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Abstract

We investigated endocytosis activity, uptake of miltefosine (hexadecylphosphocholine), phospholipid and cholesterol content, the ce
cycle, and apoptosis in 13 tumor cell lines (MCF7, MCF7/ADR, KB-3-1, KB-8-5, KB-C1, HelLa, HeLa-MDR1-G185, HeLa-MDR1-V185,
CCRF/CEM, CCRF/VCR1000, CCRF/ADR5000, HL-60, HL-60/AR) with different sensitivities to treatment with the antitumor phospho-
lipid analogues miltefosine and D-21266 (octadedyN-dimethyl-piperidino-4-yl)-phosphate). In this panel of cell lin#H)R1 (multi-
drug resistance gene 1)- and MRP1 (multidrug resistance-associated protein)-expressing cells were found to be slightly more resistan
both compounds than sensitive parental cells. No correlation was found between resistance to miltefosine and endocytosis, intracellu
concentration of miltefosine, the phospholipid and cholesterol content, induction of apoptosis, or cell cycle alterations in all the cell line:
tested. Wild-type p53 containing WMN Burkitt's lymphoma cells and wild type p53-deficient CA46 exhibited similar sensitivities to
miltefosine. The low percentage of apoptosis induced in MCF7 cells lacking caspase 3 indicated that caspase 3 seems to play an esse
role in miltefosine-induced apoptosis. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction topical treatment of skin metastases resulting from breast
cancers [3]. Its development as an oral drug was hampered
Phospholipid analogues are a new class of drugs thatby its gastrointestinal toxicity. For this reason, hexade-
exhibit broad antineoplastic activity [1,2]. Miltefosine rep- cylphosphocholine derivatives with a better therapeutic in-
resents the first of these compounds used in clinical appli- dex were sought. D-21266 was identified as a suitable can-
cation [1,2]. In several countries, it has been approved asdidate [4] and is currently used in clinical trials. The exact
mechanism responsible for the antitumor activity of milte-
* Corresponding author. Tel+43-512-507-3505; fax+43-512.507-  10sine and D-21266 is not yet known [1,2]. However, it
2638. would be important to understand why some tumors re-
E-mail addressjohann.hofmann@uibk.ac.at (J. Hofmann). spond to treatment with these compounds and others do not.
1 Present address: Department of Biochemistry and Clinical Chemistry, We investigated the reasons for different susceptibilities
Karol Marcmkov!skl University of Medical Sciences, Przybyszewskiego of various human tumor cells to treatment with miltefosine
49, 60-355 PozrigrPoland. D-21266. More th hani iaht b .
Abbreviations D-21266, octadecylN,N-dimethyl-piperidino-4-yl)- or - . ore than op.e.mec anism mig € responsi-
phosphate; HeLa-WT, HelLa wild-type cells, HelLa-MDR1-G1g5, ble for thg d|ffgrent sensmvme_s to these .compounds. Up-
HeLa-WT cells transfected with a wild-tyddDR1 gene containing gly- take of miltefosine by the cells is accomplished by endocy-
cine in position 185; HeLa-MDR1-V185, HelLa wild-type cells transfected tgsis via the plasma membrane [5]. Distinct sensitivities to
with a mutantMDR_l gene cpntamlng valine in p05|t|9n 185; HL-60, miltefosine treatment may be due to different membrane
human promyelocytic leukemia cell8{DR1, multidrug resistance gene 1; ti h b fluidit th h holipid/
MRP1, multidrug resistance-associated protein; miltefosine, hexade- properties SUC. as mem_ rane .UI ity or e. .p.C.)Sp Q'p'
cylphosphocholine; PGP, P-170-glycoprotein; and TMA—DPH, trimethyl- cholesterpl ratlo.'AIt.ernanver, different sensitivities might
amino—diphenylhexatriene. be associated with increased efflux of drugs as by MDR1,
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MDR2, MRP, or LRP (lung resistance protein) transport

M. Rybczynska et al Biochemical Pharmacology 62 (2001) 765-772

reaction [20]. Wild-type and mutant genes were controlled

proteins [6-9]. Furthermore, since it has been shown thatby sequencing [20].

phospholipid analogues induce apoptosis [10-12], p53

Every other week the following drug concentrations

function and response to induction of apoptosis may also bewere added to the medium of the multidrug resistant stock
responsible for differences in sensitivity. There are reports cultures: MCF7/ADR: 10 ug adriamycin/mL; CCRF/

indicating that overexpression of MDR1, in addition to drug

efflux, delays the apoptotic cascade in CHO (Chinese ham-
ster ovary) cells [13], alters the expression of genes regu-

lating apoptosis [14], and protects human CCRF/CEM and

K562 tumor cells from caspase-dependent apoptosis [15].
Differences in these features between a sensitive and a
resistant cell line—sometimes from different tissues—were
reported previously. Here, we compared endocytosis, accu-

mulation of miltefosine, the content of phospholipids and
cholesterol, apoptosis sensitivity, and the influence of milte-
fosine on the cell cycle in 5 sensitive and 8 resistant cell
lines derived from the sensitive lines.

2. Materials and methods
2.1. Drugs

Miltefosine and D-21266 were from ASTA Medica. A
10-mM stock solution in 20 mM Tris—HCI (pH 7.4) was
used. TMA-DPH was purchased from Molecular Probes
and dissolved in dimethylformamide (Sigma Chemicals).
Vinblastine was from Sigma. The MTT (3-(4,5-dimethyl-
thiazo-2-yl)-2,5-diphenyltetrazolium bromide) assay kit
was obtained from Boehringer Mannheim.

2.2. Tissue culture

MCF7 (human breast adenocarcinoma) cells, the multi-
drug-resistant subline MCF7/ADR, CCRF-CEM (human
lymphoblastoid cells), the multidrug-resistant sublines
CCRF/VCR1000, CCRF/ADR5000 [16], HeLa (human epi-
theloid cervix carcinoma), and two multidrug-resistant sub-
lines (HeLa-MDR1-G185, HelLa-MDR1-V185), HL-60
(human promyelocytic leukemia), and the MRP1-overex-
pressing HL-60/AR cells [17] were grown in RPMI-1640
medium supplemented with 10% fetal bovine serum, 2 mM
glutamine and 0.1ug/mL of gentamycin. KB-3-1 cells
(human oral epidermoid carcinoma) and the multidrug-re-
sistant sublines KB-8-5 and KB-C1 [18] were grown in
Dulbecco’s modified Eagle’s medium (4.5 g glucose/liter)
and supplemented as described above.

The two multidrug-resistant MDR1-overexpressing
HelLa cell lines were obtained by transfection of human
HelLa S3 (HeLa-WT) cervic carcinoma cells with an MDR1
wild-type gene construct (HeLa-MDR1-G185) and with a
mutation in codon 185 (gly-val) [19]. Following transfec-
tion, HeLa-MDR1-G185 cells were grown in the presence
of vinblastine (100 nM) and HeLa-MDR1-V185 in the pres-
ence of colchicine (240 ng/mL). MDR1-mRNA expression

VCR1000: 1ug vincristine sulfate/mL; CCRF/ADR5000: 5

ng adriamycin/mL; HeLa-MDR1-G185: 100 nM vinblas-
tine; HeLa-MDR1-V185: 240 ng colchicine/mL; HL-60/
AR: 100 nM daunomycin/mL; KB-8-5: 10 ng colchicine/
mL; KB-C1: 1 ug colchicine/mL.

Dose—response curves for calculations ofithg values

and resistance factors (Table 1) were obtained by seeding
the cells in 96-well plates. Following an incubation period
of 4 hr, the drugs were added and cells were exposed to the
drugs continuously for 72 hr. Subsequently, cell proliferation
was determined by the MTT (3-(4,5-dimethylthiazo-2-yl)-2,5-
diphenyltetrazolium bromide) assay [21]. Tibg, values were
calculated by the CalcuSyn software from Biosoft.

2.3. Determination of lipids and cholesterol

Logarithmically growing cells were washed with PBS at
4°, lysed with 0.2% SDS, and lipids extracted with chloro-
form/methanol (2:1). Non-lipids were removed by solvent
partitioning [22]. The extracts were dried under nitrogen.
Lipid phosphorus [23] (as measurement of phospholipids)
and cholesterol [24] were determined as described.

2.4. Endocytosis

Cells (2.16) were seeded in 2 mL of culture medium in
a 3.5-cm dish and incubated for 16 hr. Subsequently, the
cells were washed with PBS, incubated in 2 mL of fresh
medium containing 10% fetal bovine serum andu®
TMA-DPH at 37° for 30 min. To evaluate the effect of
miltefosine on endocytosis (Fig. 1B), cells were treated with
doses of miltefosine corresponding to thg, values at 37°
for 30 min, washed with PBS, reincubated in 2 mL medium
containing 10% fetal bovine serum an@g® TMA-DPH at
37° for 30 min. The miltefosine-treated and untreated cells
were washed three times with ice-cold PBS containing 3%
fatty-acid-free BSA (Sigma Chemicals) to remove TMA—
DPH from the plasma membrane, and scraped off the dish
with a rubber policeman. Two hundred and fifty microliters
of the cell suspension in PBS was transferred into a 96-well
plate and the fluorescence intensity was quantitated with a
Fluoroscan Il, Version 4.0 (Bio-Rad; excitation 355 nm,
emission 460 nm) at room temperature. The results (Fig. 1)
are expressed as percentage of internalized TMA-DPH
fluorescence intensity compared to that of the peripheral
membrane measured in cells without the washing proce-
dure with fatty-acid-free BSA immediately after addition

was controlled by reverse transcriptase—polymerase chainof TMA-DPH [25].
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ric analysis was performed in the positive ion SRM mode
(selected reaction monitoring) using nitrogen (5.0 grade) as
collision gas. The precursor-to-product ion transitions for
miltefosine were selected from m/z 408.2 to 124.8. The
precursor and product ions for the internal standard (D-
21266) were selected at m/z 462.4 and 112.0. Each ion was
B + MILTEFOSINE (ICsq) monitored with a dwell time of 200 msec., with a pause time
of 2 msec. Data were acquired by the PE-Sciex software
(system version 1.2 and ‘Sample-Control’ version 1.2) and
peak areas measured using PE-Sciex quantification software
(MacQuan, version 1.4).

30 A

A B mL/min with 40% CHCN/30% methanol/30% 8 mM am
> monium acetate (v/v/v). The results were analysed by Tur-
x - = bolon-Spray™-HPLC/mass spectrometry (TISP-HPLC/
1E o _ _ = MS/MS), with a turbo heater on an API 300 triple quadruple
40 EI g + c § = 3 mass spectrometer (Perkin ElImer Sciex). Mass spectromet-
T o 2 s k=
§ =177 8

20 A

+ HelLa—MDR1-G185

40

2.6. Cell cycle and apoptosis

FLUORESCENCE INTENSITY (% INTERNAL/PERIPHERAL)

Cell cycle analysis was performed as described previ-
Fig. 1. Endocytosis of TMA-DPH in the absence and presence of milte- OUSIy [27]' Twenty_flve thousand HelLa or MCF7 cells,

fosine. Endocytosis of TMA-DPH was determined as described in Mate- 100,000 CCRF or HL-60 cells were seeded per well (2 mL)
rials and methods. The cells were incubated witp®0TMA—-DPH for 30 in 24-well plates. The cells were treated with the indicated
min. The results are expressed as percentage of internalized TMA-DPH concentrations of miltefosine and incubated for 24, 48, or 72
fluorescence intensity compared to that of the peripheral membrane mea-hr. |n the case of HeLa and MCF7 cells, first the medium

sured in unwashed cells immediately after addition of TMA-DPH. The - 50 1 | PBS from washing the cells were collected. Then,
means tSD) of at least three independent experiments in which duplicate

determinations were taken within each experiment are indicated. Panel A: the cells were incubated with 3QL of 0.5 g/L of trypsin
cells treated with TMA-DPH only. Panel B: cells treated concomitanty and 0.2 g/L of EDTA in PBS for approximately 10 min.
with TMA-DPH and miltefosine concentrations of the, values. Subsequently, the cells in trypsin/EDTA were united with
the previously collected medium and wash. The cells were
centrifuged (15@) for 15 min. CCRF and HL-60 cells were
2.5. Uptake of miltefosine centrifuged and washed with PBS. The pelleted cells were
resuspended in 20@L PBS, 50 uL of 250 wg/mL of
Logarithmically growing cells (3—6x 10°/mL) were propidium iodide, 1% Triton X-100, and 10L of RNase A
seeded in 6-well plates and grown for 24 hr. The culture (10 mg/mL) and incubated at room temperature for 1 hr.
medium was removed and the cells were treated with milte- Cell cycle analysis was performed by a FACscan (fluores-
fosine (final concentration 2QM) in fresh medium at 37°  cence-activated cell sorter, Becton Dickinson); at the same
for the times indicated (Fig. 3). Following incubation, the time, the percentage of apoptotic cells was quantitated based
cells were washed with 3% fatty acid-free BSA (dissolved on the hypodiploid DNA peak as described by Nicoletti
in PBS) and 3 times with PBS at 4°, and lysed with 0.2% et al. [28].
SDS. For determination of intracellular miltefosine, lipids
were extracted as described above (Section 2.3).
Concentrations of miltefosine from cellular lipid extracts 3. Results
were measured using a specific HPLC-MS/MS method
[26]. After drying under nitrogen (as described above in 3.1. Cells exhibiting different sensitivities to miltefosine
Section 2.31) the lipid extracts were reconstituted in £&0 and D-21266
of a 50% aqueous solution of methanol (v/v) (Merck). To
each vial, 25uL of an 8 ug/mL solution of the structural The resistance of parental and multidrug-resistant sub-
miltefosine analogue D-21266 dissolved in 50% aqueous lines to vinblastine, adriamycin, miltefosine, and D-21266
methanol was added as an external standard. Each vial wass shown in Table 1. It has been demonstrated previously
vortexed for approximately 10 sec. The calibration curve that the resistant sublines shown in Table 1 overexpress
was prepared by adding standard solutions of miltefosine to MDR1 [20,29], with the exception of HL-60/AR cells
the cells, giving a linear range from 2.1 mol/L to which overexpress MRP1 [17]. All the resistant sublines
2.10 2 mol/L. including the MRP1-overexpressing HL-60/AR exhibit
HPLC was carried out on a ChromSpher (Chrompak®) 5 modest cross-resistance (1.3- to 9.6-fold) to miltefosine and
SIl, 100 mmX 3 mm glass column at a flow rate of 0.5 D-21266 (1.8- to 11.2-fold). In MDR1-expressing cells the
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Table 1 )
Resistance factors of the different cell lines used " e B oo il o O g
E ¢ et + HeLa-NDR1-V1ES
Cell line Vinblastine Adriamycin  Miltefosine D-21266 8. /
]
MCF7 1 1 1 1 i "
MCF7/ADR 21.2 8.7 2.0 1.8 °2
X
<
£
KB-3-1 1 1 1 n.d. s .;,ﬁ:i
KB-8-5 15.9 8.3 1.3 n.d. e I | i
KB_Cl 373 551 18 nd 0 1530 80 e 180 0515 30 60 TES 180 0 15 30 60 TS 180
HeLa-WT 1 1 1 1 Fig. 2. Uptake of miltefosine. The cells were incubated with 2@ of
HeLa-MDRl G185 343 111.0 8.3 106 miltefosine for the indicated times. Subsequently, the lipid fraction of the
HeLa-MDRl-V185 12'5 69 .6 9.6 7 ‘1 cells was isolated. Miltefosine was determined by HPLC and mass spec-
ela ’ ’ ’ ’ trometric analysis. The data represent the meanSD) of two different
experiments in which duplicate determinations were taken within each
CCRF/CEM 1 1 1 1 experiment.
CCRF/VCR1000 246.0 67.5 5.9 4.0
CCRF/ADR5000 1210.0 39.1 7.4 11.2
HL-60 1 1 1 1 these cell lines, it was higher in KB-8-5 cells. In one
HL-60/AR 2.6 n.d. 2.7 3.8 resistant HelLa subline (HeLa-MDR1-G185) endocytosis
The resistance factor was obtained iby-resistant cellstsy-sensitive was lower, W_hlle In t_he other r_eS|stant Su_b_“ne (HeLa_
cells (n.d.= not detected). MDR1-V185) it was higher than in the sensitive parental

line (Fig. 1A). In presence otg, concentrations of milte

fosine, endocytosis was also not correlated with ithg
resistance to miltefosine and D-21266 was less pronouncedvalues of miltefosine (Fig. 1B). These results suggest that
than that to vinblastine. MRP1-overexpressing HL-60/AR the level of endocytosis does not explain the differential
cells exhibited resistance to miltefosine (2.6-fold) and resistance to miltefosine.
D-21266 (3.8-fold) to a similar extent as to vinblastine Quantification of endocytosis by TMA-DPH was per-
(2.5-fold; Table 1). The resistance of the sublines to milte- formed following an incubation period of 30 min. In order
fosine was previously found to be correlated to the expres-to obtain information about post-endocytotic events, we
sion of MDR1, with PGP binding and transporting milte- measured the uptake of miltefosine by HPLC analysis in
fosine [30]. Thus, the question arises as to whether the adherent cells following incubation periods up to 180 min.
phenomenon of resistance can be linked to the actual intra-As shown in Fig. 2, the uptake of miltefosine was quite low

cellular concentrations of miltefosine. in MCF7 and MCF7/ADR cells compared to KB or HelLa
cells. The miltefosine uptake was slightly higher in the
3.2. Endocytosis and miltefosine uptake resistant MCF7/ADR subline compared with the sensitive

line. In the KB cell lines, thacs, values for miltefosine

Miltefosine exhibits high affinity for the plasma mem- Were low (KB-3-1= 2.5uM, KB-8-5 = 3.2uM, KB-C1 =
brane and after endocytosis, it can be localized in intracel- 4-5 #M) compared to MCF7 (MCF# 34.6 uM, MCF7/
lular membranes [5]. We investigated whether the differ- ADR = 69.8 uM) and HelLa cells (HeLa-WT= 6.8 uM,
ences in the sensitivity of these cell lines to miltefosine HeLa-MDR1-G185= 57 uM, HelLa-MDR1-V185= 65
correlate with the intracellular accumulation of the com- ©M). The uptake of miltefosine in KB cells was high (Fig.
pound. For measuring endocytosis in the sensitive versus?): indicating that in the KB cell lines the lows, value is
the resistant cells, we used the membrane fluorescencdhe result of a high uptake. Despite significantly higher drug
probe TMA-DPH. This compound interacts with living UuPtake in HeLa-MDR1-G185 cells compared to MCF7 and
cells by instantaneous partition between the external me-MCF7/ADR cells, theics, values of MCF7/ADR (€5, =
dium and the plasma membrane, where it becomes fluores69.8 uM) and HeLa-MDR1-G185i¢5, = 57 uM) were in
cent. The corresponding fluorescence intensity is then pro-the same range. Sensitive Hela wild-type and resistant
portional to the cell surface. Once incorporated into the HeLa-MDR1-V185 showed similar uptake, whereas the up-
plasma membrane, it follows this membrane in the consec-take of miltefosine was higher in resistant HelLa-MDR-
utive intracellular traffic and monitors endocytosis [25]. G185 (Fig. 2). These results suggest that the intracellular
Because th|s endocytosis assay iS performed different'y in ConC_e_nt_ration Of miltefOSine iS not direCtly related to the
adherent and suspension cells, we used only adherent cell§€nsitivity.
and omitted the CCRF and HL-60 cell lines. In sensitive
MCF7 cells endocytosis was higher than in the resistant 3.3. Phospholipid and cholesterol content
MCF7/ADR cells (Fig. 1A). The sensitivities of the three
KB sublines were rather similar (Table 1). Endocytosis was  One possible explanation for the resistance of tumor cells
also similar to KB-3-1 and KB-C1 cells. Compared with to phospholipid analogues are PGP-mediated phospholipid



M. Rybczynska et al Biochemical Pharmacology 62 (2001) 765-772 769

Table 2 Table 3
Phospholipid and cholesterol content P/C ratio in the different cell lines
Cell line Phospholipids Cholesterol Cell line P/C ratio
% %

MCF7 1.83
MCF7 100.0 100.0 MCF7/ADR 2.00
MCF7/ADR 69.3+ 13.0 63.4+ 6.3

KB-3-1 2.80
KB-3-1 100.0 100.0 KB-8-5 2.46
KB-8-5 97.1x 2.7 116.8+ 10.2 KB-C1 2.24
KB-C1 110.6% 22 135.3+ 5.1

HelLa-WT 1.78
HelLa-WT 100.0 100.0 HelLa-MDR1-G185 1.78
HelLa-MDR1-G185 102.8+ 30.0 116.8+ 30.6 HelLa-MDR1-V185 1.52
HelLa-MDR1-V185 97.9+ 13.6 91.2+ 12.7

CCRF/CEM 1.60
CCRF/CEM 100.0 100.0 CCRF/VCR1000 1.72
CCRF/VCR1000 98.9+ 111 100.0+ 13.8 CCRF/ADR5000 1.14
CCRF/ADR5000 125.0+ 41.0 193.0+ 26.9

HL-60 2.90
HL-60 100.0 100.0 HL-60/AR 2.53
HL-60/AR 119.5+ 26.2 137.9+ 27.0

The P/C ratio was obtained by phospholipids (in nmol pet ddlis)
Phosphorus was determined in the lipid extracts as measure for the divided by cholesterol (in nmol per §@ells). The means of at least three
amount of phospholipids. Cholesterol and phosphorus were quantified asindependent experiments in which duplicate determinations were taken
described in Materials and methods. The nmol of phosphorus and choles-within each experiment are shown. The resistant cell lines are in bold
terol per 16 drug-sensitive cells were taken as 100%. Relative increases or letters.

decreases in resistant cell lines (in bold) are shown.

or cholesterol alterations in the membranes [31]. It has beenVation [3"_)’]' Anz_inS|s of the cell cycle after treatment with
reported that the enrichment of HL-60 cells in cholesterol 10 #M miltefosine showed no effects that could be corre-
resulted in resistance to the phospholipid analogue ET-18-!at€d to the resistance of the MCF7, KB, and HL-60 cell
OCH, (1-O-octadecyl-20-rac-glycero-3-phosphocholine) lines (data not shown). An increase in the @@pulations in
[32]. Therefore, we quantitated the phospholipids and cho- the sensitive CCRF and HelLa compared to the resistant
lesterol in our set of cell lines. Table 2 shows that resistant sublines was observed (Fig. 3). Thus, sensitivity to milte-
KB-C1, CCRF/ADR5000, and HL-60/AR cells contained fosine cannot be related to changes in cell cycle regulation.
more, whereas resistant MCF7/ADR contained less phos-The previously reported arrest of cells in thg ghase of the
pholipids compared to their corresponding sensitive sub- cell cycle [33] cannot be regarded as a general phenomenon
lines. The cholesterol content in resistant MCF7/ADR and induced by phospholipid analogues.

HelLa-MDR1-V185 was lower, while in resistant KB-8-5,

KB-C1, HeLa-MDR1-G185, CCRF/ADR5000, and HL-

60/AR it was higher than that in the sensitive controls

(Table 2). Furthermore, the phospholipid/cholesterol ratio

did not correspond to the resistance to vinblastine, milte- s * o e
fosine, or D-21266. The ratio was enhanced in resistant e
MCF7/ADR and CCRF/VCR1000, and reduced in KB-8-5,

© Hola- T

% OF CELLS IN @1
X OF CELLS N G2/M
&

8] omewr Bits—p——t—4| <=
KB-C1, CCRF/ADR5000 and HL-60/AR compared to the Rereritd
parental sensitive cell lines (Table 3). Membrane fluidity S 4
quantitated by TMA-DPH anisotropy also did not correlate .

with the resistance to vinblastine, miltefosine, or D-21266 e
(data not shown). Thus, the results suggest that the phos-: " §" o
pholipid and cholesterol content of the cells or the phos- §* i

pholipid/cholesterol ratio are not the determining factors for & ,| sz . @
resistance to miltefosine or D-21266.

% OF CELLS IN G2/M
&

|

o T — T T T T T
) u “ 13 ° u o n ° u “ n

3.4. Cell Cycle analysis HOURS AFTER ADDITION OF MILTEFOSINE

Fig. 3. Effect of miltefosine on cell cycle progression. Cell cycle analysis

It has b h . v that th h holipid was performed as described in Materials and methods following treatment
as been shown previously that theé phosphaolipid ana- with 10 uM miltefosine for the indicated times. The means of two different

logue ilmofosine arrests Burkitt's lymphoma cells in the G experiments in which duplicate determinations were taken within each
phase of the cell cycle by suppression of cdc2 kinase acti- experiment are shown.
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4. Discussion

9 0 [ MLTEORE nn—;:‘lm 2 i WLTFORE 3 i MLTEROSSE 50 il MLTEFOSNE
§ J—— . e - ver The underlying mechanism of the antiproliferative activ-
e ¢ ¢ ’ ‘ ity of phospholipid analogues in tumor cells is not known at
; » » » » present. We tested several biochemical parameters for their
. H:H possible correlation with resistance to miltefosine, namely
T % 4 1 & & mob o & omo1x w s om e the intracellular drug concentrations, alterations in lipid
HOLRS AFTER ADOTON OF WLTEFOSHE composition, apoptosis sensitivity, or the regulation of the

Fig. 4. Quantification of apoptosis following miltefosine treatment. The cell cycle. Comparisons of cells with different sensitivities
e eseo s eyl o e s o st ess e fom difernt tssues have the disadvantage tha the
theree independent experimentsEM) in which duplic.ate determinations tsensnwltle_s may be influenced by_ cell ty_pe-specm_c factors.
were taken are shown. In comparisons of parental cells with resistant sublines these

cell type differences are avoided. We employed five differ-
ent parental human tumor cell lines and the corresponding
resistant sublines comprised in all 13 cell lines. MDR1- or
MRP1-expressing cell lines are less sensitive to miltefosine
and D-21266, as miltefosine binds to and is transported
by PGP [30]. Thus, the intracellular concentration of
miltefosine should be responsible for the sensitivity to
the compounds.

3.5. Apoptosis

Phospholipid analogues have the ability to induce apo-
ptosis [10-12]. Differential induction of apoptosis might
possibly explain the phenomenon of drug resistance in the

cel Iine§ investigated. pS3 is one major_ factor influencing However, the intracellular concentration of miltefosine
apoptosis by antitumor t'reatm'ent..For this reason, we COM-j, nih MCF7 cell lines was lower than in KB cells (Fig. 2),
pareq the effects of mlltefpsme in p53 Wlld-type WMN corresponding to highets, of MCF7 and the lowicsg of
Burkitt's lymphoma cells with CA46 Burkitt's lymphoma kg cells. Previously Fleeet al. [35] reported an unusual
cells in which one allele of p53 is deleted and the second sensitivity of KB cells to miltefosine. We observed, how-
one is mutated. Thes, values of p53 wild-type WMN cells  ever, a higher endocytosis activity in resistant KB-8-5 and
and CA46 p53 mutants for miltefosine were found to be Hela-MDR1-G185 cells than in the sensitive parental lines
16.11uM (*£4.1 SD, N= 7) and 14.3M (+0.6, N = 6), (Fig. 1). The uptake experiments also show higher concen-
respectively. Thus, deletion or mutation of p53 was not the trations of miltefosine in resistant MCF7/ADR and Hela-
cause of resistance to miltefosine, because p53 wild-typeMDR1-G185 compared to the sensitive parental cells (Fig.
WMN cells are equally sensitive as p53 mutant CA46 cells. 2). Thus, the accumulation of miltefosine cannot be the only
Differential susceptibility to apoptosis could explain the determining factor for sensitivity. This is in agreement with
drug uptake-independent sensitivity to miltefosine. Treat- a previous report showing that uptake and intracellular ac-
ment with miltefosine was associated with a decreased ap-cumulation of miltefosine are not the determinants of resis-
optosis induction in the multidrug-resistant CCRF and KB tance to this compound [36]. Therefore, we investigated
sublines compared to their matched sensitive cell lines (Fig. @dditional parameters that could be responsible for the re-
4). No significant differences could be observed, however, Sistance differences. _ .
when comparing the sensitive and resistant HeLa and !t has been shown previously that phospholipid ana-
HL-60 cell lines. Both, the sensitive and the multidrug- |09ues induce apoptosis [10-12]. Differences in the status
resistant MCF7 cell lines were equally refractory to apopto- of p53 falso do_not seem to be respon3|_ble for an al_te,red
sis induction by 50uM of miltefosine (Fig. 4). Even in- sensitivity to mﬂtefosm_e pecause_ p53 wild-type Burkitt's
creasing the miltefosine concentration to 100M lymphoma cells were similar sensitive as ;_)53 mutant cells.
. ; ) ) . It has also been reported that overexpression of PGP delays
miltefosine did not induce apoptosis in MCF7 cells (data not . . :
shown). The low levels of apoptotic cells in miltefosine- the apoptotic cascade in CHO (Chlnege hamster ovary)
. fibroblasts [13], leads to altered expression of genes regu-
treated MC_F7 cell lines Seems t(_) b_e due to the Iac_k _Of lating apoptosis in human myeloid leukemia cells [14], and
caspase 3 in these cells [34], indicating that apoptosis in-

. oo 8rotects CCRF/CEM and K562 cells from caspase-depen-
duced by miltefosine is dependent on caspase 3 and thafyant apoptosis [15]. In the latter report, the question was

expression of MDR1 or MRP1 does not lead to a reduction raised whether this apoptosis resistance is to be found only
in apoptosis. Also transfection of tihéDR1gene into HeLa i cells in which the resistance was induced with antitumor
cells did not lead to altered apoptosis sensitivity. The dif- grugs, or also in cells transfected with MDR1. Our results
ferences in apoptosis sensitivity of resistant versus sensitiveshow that in HelLa cells transfected with MDR1, the per-
CCRF and KB cells are probably not caused by MDR1 centage of apoptotic cells following treatment with milte-
expression, but are rather the result of co-selection of cellsfosine is about the same as in non-transfected HelLa cells
for apoptosis resistance during the selection procedure for(Fig. 4). If indeed MDR1 expression were responsible for
drug resistance. reduced apoptosis sensitivity, MDR1-expressing cells
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* * §M,LTEFOS.NE¥ t_ein ki_nase C [39], cytidylyl transferasg (phosphatidylcho-
line biosynthesis) [40], and phospholipases [41-43]. All
these proteins with the exception of cytidylyl transferase are
located in the plasma membrane or are translocated to the
plasma membrane at least for certain periods of time. Milte-
fosine may inhibit the target directly or may interfere with
the translocation of the target. Compartmentalization of
INACTIVATION INACTIVATION miltefosine could prevent the interaction with cytidylyl
transferase which is located in the cytosol and in the endo-
m m plasmic reticulum. Our results show that none of the pa-
RETICULUM ; . .
MILTEEGOSINE rameters analyzed, namely endocytosis, the intracellular
COMPARTMENT concentration of miltefosine, the phospholipid or choles-
Fig. 5. Speculative representation of the possible action of miltefosine. t€rol content of the cells, cell cycle alterations, p53 muta-
PGP may remove miltefosine from the plasma membrane like a vacuum tion, or induction of apoptosis by miltefosine can, on their
cleaner. Thus, miltefosine might not be able to affect a target localized in gwn, determine the sensitivity to miltefosine in all cell lines.
the plasma mgmbrane. If the tgrget—drug inte_raction site is _in the_ mem- Approximately 40 to 50% of primary breast carcinomas
brane and not in the cytosol, neither would the intracellular miltefosine be .
able to interact with the active site of the target. Alternatively, intracellular express MDR]' [44]. Expression of MRP1 has also been
miltefosine could be kept in a certain compartment and, therefore, be feported in breast cancer [45]. The results reported here
unable to reach a target such as cytidylyl transferase, which is located in theillustrate that expression of these drug transporters leads to
endoplasmic reticulum. resistance to miltefosine and D-21266. Even if the resis-
tance to these compounds is not as pronounced as to vin-
would also, at least in part, exhibit resistance to drugs not blastine (Table 1), it may suffice to reduce the antitumor
transported by PGP, as for example cisplatin. However, the activity of miltefosine and D-21266.
Hela sublines transfected with MDR1 constructs did not
exhibit different sensitivities to cisplatin (data not shown).
Here, we show that miltefosine induces apoptosis in Acknowledgment
CCRF, KB, Hela, and HL-60 cells (Fig. 4). Due to the lack
of caspase 3 in MCF?7 breast carcinoma cells [33], the level  Thjs work was supported by Grant P10664-MED from
of apoptosis induced by miltefosine is rather low (Fig. 4). the Austrian Science Fund.
This suggests that miltefosine-induced apoptosis is depen-
dent on caspase 3. Beside reduced uptake, resistance to
apoptosis may be a reason for the high, in MCF7 cells. R
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