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ABSTRACT

The ether lipid 1-O-octadecyl-2-O-methyl-rac-glycero-3-pbosphocho
line (ET-18-OCH3; Edelfosine) has been shown to be a rapid inducer of
apoptosis in human leukemic cells and has been considered as a promising
drug in cancer treatment Here we have found that ET-l8-OCH3 induced
apoptosis not only in human tumor cell lines but also in primary tumor
cell cultures from cancer patients. Human leukemic cells were highly
sensitive to ET-1S-OCH3, whereas normal cells remained unaffected.
Among the distinct modifications of the ET-1S-OCH3 molecule assayed,
we found that substitutions in positions sn-2 and sn-3 of the glycerol
backbone resulted in a complete loss of its capacity to Induce apoptosis,
highlighting the importance of the molecular structure of ET-1S-OCH3 in

Its apoptotic effect. Induction of apoptosis by ET-l8-OCH3 was very well
correlated with the uptake of this ether lipid. ET-18-OCH3-reslstant3T3
tibroblasts became sensitive and incorporated significant amounts of the
ether lipid following transformation with the SV4Ovirus. ET-18-OCH3-
induced apoptosis as well as ET-1S-OCH3 uptake were not mediated
through binding of the ether lipid to the platelet-activating factor recep
tar. Overexpression of bcl-2 or bcl-XL by gene transfer in the human
erythroleukemic HEL cells abrogated apoptosis induced by ET-18-OCH3.
ET-18-OCH3did not affect the expression of bcl-2, bcl-xL,or bax in HEL
and HL-60 human leukemic cells but Induced expression of c-myc, an
important effector of apoptosis In several systems. Thus, ET-1S-OCH3
behaves as a potent and highly selective antltumor drug able to induce an
apoptotic pathway of cell death In tumor cells but not In nonmalignant
cells

INTRODUCTION

Ether lipids, characterized by the presence of an ether bond in
position Sn-1 of the glycerol backbone, represent a novel class of
antitumor agents (1-3), and some of them have attracted great atten
tion due to their antineoplastic activities as well as by their use as
purging agents in autologous bone marrow transplantation (4â€”10).

Several of these compounds are scheduled for, or currently undergo
ing, Phase 1/11clinical evaluation (11, 12). One of the most encour
aging and studied of the ether lipids is ET-l8-OCH3 (Edelfosine),3
which is a synthetic 2-0-methyl substituted analogue of PAF, syn
thesized long before the structure of PAF was established (1), and
which acts as a strong antitumor agent (4â€”10).These drugs, which are

Received 10/9/96; accepted 2/2/97.
The costs of publicationof this articlewere defrayedin partby the paymentof page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

I This work was supported in part by Grant F1S96/1434 from Fondo de InvestigaciÃ³n

Sanitaria, Grant VA71/96 from iunta de Castilla y Leon, Grant SAF96/0274 from
Comision Interministerialde Ciencia y Tecnologla, GrantPB95/07l3 from DirecciÃ´n
General de Ciencia y Tecnologfa, and Grants l68A and AI-40/96 from Acciones Inte
gradas Hispano-Alemanas. C. 0. is a recipient of a fellowship from â€œFondode Investi
gaciÃ³nSanitaria.â€•

2 To whom requests for reprints should be addressed. Phone: 34-83-423062; Fax:
34-83-423588.

3 The abbreviations used are: ET-l8-OCH3 or Edelfosine, l-O-octadecyl-2-O-methyl
rac-glycero-3-phosphocholine; PAP, I-O-alkyl-2-O-acetyl-sn-glycero-3-phosphocholine
or platelet-activating factor, gapdh, glyceraldehyde-3-phosphate dehydrogenase; RT
PCR, reverse transcription-PCR.

also analogues of lysophosphatidylcholine, have been designed to be
protected from enzymatic transformation by lysophospholipases or
acetyltransferases (1). Thus, positions 1 and 2 of the glycerol moiety
on ET-l8-OCH3 are substituted with nonhydrolyzable ether-linked
octadecyl and methyl residues, respectively. It has been reported

recently that the ether lipid ET-l8-OCH3 promotes apoptosis in hu
man leukemic cell lines (2, 13, 14). This apoptotic activity of ET-18-
OCH3, characterized by internucleosomal DNA fragmentation (2),
seems to account for the previously reported cytotoxic effects exerted
by this ether lipid (2, 13, 14). However, the mechanisms underlying
the effects of ET-18-OCH3 remain to be elucidated. In the present
study, we have analyzed the selective action of ET-l8-OCH3 on the
induction of apoptosis in tumor cells, the structural requirements of
the ET-l8-OCH3 molecule to display its apoptotic capacity, as well as
some molecular mechanisms involved in the action of the ether lipid.
Thus, we report here evidence indicating that: (a) ET-18-OCH3 is
extremely selective in its action, inducing apoptosis in tumor cells, but
not in normal cells; (b) the action of ET-18-OCH3 is very well
correlated with its cellular uptake; (c) the cellular uptake and the
induction of apoptosis by ET-l8-OCH3 is not mediated through its
binding to the PAF receptor; (d) overexpression of bcl-2 or bcl-xL
completely abrogates the apoptotic response mediated by the ether
lipid; and (e) ET-18-OCH3 induces expression of c-myc, which has
been previously implicated in the induction of apoptosis in a number
of systems. We also show evidence for the critical importance of the
molecular structure of ET-l8-OCH3 in its apoptotic action, particu
larly positions sn-2 and sn-3.

MATERIALS AND METHODS

Chemicals and Reagents. ET-18-OCH3 was from R. Berthold (Bioche
misches Labor, Bern, Switzerland). ET-18-OCH3 analogues were kindly pro
vided by Dr. P. G. Munder(Max-Planck-InstitutfÃ¼rhnmunbiologie,Freiburg,
Germany). [3H]ET-l8-OCH3 (specific activity, 42 Ci/mmol) was synthesized
by tritiation of the 9-octadecenyl derivative (Amersham Buchler, Braun
schweig,Germany).ET-18-OCH3was dissolvedat 500 pg/mi as a stock
solution in RPMI 1640 containing 10% (v/v) heat-inactivated FCS by heating
at 50Â°Cfor 30 mm. The clear solution was sterilized by filtration through a
sterile filter (pore size, 0.22 @m)and stored at 4Â°C.ET-l8-OCH3 analogues
were dissolved as above or in DMSO. DMEM and RPMI 1640, FCS, and
L-glutamine were purchased from Life Technologies, Inc. (Gaithersburg, MD).

Antibiotics were from Laboratorios Llorente (Madrid, Spain). Guanidine thio
cyanate was from Fluka (Buchs, Switzerland). Formaldehyde was from J. T.
Baker Chemicals B.V. (Deventer, Holland). All other chemicals were from
SigmaChemicalCo. (St. Louis,MO)or Merck(Darmstadt,Germany).

Cells and Culture Conditions. The human epidermoid carcinoma A431
cell line (ATCC CRL 1555), the human lung adenocarcinoma Calu 3 cell line
(ATCCHTB 55), the humancolon adenocarcinomaCob 205 cell line (ATCC
CCL 222), the NIH 3T3 mouse fibroblasts,and the SV4O-transformed3T3
cells were obtained from the American Type Culture Collection (Rockville,
MD). These cell lines were grown in DMEM culture medium supplemented

with 10% (v/v) heat-inactivated FCS, 2@ L-glutamine, 100 units/mi peni
cillin, and 24 @g/mlgentamicin. The following human myeloid and lymphoid
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leukemic cell lines were used: the monocytic human THP-l cell line, derived
from an acute monocytic leukemia; the promonocytic U937 cell line; the
promyelocytic leukemic HL-60 cell line; and the T lymphoid Jurkat cell line,

derived from an acute T-cell leukemia. These cell lines were obtained from the
Centro de Investigaciones Biologicas (Madrid, Spain) or the Hospital de la
Princesa (Madrid, Spain). Myeloid and lymphoid cells were grown in RPM!
1640 supplemented with 10% (v/v) heat-inactivated FCS, 2 mr@tL-glutamlne,
100 units/mI penicillin, and 24 pg/mi gentamicin. Cells were incubated at
37Â°Cin a humidified atmosphere of 5% CO2 and 95% air. Neutrophil differ
entiation of HL-60 cells was induced by treatment with 1.3% (v/v) DMSO for
3 days (15). Bone marrows from leukemic and control nonleukemic patients

were kindly provided by the Hematology Department of the Rio Hortega
Hospital (Valladolid, Spain) and grown in R.PMI 1640 containing FCS as
above. Primary culture cells derived from a patient with colon carcinoma were
kindly provided by Dr. P. G. Munder and grown in DMEM culture medium
containing FCS as above. The ether lipids were added to the cell cultures at the
concentrations and for the times indicated in the respective figures. Agents
used to examine their action on ET-l8-OCH3-dependent apoptosis were added
15 mm before ET-18-OCH3.

DNA Fragmentation Assay. To assess apoptosis,we isolatedfragmented
DNA as described previously (2). In brief, 2 X 106cells were washed with
PBS andthen lysed with 200 @lhypotonicdetergentbuffer [10 mMTris-HC1
(pH 7.5), 1 mM EDTA, and 0.2% Triton X-100] for 30 mm at 4Â°C.Cell
organelles were removed by centrifugation in a microfuge for 20 mm, and the
supematant, containing the DNA released into the cell due to DNA fragmen
tation, was incubated with RNase A (75 @g/ml)for 45 mm at 37Â°Cand then
with 200 @WmiproteinaseK in the presenceof 0.5%SDS for an additional45
mm at 37Â°C.Then, the DNA was extracted, precipitated, and analyzed by
electrophoresis on 1% agarose gels as described previously (2). A 123-bp DNA
ladder (Life Technologies, Inc.) was used as standard. DNA was visualized
after electrophoresis by ethidium bromide staining.

ET-18-OCH3 Uptake. Cells (106) were culturedin 1 ml of RPMI 1640
supplemented with 10% heat-inactivated FCS containing 3 @g/mlET-l8-
OCH3 and 0.05 pCi [3H]ET-18-OCH3 (Amersham Buchler). At the indicated
times, the cells were centrifuged, and the supematant was discarded. After
three 1-mi PBS washes, 0.5 ml of 0.1% Triton X-lOO was added to the cells,

and the incorporated ET-18-OCH3 was determined in an aliquot of 0.4 ml of
the lysate by mixing with water-miscible liquid scintillator to measure the
incorporated radioactivity.

Albumin Uptake Assay. BSA (1 mg/rn! in 0.5 Mbicarbonate buffer, pH
9.7) was incubated with 150 p@g/ml FITC for 3 h at room temperature. The

labeled compound (FITC-BSA) was dialyzed three times with PBS and filtered
(pore size, 0.22 @m)before use. Then, cells (106) were cultured in 1 ml
Iscove's DMEM culture medium supplemented with 10% (v/v) FCS in the
presence of 100 @gFITC-BSA. After 2 h, the cells were washed three times

with PBS supplemented with 2% (v/v) FCS and 0.02% azide and fixed with
1% paraformaldehyde. Fluorescence was measured with a FACScan (Becton

Dickinson, Heidelberg, Germany).
Cell Transfection. The humanerythroleukemiaHELcells were grown in

RPMI 1640 containing FCS as above. HEL cells were transfected by electro
poration with the SFFV-Neo expression vector containing the human bcl-2 or
the humanbcl-xLopenreadingframedrivenby the long terminalrepeatof the
splenic focus-forming virus (pSFFV-bcl-2 or pSFFV-bcl-xL; Ref. 16). As a

control, transfection was performed with empty SFFV-Neo plasmid. For
transfection, 20 i@gof plasmid was linearized with Not! (Pharmacia Biotech,
Inc., Freiburg, Germany) and resuspended in Hebs buffer [20 mMHEPES (pH
7.0), 137 mM NaCl, 5 ms@iKC1, 0.7 m@i Na@PO4H, and 6 mi@sdextrose]. HEL

cells (l0@)were subjected to electroporation at 300 V, 25 @Fand selected by
growth in the presence of 1.25 mg/mi of G418 (Life Technologies, Inc.).

RT-PCR. To assess mRNAexpression,a RT-PCRmethodwas developed.
For the RT reaction, total RNA (10 @g)was primed with random hexamers and
reverse transcribed with Superscript Moloney murine leukemia virus reverse
transcriptase (Life Technologies, Inc.) in a 20-gd volume. The generated
cDNA was amplified by using primers for human bcl-x (5'-CGGGCAT
TCAGTGACCFGAC-3' and 5'-TCAGGAACCAGCGGTFGAAG-3'), c-myc
(5'-CCAGGACTGTATGTGGAGCG-3' and 5'-C'VFGAGGACCAGT
GGGCFGT-3'), and gapdh (5'-GGTC'VFACfCCTFGGAGGCCATGTG-3'
and 5'-ACCTAACTACATGG1TFACATGTF-3'). A 50-pA PCR mixture con

mined 1 ,.d of the RT reaction, 20 pmol of each primer, each deoxynucleotide

triphosphate (0.2 mr@i),10 mM Tris-HCI (pH 8.3), 50 nmi KC1, 1.5 nmi MgC12,
and 2.5 units of Taq DNA polymerase (Bioline, London, UK). The PCR

reaction profile was as follows: 94Â°Cfor 30 s, 55Â°Cfor 30 s, and 72Â°Cfor 45 s.
After 22 cycles (bcl-x and gapdh) and 25 cycles (c-myc), shown to be at the
linear phase of amplification, the expected PCR products (340 bp for bcl-xL,
505 bp for c-myc, and 898 bp for gapdh) were size fractionated onto a 2%

agarose gel and stained with ethidium bromide.
Northern Blot. Total RNA was isolated using the acid guanidiniumthio

cyanate-phenol-chloroform extraction method (17). Samples of 20 @gof RNA
were electrophoresed on 0.9% (wlv) agarose-formaldehyde gels and then

transferred to Hybond-N nylon membranes (Amersham Corp.) as described
previously (15). 32P-Labeled cDNA probes were prepared using the random
hexanucleotide priming method (Ref. 18; Oligo-Labeling kit; Pharmacia Bio
tech, Inc., Uppsala, Sweden) to a specific radioactivity equal to, or higher than,

7 X 108 cprn/,@g of cDNA. Molecular probe for c-myc was a 1.4-kb EcoRI/

CIa! fragment representing the third exon of the c-myc gene (Ref. 19; a gift of

Dr. P. A. Lazo, Instituto de Salud Carlos 11!,Madrid, Spain). Conditions for
blot hybridization and washing have been described elsewhere (15).

Western Blot Analysis. Expression of Bcl-2 and Bcl-XL was determined
by Western blot analysis as described previously (20). Briefly, cell lysates

were run on a SDS-l4% polyacrylamidegel. Gels were transferredto nitro
cellulose (Bio-Rad, Hercules, CA), blocked with 3% (w/v) BSA, and incubated

with rabbit anti-Bcl-2 or anti-Bcl-X antiserum (Transduction Laboratories,

Lexington, Kentucky) and then with alkaline phosphatase-conjugated goat

anti-rabbit IgG (Tropix, Bedford, MA). Blots were developed with a chemi

luminiscence substrate (Tropix).

RESULTS

Molecular Structure Requirements for the Induction of
Apoptosis by ET-18-OCH3. We have previously reported evidence
suggesting that the cytotoxic action of ET-l8-OCH3 on tumor cells is
due to its capacity to induce apoptosis (2). We also found that the
human leukemic HL-60 cell line was particularly sensitive to the
apoptotic effect of ET- 18-OCH3 (2). The ET- 18-OCH3 has a long
O-alkyl tail at Cl of the glycerol backbone, a short nonpolar O-alkyl
group at C2, and a polar phosphocholine head group at C3. To analyze
the portions of the molecular structure necessary for its action, we
tested the capacity of 22 different ET-l8-OCH3 analogues to induce
apoptosis in the human leukemic HL-60 cell line, differing in the three
sn-l, sn-2, and sn-3 substitutions of the glycerol backbone (Table 1).
We found that any variation in the positions sn-2 and sn-3 of the
ET-l8-OCH3 structure, even minor ones, such as the substitution of
the methoxy group for a OH, H or acetyl group in C2, and the change
of the phosphocholine group at C3 for a phosphoserine group abol
ished completely the capacity to induce apoptosis in HL-60 cells
(Table 1). Also, the lack of the phosphocholine group blocked apop
tosis (last six compounds in Table 1). However, the O-octadecyl tail
at Cl could be substituted for other long O-alkyl tails, such as an
O-hexadecyl or an O-octadecenyl[9â€”lO} chain, without affecting the
apoptotic capacity of the ether lipid (Table 1). These structure-activity
studies indicate the key importance of the molecular structure of
ET-18-OCH3 for the induction of apoptosis in human leukemic cells.
Because ET- 18-OCH3 is used as a racemic mixture, we compared its
capacity to induce apoptosis with that of both enantiomers (D)-ET
l8-OCH3 and (L)-ET-l 8-OCH3. All of them showed an identical
behavior in the induction of apoptosis in HL-60 cells (Table 1).
Furthermore, the racemate and both enantiomers showed an identical
time course in the induction of apoptosis in HL-60 cells, promoting a
strong apoptotic response after only 6 h of incubation when used at 3
I.Lg/ml (data not shown). It has been reported that ether phospholipids

can be substrates for a phospholipase C-like enzyme, able to split off
or exchange the phosphocholine moiety (21, 22), and it has been
suggested that the appearance of l-O-octadecyl-2-O-methyl-rac-glyc
erol could be responsible for the cytotoxic properties of ET-l8-OCH3
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Table 1 Effect of E.7'-18-OCH3 and several structurally related compounds on apoptosis induction in human leukemic HL-60 cells

The induction of apoptosis is assessed by the visualization of the characteristic DNA internucleosomal degradation in agarose gel electrophoresis after incubation of HL-60 cells
with the respective compounds described below, used at 3 @g/mlfor 6, 9, and 24 h.

Chemical structure Induction of apoptosisa

l-O-Octadecyl-2-O-methyl-rac-glycero-3-phosphocholine (ET-l8-OCH3)
I-O-Octadecyl-2-O-methyl-sn-glycero-3-phosphocholine [(D)-ET- 18-OCH3]
1-O-Octadecyl-2-O-methyl-sn-glycero-3-phosphocholine [(L)-ET-l 8-OCH3]
I -O-Hexadecyl-2-O-methyl-sn-glycero-3-phosphocholine [(D)-ET-l6-OCH3]
I-O-Hexadecyl-2-O-methyl-sn-glycero-3-phosphocholine [(L)-ET- 16-OCH3]
I-O-Octadecenyl(9â€”I0)-2-O-methyl-sn-glycero-3-phosphocholine
l-O-Octadecyl-2-O-acetyl-sn-glycero-3-phosphocholine(PAF-l8)
l-O-Hexadecyl-2-O-acetyl-sn-glycero-3-phosphocholine (PAF-l6)
l-O-Hexadecyl-2-O-acetyl-rac-glycero-3-phosphocholine (rac-PAF)
I-O-Octadecyl-rac-glycero-3-phosphocholine
l-O-Hexadecyl-sn-glycero-3-phosphocholine
l-Hexadecanoyl-sn-glycero-3-phosphocholine
I -O-Octadecyl-propanediol-3-phosphocholine
1-Octadecanoyl-propanediol-3-phosphocholine
l-O-Hexadecyl-2-O-methyl-rac-glycero-3-phosphoserine
1-O-methyl-2-O-octadecyl-rac-glycero-3-phosphocholine
l-O-Octadecyl-2-O-methyl-rac-glycerol
I-O-Octadecyl-2-O-methyl-sn-glycerol
3-O-Octadecyl-2-O-methyl-sn-glycerol
l-O-Hexadecyl-2-O-methyl-sn-glycerol
3-O-Hexadecyl-2-O-methyl-sn-glycerol
1-O-methyl-2-O-hexadecyl-rac-glycerol

a@@@ ,@ strongapoptoticresponse,evenafter6 h treatment;â€”, no apoptoticresponse.

SELECTIVE INDUCTION OF APOPTOSIS BY ET-18-OCH3

+++

+++

+++

+++

+++

(21, 22). However, as shown in Table 1, no apoptotic effect was found
with ET-l8-OCH3- or ET-l6-OCH3-denved diglycerides and ana
logues.

Induction of Apoptosis by ET-18-OCH3 Is Not Mediated by the
PAF Receptor. PAF, identified as l-O-alkyl-2-O-acetyl-sn-glycero
3-phosphocholine, is the most studied of the alkyl-glycerophospho
lipids because it is an extremely potent biological mediator, and its
effects are mediated through a cell surface receptor (23). As stated
above, the molecular structure of ET-18-OCH3 is very similar to that
of PAP, differing only in the position sn-2 of the glycerol backbone,
i.e., a methoxy group in ET-18-OCH3 and an acetyl group in PAF.
This similarity between the molecular structures of both ET-18-OCH3
and PAF prompted us to analyze whether the apoptotic response
induced by ET-l8-OCH3 was mediated through its binding to the PAF
receptor. We used two human leukemic cell lines highly sensitive to
the action of ET-18-OCH3, i.e., human promyelocytic HL-60 cells,
which do not express detectable levels of PAF receptor (24â€”26),and
human promonocytic U937 cells, which express high amounts of
functional PAF receptors (27, 28). Corroborating these data, we found
that the addition of PAF to U937 cells evoked an increase in cytosolic
free Ca2@ concentration, which is blocked by preincubation with PAF
receptor antagonists, whereas the addition of PAF to HL-60 cells did
not induce any increase in cytosolic free Ca2@concentration (data not
shown), in agreement with previous reports (26, 28).

As shown in Fig. 1A, PAF was unable to induce apoptosis in both
HL-60 and U937 cells, whereas ET-18-OCH3 promoted a strong
apoptotic response in both cell types. Furthermore, we also found that
PAF addition to the cell culture did not prevent the induction of
apoptosis by ET-l8-OCH3. Three types of PAP molecules with a
distinct C-alkyl chain length in position sri-! were used: l-O-hexade
cyl-2-O-acetyl-sn-glycero-3-phosphocholine (PAF-16), l-O-octadec
yl-2-O-acetyl-sn-glycero-3-phosphocholine (PAF-18), and l-O-hexa
decyl-2-O-acetyl-rac-glycero-3-phosphocholine (rac-PAF). Thus, in
addition to the typical PAF molecule with a hexadecyl chain in
position Sn- 1, we used a PAF molecule containing a C-! 8 chain length
(PAF-l8), that is to say with a C-alkyl chain in position sn-l of the
same length as that in the ET- 18-OCH3 molecule. To further assess
the putative involvement of PAF receptor in the ET-18-OCH3-induc
tion of apoptosis, we investigated whether the potent and selective
PAF antagonist UR-l2460, which has been reported previously to

inhibit several PAF-induced responses (29), could provide a protec
tive effect against ET-l8-OCH3-induced apoptosis. We found that the
PAF antagonist by itself did not promote DNA fragmentation in
HL-60 or U937 cells (Fig. lB). This PAF antagonist, added at a higher
concentration (10 @LM)than that of ET-l8-OCH3 (6 LM,3 @tg/ml),was
unable to prevent apoptosis in HL-60 cells after 9 h of ET-18-OCH3
treatment (Fig. 1B). Similar results to those shown with UR-12460
were found when WEB-2170, another potent and selective PAF
antagonist (30), was used (data not shown). In the present study, we
have used PAF and PAF antagonists at high concentrations to corn
pare their actions to those exhibited by ET-18-OCH3, which only
exerts its apoptotic effects at concentrations higher than 1 pg/mi (2),
promoting an optimal apoptotic response in the concentration range of
3â€”5 @g/ml(Ref. 2 and data not shown). In contrast, PAF is an
extremely effective mediator that promotes most of its effects at a
very low concentration, about 5â€”100ni@i.We found that the addition
of PAF and PAF antagonists at these low concentrations neither
induced DNA fragmentation by themselves nor affected ET-l8-
OCH3-induced apoptosis (data not shown). On the whole, the results
herein reported clearly indicate that a PAF receptor is not involved in
the mechanism of ET-l8-OCH3-induced apoptosis, and PAF neither
mimics nor blocks the actions of ET-18-OCH3 on apoptosis.

To examine whether ET-18-OCH3 acted through its interaction
with a cell surface protein, we used the polyanionic naphthalenesul
fonic acid derivative suramin, a broad-specificity inhibitor of ligand
receptor interactions (31â€”35).Although its mode of action is poorly
understood, surarnin is membrane impermeable (36) and appears to

act on proteins rather than lipids (37). The ligand-displacing proper
ties displayed by suramin seem to be due to its binding to proteins,
thereby modifying the protein tertiary structure (36, 37). As shown in
Fig. lB. suramin by itself did not induce DNA fragmentation, when
used at a concentration (70 @LM)that has been reported previously to
block several ligand-receptor interactions (31â€”35).This concentration
of suramin was not cytotoxic to the cells, as assessed by trypan blue
exclusion method. Nevertheless, we found that suramin inhibited
ET-l 8-OCH3-induced DNA fragmentation in both HL-60 and U937
cells (Fig. lB), suggesting that the action of ET-18-OCH3 is due to its
interaction with a cell surface protein. Incorporation of ET-18-OCH3
into HL-60 and U937 cells was also inhibited by suramin (Fig. lC). In
contrast, PAF did not affect ET-18-OCH3 uptake by these cells.
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intheabsenceorinthepresenceof@ @g/mlBT@l8@OCH3,asindicatedinthefigure.Then,thefragmentedDNAwasextractedandanalyzedasdescribedin â€˜MaterialsandMethods.â€•
FragmentedDNAfrom6 X 10' c@llhwasloadedineachlane B,HL-60andU937cellsweretreatedwiththeindicatedagentsfor9 h. Theconcentrationsusedwere:3 g@g/m1(6 @M)
llT-l8@OCH3;70 @4Msuramin; 10 @hMUR-l2460. Fragmented DNA from 6 X l0@cells was loaded in each lane. Fragmented DNA was also extracted from control untreated cells
(Control) and run in the agaross gels shown in both A and B. lixperiments shown are representative of three performed. A l23-bp DNA ladder was used as standard (STD). C. effect
otsuramin on the liT-18@OCH3upisia in different cell types (HL-60 cells; U937 cells; human neutraphils, PMN; and HL-60 cells treated with DMSO for 3 days). Cells were incubated
with 3 pg/mi liT@18?OCH3 and 0.0@ j&Ci 13H]EIT-lS?OCH3 for 2 h in the absence (U) or in the presence (I) of 70 @.tMsuramin to measure uptake of the ether lipid into the cell as
described in â€œMaterialsand Methods.â€•Data are shown as the means of three independent determinations; bars. SD.

HL@@60cells incorporated 168 and 474 ng of RT-l8@OCH3/l06 cells,
after 2 and 4 h, respectively,of treatment with 3 pg/mI (6 @M)
ET-18-OCH3 in the absence of PAF and 151 ng (2@htreatment) and
451ng(4@htreatment)ofllT@18@OCH3/l06cellsinthepresenceof6
g.LMrac-PAF. Likewise. U937 cells incorporated 220 ng (2-h treat

meat) and 454 ng (4-h treatment)of ET-l8-OCH3/106cells in the
absence of PAP and 209 ng (2-h treatment) and 494 ng (4-h treatment)
of ET-lg-OCH3/106cells in the presenceof PAF

RelationshipbetweenET.18.OCH@CellularUptakeandJ.nduc@
tion of Apoptosis. HL@60 and U937 cells undergo rapid apoptosis

upon ET-iS-OC@ H3treatment(2) and take up significantamountsof
llT-l 8-OCH3 (Ref, 38; Fig, 1C), It has been reported that HL-60 cells
become resistant to the cytotoxic action of the isomer of ET-l8-OCH3
l-O-alkyl-2-O-methyl-sn-glycero-3-phosphocholine (containing
mixed C-16 and C-1K chain lengths) following cell differentiation
toward neutrophils (39), In this regard, we found that HL-60 cells
differentiated toward neutrophils by DMSO treatment did not incor
poTato significant amounts of this ether lipid (Fig, 1C), Likewise,
maturehumanperipheralbloodneutrophilsdid not undergoapoptosis
uponether lipid treatment(data not shown),and they wereunableto
incorporate significantly ET-l8-OCH3 (Fig 1C). The weak uptake of
ET-l8-OCH3 observed in both neutrophils and DMSO-treated HL@60 _________________
cells was hardly affected by surarnin (FigS 1C). When mature human
peripheral blood lymphocyteswere treated with ET-18-OCH3,no
ether lipid incorporation (3@) and no induction of apoptosis (Fig, 3)
were found, Thus. a completely different behavior is shown by human
leukemiecells and human mature leukocytesin responseto ET-18-
OCH3treatment.concerningboth susceptibilityto undergo RT-18-
OCH3@inducedapoptosis and ether lipid uptake@Also, as observed
above, we found a good correlation between induction of apoptosis
andET?l8@OCH3uptake

Thus far. it is not known how ET-l8-OCH3 is taken up by the cells.
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Fig. 3. Effect of ET-l8-OCH3 on the induction of apoptosis in distinct human tumor cell lines, human primary tumor cell cultures, and normal human cells. The indicated human

tumor cell lines from different origins (THP-1, Jurkat, Cob 205, Calu 3, and A431) and the primary culture tumor cells derived from a patient with colon carcinoma (Colon C.) were
treated with 3 @.tg/mlET-l8-OCH3 for the indicated times. Human peripheral blood lymphocytes (PBL) were also treated with 3 pg/mi ET-l8-OCH3 for the indicated times. Bone
marrow primary cultures (BA'S)derived from a control nonleukemic patient (A) and from patients with acute promyelocytic leukemia (B) or acute myeloblastic leukemia (C) were
incubated in the absence (â€”)or in the presence (+) of 3 @g/mlET-l8-OCH3 for 6 h. Fragmented DNA was extracted and analyzed as described in â€œMaterialsand Methods.â€•Fragmented
DNA from 6 X lO@cells (cell lines) or 2 X 106 cells (primary cultures) was loaded in each lane. Experiments shown are representative of three performed. A l23-bp DNA ladder
was used as standard (STD).

ET-18-OCH3, an amphiphilic substance, is mainly bound to serum
albumin (9, 40) in the culture medium. Previous studies suggested that
the cellular uptake of this ether lipid takes place through endocytosis
in leukemic cell lines (41), although this point has received some
controversy (40). To check whether endocytosis plays a role in ET
18-OCH3 uptake, we added fluorescein-labeled albumin to the cell
cultures and followed its endocytic uptake by flow cytometry under
different experimental conditions. As shown in Fig. 2, the addition of
ET-l 8-OCH3 did not affect albumin uptake in both ET-18-OCH3-
sensitive HL-60 cells and ET-l8-OCH3-resistant DMSO-treated
HL-60 cells. Suramin treatment promoted an increase in albumin
uptake in both cell types (Fig. 2), but this did not correlate with an
increase in ET-18-OCH3 uptake (Fig. 1C), indicating that endocytosis
is not the main route in the cellular uptake of ET-l8-OCH3.

Selective Induction of Apoptosis by ET-18-OCH3 in Human
Tumor Cells. We found that different tumor cell lines from distinct
origins underwent apoptosis when treated with ET-18-OCH3. Fig. 3
shows the susceptibility of several human tumor cell lines to undergo
apoptosis by ET-l8-OCH3. The cell lines studied included Jurkat
(human acute T-cell leukemia), THP-l (human acute monocytic leu
kemia), Colo-205 (human colon carcinoma), Calu-3 (human lung
adenocarcinoma), and A-43 1 (human epidermoid carcinoma). Also,
primary cell cultures (colon carcinoma and leukemic bone marrow

cells) from cancer patients underwent ET-18-OCH3-induced apopto
sis (Fig. 3). It is interesting to note that human leukemic cell lines and
primary cultures of human leukemic bone marrow cells were highly

sensitive to the effect of this ether lipid, undergoing rapid apoptosis
(Fig. 3), whereas normal bone marrow cell cultures, derived from a
control nonleukemic patient, were unaffected by ET-18-OCH3 treat
ment (Fig. 3). We found that treatment of bone marrow cells derived
from patients with acute promyelocytic leukemia or acute myeloblas
tic leukemia (M3 or M2, respectively, following French-American
British classification) underwent apoptosis following incubation with
3 jig/mi ET-18-OCH3 for 6 h (Fig. 3). Also, as stated above, normal
human peripheral blood lymphocytes were resistant to the apoptotic
effect of the ether lipid (Fig. 3). The above evidence suggests that
induction of apoptosis constitutes the key step in the previously
described cytotoxic action of ET-18-OCH3 and that ET-18-OCH3-

induced apoptosis only affects tumor cells. These results highlight an
outstanding discriminating feature of this ether lipid that shows no

toxicity for normal hematopoietic precursors or mature human leuko
cytes and that induces an irreversible process of programmed cell

death in tumor cells.
3T3 fibroblasts were resistant to the action of ET-l 8-OCH3 and

incorporated only small amounts of the ether lipid (Fig. 4). How
ever, upon transformation with SV4O, these cells became sensitive
to ET-18-OCH3 and incorporated high amounts of the lipid (Fig.
4). These data further indicate that the action of the ether lipid is

very specific for tumor cells and that both cellular uptake and
ET-18-OCH3-induced apoptosis are dependent on the malignant
state of the cells.
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Fig. 4. Transformation of 3T3 cells affects their sensitivity to undergo ET-l8-OCH3-induced apoptosis and ET-l8-OCH3 uptake. A, murine 3T3 fibroblasts and SV4O-transformed
313 cells were treated with 3 pg/mi ET-l8-OCH3 for the indicated times, and then the fragmented DNA was extracted and analyzed as described in â€œMaterialsand Methods.â€•
Fragmented DNA from 6 X lO@cells was loaded in each lane. Experiments shown are representative of three performed. A l23-bp DNA ladder was used as standard (STD). B, 3T3
and SV4O-transfonned 3T3 cells were incubated with 3 @&g/mlET-l8-OCH3 and 0.05 pCi [3H]ET-l8-OCH3 for the indicated times to measure uptake of the ether lipid into the cells
as described in â€œMaterialsand MethOdS.â€•Data are shown as means of three independent determinations; bars, SD.
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Bcl-2 and Bcl-XL Inhibits ET-18-OCH3-induced Apoptosis.
The precise mechanism involved in the ET-18-OCH3 effect on apop
tosis remains to be established. Several lines of evidence support that
the plasma membrane constitutes a major target of the ET-18-OCH3
cytotoxic action (1, 42â€”45),but ET-18-OCH3 is also able to induce
the expression and activation of the transcription factor AP-l (38),
thereby affecting gene expression. To investigate signal transduction
pathways involved in the apoptotic pathway induced by ET-18-OCH3,
we tried to identify gene products that inhibit this pathway. Bcl-2,
Bcl-X, and Bax are important gene products in the regulation of
programmed cell death (46, 47), with acting Bcl-2 and Bcl-XL as

suppressors (16, 48) and Bax as an inducer of apoptosis (49). We

studied the role of Bcl-2 and Bcl-XL in the induction of apoptosis by
ET-18-OCH3 in the human erythroleukemia HEL cells. These cells
express Bcl-XL but do not produce Bcl-2 (20). This cell line was
stably transfected with the expression vectors pSFFV-bcl-2 or p5-
FFV-bcl-xL, containing the human bcl-2 or bcl-xL open reading frame,
respectively, or with control pSFFV-Neo plasmid. Fig. 5A shows that
HEL-Neo cells expressed endogenous Bcl-XL and no Bcl-2, corrob

orating previous data (20). However, Western blot analysis demon
strated a high expression of either Bcl-2 or Bcl-XL in transfected HEL
cells (Fig. 5A). Fig. 5B shows that HEL-Neo cells underwent apop
tosis upon treatment with ET-18-OCH3. Overexpression of Bcl-2 and
Bcl-XL by gene transfer in HEL cells led to a complete inhibition of
ET-18-OCH3-induced apoptosis (Fig. 5B). Nevertheless, ET-l8-
OCH3 uptake was not affected by overexpression of Bcl-2 or Bcl-XL
in HEL cells (Fig. 5C).

ET-18-OCH3 Induces c-myc Expression. Because ET-l8-OCH3-
induced apoptosis is completely blocked by overexpression of Bcl-2
and Bcl-XL, we checked whether the apoptotic effect of ET-18-OCH3
could be due to a variation in the endogenous expression of bcl-xL
induced by the ether lipid in HEL cells. As shown in Fig. 5D, we
found that ET-18-OCH3 did not induce any change in the expression
of bcl-xL in HEL cells, as assessed by a semiquantitative RT-PCR
analysis. No effect was also found on the expression of bcl-2 and box
genes (data not shown) in ET-18-OCH3-treated HEL cells. Likewise,
ET-18-OCH3 did not modify the expression of bcl-2, bcl-xL, or box in

HL-60 cells, as assessed by semiquantitative RT-PCR (data not
shown). However, c-myc expression was rapidly induced in ET-l8-
OCH3-treated HEL cells (Fig. 5D). In this regard, we found that the
ether lipid ET-18-OCH3 increased the steady-state mRNA levels of
c-myc in both HEL and HL-60 leukemic cells (Fig. 5E). This is of
interest because overexpression of c-myc has been correlated with
induction of apoptosis in several systems (50â€”52). Furthermore, en

forced bcl-2 expression has been shown to suppress c-myc-mediated

apoptosis in fibroblasts (53, 54). In line with this, it could be envis
aged that if c-myc expression is a necessary component of ET-l8-
OCH3-induced apoptosis, overexpression of either bcl-2 or bcl-xL
might inhibit the apoptotic effect of c-myc, which is consistent with
the data presented here.

DISCUSSION

The structure-activity data reported here indicate that substitutions
at C2 and C3 of the ET-l8-OCH3 molecule abrogate completely its
capacity to induce apoptosis (Table I), showing that the presence of
a short nonhydrolyzable 0-methyl group at C2 as well as a polar
phosphocholine head group at C3 are critical for its apoptotic actions.
Nevertheless, the 0-octadecyl chain at Cl can be substituted for other
long O-alkyl tails without affecting the ability of the ether lipid to
induce apoptosis (Table 1). These structure-activity studies emphasize
the specificity of the ET-18-OCH3 effect. Furthermore, we found that
the racemate and the D and L enantiomers show an identical behavior
in their capacity to induce apoptosis, indicating that there is no
enantiomer specificity in the ET-l8-OCH3 action. The herein reported
structure-activity data on induction of apoptosis are largely in agree

ment with previous structure-function studies based on the antiprolif
erative or cytotoxic effect of these ether lipids (reviewed in Ref. 3).

It has been suggested previously that the hydrolysis of ET-l8-
OCH3 by a phospholipase C could be responsible for the cytotoxic
actions of ET-l8-OCH3 (21, 22). However, the results herein de
scribed clearly indicate that the products generated by a phospholipase
C-mediated degradation of ET-l8-OCH3 are unable to induce an
apoptotic response (Table 1). Our results suggest that ET-l8-OCH3 is
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not metabolized to exert its apoptotic effects. In this regard, it has
been found that most of the ET-l8-OCH3 remained unmodified after
24-h incubation in malignant cells (55). All of the ether lipid deny

atives that can be hydrolyzed by lysophospholipases or reacylated by
acetyltransferases are not cytotoxic (1) and do not induce apoptosis
(Table 1).

On the other hand, the results reported here clearly demonstrate that
ET-l8-OCH3 apoptosis proceeds via a mechanism independent of the
interaction of ET-18-OCH3 with a PAF receptor. This conclusion is
based on the following evidence obtained in the present study: (a)
ET-18-OCH3 promotes apoptosis on cells devoid of specific and
functional PAF receptors, such as HL-60 cells; (b) PAF and PAF
antagonists do not induce apoptosis in ET-l8-OCH3-sensitive cells;
(c) neither PAF nor PAF antagonists prevent ET-18-OCH3-induced

apoptosis; (d) PAF does not affect ET-18-OCH3 incorporation into the
cells; (e) ET-l8-OCH3 uptake is independent of the presence of PAF
receptors, because HL-60 cells lack PAF receptors and take up high
amounts of ET-l8-OCH3. These findings are consistent with previous

reports (40, 56) that showed that the PAF antagonist WEB-2086 did
not block the cytotoxic action of ET-l8-OCH3 in leukemic cells.

We have found a good correlation between induction of apoptosis
in tumor cells by ET-l8-OCH3 and its cellular uptake. These results
are in agreement with those reported recently by Zoeller et a!. (57)

that generated cell mutants, derived from the ET-l8-OCH3-sensitive
murine RAW 264.7 cell line, which were resistant to the cytotoxic

effects of ET-l8-OCH3. This lack of cytotoxicity was due to an over
90% reduction in the ability of the mutants to accumulate this lipid.
Our results indicate that marine 3T3 fibroblasts respond in a corn
pletely different way to ET-18-OCH3 treatment, depending on their
normal or transformed state (Fig. 4). Thus, unlike 3T3 fibroblasts,
SV4O-transformed 3T3 cells underwent apoptosis upon ET-18-OCH3
treatment and incorporated high amounts of the ether lipid (Fig. 4).
These results indicate the high specificity of ET-18-OCH3 in the
induction of apoptosis only in malignant cells and that this apoptotic
induction is correlated with the ether lipid uptake. The present data
indicate that cellular uptake of this ether lipid is of pivotal importance
for ET-l8-OCH3-induced programmed cell death and constitutes the
first key step in the selective action of this ether lipid.

It has been proposed that ET-18-OCH3 can be incorporated into the
cell through endocytosis (41). However, the albumin uptake studies
suggest a minor role for endocytosis in ET-18-OCH3 uptake. In this
regard, Zoeller et al. (57) found no differences in both receptor
mediated and fluid-phase endocytosis between ET-l8-OCH3-resistant
mutants and the ET-18-OCH3-sensitive parent cells, whereas the
parent cells took up significant amounts of ET-18-OCH3 and the
mutant cells did not. Thus, ET-18-OCH3 appears to be taken up
through a more specific process than general endocytosis. In this

regard, the suramin data suggest an interaction of ET-l8-OCH3 with
a cell surface protein.

Our results support the notion that induction of apoptosis consti
1326
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Fig. 5. Prevention ofET-18-OCH3-induced apoptosis by overexpression ofBcl-2 or Bcl-X1 and induction ofc-myc by ET-l8-OCH3. A, Western blot analysis for Bcl-2 and Bcl-XL.
Cell lysates from 2 x l0@Neo, Bcl-2-transfected, and Bcl-XL-transfected HEL cells were loaded onto a SDS-14% polyacrylamide gel. After electrophoresis, proteins were transferred
to nitrocellulose filters and analyzed for Bcl-2 and Bcl-XL using rabbit antibodies followed by alkaline phosphatase-conjugated goat anti-rabbit IgG as described in â€œMaterialsand
Methods.â€•B, analysisof DNAfragmentationin HEL-Neo,HEL-Bcl-2,and HEL-Bcl-XLcells after treatmentwith 3@ ET-18-OCH3for the timesindicatedin the figure.
Fragmented DNA was extracted and analyzed as described in â€œMaterialsand Methods.â€•Fragmented DNA from 6 X lO@cells was loaded in each lane. The experiment shown is
representative of three performed. A 123-bp DNA ladder was used as standard (STD). C. effect of overexpression of Bcl-2 and Bcl-XL on the ET-l8-OCH3 uptake in HEL cells.
HEL-Neo,HEL-Bcl-2,andHEL-Bcl-XLcellswereincubatedwith3 pg/miET-l8-OCH3and0.05pCi [3H]ET-l8-OCH3for2 h (0) and4 h (U)to measureuptakeofthe etherlipid
into the cells as described in â€œMaterialsand Methods.â€•Data are shown as means of three independent determinations; bars, SD. D, expression of c-myc and bcl-xL in
ET-l8-OCH3-treated HEL cells as assessed by a semiquantitative RT-PCR analysis. Total RNA was purified from HEL cells and subjected to semiquantitative RT-PCR analysis with
oligonucleotide primers specific for c-myc and bCI-XL.PCR amplification of gapdh was used as an internal control. After 22 cycles (bcl-XLand gapdh) and 25 cycles (c-myc; shown
to be at the linear phase of amplification), the PCR products were electrophoresed onto a 2% agarose gel and stained with ethidium bromide. E, expression of c-myc in human leukemic
HEL and HL-60 cells upon treatment with E'f-l8-OCH3. Northern blot analysis of mRNA levels after cell treatment with 3 @.tg/miET-l8-OCH3 for the times indicated is shown in
the figure. Basal control levels in untreatedHEL and HL-60 cells are also shown. rRNA stainingwith ethidiumbromide(bottomof the figure) was used as loading control.
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tutes the critical step in the previously described cytotoxic action of
ET-18-OCH3, and that ET-18-OCH3-induced apoptosis is specific for
tumor cells. It is interesting to note that normal bone marrow cells,
containing normal hematopoietic precursors, as well as mature cells
such as peripheral blood lymphocytes and neutrophils, are not affected
by ET-18-OCH3 treatment (Fig. 3). Furthermore, the distinct suscep
tibility to undergo apoptosis by ET-18-OCH3 shown by 3T3 and
SV4O-transformed 3T3 cells indicates that a ET-18-OCH3-resistant
nontumor cell line can become a sensitive one after being transformed
into a cancer cell. Taking together, our data highlight the selective
action of this ether lipid; it is harmless for normal cells and extremely

cytotoxic, via induction of apoptosis, for tumor cells. It could be
envisaged that a cellular structure, absent or present in low basal
amounts in normal cells but synthesized in higher amounts in tumor

cells, is responsible for the ET-18-OCH3 uptake and the subsequent
ET-18-OCH3-induced apoptosis. It has been reported that there is no
efflux of this drug from preloaded murine leukemic cells, indicating
that this ether lipid is tightly bound to an unknown cellular structure
(40).

The fact that blasts from bone marrows of nonleukemic patients are
unaffected by ET-18-OCH3 and blasts from bone marrows of leuke
mic patients undergo rapid apoptosis (Fig. 3) further supports the use
of ET-18-OCH3 in selectively purging leukemic cells from remission
bone marrow for bone marrow transplantation. In spite of the fact that
peripheral blood lymphocytes are unaffected by ET-18-OCH3, it is
interesting to note that mitogen-induced human lymphoblasts as well
as rat autoreactive T-cell blasts have been reported to be sensitive to
ET-18-OCH3 during the proliferative phase (58, 59). In vivo data on
the successful treatment of experimental autoimmune diseases with
ether lipids are emerging (59â€”61). Thus, ET-18-OCH3 treatment
could also be of importance in autoimmune diseases, in addition to its
promising role as an efficient and selective anticancer drug, as cvi
denced from the data herein reported.

The results with HEL cells indicate that, in spite of the incorpora
tion of the ether lipid into the cell, the induction of apoptosis by
ET-18-OCH3 can be completely prevented by overexpression of bcl-2
or bcl-xL genes (Fig. SB). Overexpression ofthe p26-Bcl-2 protein has
been shown previously to protect apoptosis induced by many different
experimental conditions, including growth factor withdrawal, granu
locytic differentiation, and the addition of cancer chemotherapeutic
agents with diverse mechanisms of action (62â€”65).This suggests that
Bcl-2 functions in a final common pathway for cell death that can be
activated by multiple mechanisms. It has been suggested that Bcl-2
protects cells from apoptosis by inhibiting lipid peroxidation (66).
Previous reports have shown that ET-18-OCH3 can affect lipid me
tabolism in sensitive cells (42, 45, 67), and it could be envisaged that
this process can be affected by Bcl-2 or Bcl-XL, but this remains to be

elucidated. The protective data herein obtained with bcl-2 and bcl-xL
would suggest that leukemic cells overexpressing bcl-2 could be more
difficult to be treated with ET-18-OCH3.

It has been shown that c-myc plays a role in activation-induced
apoptosis of T-cell hybridomas (52) as well as in fibroblasts (51).
Because we report here that ET-18-OCH3-induced apoptosis is ac

companied by up-regulation of c-myc mRNA, we hypothesize that
ET-18-OCH3 may induce the expression of c-myc in sensitive tumor
cells as part of the molecular pathway that transduces an apoptotic
signal to the cell. However, additional experiments will be needed to
firmly establish a role for c-myc in the mechanism of action of
ET-18-OCH3.

Taken together, our data demonstrate the importance of both the
molecular structure and the cellular uptake of ET-l8-OCH3 in the
induction of apoptosis by this ether lipid in tumor cells. The present
data clearly point out three main stages in the induction of apoptosis

by ET-18-OCH3: (a) binding of ET-l8-OCH3 to a cell surface struc
ture, likely a protein; (b) incorporation into the cell; and (c) triggering
of an apoptotic signaling pathway that can be abrogated by elevated
Bcl-2 or Bcl-XL protein levels. At any of these stages, the ET-l8-
OCH3 action can be modulated and block&L Our results also point out
that ET-18-OCH3 induces apoptosis in cancer cells but not in nontrans

formed cells, showing an outstanding selectivity for malignant cells. This
selectivity for the apoptotic effect of this ether lipid seems to be at the
level ofET-18-OCH3 uptake. We propose that tumor cells, unlike normal
cells, express a cellular structure that is able to bind ET-l8-OCH3 to
promote its cellularuptake and subsequentlyapoptosis.Elucidationof the
mechanism involved in the binding and incorporation of this ether lipid
into sensitive tumor cells will be of pivotal importance to understand the
molecular basis for the extremely high selectivity shown by this prom
ising anticancer agent. The present data support the putative clinical use
of this anticancer drug.
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