. J. Borst, The Netherlands Cancer Institute, Amsterdam, The Netherlands) were grown at a density 
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betweenn 0.1x10 and 1x10 cells/ml in Iscove's modified Dulbecco's medium (GIBCO-BRL, Paisley, 

Scotland),, supplemented with 10% heat-inactivated FCS, penicillin (50 U/ml) and streptomycin (50 

ug/ml).. Prior to treatment with alkyl-lysophospholipids cells were resuspended in serum-free medium 

(RPMI-16400 or DMEM) and kept overnight. Endothelial cells from human umbilical veins (HUVEC; kindly 

providedd by Dr. J.A. van Mourik, CLB, Amsterdam, The Netherlands) were cultured in plastic 6-well 

plates,, precoated with human fibronectin (2 mg/ml). The medium consisted of an equal mixture of RPMI-

16400 and M199 (GIBCO-BRL), 20% (v/v) heat-inactivated pooled human serum, 2 mM glutamine 

(Merck,, Darmstadt, Germany), penicillin (100 U/ml), streptomycin (100 U/ml) and fungizone (2.5 ug/ml) 

(GIBCO-BRL).. When human serum had to be omitted from the medium, 0.5% human serum albumin 

(CLB,, Amsterdam, The Netherlands) and human transferrin (20 ug/ml, Sigma) were added. Confluent 
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monolayerss were harvested by trypsinization, resuspended in medium and subcultured. Subcultureel 

cellss from passages 1 and 2 were used. The medium was replaced every 3 days. Endothelial cells from 

bovinee aortic origin (BAEC; kindly provided by Dr. Haimovitz-Friedman, Memorial Sloan-Kettering 

Cancerr Center, New York, USA) were grown to confluence in DMEM low (1 g/l) glucose (GIBCO-BRL), 

supplementedd with 10% bovine calf serum, penicillin (50 U/ml) and streptomycin (50 ug/ml). For serum-

freee conditions medium containing 0.5% bovine calf serum (BCS) was used. Confluent monolayers were 

eitherr used for experiments or further subcultured at a plating density of 0.75x105 cells/cm2. Confluence 

(celll density 6x105/cm2 and >90% of cells in G0-G-i) was reached at 4-5 days after plating. Human 

foreskinn microvascular endothelial cells (HMVEC) were isolated, cultured and characterized as 

previouslyy described39. HMVEC were cultured on gelatin-coated dishes in M199 supplemented with 20 

mmol/ll HEPES (pH 7.3), 10% heat-inactivated pooled human serum, 10% heat-inactivated newborn calf 

serumm (NBCS), 150 ug/ml crude ECGF, 2 mM glutamin, 5 U/ml heparin, 100 U/m! penicillin and 100 U/ml 

streptomycin.. Cells were used after they had reached confluence and had been cultured without growth 

factorr for at least 24 h. In some experiments proliferating endothelial cells were used. For these studies, 

culturess were harvested at 1-2 days after plating, i.e. during the exponential phase of cell growth (cell 

densityy 1.5x105/cm2). 

ApoptosisApoptosis assay 

Apoptosiss was determined by either staining with the DNA-binding fluorochome b/sbenzimide 

(Hoechstt 33258, Sigma)40 to detect morphological nuclear changes or by propidium iodide staining and 

fluorescence-activatedd cell sorting (FACS) analysis41 to determine the percentage of subdiploid apoptotic 

nuclei. . 

Forr the b/sbenzimide staining, cells were washed once with phosphate-buffered saline (PBS) and 

resuspendedd in 3.7% (v/v) paraformaldehyde/PBS solution. After 10 min at room temperature, the 

fixativee was removed and the cells were resuspended in 15 pi of PBS containing 16 ug/ml b/sbenzimide. 

Followingg a 15 min incubation at room temperature, a 10 pi aliquot was placed on a glass slide, and 400 

cellss per slide were scored in duplicate for the incidence of apoptotic nuclear changes under an Olympus 
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AH2-RFLL fluorescence microscope using a BH2-DMU2UV exciter filter. 

5 5 

Forr the propidium iodide staining, cells were seeded at 2x10 cells/ml, 100 ul/well in round-

bottomed,, 96-well microtiter plates in serum-free RPMI-medium. Cells were lysed overnight in 200 pi 

Nicolettii Buffer (0.1% sodium citrate, 0 .1% Triton X-100, and 50 pg/ml propidium iodide) and the 

percentagee apoptotic nuclei, recognized by their subdiploid DNA content, was determined on a FACScan 

(Becktonn Dickinson, San Jose, CA) using Lysys II software. 

IncorporationIncorporation of ALP 

Culturess of confluent or proliferating BAEC were incubated in low serum (0.5%) culture medium 

containingg 0.05 nCi/ml radiolabeled ALP and 15 jaM ALP. At various time intervals up to 2 h the medium 

wass removed and cells were washed three times with ice-cold PBS and subsequently lysed in 0.1 N 

NaOH.. The incorporated radioactivity was quantified by liquid scintillation counting and normalized for 

totall cell number. 

InIn Vitro Angiogenesis Model 

Ann in vitro angiogenesis model to study the formation of tubular structures was used as 

previouslyy described3637. Briefly, human fibrin matrices were prepared by addition of 0.1 U/ml thrombin 

too a mixture of 2.5 U/ml factor XIII (final concentrations), 2 mg/ml fibrinogen, 2 mg/ml sodium citrate, 0.8 

mg/mll NaCI, and 3 (ig/ml plasminogen in M199 without indicator, and 300 JLXI aliquots of this mixture were 

addedd to 48-well plates. After clotting at room temperature, the fibrin matrices were soaked with 0.5 ml 

M1999 supplemented with 10% heat-inactivated pooled human serum and 10% heat-inactivated NBCS 

forr 2 h at 37  C to inactivate the thrombin. Highly confluent HMVEC (0.7 x 105 cells/cm2) were seeded in 

aa 1.25:1 split ratio on the fibrin matrices and cultured for 24 h in M199 without indicator supplemented 

withh 10% heat-inactivated pooled human serum, 10% heat-inactivated NBCS and penicillin/streptomycin. 

Confluentt monolayers of HMVEC were then stimulated with the indicated mediators (2.5 ng/ml TNFa 

andd 10 ng/ml bFGF or 25 ng/ml VEGF) for 8 to 10 days in the absence or presence of ALP. Every 

secondd day the culture medium was removed and fresh medium containing appropriate mediators and 
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testt compounds was added. Invading cells and the formation of capillary-like tubular structures of 

endotheliall cells in the three-dimensional fibrin matrix were analyzed by phase contrast and dark-field 

microscopy.. The total length of capillary-like tubular structures of six randomly chosen microscopic fields 

(7.33 mm2/field) was measured using a Nikon FXA microscope equipped with a monochrome CCD 

cameraa (MX5) connected to a computer with Optimas image analysis software (Tokyo, Japan), and 

expressedd as mm/cm2. 

Too detect ALP-induced endothelial apoptosis during tube formation, confluent monolayers were 

stimulatedd to form tubules during 3-5 days and treated with ALP for another 3-5 days. Matrices were 

thenn isolated and processed routinely. Paraffin-embedded 5 ^m-sections were stained with hematoxylin 

andd eosin (H&E). 

StatisticalStatistical Analyses 

Statisticall analyses of the data were performed by standard procedures, using Student's Mests. 

Differencess were considered significant when p values were smaller than 0.05. 
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Results Results 

ALP-inducedALP-induced Apoptosis in Malignant Versus Normal Cells 

Threee clinically relevant ALPs (Et-18-OCH3/Edelfosine, HePC/Miltefosine and D-

21266/Perifosine)) were assayed for their capacity to induce apoptosis in a panel of malignant cell lines 

andd a variety of normal cell types. As illustrated in Fig. 1, Et-18-OCH3 induced apoptosis in all human 

tumorr cell lines tested, both from solid (A431 and HeLa) and leukemic origin (U937 and Jurkat T). In 

contrast,, normal human fibroblasts and three types of confluent normal vascular endothelial cells (BAEC, 

HUVECC and HMVEC) failed to undergo apoptosis after ALP treatment. This resistance was observed for 

alll three compounds even after doses as high as 30 uM (not shown). Table 1 shows the ED50 values in 

thee different tumor cell lines for the three ALPs used. The most potent ALP was Et-18-OCH3, which is 

consideredd as the prototype of these compounds. 

Fig.. 1 ALP-induced apoptosis in malignant (A431, HeLa, U937, Jurkat T) 

andd normal cell types (human fibroblasts (HF), BAEC, HUVEC, HMVEC). 

Apoptosiss was determined at 16 h after treatment with 10 uM Et-18-OCH3 

byy FACScan analysis after propidium iodide staining. Data are expressed 

ass mean  SD from 3 independent experiments. 

00 20 40 60 80 100 
apoptosi ss  (%) 

Tablee 1. ALP-induced apoptosis in a panel of human carcinoma and leukemic cell lines. 

EDsoEDso (MM) 
CellCell type 

Et-18-OCH33 HePC D-21266 

A4311 15.4 9 17.2  3.0 23.1  2.7 
HeLaa 5.1  1.6 8.1 4 9.2 8 

U9377 6.2 3 7.9 + 2.3 10.3 2 
Jurkatt T 5.0 3 8.0 9 8.2  0.6 

ED500 values were calculated from full dose-response curves at t=16 h. Data are expressed as mean  SD from 3 independent 

experiments. . 

^ ^ ^ ^ ^ - 1 1 A431 A431 

HeLa^ HeLa^ 

U937 U937 

JurkatT JurkatT 

HF HF 

BAEC BAEC 

HUVEC HUVEC 

HMJEC HMJEC 
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ALP-inducedALP-induced Apoptosis in Confluent Versus Proliferating Endothelial Cells 

Wee observed a striking difference in the propensity to undergo ALP-induced apoptosis between 

confluentt and proliferating endothelial cells (Fig. 2). As discussed above and consistent with our 

previouss observations21, ALP did not induce significant levels of apoptosis in confluent cultures of BAEC, 

HUVECC and HMVEC. However, as shown in Fig. 2B, exponentially proliferating endothelial cells showed 

aa dose-dependent increase in apoptosis after Et-18-OCH3 treatment. Fig. 2A illustrates the ALP-induced 

apoptoticc changes in nuclei derived from proliferating BAEC and the absence of this apoptotic 

morphologyy in nuclei derived from confluent BAEC. Similar differences in apoptosis sensitivity between 

confluentt and proliferating cells were observed in HUVEC and HMVEC (Fig. 2C) and after treatment with 

thee two other ALPs (not shown). 

IncorporationIncorporation of ALP in Confluent Versus Proliferating Endothelial Cells 

Becausee it has been shown that the apoptotic effect of ALP correlates with its cellular uptake2442, 

wee measured the incorporation of [3H]-Et-18-OCH3, [14C]-HePC and [14C]-D-21266 in cultures of 

confluentt and proliferating endothelial cells. We found that proliferating BAEC incorporated much larger 

amountss of ALP than confluent BAEC, namely by a factor of approximately 3-4 at 2 h (Fig. 3A). The 

kineticss of ALP uptake was also different with a more rapid and prolonged uptake in proliferating BAEC. 

Figuree 3B shows the uptake of Et-18-OCH3 over a period of 2 hours. Similar kinetics were observed for 

HePCC and D-21266 (not shown). In confluent BAEC the uptake reached its maximum at about 30 min 

afterr addition. It should be noted that the incorporation of ALP in proliferating BAEC preceded the 

appearancee of apoptotic morphology that was detected after 4-6 h (not shown). 
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Fig .. 2 ALPs induce apoptosis in proliferating but not in confluent endothelial cells. (A) Morphological changes in proliferating and 

confluentt BAEC at 24 h after treatment with 10 uM of Et-18-OCH3. After trypsinization cells were fixed and apoptosis was 

visualizedd by Hoechst staining and fluorescence microscopy (magnification: 400x). (B) Dose-effect relation of Et-18-OCH3-

inducedd apoptosis at 24 h in proliferating and confluent BAEC. (C) Et-18-OCH3 (10 uM)-induced apoptosis in proliferating and 

confluentt BAEC and HUVEC at 24 h. For B and C apoptosis was determined by FACScan analysis after propidium iodide 

staining.. Data are expressed as mean  SD from 2 independent experiments. 
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Fig.. 3 Incorporation of radiolabeled ALP in proliferating ) and confluent (o) BAEC. At the indicated time points after addition of 

0.055 nCi/ml [3H]-Et-18-OCH3, [
14C]-HePC or [14C]-D21266 (final ALP concentration 15 nM), the incorporation of the compound 

wass measured by liquid scintillation and normalized for total cell number. (A) ALP uptake at 2 h. Data are expressed as mean

SDD from 2 independent experiments. (B) Time course of [3H]-Et-18-OCH3 uptake. Data shown are representative of 3 

experimentss performed. 

EffectEffect of ALP on Endothelial Tube Formation In Vitro 

Becausee endothelial proliferation and apoptosis are both major determining factors in 

angiogenesis,, we reasoned that ALPs might interfere with new vessel formation. To test this hypothesis, 

wee employed an in vitro angiogenesis model as described by Koolwijk ef a/.36,37. In this model HMVEC 

aree seeded on a three-dimensional human fibrin matrix to form a confluent monolayer. In the continuous 

presencee of the combination of an angiogenic factor (VEGF or bFGF) and TNFa, outgrowth of capillary-

likee tubular structures in the fibrin matrix is observed over a period of 8-10 days. The total length of these 

tubularr networks is quantified by computer-assisted image analysis36. Fig. 4 shows a set of phase 

contrastt microscopy images of a representative experiment. In the unstimulated cultures, the confluent 

monolayerr of HMVEC remained on top of the three-dimensional fibrin matrix. Invading endothelial cells 

andd tubular structures could not be observed (Fig. 4A). The addition of bFGF or TNFa alone was not 

sufficientt to induce tube formation (not shown). However, the simultaneous addition of bFGF and TNFa 

resultedd in the outgrowth of tubular structures invading the fibrin matrix and forming a capillary network 

(Fig.. 4B). The number of endothelial cells on top of the fibrin matrix was not significantly changed 

comparedd with unstimulated cultures (95% of control; not shown). In the presence of ALP, a significant 

B B 

timee (min) 
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inhibitionn in the formation of tubular structures was observed. Fig. 4C shows the effect of 100 IJM Et-18-

OCH3.. The morphology of the endothelial monolayer covering the fibrin matrix was slightly altered, but 

noo significant detachment of the endothelial cells was observed. The specificity of ALP-induced 

interferencee with tube formation was demonstrated by the use of platelet-activating factor-18 (PAF-18), a 

structurallyy related, but ineffective counterpart of Et-18-OCH3
24. The addition of PAF-18 up to 100 u.M did 

nott significantly affect the outgrowth of tubular structures (Fig. 4D and 5). 

Fig.. 4 Capillary-like tube formation is inhibited by ALP. HMVEC cultured on top of a three-dimensional fibrin matrix were not 

stimulatedd (A), or stimulated with 10 ng/nl bFGF and 2.5 ng/ml TNFce (B), or with bFGF and TNFa in the presence of 100 nM Et-

18-OCH33 (C), or with bFGF and TNFa in the presence of 100 jaM PAF-18 (D). After 8 days of culture representative phase 

contrastt photographs were taken (bar: 300 |jm). Similar results were obtained in 3 independent experiments. 

Thee inhibitory effect of EM8-OCH3 on bFGF/TNFa-induced tube formation was dose-dependent 

ass shown in Fig. 5. At 25 |JM this inhibition was 54% of controls and reached statistical significance. At 

100100 u.M the inhibition was complete. We note that the final concentration of ALP in the angiogenesis 

studiess was kept somewhat higher than in the apoptosis assays, because the higher serum 

concentrationn in the former type of experiments sequesters ALP and thus diminishes the effective ALP 

concentrationn by a factor of 2-3 (not shown). To assure that the cell membrane integrity was not impaired 

underr these experimental conditions, lactate dehydrogenase (LDH) release and trypan blue exclusion 

weree measured after ALP treatment. No significant changes in both parameters were found in ALP-
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treatedd endothelial cell cultures as compared with controls, confirming the viability of the cells (data not 

shown). . 

A A 

a a z z 

É É 

I I 

Fig.. 5 Dose-dependent inhibition of capillary-like tube formation by 

ALP.. HMVEC seeded on top of a three-dimensional fibrin matrix 

weree not stimulated (control) or stimulated with 10 ng/nl bFGF and 

2.55 ng/ml TNFa in the presence of increasing amounts of Et-18-

OCH3,, or 100 nM PAF-18. After 8 day of culturing total tube 

length/cm22  SD of triplicate wells was measured (*p<0.005 

comparedd with 0 \M EM8-OCH3). Similar results were obtained in 3 

independentt experiments. 

Et-18-OCH,(nM ) ) 

011 o o 

Next,, we introduced another angiogenic factor in this system and investigated the effect of other 

ALPss on tube formation. Like we found for bFGF (Fig. 6A), VEGF added in combination with TNFa to the 

endotheliall monolayers induced the formation of tubular structures (Fig. 6D). Furthermore, like Et-18-

OCH3,, HePC (Fig. 6B,E) and D-21266 (Fig. 6C,F) interfered with the outgrowth of endothelial tubes by 

bothh bFGF/TNFa and VEGF/T 

ALP-inducedALP-induced Apoptosis in Tube Forming Endothelial Cells 

Finally,, we investigated whether endothelial apoptosis could be detected during tube formation in 

thee presence of ALP. Sections of fibrin matrices were stained by H&E and analyzed for the presence of 

endotheliall apoptosis. Fig. 7A, B and C show typical examples of the outgrowth of endothelial tubes after 

88 days of VEGF/TNFa stimulation. Under these control conditions, no apoptosis was detected. 
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Fig .. 6 Different ALPs inhibit bFGF/TNFa- and VEGF/TNFa-mediated tube formation. HMVEC cultured on top of a three-

dimensionall fibrin matrix were stimulated with 10 ng/nl bFGF and 2.5 ng/ml TNFa (A,B,C) or with 25 ng/ml VEGF and 2.5 ng/ml 

TNFaa (D,E,F). No ALP added (A,D); 50 ^M HePC (B,E) and 50 |iM D-21266 (C,F). After 8 days of culture representative phase 

contrastt photographs were taken (bar: 300 |am). Similar results were obtained in 3 independent experiments. 

Att day 4, however, when tube formation was in progress, the addition of Et-18-OCH3 resulted in a 

markedd reduction of the length of invading tubes. Instead of extensive capillary networks, small 

invaginationss NFa. were now observed (Fig. 7D,E). In addition, nuclear morphological features typical of 

apoptosiss were detected at sites of reduced tube formation, while the monolayer of endothelial cells 

remainedd intact (Fig. 7E,F). Similar results were found using the other ALPs (not shown). 
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Discussion Discussion 

Thee present study was undertaken to investigate the effect of three clinically relevant ALPs on 

normall vascular endothelial cells in comparison with a panel of tumor cell lines, and to study the anti-

angiogenicc properties of these compounds. Edelfosine (Et-18-OCH3), Miltefosine (HePC) and Perifosine 

(D-21266)) induced a time- and dose-dependent increase in apoptosis in a variety of human leukemic 

andd solid tumor cell lines. Importantly, the EDso values we found here fall within the same micromolar 

rangee as obtained in plasma from ALP-treated patients6,7. On the other hand, normal human fibroblasts 

andd three types of normal quiescent endothelial cells were insensitive to ALP-induced apoptosis. This 

differentiall cytotoxic effect of ALPs is consistent with data obtained in other cell systems23,24,26,43 and 

offerss a solid basis for further clinical evaluation of these compounds as selective anticancer drugs. 

Anotherr attractive biological property of ALPs is their capacity to strongly enhance radiation-induced 

apoptosiss in tumor cells as we described recently2122. In the present studies we observed a remarkable 

differencee in ALP-induced apoptosis between confluent, resting versus actively proliferating endothelial 

cells.. These findings are consistent with Araki et a/.44, who reported on apoptosis induced by the 

structurallyy related compound EM6-OCH3 in subconfluent cultures of HUVEC. We found that ALP-

inducedd endothelial apoptosis correlated with the cellular uptake of the compound. 
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Fig.. 7 ALP-induced apoptosis and reduced endothelial tube formation. HMVEC cultured on top of a three-dimensional fibrin 

matrixx were stimulated with 25 ng/ml VEGF and 2.5 ng/ml TNFcc. In control experiments no ALP was added (A-C). ALP (50 ^M 

Et-18-OCH3)) was added on day 4 (D-F). After 8 days of culture H&E-stained matrices were analyzed for the appearance of 

apoptosis.. Representative photographs are shown (magnifications: A,B,C,E: 400x; D: 200x; F: 600x; bar: 40 urn; arrows: 

apoptoticc endothelial cells). 

Proliferatingg endothelial cells incorporated large amounts of ALP, resulting in significant levels of 

apoptosis.. In quiescent endothelial cells, on the other hand, the uptake of ALP was only one-third as 
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comparedd with proliferating endothelial cells and did not result in apoptotic cell death. The relationship 

betweenn ALP uptake and apoptosis sensitivity is emerging as a more general phenomenon. Mollinedo et 

al.al.2A2A demonstrated that upon transformation with SV40, 3T3 fibroblasts became sensitive to Et-18-OCH3 

andd incorporated high amounts of the lipid. Similarly, apoptosis sensitivity was restored in human T 

lymphocytess after activation with mitogens42. Thus, the amount of ALP incorporated by the endothelial 

celll apparently dictates the biological effect. Because endothelial apoptosis has been identified as an 

importantt determinant in tumor angiogenesis45"47, these observations prompted us to study anti-

angiogenicc properties of ALPs in vitro. 

Angiogenesiss is a complex and tightly regulated process of new blood vessel formation from pre-

existingg vasculature. Its role in tumor growth and metastases has now clearly been established and 

severall strategies of anti-angiogenic therapy have been developed and tested clinically30,31. During 

angiogenesiss several phases can be distinguished: (a) degradation of the basement membrane, (b) 

endotheliall migration and invasion in the extracellular matrix, (c) endothelial proliferation, and (d) the 

formationn of capillary-like tubes32,33. A large number of angiogenic factors have been identified in recent 

years,, including VEGF and bFGF34,35. The formation of capillary-like structures can be studied in vitro 

usingg different model systems. For our experiments we employed a well-characterized model consisting 

off a three-dimensional human fibrin matrix covered by human microvascular endothelial cells36,37. This 

modell mimics the in vivo situation where fibrin is a common component of the matrix present at sites of 

chronicc inflammation and tumor stroma48. Both an angiogenic factor (bFGF or VEGF) and a factor to 

inducee urokinase-type plasminogen activator (e.g. TNFa) are required in this in vitro model to induce the 

formationn of capillary-like tubular structures30,31. The present studies demonstrate that ALPs are efficient 

inhibitorss of both VEGF/TNFa- and bFGF/TNFa-induced tube formation from pre-existing monolayers of 

confluentt HMVEC. Moreover, the structurally related, but ineffective compound PAF-18 failed to interfere 

withh this process. The anti-angiogenic effect ofALPs could, at least in part, be explained by the induction 

off apoptosis during tube formation. This notion is supported by our observation that only proliferating 

endotheliall cells show significant levels of ALP uptake (Fig. 3) and apoptosis (Fig. 2 and 3). Furthermore, 

inn the in vitro angiogenesis model ALP-induced apoptosis was exclusively identified at sites where 
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inadequatee tube formation occurred, while no significant cell detachment from the monolayer of HMVEC 

wass observed in the presence of ALP (Fig. 7). 

Itt remains to be established which signal transduction pathway(s) are important for the apoptotic 

andd anti-angiogenic effects of ALPs. In this context, we have previously shown that ALPs activate the 

pro-apoptoticc SAPK/JNK pathway. In addition, ALPs efficiently prevent serum- and growth factor-induced 

MAPK/ERKK signaling both in tumor and endothelial cells18,19'21'49. More recently, we found that ALPs also 

inhibitt the Akt/PKB survival pathway22. These signaling systems are not only important for cell death and 

survival,, but have been implicated in angiogenesis as well50"55. In different in vitro and in vivo 

angiogenesiss models it has been shown that blockade of the MAPK/ERK or Akt/PKB pathway by 

pharmacologicall or molecular approaches induces apoptosis and inhibits angiogenesis505156. Our 

currentt line of research is focussed on the identification of additional, critical (intra-)cellular targets of 

ALPs57. . 

Inn conclusion, our data show that not only tumor cells, but also normal endothelial cells can be a 

targett for ALPs. The cytotoxic effect, however, depends on the proliferative status with actively dividing 

cellss incorporating more ALP and thus being apoptosis sensitive. Furthermore, we demonstrated that 

ALPss are effective inhibitors of endothelial capillary-like tube formation in vitro. Taken together, these 

resultss support the concept that ALPs exert their anti-tumor effect both directly through apoptosis and 

indirectly,, through inhibition of angiogenesis. 
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ALKYL-LYSOPHOSPHOLIPID SS AS ANTICANCE R AGENTS AND ENHANCERS 
OFF RADIATION-INDUCE D APOPTOSIS 

GERALDD A. RUITER, M.SC.,*  MARCEL VERHEIJ, M.D., PH.D.,+ SHURAILA F. ZERP, B.A.,*  AND 

WIMM J. VAN BLITTERSWIJK, PH.D.* 

*Divisionn of Cellular Biochemistry and tDepartment of Radiotherapy, The Netherlands Cancer Institute (Antoni van Leeuwenhoek 
Huis),, Amsterdam, The Netherlands 

Syntheticc alkyl-lysophospholipids (ALPs, also referred to as ether-phospholipids) have been studied as antitumor 
agentss for more than a decade. Classical examples of these ALPs include l-O-octadecyl-2-O-methyl-rac-glycero-
3-phosphocholinee (ET-18-OCti,; Edelfosine) and hexadecylphosphocholine (HePC; Miltefosine). Unlike most 
currentlyy available chemotherapeutic drugs that target the nuclear DNA, ALPs exert their action at the plasma 
membranemembrane level, where they interfere with tnitogenic signal transduction pathways. Whereas malignant cells are 
highlyy sensitive to the lethal action of ALPs, normal cells remain relatively unaffected, illustrating the potential 
selectivee antitumor properties of this class of drugs. Recently, ALPs have regained interest because of their 
capacityy to induce apoptosis in various tumor cell lines. Moreover, in combination with other (conventional) 
anticancerr regimens, ALPs seem to cause an additive and sometimes synergistic cytotoxic effect These biologic 
propertiess make ALPs attractive drugs for further clinical evaluation. The present review discusses recent 
insightss into the models) of action of ALPs, their interaction with ionizing radiation, and clinical application. 
©© 2001 Elsevier Science Inc. 

Alkyl-lysophospholipids,, Lipid metabolism, Signal transduction, Radiotherapy. 

INTRODUCTION N 

Syntheticc alkyl-lysophospholipids (ALPs) constitute a het-
erogeneouss group of unnatural lysophospholipids with dif-
ferentt biologic effects, including inhibition of tumor cell 
invasionn (1), induction of cell differentiation (2), and apo-
ptosiss (3-7). Whereas the majority of the conventional 
anticancerr drugs may cause severe side effects due to bone 
marroww suppression, ALPs are known to exert minimal 
hematologichematologic toxicity (3, 4, 6, 7). Also normal resting vas-
cularr endothelial cells are not affected by ALPs (7). This 
selectivee antitumor effect was not limited to human cell 
liness but was also observed in primary tumor cell cultures 
fromm cancer patients (4). 

Thee prototype of these ALPs is the platelet-activating 
factorr analog ET-18-OCH3. It is characterized by the pres-
encee of an ether-linked methyl group at position sn-2 of the 
glyceroll  backbone (Fig. 1A). Later it was found that the 
glyceroll  moiety is not an essential structural element for the 
observedd antitumor activity and that alkylphosphocholines 
havee similar, if not better, potencies. Hexadecylphospho-
cholinee (HePC), which contains an ester bond, belongs to 
thiss new generation of ALPs (Fig. IB). 

Reprintt requests to: Marcel Verheij, M.D., Ph.D., Department of 
Radiotherapy,, The Netherlands Cancer Institute (Antoni van Leeu-
wenhoekk Huis), Plesmanlaan 121. 1066 CX Amsterdam, The 
Netherlands.. Tel: +31-20-5122124; Fax: +31-20-6691101; E-
mail:: vhe@nki.nl 

Originally,, it was thought that the growth inhibitory ef-
fectt of ALPs was indirect and mediated by macrophages 
activatedd by these compounds (8). Subsequent studies 
clearlyy showed that ALPs cause direct destruction of tumor 
cellss and that this effect was associated with disturbance of 
thee membrane phospholipid metabolism (9, 10). Many stud-
iess have been undertaken to identify the primary target(s) 
forr the antineoplastic effects of ALPs (See below). 

Severall  ALPs have entered clinical studies for a variety 
off  indications. For instance, ET-18-OCH3 has been found 
usefull  as a purging agent in autologous bone marrow trans-
plantationn (11, 12). Encouraging clinical results have also 
beenn obtained with HePC as a topical drug for the treatment 
off  skin metastases of breast cancer (13-15) and cutaneous 
malignantt lymphoma (16). Prolonged oral administration of 
HePC,, which shows only minimal myelotoxicity, proved to 
bee effective in the treatment of visceral leishmaniasis, a 
systemicc protozoal infection (17). A recently developed 
structurall  analog of HePC, octadecyl-( 1.1 -dimethyl-piperi-
dinio-4-yl)-phosphatee (D-21266; Perifosine) appeared to be 
moree active and better tolerated upon systemic administra-
tionn in preclinical studies than HePC (18). This latter ALP 
compoundd is currently undergoing Phase I evaluation as an 
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Fig.. I. Chemical structures of ALPs. (A), Et-18-OCH,; (BJ, HePC. 

orall  drug at The Netherlands Cancer Institute and elsewhere 
(19). . 

EffectEffect of ALPs on signal transduction 
Althoughh the precise mechanism responsible for ALP-

inducedd cytotoxicity is unknown, the plasma membrane 
hass been identified as the primary site of action of these 
compoundss (20). In living cells, the natural membrane 
phospholipidss undergo a continuous rapid turnover, 
whichh is essential for the signaling pathways that allow 
cellss to survive. The enzymes involved in this lipid 
turnoverr basically include all known intracellular phos-
pholipasess (types C, D, and A), transacylases, and bio-
syntheticc enzymes. Some of these enzymes (the catabolic 
ones)) are essential for generating lipid second messen-
gerss (e.g., diacylglycerol, phosphatidic acid, arachidonic 
acid,, and derivatives), especially when cells are activated 
byy growth factors. Other anabolic enzymes then serve to 
replenishh the pool of degraded phospholipids to allow 
renewedd receptor-induced phospholipase-mediated deg-
radation.. Thus, the signaling-associated phospholipid 
turnoverr of phosphatidylinositol (PI), phosphatidylcho-
linee (PC), and sphingomyelin occurs in cycles, i.e., hy-
drolysiss and resynthesis. Owing to their single long alkyl 
chain,, ALPs readily insert into the outer leaflet of the 
plasmaa membrane, where their ether bonds (as in ET-I8-
OCH-,)) or alternative ester bonds (as in HePC) make them 
relativelyy resistant to phospholipase activities (21). ALPs 
interferee with membrane phospholipid turnover in a 
broadd sense: ET-18-OCH3 and HePC inhibit phosphoi-
nositide-specificc phospholipase C and its associated di-
acylglyceroll  and inositol 1,4,5-triphosphate (IP3) forma-
tionn (22-25). Perhaps even more importantly, both ET-
I8-OCH33 and HePC also inhibit PC turnover at the level 
off  PC degradation as well as PC resynthesis (26-28). The 
latterr inhibition occurs at the level of cytidylyltransferase 
(CT)) (29), the rate-determining step in PC biosynthesis. 
Baburinaa and Jackowski (30) studied the role of CT in 
ALP-inducedd apoptosis directly. By increasing CT ex-
pressionn via a tetracycline-responsive promoter, the cy-
totoxicc effect of ALP was reversed. Acylation of exog-
enouslyy supplied lysoPC circumvented the requirement 
forr CT activity by providing an alternate route to PC (30). 

Thesee data support the view that interruption of PC 
synthesiss at the CT step by ALPs results in an imbalance 
thatt accounts, at least in part, for the apoptotic action of 
ALPs.. Other effects of ALPs on membrane-associated 
activitiess include the inhibition of arachidonate release 
byy phospholipase A, (31), inhibition of lyso-phospho-
lipidd acylation in general (32), and inhibition of Na ', 
KK ' -ATPase and sodium pump activity (33). 

ALP-inducedd interference with phospholipid metabolism 
affectss the generation of lipid second messengers as dis-
cussedd above. This may subsequently lead to inhibition or 
activationn of specific downstream signal transduction path-
ways.. Indeed, one of the well-documented effects of ALPs 
involvess inhibition of the mitogen-activated protein kinase 
(MAPKK or extracellular signal-regulated kinase (ERK1 
pathwayy (34). In many cell systems, mitogenic signaling is 
believedd to depend on prolonged activation of MAPK/ERK 
(35)) and is generally associated with increased activities of 
phospholipasess C and D, as well as protein kinase C (PKC) 
(36).. ALP-induced inhibition of MAPK/ERK has been re-
portedd to occur at different levels and has included a reduc-
tionn of IP-, formation, resulting in attenuation of intracel-
lularr Ca2+ mobilization (18, 24) (Fig. 2) and inhibition of 
phospholipasee C (PLC), phospholipase D (PLD), and 
PKCC activity (37-39). Another downstream target of ALP 
actionn is the stress-activated protein kinase (SAPK or c-Jun 
N-terminall  kinase [JNK])-c-Jun pathway, which has been 
shownn to be important in apoptosis induction (40-43). 
Mollinedoo et at. (44) showed in human leukemic cells that 
ET-I8-OCH33 increased c-jun and c-fos gene expression, 
leadingg to activation of the AP-1 transcription factor. The 
involvementt of the SAPK/JNK pathway in ALP-induced 
apoptosiss was further demonstrated by using antisense oli-
gonucleotidess directed against c-jun, which blocked ET-18-
OCH3-inducedd apoptosis (45). These findings are in line 
withh results from our laboratory. We showed that the three 
ALPs:: ET-18-OCH,, HePC, and D-21266, not only pre-
ventedd activation of the MAPK/ERK pathway but also 
activatedd the SAPK/JNK cascade with rapid kinetics (7) 
(Fig.. 3A, B). Furthermore, overexpression of a dominant-
negativee mutant allele of c-jun abrogated ALP-induced ap-
optosiss in human leukemic cells (7). More recently, much 
attentionn has been given to the phosphatidyl inositol 
PI3kinase-Akt/PKBB survival pathway (46). This pathway is 
activatedd in response to growth factors and mitogens and 
hass been shown to inhibit apoptosis induced by a variety of 
stresss factors, including growth factor withdrawal, UV irra-
diation,, and C2-ceramide (47-49). Preliminary data from 
ourr laboratory indicate that ALPs efficiently block insulin-
inducedd Akt/PKB phosphorylation (Fig. 3C). Whether the 
inhibitoryy effect on the PI3K-Akt/PKB pathway is impor-
tantt for ALP-induced apoptosis remains to be established. 

Thus,, ALPs affect multiple signal transduction pathways 
originatingg from the plasma membrane. Which biologic 
responsee will prevail following ALP treatment depends on 
thee relative contribution of each of these signaling systems 
(Fig.. 4). 
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Fig.. 2. Inhibition of lysophosphatidic acid (LPA)- and bradykinin (Bk)-induced Ca2 ^-mobilization in A431 cells by 
Et-18-OCHvv (A), Calcium mobilization was determined by measuring the increase in fluorescence of the fluorochrome 
Indo-1-AMM upon Ca2f binding. (B), LPA- and Bk-induced calcium mobilization was inhibited by Et-18-OCH3 in a 
dose-dependentt fashion. Data represent mean  SEM of 5 independent experiments. 

InteractionInteraction of ALPs with ionizing radiation 

Theree is growing clinical evidence that the combined use 
off  different treatment modalities, such as radiotherapy and 
chemotherapy,, reduces local recurrence rates, improves sur-
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vival,, and limits normal tissue toxicity (50-52). The intro-
ductionn of a new generation of biologic response modifiers 
inn clinical studies may lead to a further improvement of the 
therapeuticc results. Based on their favorable biologic and 
pharmacologicc profiles, ALPs would be suitable candidates 
too fulfi l this expectation. Several groups of investigators 
havee studied the interaction between ALPs and chemother-
apeuticc drugs or ionizing radiation in vitro (7, 38, 53, 54). In 
HL-600 human leukemic cells treated with cytosine arabino-
sidee (ara-C), ET-18-OCH3 decreased cell viability in a 
dose-dependentt fashion (38). Furthermore, ET-18-OCH3 

stronglyy increased apoptosis in these cells pretreated with 
differentiation-induee ing concentrations of ara-C. In a rat 
sarcomaa model, HePC alone had no antineoplastic effect on 
thee tumor but enhanced the chemotherapeutic effect of 
cyclophosphamidee (53). Additive cytotoxic effects were 

EM8-OCH, , ALP P 

\\ \\\W 
-- PKB 

** >*KB(St r4 f , 3J 

Fig.. 3. Effect of ET-18-OOL, on the MAPK/ERK (A), SAPK/JNK 
(B),, and Akt/PKB (C) pathways in A43l cells. (A), ET-18-OCH, 
inhibitss LPA- and EGF-induced MAPK/ERK activity. MAPK/ERK 
activityy was determined by using phospho- specific antibodies against 
p422 and p44 MAPK. (B), Et-18-OCH, activates the SAPK/JNK 
pathway.. SAPK/JNK activity was determined by an in vitro kinase 
assay,, using Gst c-Jun (1-135) as substrate. (C), ET-18-OCH, inhibits 
insulin-inducedd Akt/PKB activity. Akt/PKB activity was determined 
byy using phospho-specific (Ser473) antibodies against Akt/PKB. 
Wortmanninn also prevents insulin-induced Akt/PKB phosphorylation, 
indicatingg PI3K-dependency in this system. 

MAPK/ERK K 
pathwa y y 

SAPK/JN K K 
pathwa y y 

Akt/PK B B 
pathwa y y 

proliferationproliferation stress survival 

apoptosis apoptosis 

Fig.. 4. Proposed model of the modulation of pro- and anti-apop-
toticc protein kinase pathways by ALPs. 
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alsoo found in human carcinoma cells when ET-18-OCH3 or 
HePCC was combined with radiation (54). Both compounds 
reducedd radiation-induced cionogenic cell survival in a su-
pra-additivee manner. We have tested the effect of three 
differentt ALPs (ET-18-OCH3, HePC, and D-21266) on 
radiation-inducedd apoptosis in two types of human leukemic 
cellss (7). Al l three compounds strongly enhanced radiation-
inducedd apoptosis. This effect was additive for HePC and 
D-212666 and synergistic for ET-18-OCH,. Two types of 
normall  vascular endothelial cells were resistant to ALP-
inducedd apoptosis, even after relatively high concentrations 
(7). . 

Itt remains to be established how ALPs enhance radiation-
inducedd cytotoxicity. Ionizing radiation may not only target 
thee nuclear DNA but like ALPs also interact with the 
plasmaa membrane and initiate similar pro-apoptotic signal 
transductionn pathways (7, 55). Moreover, ALP-induced in-
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CONCLUDIN GG REMARK S 

Inn summary, many studies, both experimental and clini-
cal,, have been performed to better describe the pharmaco-
logic,, biologic, and toxicologic characteristics of ALPs. The 
efficientt and selective antitumor effect of these drugs, as 
welll  as their capacity to enhance radiation-induced cell kill , 
makee ALPs attractive candidates for introduction in clinical 
radiotherapy. . 
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Alkyl-lysophospholipidss (ALPs) represent a heterogenous group of unnatural lysophospholipids 

withh anticancer properties. ALPs have been shown to preferentially target malignant cells, leaving normal 

cellss relatively unaffected. Unlike most classical chemotherapeutic drugs that target the DNA, ALPs 

mainlyy exert their effects on membranes where they interfere with the biosynthesis and turnover of 

phospholipids.. As a consequence, mitogenic signaling via the mitogen activated protein kinase 

(MAPK/ERK)) pathway is inhibited. In addition, in combination with other cytostatic regimens, such as 

ionizingg radiation, ALPs cause an enhancement of the cytotoxic effect. 

Thiss thesis describes the studies that were undertaken to better understand the mechanism of 

actionn of ALPs and to investigate their interaction with ionizing radiation. We found that three clinically 

relevantt ALPs: Et-18-OCH3 (Edelfosine), HePC (Miltefosine) and the recently developed HePC analogue 

octadecyl-(1,1-dimethyl-piperidinio-4-yl)-phosphatee {Zentaris compound D-21266, Perifosine) greatly 

enhancedd radiation-induced apoptosis. Furthermore, ALPs not only inhibited MAPK/ERK activity, but like 

ionizingg radiation, stimulated the stress-activated protein kinase (or c-Jun N-terminal kinase) SAPK/JNK 

cascadee within minutes after treatment. A dominant-negative mutant of c-Jun (natural substrate of 

SAPK/JNK)) inhibited both radiation- and ALP-induced apoptosis, indicating a requirement for the 

SAPK/JNKK pathway in the tested cell types (Chapter 2). 

Whenn we investigated the effects of ALPs on MAPK/ERK activity in more detail, we unexpectedly 

foundd in the human vulva carcinoma cell line A431 that subapoptotic, nanomalor concentrations of ALPs 

inducedd internalization of the epidermal growth factor receptor (EGFR) and a transient MAPK/ERK 

activation.. We found no evidence for ALPs acting via G-protein coupled receptors and/or transactivation 

off EGFRs. Hence, we propose that ALPs induce subtle changes in the lipid microenvironment of the 

EGFR,, resulting in clustering and internalization of the EGFR and concomitant MAPK/ERK activation 

(Chapter(Chapter 3). 

Anotherr pathway that more recently became implicated in the regulation of apoptosis is the PI 

3K-Akt/PKBB survival pathway. This pathway, originating from the plasma membrane, is activated by a 

numberr of growth factors and can be inhibited by a variety of stimuli that induce apoptosis. We therefore 
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investigatedd the effect of ALPs on this pathway and demonstrated for the first time that ALPs inhibit the 

PII 3K-Akt/PKB pathway in a dose-dependent manner (Chapter 4). 

Whenn we further explored the differential cytotoxic effect of ALP between tumor and normal 

endotheliall cells, we found that the sensitivity of endothelial cells to undergo ALP-induced apoptosis was 

dependentt on the proliferative status of these cells. Whereas confluent, non-dividing endothelial cells 

failedd to undergo apoptosis, proliferating endothelial cells showed significant levels of apoptosis after 

ALP-treatment.. Based on these observations, we hypothesized that ALPs interfere with new blood 

vessell formation. By using an in vitro angiogenesis model, we studied the effect of ALPs on the ability of 

endotheliall cells to invade a three-dimensional human fibrin matrix and form capillary-like tubular 

networks.. We demonstrated that ALPs, but not their structural analogues such as Platelet Activating 

Factorr 18 (PAF-18), inhibit both vascular endothelial growth factor/tumor necrosis factor a (VEGF/TNFa) 

andd basic fibroblast growth factor (bFGF)/TNFa mediated tubule formation in a dose-dependent manner 

(Chapter(Chapter 5). 

Moree studies are currently being directed at elucidating the mechanism of the anticancer effect of 

ALPs.. In particular, how these compounds affect the formation of lipid second messengers, that are 

involvedd in anti- and pro-apoptotic signaling, and how this initiates apoptosis are subjects of study in our 

lab.. Using an ALP-sensitive mouse T-lymphoma cell line (S49) and a ALP-resistant variant (S49AR), it 

wass found that ALPs inhibited phosphatidylcholine (PC) biosynthesis at the CTP:phosphocholine 

citidylyltransferasee (CT) step. ALP-induced apoptosis in S49 cells could be prevented by providing these 

cellss with an alternative pathway to synthesize PC, i.e. the acylating of exogenously supplied lysoPC. PC 

synthesiss was unaffected in S49AR cells, which did not undergo apoptosis after ALP-treatment. These 

resultss indicate that the continuous rapid PC synthesis is essential for cell survival and that it is an 

importantt target for ALPs. By using 3H-labeled ALP it was found that ALPs are rapidly taken up by 

endocytosiss and that this process is impaired in the S49AR cells. In addition, it was shown that the 

endocytosiss of ALPs, the inhibition of PC synthesis and the subsequent apoptosis were fully dependent 

onn the presence of intact lipid cholesterol- and sphingomyelin-rich membrane microdomains, known as 

lipidd rafts1. 
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Thee results that are presented in this thesis have identified ALPs as attractive candidates for 

introductionn in clinical radiotherapy. They have formed the basis of the concept that a combined 

treatmentt of ALPs and radiotherapy results in improvement of the tumor response and the clinical 

outcome.. Several ALPs have already been evaluated in clinical studies. The first clinical trials that were 

performedd with Miltefosine showed that oral administration of this drug resulted in severe gastrointestinal 

toxicity,, in particular nausea, anorexia, vomiting and diarrhoe23. Promising results have been obtained 

withh the topical application of Miltefosine, which appeared to be very effective in the treatment of skin 

metastasiss of breast cancer4,5 and malignant lymphoma6. In addition, Edelfosine was found to be 

effectivee as a purging agent in autologous bone marrow transplantation78. The structural analogue of 

Miltefosine,, D-21266 (Perifosine) was found to be more active and better tolerated than Miltefosine upon 

systemicc administration in preclinical studies9. For this reason, phase I studies with this compound have 

beenn performed in patients with advanced solid tumors in our institute10 and by others in patients with 

refractoryy neoplasms11. The results of the study in our institute indicated that Perifosine was tolerable at 

dosess ranging from 50-200 mg given daily for 21 consecutive days every 4 weeks10. The dose-limiting 

toxicitiess included fatigue, nausea and vomiting, while no bone marrow toxicity was observed. 

Interestingly,, the plasma concentrations that were measured in these patients fall within the same 

micromolarr ranges as those that were applied in the in vitro studies described in this thesis. 

Consideringg the potential interaction between Perifosine and radiotherapy, the efficacy and safety 

off Perifosine in combination with locoregional radiotherapy is currently being evaluated in a phase I 

studyy in patients with locally advanced inoperable solid tumors. In this study, also the incidence of 

apoptosiss will be determined in pre- and post-treatment tumor biopsies and correlated with the biological 

response.. In addition, ALP concentrations will be measured in post-treatment tumor biopsies to 

determinee intratumoral drug levels and to assess drug delivery. In parallel studies performed in 

experimentall animal tumor models, including nude mice bearing solid tumor xenografts, the mechanisms 

off the synergy between ALP and radiation-induced cytotoxicity are currently being investigated. 

Inn summary, we have shown that ALPs initiate pro-apoptotic signaling (through SAPK/JNK) and 

inhibitt anti-apoptotic signaling (through MAPK/ERK and PI 3K-Akt/PKB). Because ALPs appear to 

preferentiallyy target malignant cells and enhance radiation-induced apoptosis, this type of modulation 
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mayy provide a basis for selective and efficient tumor cell kill. The additional inhibitory effect on 

angiogenesiss may significantly contribute to the anti-tumor effect of these compounds. 
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Alkyl-lysofosfolipidenn (ALPs) omvatten een heterogene groep van synthetische lysofosfolipiden 

mett kankerremmende eigenschappen. Het blijkt dat ALPs apoptotische celdood induceren met een 

zekeree voorkeur voor tumorcellen. Terwijl de meeste klassieke chemotherapeutica op DNA-niveau 

aangrijpen,, hebben ALPs voornamelijk effecten op celmembranen waar ze interfereren met de snelle 

biosynthesee en hydrolyse (turn-over) van natuurlijke lipiden. Dit resulteert in remming van de 

signaaltransductiee route die tot celgroei leidt (MAPK/ERK route). Daarnaast hebben ALPs een 

versterkendd effect op het celdodend vermogen van klassieke chemotherapeutica en ioniserende straling. 

Ditt proefschrift beschrijft de studies die zijn uitgevoerd om beter inzicht te verkrijgen in het 

werkingsmechanismee van ALPs, en om hun interactie met ioniserende straling te bestuderen. We 

toondenn aan dat drie klinisch relevante ALPs: Et-18-OCH3 (Edelfosine), HePC (Miltefosine) en de recent 

ontwikkeldee HePC analoog octadecyl-(1,1-dimethyl-piperidinio-4-yl)-phosphate (Zentaris compound D-

21266,, Perifosine) een versterkend effect hebben op bestraling-geïnduceerde apoptose. Daarnaast 

remdenn ALPs niet alleen MAPK/ERK activiteit, maar stimuleerden ze, net als bestraling, binnen enkele 

minutenn na toediening, de stress-signaaltransductie route (SAPK/JNK kinase of c-Jun N-terminal kinase 

route).. Een dominant negatieve mutant van c-Jun (natuurlijk substraat van SAPK/JNK) remde zowel de 

bestraling-- als ALP-geïnduceerde apoptotische celdood. Op grond hiervan kwamen we tot de conclusie 

datt de SAPK/JNK route in de geteste celtypen een belangrijke rol speelt bij de apoptotische celdood na 

behandelingg met ALPs en ioniserende straling. (Hoofdstuk 2). 

Bijj verdere bestudering van de effecten van ALPs op de MAPK/ERK route vonden we 

onverwachtss dat subapoptotische, nanomolaire concentraties ALPs internalisering van de epidermale 

groeifactorr receptor (EGFR) en een tijdelijke MAPK/ERK activering induceerden in de humane vulva 

carcinomaa cellijn A431. We vonden geen bewijs dat ALPs zouden kunnen werken via G-eiwit 

gekoppeldee receptoren en/of transactivering van de EGFR. We veronderstellen daarom dat ALPs 

subtielee veranderingen in de directe lipide micro-omgeving van de EGFR induceren, wat resulteert in 

clusteringg en internalisering van de EGFR en daarbij gepaard gaande MAPK/ERK activering (Hoofdstuk 

3). 3). 
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Eenn andere signaaltransductie route, waarvan meer recentelijk bekend werd dat deze een rol 

speeltt bij de regulering van apoptotische celdood, is de PI 3K-Akt/PKB overlevingsroute. Deze route, die 

zijnn oorsprong vindt aan het plasmamembraan, wordt geactiveerd door een aantal groeifactoren en kan 

wordenn geremd door verscheidene stimuli die apoptotische celdood kunnen induceren. We hebben 

daaromm het effect van ALPs op deze route bestudeerd en toonden voor het eerst aan dat ALPs de PI 

3K-Akt/PKBB route op een dosis-afhankelijke manier remmen (Hoofdstuk 4). 

Hett differentiële cytotoxische effect van ALPs tussen tumorcellen enerzijds en normale cellen 

anderzijdss hebben we verder bestudeerd. We vonden dat de gevoeligheid van endotheelcellen voor 

ALP-geïnduceerdee apoptotische celdood afhankelijk was van de groeistatus van deze cellen. Terwijl 

confluentee niet-delende endotheelcellen niet in apoptose gingen, vertoonden delende endotheelcellen 

well een significante mate van apoptotische celdood. Door deze bevindingen veronderstelden we dat 

ALPss interfereren met de vorming van nieuwe bloedvaten, een proces dat angiogenese wordt genoemd. 

Doorr gebruik te maken van een in vitro angiogenese model hebben we het effect van ALPs getest op het 

vermogenn van endotheelcellen om een driedimensionale humane fibrine matrix binnen te dringen en 

buisvormigee netwerkjes, die lijken op kleine bloedvaatjes, te vormen. We hebben aangetoond dat ALPs, 

maarr niet hun structurele analogen zoals PAF-18, zowel vasculair endotheel groeifactor/tumor necrose 

factorr a (VEGF/TNFa)- en basic fibroblast groeifactor (bFGF)/TNFa-gemedieerde de vorming van deze 

netwerkjess op een dosis-afhankelijke manier remmen (Hoofdstuk 5). 

Samenvattendd hebben we aangetoond dat ALPs pro-apoptotische signalering initiëren (via 

SAPK/JNK)) en anti-apoptotische signalering (via MAPK/ERK en PI 3K-Akt/PKB) remmen. Gezien het feit 

datt ALPs preferentieel lijken te werken op tumorcellen en bestraling-geïnduceerde apoptotische celdood 

versterken,, zou dit type van modulering een basis kunnen zijn voor het selectief elimineren van tumoren. 

Ookk het additionele remmende effect op de angiogenese zou een significante bijdrage kunnen leveren 

opp het anti-kanker effect van deze stoffen. 
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