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ABSTRACT

(+/-)-2-|Hydroxy[tetrahydro-2-(octadecyloxy)methylfuran-2-yI|meth-
oxyljphosphinyloxy-/V,/V,/V-triinethylethaniminium hydroxide, inner salt
(SRI 62-834) is a tetrahydrofuran analogue of platelet activating factor
(PAF) that is currently entering clinical trial. Like other ether lipids it is
of interest as a membrane-active antitumor agent. Here, we have used
two-color multiparameter flow cytometry to study simultaneously its
effects on cell membrane permeability, intracellular pH, and cell size/
structure of EMT6 mouse mammary tumor cells and HL-60 human
promyelocytic leukemia cells in vitro. Concentrations as low as 1 MMup
to 100 itM SRI 62-834 caused a rapid, dose-dependent increase in
membrane permeability, initially towards outward efflux of the preloaded
fluorescein probe bis(carboxyethyl)carboxyfluorescein (green fluores
cence) and then towards influx of extracellular propidium (red fluores
cence). At the same time, median cell size from light scatter was reduced
with an increased coefficient of variation, and the proportion of cell debris
was elevated. In vitro antitumor activity was seen over the same concen
tration range, as measured by tetrazolium dye reduction and cell growth
curves. Neither low concentrations of PAF (50 nM) nor the potent PAF
antagonist 3-[4-(2-chlorophenyl)-9-methyl-6//-thieno|3,2-/l[l,2,4|tria-
zolo[4,3a||l,4|diazepin-2-yl|-l-(4-morpholinyl)-l-propanone (0.5-100
MM)had any influence on the membrane effects of SRI 62-834, and at
higher concentrations (1-200 MM)PAF mimicked the behavior of SRI
62-834. In addition, the PAF antagonist did not modulate the cytotoxicity
of SRI 62-834 or PAF. HL-60 cells were more sensitive to SRI 62-834
than were EMT6 cells in terms of both cytotoxicity and membrane
permeability. However, PAF was more potent than SRI 62-834 in causing
membrane permeabilization with both cell lines, whereas PAF was less
active than SRI 62-834 in cytotoxicity assays. The results support a
membrane-damaging role in the cytotoxicity of SRI 62-834 but suggest
that additional factors are also involved. Membrane permeabilization
may be related to its reported effects on protein kinase C-dependent
intracellular calcium signaling but apparently does not involve a conven
tional PAF receptor in HL-60 or EMT6 cells.

INTRODUCTION

Ether lipid anticancer agents have now entered Phase 1
clinical trial following encouraging results in vitro and in animal
studies (1). Examples are ET-18-OCH34 (2) and the cyclic ether
analogue SRI 62-834 (3). Both are analogues of the naturally
occurring PAF (Fig. 1).

In addition to its potent activation of platelets, PAF exhibits
a variety of physiological and pathological effects (4, 5). Ether
phospholipid analogues likewise show a diverse range of phar-
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macological properties, including antiproliferative and cyto-
toxic effects against human tumor cell lines in vitro (6-9), anti-
invasive activity in vitro (10, 11), antimetastatic activity in vivo
(12, 13), and immunomodulation in mouse tumor models in
vivo (1, 14). ET-18-OCHj has also been used successfully to

purge mouse bone marrow of leukemic cells in vitro (15).
The molecular mechanisms by which ether lipid analogues

exert these disparate effects are not yet fully understood. Pref
erential disturbance of phospholipid metabolism in tumor cells
has been reported (16, 17). Selectivity may arise from a defi
ciency in tumor cell membranes of alkyl cleavage enzymes,
leading to accumulation of the synthetic lipids (18, 19). This
may be responsible for the marked changes in membrane struc
ture and function (11, 20). However, some evidence disputes
that cleavage enzyme differences exist in sensitive and resist
ance cells (21). Effects on signal transduction may also be
implicated. ET-18-OCH., has been reported to inhibit protein

kinase C and to decrease arachidonate release (22), but this was
not confirmed for SRI 62-834 (3). The latter has, however, been
shown to elicit a time- and concentration-dependent elevation
of intracellular calcium in HL-60 human promyelocytic leuke
mia cells (23, 24).

PAF itself activates pathways involved in coagulation and
inflammation at concentrations below nanomolar through to
micromolar (4, 5). Other effects are seen at higher concentra
tions, including for example activation of macrophages at 1-10
Â¿Â¿M(25). Differentiation of cultured neurons is seen at 50 nM
to 10 /iM, but neuronal cell death occurs at higher exposures
(26). Potency is generally reduced in the presence of serum
proteins.

Although definitive identification of a membrane protein
receptor for PAF is lacking, the existence of such receptors is
strongly implicatedâ€”at least in platelets and neutrophilsâ€”by
such evidence as high potency, structure-activity relationships,
stimulus-specific desensitization, high-affinity saturable bind
ing, and effects of antagonists and antibodies (4). Specific
receptor binding is thought to be linked to the PAF-induced
increase in cytoplasmic free calcium in platelets, acting by both
mobilization of intracellular stores and the opening of a mem
brane calcium channel (27, 28). However, the structure of PAF
and related agents clearly suggests the possibility of detergent-
like effects. In fact, recent studies have demonstrated that PAF
does act as a general membrane perturbant at concentrations

4The abbreviations used are: ET-18-OCHj, 1-O-octadecyl^-O-methyl-rac-S-
phosphocholine; BCECF, bis(carboxyethyl)carboxyfluorescein; BCECF-AM, ace-
toxy-methyl ester of bis(carboxyelhyl)carboxyfluorescein; 1D50,IDÂ«,concentra
tions required for 50% or 90% effect; MTT. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide; PAF, l-O-octadecyl-2-O-acetyl-sn-glycero-3-phos-
phocholine; PBS, Dulbecco "A" phosphate-buffered saline: SRI 62-834, (+/-)-
2-|hydroxy|tetrahydro-2-(octadecyloxy)methylfuran-2-yl]methoxyl|phosphinyl-
oxy-/V,jV,/V-trimethylethaniminium hydroxide, inner salt; also designated CRC
86-05 and NSC 614383; WEB 2086, 3-[4-(2-chlorophenyl)-9-methyl-6H-
thieno|3,2-/][ 1,2,4]triazolo[4,3-o][ 1,4]-diazepin-2-yl]-1 -(4-morpholinyl)-l -propa-
none; PI, propidium iodide.
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CH20<CH2)17CH3 CH20(CH2)17CH3

Fig. 1. Molecular structure of ether lipid
SRI 62-834 (CRC 86/05; NSC 615 383), ET-
18-OCHj, and platelet activating factor (PAF).
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above 4 UM (in protein-free medium), causing a substantial

disruption of lipid bilayer structure (29). Clearly such mem
brane perturbation could also contribute to cell calcium
changes, as well as pharmacological and cytotoxic effects.

The in vitro antitumor effects of ether lipids such as ET-18-
OCHj and SRI 62-834 are seen in the concentration range of
1-200 MMin serum-containing medium, and an order of mag
nitude lower in the absence of serum (1, 30). A PAF antagonist
was shown to reduce the cytotoxicity of these ether lipids (30),
although this does not necessarily implicate involvement of a
PAF receptor. Elevation of intracellular free calcium by ET-18-
OCHj and SRI 62-834 was seen at 30-140 MMin serum-free
medium (23, 24) and although recent results show a lack of
modulation of this effect by PAF antagonists (31), the ether
lipid-induced calcium rise is reduced by phorbol ester (23, 24).
Considering the potential for either receptor-mediated or other
specific cell signaling biochemical effects against a more deter
gent-like biophysical perturbation, further studies are required
to elucidate the mechanism of direct antitumor action by ether
lipids.

In view of the potential for differential response in discrete
tumor cell subpopulations, it is particularly valuable to search
for such mechanisms using a cell-by-cell analytical technique

such as flow cytometry. Judicious choice of fluorescent probes
also permits simultaneous measurement of multiple parame
ters. We now report the use of our sensitive 2-color multiparam-
eter flow cytometry technique (32) to demonstrate alterations
in tumor cell membrane permeability after treatment with SRI
62-834. Progressive modifications of membrane function were
identified in tumor cell populations by reduced ability to retain
the fluorescein analogue BCECF, followed by increased perme
ability to extracellular propidium. These sequential changes
were shown to be associated with a progressive alteration in
cell size or structure as reflected in light scatter properties, but
significant pH changes were not seen. To relate the SRI 62-834

concentrations required to modulate cell membrane permeabil
ity to those causing in vitro antitumor activity, the latter was
assessed using the MTT tetrazolium dye reduction assay, cell
population growth curve analysis, and clonogenic assay. Mem
brane permeability effects were seen with SRI 62-834 and also
PAF at cytotoxic micromolar concentrations but not in the
subtoxic nanomolar range. Neither the membrane permeabili-
zation by SRI 62-834 nor its cytotoxicity was blocked by PAF
or the potent and specific PAF antagonist WEB 2086 (33).
This was true for EMT6 mouse mammary tumor cells, which
were relatively resistant to ether lipids, as well as the more
sensitive HL-60 human promyelocytic leukemia line. Both tu
mor cell lines show a rise in intracellular free calcium in
response to SRI 62-834 and PAF (23, 24, 34, 35), and

HL-60 cells have been reported to exhibit specific binding of

radiolabeled PAF (36).

MATERIALS AND METHODS

Cells

EMT6/VJ mouse mammary tumor cells (37, 38) were cultured in
monolayer and prepared as single cell suspensions in Eagle's medium

containing 20% newborn calf serum and antibiotics and in an atmos
phere of 5% CO2,95% air. HL-60 human promyelocytic leukemia cells
(23, 24, 36) were grown in suspension culture in antibiotic-free RPM1
1640 containing 10% fetal calf serum and in an atmosphere of 8%
CO2/92% air. Both lines were grown at 37Â°Cand log-phase cells were

used throughout.

Drugs

SRI 62-834 and WEB 2086 were gifts from Sandoz Research Insti
tute (East Hanover, NJ) and Boehringer Ingelheim (Ingelheim am
Rhein, West Germany), respectively (see "Acknowledgments"). PAF

was purchased from Peninsula Laboratories Europe (St. Helens, Mer-
seyside. United Kingdom). These agents were dissolved in PBS at 5
mM and stored at -20"C in the dark. Stock solutions were diluted

immediately before use to yield final assay concentrations as appropri
ate.

Fluorochromes

PI (Sigma, Poole, United Kingdom) and BCECF-AM (Molecular
Probes Inc., Eugene, OR) were prepared as stock solutions at 3.0 mM
in PBS and 1 mM in dimethyl sulfoxide, respectively, and stored at 4Â°C

in the dark. The BCECF-AM stock solution was diluted with PBS
immediately before addition to cells, yielding a final assay concentration
of 1 MM.The PI solution was added directly to cell samples so that the
final concentration was 30 UM.

Other Reagents

Nigericin was obtained from Sigma, prepared as a stock solution in
Grade A ethanol (James Burroughs Ltd., London, United Kingdom) at
1 mM, and stored at 4 < . This solution was added to cell samples to
give a final assay concentration of 10 Â¿AI.Potassium phosphate buffers
of pH 6 to 8 were made by mixing appropriate proportions of 135 mM
KHPO4 and 110 mM K2HPO4, both containing 20 mM NaCl (all from
Sigma) (39). These were stored at 4Â°Cand pH was checked before each

experiment. MTT was obtained from Sigma. A stock solution was
prepared at 5 mg/ml in PBS and stored at 4Â°Cin the dark.

Flow Cytometry Instrumentation

Full details of the instrumentation and use of the Cambridge Medical
Research Council Flow Cytometer are given elsewhere (38, 40, 41).
Briefly, the argon laser was set to excite at 488 nm with a power setting
of 300 mW. The electronics were instructed to trigger on the 90Â°light

scatter signal. Green fluorescence from liberated BCECF was detected
at 515-560 nm and red fluorescence due to DNA-intercalated pro-
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pidium at >630 nm. The detector gains were set so that control
(nonpermeable) cells were recorded at 2/3 maximum response on the
green channel and <100 on the red channel. With these particular
settings, the permeable cells were recorded with the GÃ¬DNA (propi-

dium) peak between channels 450 and 550 and BCECF fluorescence at
<100 channels. The small red channel signals in the control (nonperme
able) cells were due to some optical filter breakthrough, and the small
signals in the green channel for the permeable cells were due to a
combination of residual green fluorescence plus filter breakthrough
from the highly intense propidium signals. The green channel detector
gain setting was required to be relatively "low" in the experiments in

which BCECF plus propidium were being used in combination, in order
to minimize red signal breakthrough from the DNA-propidium com
plex into the green channel. In the experiments in which BCECF was
used for pH determinations (when propidium was not present), a 532
Â±2 nm (green) band pass filter was used on this channel and the green
detector gain settings were increased considerably to record the low-
level residual green fluorescence in the SRI 62-834-treated cells.

At the flow rate used (150-200 cells/s), the probability of coincident
cells is extremely low. However, any rare coincident cells and doublets
were excluded by electronic double threshold determination together
with pulse shape analysis, both on the master detector, while debris
was gated on forward and 90Â°scatter (42). After 10-bit A-D conversion,

the data were collected list-mode via PDF LSI-23 and 11-40 computers
and stored on hard disc for subsequent analysis. Parameters were
selected from green fluorescence, red fluorescence, forward scatter, 90Â°

scatter, and time. Owing to the slit-scan effect, the integrated areas
under the fluorescence pulses were analyzed. In-house programs were
used to display processed data as 2-parameter frequency contour plots
or as perspective 3-dimensional plots of 2 selected parameters together
with cell frequency. In cases where cell subpopulations were identified
from analysis of 2 parameters (e.g., red versus green fluorescence), other
selected parameters (e.g., forward-angle light scatter) were investigated
as appropriate by electronic gated analysis. Data presented in the figures
have linear coordinates. All flow cytometry procedures were carried out
at room temperature unless stated otherwise.

Effects of SRI 62-834 on Permeability to BCECF and PI

Cells were loaded with 1 ^M BCECF-AM for 5 min and washed to
remove excess substrate (43). SRI 62-834 (1-200 ^M) and PI (30 Â»M)
were then added and 10,000 cells were analyzed per sample, both
immediately and after 15 min with respect to green and red fluores
cence, together with forward and 90Â°light scatter (32).

Effects of SRI 62-834 on Intracellular pH

The method for intracellular pH measurement relies on the pH
dependence of BCECF fluorescence emission at around 530 nm (green)
but not above 630 nm (red) (39). EMT6 cells were loaded with BCECF
as above. Calibration samples were resuspended in potassium phos
phate buffers of known pH in the presence of the potassium ionophore
nigÃ©rian(10 Ã•/M)to equalize intra- and extracellular pH. BCECF
fluorescence was recorded for 10,000 cells/sample, both at 532 Â±2 nm
using a lasci-line filter (Glen CrestÃ³n, Dalston, United Kingdom) and

simultaneously above 630 nm. Triplicate samples were analyzed. A
calibration curve was constructed of pH versus the ratio of the median
fluorescence above 630 nm to that at 532 Â±2 nm. Using the same
instrument settings for these particular experiments, BCECF-loaded
cells suspended in medium or in PBS were analyzed in the absence of
nigericin with and without SRI 62-834. In some experiments nigericin
was added after the effects of SRI 62-834 had been analyzed, in order
to determine whether the ionophore could re-establish BCECF fluores
cence in the green-negative, red-negative population.

Cytotoxic Effects of SRI 62-834 against EMT6 Cells

The direct effects of SRI 62-834 on log phase EMT6 cells were
investigated using 3 different in vitro assay procedures.

MTT Assay. This is based on the conversion of the yellow water-
soluble tetrazolium salt MTT to a purple insoluble formazan product,

catalyzed by dehydrogenases present in viable cells (44,45). Absorbance
is proportional to cell number. Cells (600/well for EMT6 and 2 x IO3/
well for HL-60) were incubated for 3 (EMT6) or 4 days (HL-60) in the
presence of 1-100 JIM SRI 62-834. After removal of the medium, a
volume of 200 n\ MTT solution (5 mg/ml) was added for 6 h. The
purple formazan crystals were dissolved in 200 n\ of dimethyl sulfoxide
and the plates were read in an enzyme-linked immunosorbent assay
plate reader at a test wavelength of 540 nm and a reference of 690 nm.
Eight replicate wells were used at each individual drug concentration.
Results were expressed as the percentage of absorbance compared with
the untreated control. This was plotted against the log of the drug
concentration to generate dose-response curves from which values of
ID50 and IDÂ«were determined as the concentrations to reduce the
control absorbance by 50 and 90%, respectively.

Clonogenic Cell Survival Assay. Log-phase EMT6 cells were seeded
on day 0 at 5 x IO4cells/25-cm2 flask with 5 ml of medium. On day 3,
the monolayers were treated with 0.1 to 200 ^M SRI 62-834. After
either 15 or 60 min, the medium was removed and cells were trypsin-
ized, counted with a hemacytometer counting chamber, and appropriate
dilutions made. Aliquots of the cell dilutions (1 ml) were added to 9 ml
of medium in 9-cm-diameter plastic dishes. Two or 3 replicates were
included for each drug concentration. The dishes were incubated for 9
days. After this, the medium was removed and the resulting colonies
visualized by crystal violet staining. Colonies of greater than 50 cells
were counted using a microscope, and results were expressed as the
number of colonies as a proportion of cells plated.

Population Growth Curve Assay. EMT6 cells were seeded in 25-cm2

flasks as above, and left for l h to allow a monolayer to attach to the
plastic surface. SRI 62-834 was then added at 5-100 UM, with 10
replicate flasks per concentration. On day 3, the medium containing
any remaining SRI 62-834 was removed, and 5 ml of fresh drug-free
medium were added. The cells were subsequently fed with fresh medium
each day. On each of the following 8 days, cells from one flask per
group were trypsinized, resuspended in medium, and the cell number
per flask calculated from hemacytometer counts. This was plotted
against time to generate growth curves. Trypan blue dye exclusion tests
were performed daily on the trypsinized cells and those present in the
aspirated growth medium.

RESULTS

Effects of SRI 62-834 on Tumor Cell Membrane Permeability

Fig. 2 shows 2-parameter frequency contour plots of green
BCECF fluorescence (515-560 nm) against red fluorescence
due to DNA-intercalated propidium (>630 nm) for EMT6
mouse mammary tumor cells. Three cell populations were seen
for all samples, including control cells (32). Region 1 cells
exhibit green but no red fluorescence, indicating retention of
BCECF and exclusion of propidium. Region 2 cells have little
red or green fluorescence, which we interpret as a loss of
BCECF but persistence of propidium exclusion (32). Region 3
cells exhibit red but not green fluorescence, suggesting BCECF
loss together with a newly developed permeability to propidium.

The effects of increasing SRI 62-834 concentrations (1-50
fiM) on this twin-probe fluorescence pattern are illustrated in
Fig. 2. Samples were analyzed either immediately or 15 min
after drug treatment. No significant change in fluorescence was
seen over 15 min for untreated control cells. Increasing SRI
62-834 concentrations caused an immediate and concentration-
dependent loss of green fluorescence. The decrease in the num
ber of cells in Region 1 (green positive, red negative) was
accompanied by an increase in the cell numbers for Regions 2
(green negative, red negative) and 3 (green negative, red posi
tive). Few cells remained in Region 1 immediately after SRI
62-834 addition at 25 and 50 n\i. In no case were cells seen in
the center of the isometric plot, i.e., displaying both red and
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Fig. 2. Effect of SRI 62-834 on the retention of BCECF and the exclusion of
propidium by EMT6 mouse mammary tumor cells measured by flow cytometry.
Green fluorescence between 515 and 560 nm liberated from BCECF (arbitrary
units, channel number) is plotted versus red fluorescence above 630 nm due to
DNA-intercalated propidium (arbitrary units, channel number) with cell fre
quency on the vertical axis. Cells (10,000) were loaded with BCECF. exposed to
PI, and analyzed immediately or 15 min after addition of the appropriate volume
of PBS alone for control cells or of SRI 62-834-treated cells at various concen
trations, as shown. The percentages of cells in 3 denned regions (see text) are
indicated. Data are from 1 of 3 independent repeat experiments, each of which
gave similar results.

green fluorescence simultaneously.
After 15 min in the presence of 1 MM SRI 62-834, the

fluorescence distribution of the cells was unchanged with re
spect to the immediate analysis. Above this drug concentration
greater effects were seen after 15-min incubation. For both 25
and 50 MMtreatments, no cells remained in Region 1 after 15
min, i.e., all green fluorescence was lost. Clearly recognizable
DNA histograms with d, S, and 62 + M peaks were seen on
the red fluorescence axis for the latter 2 samples. The propor
tions of cells in each of the 3 regions are shown in Fig. 2. No
further changes occurred with longer exposures. Additional
experiments were carried out to determine the effects of SRI
62-834 at concentrations below l MM.No modulation of mem
brane permeability was seen at 35 or 50 nM.

A secondary electronic gating procedure was carried out to
assess the forward and 90Â°scatter profiles, related to cell size

and shape, for the 3 discrete subpopulations exhibiting different
fluorochrome staining. Green negative, red positive cells (Re
gion 1, "intact membranes") displayed discrete frequency-scat

ter profiles. Green negative, red positive cells (Region 3) exhib
ited a wide variation in light scatter, consistent with having
severely damaged membranes. Green negative, red negative

cells (Region 2) showed an intermediate frequency-scatter pro
file.

Membrane permeability changes closely similar to those de
scribed for EMT6 cells were also seen for SRI 62-834-treated
HL-60 human promyelocytic leukemia cells. However, HL-60
was at least 2.5-fold more sensitive. A concentration of 10 MM
caused a complete loss of green fluorescence after 15 min
compared with only 50% loss for EMT6.

All of the experiments described above were carried out at
room temperature. In addition, experiments were performed in
which cell samples were either maintained at room temperature
before and during flow cytometry or held at room temperature
until immediately before fluorescence analysis. The results (not
shown) were closely similar for the tested concentrations of 25-
150 MMSRI 62-834.

Influence of PAF and its Antagonist WEB 2086 on Membrane
Permeabilization by SRI 62-834

A series of experiments was performed to determine the
effects of PAF and WEB 2086, alone or in combination with
SRI 62-834. When tested alone, PAF had no effect on mem
brane permeability at very low concentrations (35 and 50 nM).
At micromolar concentrations, PAF gave a similar pattern of
response to SRI 62-834 in both EMT6 and HL-60, but was
about twice as potent. The PAF antagonist WEB 2086 had no
effect by itself at concentrations of 0.5-100 MM.Such levels are
well above those reported (33) to block PAF-induced human
platelet and neutrophil aggregation in vitro (ID50 values, 0.17
and 0.36 MM, respectively). However, these concentrations
failed to modulate membrane permeabilization of EMT6 and
HL-60 cells by 50-200 MMSRI 62-834 or 25-100 MMPAF (not
shown). In addition, low concentrations (50 nw) of PAF failed
to block the membrane effects of SRI 62-834 and higher con
centrations (100-200 MM),which were themselves membrane-
active, gave an additive response with SRI 62-834 (not shown).

Effects of SRI 62-834 on Intracellular pH

Since BCECF fluorescence is pH-sensitive, it was possible
that the decrease in green fluorescence brought about by SRI
62-834 was due to a change in intracellular pH. We therefore
compared the effects of the drug on BCECF fluorescence at
532 Â±2 nm (pH-sensitive green region) to that above 630 nm
(pH-insensitive red region). This was done in the absence of PI.

Cells exhibiting light scatter characteristics consistent with dead
or dying cells were gated out and ignored in the analysis of
fluorescence.

The red/green fluorescence ratio obtained for untreated con
trol EMT6 cells was highly reproducible with a mean value of
1.40 and an SD of 0.017 (coefficient of variation = 1.2%) for a
total of 17 different samples analyzed in 3 separate experiments.
By reference to calibration standards using the ionophore ni-
gericin, this was shown to correspond to an intracellular pH of
7.40. In general, SRI 62-834 produced a similar reduction in
BCECF fluorescence at both wavelengths. Typical pH values
for control and drug-treated cells were 7.40 and 7.35, respec
tively. In no case was the fluorescence ratio decreased by more
than 0.03 compared with the average control ratio for any
samples analyzed immediately after 1-60 MMSRI 62-834. This
corresponded to a maximum reduction in pH of only 0.05 pH
units, i.e., to pH 7.35.

Experiments were also carried out in which cells were first
treated with SRI 62-834 so as to induce a loss of BCECF, and

802

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/3/799/2446469/cr0510030799.pdf by guest on 19 M

ay 2023



MODULATION OF TUMOR MEMBRANE PERMEABILITY BY ETHER LIPID

the effect of adding nigÃ©rianwas then determined. The ether
lipid-induced lack of BCECF fluorescence in the green-negative
population was unaffected by nigericin, ruling out a pH effect
and confirming that the predominant cause is the modulation
of membrane permeability by SRI 62-834.

Cytotoxicity of SRI 62-834 on EMT6 and HL-60 Cells

MTT Assay. Fig. 3A shows the cytotoxic effect of SRI 62-
834 on EMT6 cells using the MTT assay. The ID50 and ID90
values were 26 and 80 MM,respectively, and at 100 MMSRI 62-

834 the absorbance was reduced by 96% (mean, 5 experiments).
SRI 62-834 showed more potent activity in HL-60 cells, with
a mean ID50 value of 2.5 MM(n = 4). In both cell lines, PAF
was less active than in SRI 62-834, the ID50 values being 230
MMfor EMT6 (n = 2) and 59 MMfor HL-60 (n = 4).

The effects of PAF antagonist WEB 2086 on the cytotoxic
response of EMT6 and HL-60 cells were also determined. WEB
2086 was only weakly cytotoxic with an ID50value in the region
of 300 MMfor HL-60 cells and >100 MMfor EMT6 cells. Tested
at 1, 10, and 100 MMconcentrations, WEB 2086 was reproduc-
ibly without effect on the cytotoxicity of either SRI 62-834 or
PAF in either cell lines (n = 3, not shown).

100

80-

f 60H
â€¢o

1 40-

$
5? 20-

10 100
SRI 62-834 concentration (nM)

10 :

Fig. 3. In vitro cytotoxicity of SRI 62-834 in EMT6 tumor cells. A, measured
by the MTT assay. Results are expressed as dose-response curves of percentage
of absorbance with respect to untreated controls against the drug concentration
added to the medium. Points, mean of pooled results from 5 independent exper
iments; bars, 2 SE. In each experiment, average values were calculated from 8
replicate samples. IDÂ»values are marked by the broken lines B, determined by
population growth curve analysis. Cultures were set up from initial inocula of S
x 104 on day 0. Cells were untreated (closed circles) or treated for 3 days with
SRI 62-834 at concentrations of 5 pM (open circles), 15 JIM(closed triangles), 30
nM (open triangles), 60 >iM(closed squares), and 100 nM (open squares). The dotted
line allows comparison of the time taken for each treatment group to reach 10'

cells, and the arrow at day 3 indicates the time of removal of any remaining ether
lipid. Results are from 1 of 2 independent experiments.

Clonogenic Cell Survival Assay. In all cases, the number of
colonies formed as a proportion of intact EMT6 cells plated
was closely similar to control values for 15- and 60-min expo
sures in the concentration range 0.1-200 MMSRI 62-834. For
example, analysis of pooled data from 3 independent experi
ments, with 2-3 replicate plates in each, gave plating efficiencies
of 95 Â±1.8% (SE, n = 18) for controls and 94 Â±1.8% (SE, n
= 12) for 200 MMSRI 62-834.

Cell Population Growth Curve Assay. Fig. 3B shows the
growth curves, from 1 of 2 repeat experiments, for control cells
and those treated with SRI 62-834 at 5-100 MM.Exponential
growth was seen for control cells up to 3.5 days, following
which a plateau phase was observed. Cells treated with 5 MM
SRI 62-834 exhibited a growth pattern closely similar to that
of control cells. A concentration-dependent retardation of
growth was seen for ether lipid treatment at 15-60 MM.At these
doses, exponential growth parallel to the control curve was
preceded by a lag phase. Treatment with 100 MMSRI 62-834
caused a 3-fold decrease in cell number from the initial 5x10"
inoculum to about 1.7 x IO4cells counted on day 1. The time
of cell doubling from 5 x IO5 to IO6 was about 12 h for all
groups, but the time required to amass IO6 cells increased

progressively with drug concentration (Table 1). Using this as
an end point, growth delays of approximately 2 and 4 days,
respectively, were obtained for 60 and 100 MM SRI 62-834
(Table 1). Approximate ID50 and ID90 values of 25 and 66 MM
were obtained from the plot of percentage of cells per flask on
day 3 versus SRI 62-834 concentration. These values were
closely similar to those obtained by MTT assay.

Trypan blue dye exclusion tests showed that the percentage
of "nonviable" cells (i.e., those including the dye) increased

from 0-2% on days 1-4 to up to 8% by day 6 for SRI 62-834-
treated and control cells alike. No cells were seen in the growth
medium aspirated before trypsinization of the monolayers. For
SRI 62-834 concentrations of 60 and 100 MM,visual inspection
on days 1-3 revealed that 10 and 60% of cells, respectively, had
swollen to approximately 4 times their original diameter. After
the medium change on day 3, the number of these abnormally
large cells gradually decreased, but approximately 10% still
remained on day 8 after exposure to 100 MMSRI 62-834.

The decrease in cell number seen on day 1 after 100 MMlipid
treatment suggests an immediate cytolytic action of the drug at
this higher concentration. This is endorsed by the large increase
in the number of cells exhibiting minimal light scattering ability
measured by flow cytometry, from about 3% for control cells
to about 85% in the presence of ether lipid 15 min after drug
addition at 100 MM.

DISCUSSION

The principal object of this work was to investigate the effects
of the developmental ether lipid analogue SRI 62-834 on the
permeability dynamics of the cell membrane of EMT6 mouse

Table 1 Effect of ether lipid SRI 62-834 on EMT6 cellgrowth"Initial

concentration
of SRI 62-834(MM)0

51530

60
100Time

for cell no. to
increase from 5 x 10*

to 10' cells(h)55.2,

57.6
58.2, 58.8
64.8,61.2
80.4, 75.6

100.8,98.4
146.4, 158.4Growth

delay
(h)0,0

3.0, 1.2
9.6, 3.6

25.2, 18.0
45.6, 40.8
91.2, 100.8

' Values shown are from 2 independent experiments.
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mammary tumor cells and HL-60 promyelocytic leukemia cells
using 2-color multiparameter flow cytometry. To shed light on
possible mechanisms, the effects of PAF itself and of the PAF
antagonist WEB 2086 on membrane permeabilization by SRI
62-834 were also determined. Modification of intracellular pH
and cell size/shape were also examined. An additional aim was
to correlate the concentrations required to bring about these
changes with those required for the antiproliferative effects of
the drug, also reported here for the same 2 cell lines.

Using BCECF combined with PI as complementary fluores
cent probes for the sensitive multiparametric analysis of cell
membrane permeability, it was previously shown that 3 distinct
membrane permeability states can be defined operationally
within a heterogenous population of EMT6 cells (32). Since a
variety of evidence suggests that SRI 62-834 acts primarily on
cancer cell membranes (1, 11, 20), we expected to see a change
in permeability towards the relatively large, charged probe
fluorochromes, leading to an altered distribution across the 3
discrete membrane permeability states. Addition of SRI 62-834
did indeed cause a rapid change in the fluorescence properties
of EMT6 cells preloaded with BCECF and then exposed to PI.
In particular, a loss of green signal preceded a gain in red
fluorescence. The alterations were both drug concentration-
and exposure time-dependent. No cells were seen with the
ability simultaneously to fluoresce red and green in the presence
of up to 50 MMSRI 62-834. This demonstrated the absolute
requirement to traverse an intermediate membrane permeability
state where cells have lost the ability to retain BCECF but
nevertheless remain impermeable to propidium, and hence ex
hibit minimal green or red fluorescence.

The above data strongly suggested a drug-induced increase
in membrane permeability to BCECF. However, since BCECF
fluorescence is pH-sensitive in the green, the possibility existed
that the decrease in fluorescence seen at 515-560 nm might be
caused by a reduction in intracellular pH. However, even after
exposure to 100 MM SRI 62-834 for 15 min, the maximal
decrease in pH in the population undergoing a progressive loss
of BCECF was from 7.40 to 7.35. A considerably larger pH
reduction of pH 7.5 to 7.2 results in only a 15% decrease in
fluorescence (46). Furthermore, the proton ionophore nigericin
was unable to restore green fluorescence to the negative popu
lation in Region 2. Thus, increased membrane permeability is
the major mechanism for the loss in green BCECF fluorescence
at 515-560 nm.

Five-parameter gated analysis incorporating forward and 90Â°

light scatter measurement provided information on drug-in
duced changes in cell size and shape among the subpopulations
differing in membrane permeability. Cells scoring as green
positive, red negative ("intact membranes") were uniform in

size as indicated by discrete frequency versus scatter distribu
tion. Those registering green negative, red positive exhibited a
wide variation in light scatter, consistent with their interpreta
tion as severely damaged cells (32). The light scatter profile for
the green negative, red negative population showed an inter
mediate spread of size, in agreement with their classification as
cells exhibiting partially perturbed membrane permeability
properties.

Membrane permeabilization by SRI 62-834 was observed in
the concentration range 1-100 MMfor EMT6 and HL-60 cells,
the latter being rather more sensitive. PAF itself also caused
membrane permeabilization with twice the potency of SRI 62-
834. For neither agent were effects seen at 35-50 n\i. Such low
concentrations of PAF also failed to affect membrane permea

bilization by SRI 62-834. Importantly, the potent thieno-tria-
zolodiazepine PAF antagonist WEB 2086 was likewise without
influence on the membrane permeability effects of either PAF
or SRI 62-834 at antagonist concentrations well above those
that block human platelet and neutrophil aggregation in vitro
(33).

It is important to emphasize that the micromolar concentra
tion ranges used in the present experiments (all performed with
serum-containing media) were similar for both membrane
permeability and cytotoxicity. Using the MTT assay the ID50
and ID90 values in EMT6 cells were 26 MMand 80 MMSRI 62-
834, respectively after a nominal drug exposure time of 3 days.
Maximal effect was seen at 100 MMether lipid. In cell prolif
eration assays, growth curves were parallel to controls in all
cases, and delays of 2-4 days were determined for 60-100 MM
SRI 62-834. ID50 and ID90 values were closely similar to those
for the MTT assay at 25 and 66 MM,respectively. Clonogenic
assays carried out after 15- or 60-min exposures showed that,
as a proportion of cells plated, there was no difference in the
number of colonies produced from the control and SRI 62-834-
treated cells (about 94%).

Taken together with the flow cytometric demonstration of
dose-dependent increase in propidium staining, altered light
scatter profile and increased proportion of cell debris, the
results are indicative of a rapid, membrane-targeted cytolytic
effect. Severely membrane-damaged cells would be removed
before and during trypsinization and not detected by clonogenic
assay. The effects seen in the MTT and population growth
curve assays can therefore be attributed to this rapid cytolytic
effect. For cells that survive such damage, clonogenic survival
is identical to controls. However, although in the population
growth studies most cells were viable by trypan blue exclusion,
an increasing proportion did fail to exclude dye with escalating
ether lipid doses, and there was also a dose-dependent increase
in the number of cells exhibiting a swollen appearance at day
3. This suggests some residual biological effect of the drug on
a proportion of surviving cells.

HL-60 cells were much more sensitive to SRI 62-834 cyto
toxicity (ID50 of 2.5 MMcompared with 26 MMfor EMT6), in
line with their different susceptibilities to membrane permea
bilization. On the other hand, PAF was markedly less potent
than SRI 62-834 in each cell line (ID50 values, 59 MMfor HL-
60 and 230 MMfor EMT6), although it was more potent in
terms of membrane permeabilization. However, in keeping with
the membrane permeability results, WEB 2086 was shown not
to affect response to PAF or SRI 62-834 in either HL-60 or
EMT6 cells. The results support a membrane-damaging role in
the cytotoxicity of SRI 62-834 but suggest that additional
mechanisms may be at work. These events do not, however,
involve a conventional PAF receptor.

The precise mechanisms involved in these initially subtle and
progressively more severe membrane damage events are not
clear. Sustained elevation of intracellular calcium by 30 MMSRI
62-834 has been reported for human promyelocytic HL-60 cells
in serum-free medium, together with antagonism by the protein
kinase C-activating phorbol ester 12-O-tetra-decanoyl-phorbol-
13-acetate but not the PAF antagonist L-652,731 (23, 24, 31).
We have also seen elevated intracellular calcium in EMT6 cells
at SRI 62-834 doses that cause only modest changes in cell
permeability in serum-containing medium (34, 35). The greater
susceptibility of HL-60 cells to membrane permeabilization by
SRI 62-834 is consistent not only with the cytotoxicity data,
but also with their higher sensitivity to intracellular calcium
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