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ABSTRACT

Phosphatidylinositol-3-kinase (PtdIns-3-kinase) is an enzyme found as

sociated with many growth factor receptor protein tyrosine kinases and
oncogene protein tyrosine kinases. PtdIns-3-kinase appears to be impor
tant for mitogenesis and the malignant transformation of cells. The anti-
tumor ether lipid analogue, l-0-octadecyl-2-0-methyl-rac-glycero-3-
phosphocholine (ET-18-OCH.,), was found to be an inhibitor of Swiss
mouse 3T3 fibroblast and bovine brain PtdIns-3-kinases. The concentra
tion of ET-18-OCH., causing 50% inhibition (IC50) was 35 /Â¿M.The inhi
bition of PtdIns-3-kinase by ET-18-OCH., was noncompetitive with ATP.
Other antitumor ether lipid analogues also inhibited PtdIns-3-kinase.
The cyclic ether lipid analogue (+/-)-2-{hydroxy[tetrahydro-2-(octa-
decyloxy)methylfuran-2-yl]methoxylfphosphinyloxy, N, N, N-trimethyeth-
animinium hydroxide inhibited with an IC50 of 42 /Â¿Mand hexadex-
ylphosphocholine with an IC5(I of 48 /IM. l-O-Octadecyl-2-O-methyl-rac-
3-glycerophospho-m.yo-inositol was a weaker inhibitor of PtdIns-3-kinase,
with an 1C--,, of 96 JUMand was itself phosphorylated by the enzyme.
Lipid extracted from cells grown with ET-18-OCH., for 18 h showed in
hibition of PtdIns-3-kinase with endogenous Ptdlns as substrate, with an
ET-18-OCH., ICso of 18 /Â¿M.ET-18-OCH., inhibited platelet-derived
growth factor-stimulated phosphatidylinositol-3-phosphate formation by
v-si's NIH 3T3 cells with an IC50 of 12.5 /IM. The results of the study sug

gest that inhibition of Ptdlns-3-kinase might contribute to the antiprolif-

erative activity of the antitumor ether lipid analogues.

INTRODUCTION

Ptdlns-3-kinase' (type I Ptdlns kinase) has been found to be asso

ciated with almost all growth factor receptor and oncogene protein-
tyrosine kinases so far studied (1). PtdIns-3-kinase has also been
found to be associated with p21r"v (2). PtdIns-3-kinase purified from

bovine brain exists in a monomeric M, 110,000 form and as a het-

erodimer with M, 110,000 and M, 85,000 subunits (3). The M, 85,000
subunit lacks enzyme activity and serves a regulatory function (1).
The bovine PtdIns-3-kinase Mr 110,000 catalytic subunit has recently

been cloned, sequenced, and shown to have homology to a yeast
protein with PtdIns-3-kinase activity involved in vacuolar protein

sorting (4, 5).
Several lines of evidence suggest an important role for PtdIns-3-

kinase in mitogenesis and cell transformation. Polyoma middle T
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mutants that associate with and activate pp60c"vâ„¢tyrosine kinase, but

that do not activate Ptdlns-3-kinase, are nontransforming (6). Cellular
levels of PtdIns-3-phosphates are elevated by transforming mutants of

middle T but not by nontransforming mutants (7). Transformation
defective \-src mutants with mutations in the SH3 domain show
decreased association with Ptdlns-3-kinase (8). Cells transfected with

a mutant PDGF receptor that retains protein tyrosine kinase activity
but that does not associate with or activate Ptdlns-3-kinase fail to

show a mitogenic response to PDGF, unlike cells transfected with the
wild-type PDGF receptor (9). A transforming ncii/HER2 oncoprotein
is found constitutively coupled to Ptdlns-3-kinase, while nontrans
forming kinase-defective or carboxyl-terminal deleted versions of
/Â¡t'M/HER2show no constitutive association with Ptdlns-3-kinase (10).
A mutant CSF-1 receptor with a kinase-insert deletion shows a sig
nificantly decreased association with Ptdlns-3-kinase and, while it is
capable of conferring CSF-1-dependent transformation to some cells,

it has lost the ability in other cells (11, 12).
Association of Ptdlns-3-kinase with protein-tyrosine kinase appears

to be a necessary but not a sufficient step for cell growth and trans
formation. There are middle T mutants that associate with PtdIns-3-

kinase but that fail to transform cells (13). However, these mutants are
unable to maintain wild-type levels of PtdIns-3-phosphates in intact

cells, indicating that association with the middle T complex is not the
only factor determining Ptdlns-3-kinase activity (14). A mutation of
tyrosine8"'' of the CSF-1 receptor blocks mitogenesis without affect
ing the receptor's association with Ptdlns-3-kinase (15). Substitution

of phenylalanine for tyrosine71' or tyrosine742 within the tyrosine
kinase insert domain of the a-PDGF receptor impairs the receptor's

ability to associate with Ptdlns-3-kinase, but cells expressing the

mutant PDGF receptors retain the ability to undergo a mitogenic
response to PDGF (16).

Specific inhibitors of Ptdlns-3-kinase would be useful pharmaco
logical probes for studying the role of Ptdlns-3-kinase in cell function.
Given the role of Ptdlns-3-kinase in cell growth and transformation,
inhibitors of Ptdlns-3-kinase might be expected to be antiproliferative

agents and could, potentially, have anticancer activity. We report that
ether lipid analogues, such as ET-18-OCH,, are inhibitors of Ptdlns-
3-kinase and decrease growth factor-stimulated PtdIns-3-phosphate
levels in intact cells. ET-18-OCH, and other ether lipid analogues

inhibit the growth of cancer cells in culture and in animals (17, 18) and
are currently undergoing clinical evaluation as antitumor agents in
humans (19, 20). Part of the antitumor activity of the ether lipid
analogues may relate to their ability to inhibit Ptdlns-3-kinase. A

preliminary report of part of this work has appeared (21).

MATERIALS AND METHODS

Cells. Swiss mouse 3T3 cells were obtained from the American Type
Culture Collection (Rockville, MD), and v-.y/.v-transformed NIH mouse 3T3

cells were obtained from Dr. D. S. Aaronson (National Cancer Institute,
Bethesda, MD). Cells were maintained in bulk culture in DMEM supplemented
with 10% fetal calf serum and were passaged using 0.25% trypsin and 0.02%
EDTA.

Chemicals. The ether lipid compounds, ET-18-OCH,, hexadecylphos-
phocholine, IP-IO, and SRI 62,836, were provided by Dr. Edward Modest.
Methyl-2,5-dihydroxycinnamate, 2-hydroxy-5-(2,5-dihydroxybenzyl)amino-
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henzoic acid, tyrphostin, and lavendustin A were purchased from Gihco BRL
(Gaithershurg, MD). Okadaic acid, microcystin LR, and Ptdlns were purchased
from Sigma Chemical Co. (St. Louis, MO). H-7 and ML-7 were purchased
from Seikagaku, Inc. (Rockville, MD). U-73122 was provided by Dr. G.
Bundy, The Upjohn Company (Kalamazoo, MI). CGP-41251 was provided by
Dr. R Scartazzim, Ciba-Geigy AG (Basel, Switzerland). Agarose bead-conju

gated antiphosphotyrosine monoclonal antibody (IgG2bk) was obtained from
Upstate Biotechnology, Inc. (Lake Placid, NY), and PDGF, recombinant hu
man BB homodimer, was purchased from Genzyme (Cambridge, MA), [y-
32P]ATP (10 Ci/mmol) was purchased from Dupont New England Nuclear
(Boston, MA), and [3H]PtdIns(4.5)bisphosphate (5 Ci/mmol) and carrier-free
<2PH,PO4 (285 Ci/mg) were from ICN Biomedicals (Irvine, CA).

PtdIns-3-kinase Assay. PtdIns-3-kinase was prepared from confluent
Swiss 3T3 cells. Cells (24 x 106) on four 100-mm culture plates were washed

with 10 ml of HBSS, pH 7.4, and the cells were left in DMEM without fetal
calf serum for l h before being stimulated for 15 min with 100 ng/ml of PDGF.
The medium was aspirated, and the cells were washed with 10 ml of HBSS
before being lysed with 3 ml of 137 ITIMNaCl, 20 mm Tris, pH 8.0, 1 HIM
MgCl2, 10% glycerol, 1% Triton X-100, 2 /Â¿g/mlof leupeptin, 2 ng/ml of

aprotonin, 1 ITIMPMSF, and 1 HIM sodium orthovanadate. The cells were
scraped free from the surface of the dish and centrifuged at 6000 X g for 10
min. The supernatant was mixed with 50 fil of washed IgG2bk antiphospho
tyrosine antibody beads in 1.5-ml tubes. The tubes were capped and rotated 2
h at 4Â°C,and the heads were washed with 2 X 1 ml of HBSS containing 2

Hg/ml of leupeptin, 4 /J.g/ml of aprotinin, 1 ITIMPMSF, 200 JU.Madenosine, and
1 mm sodium orthovanadate. The tyrosine-phosphorylated PtdIns-3-kinase was

eluted from the beads with 200 /al/tube of 10 ITIMsodium phenylphosphate, 10
ITIMTris, pH 7.5, 2 M NaCl, 1 ITIMEDTA, and 200 JU.Madenosine. Purified
bovine brain PtdIns-3-kinase was a generous gift of Dr. Chris Vlahos, Eli Lilly

Research Labs. (Indianapolis, IN).
The incubation for measuring PtdIns-3-kinase activity contained 30 Â¡JLÃŒof

enzyme preparation and 10 fil of Ptdlns micelles that were prepared by soni
cating 100 ng of Ptdlns twice in 0.2 ml of 20 ITIM4-(2-hydroxyethyl)-l-
piperazineethanesulfonic acid buffer, pH 7.6, for 10 s (Model XL 2020 soni-
cator with a microtip probe; Heat Systems, Farmington, NY) at 4Â°C.Ptdlns is

the major substrate for PtdIns-3-kinase in intact cells (22) and was chosen as
the substrate for the assay rather than Ptdlns(4)phosphate or Ptdlns(4,5)-
bisphosphate. The mixture was allowed to stand 10 min at 4Â°C,and the

reaction was started with 100 JJ.M[y-32P] ATP (1 Ci/mmol). After 10 min at
37Â°Cthe reaction was stopped with a mixture 0.2 ml of N HO and 0.4 ml of

methanolxhloroform (1:1, v/v), and the mixture was vortexed for 3 min before
centrifuging at 6000 X g for 1 min. The lower chloroform phase was washed
with 0.16 ml of N HCI:methanol (1:1, v/v) and then evaporated to dryness
under N2. The residue was dissolved in 20 (j.1of chloroform:methanol (2:1,
v/v), applied to a silica gel TLC plate (60A; Whatman Maidstone, Kent, United
Kingdom), and developed with l-propanol:2 N acetic acid (65:35, v/v). The
plate was dried and autoradiographed, and the radiolabeled PtdIns-3-phosphate

spots were scraped from the plate and counted by liquid scintillation.
Lipids from Cells Grown with ET-18-OCH.,. For some studies log-phase

Swiss 3T3 cells were grown for 18 h with ET-18-OCH, at concentrations up

to 50 /XM.The medium was then removed, the cells were washed twice with

HBSS. and total cellular lipid was extracted with chloroform:methanol (2:1,
v/v) by the method of Folch et al. (23).

PtdIns-3-phosphate Formation by Intact Cells, v-sis NIH 3T3 cells were
chosen for measuring of PtdIns-3-phosphate levels because, unlike Swiss 3T3
cells, they exhibit constitutive as well as PDGF-stimulated PtdIns-3-kinase
activity (6, 24). v-sis NIH 3T3 cells in logarithmic growth in a 75-cm2 culture

flask were placed for 2 h in DMEM without fetal calf serum. The cells were
washed with phosphate-free DMEM and incubated in the same medium con

taining 0.1% fatty acid-free bovine serum albumin and 0.15 mCi/ml of
32PH,PO4 for 70 min. The cells were stimulated with 50 ng/ml of PDGF for 10

min. ET-18-OCH}, when used, was added to the incubation medium 30 min

before the addition of PDGF. To measure PtdIns-3-phosphates in the cells, the
medium was removed, and the cells were washed once with phosphate-buff

ered saline before adding 4 ml/flask of HCI:methanol (1:1, v/v). The cells were
scraped from the flask, and total lipids were extracted by the method of Folch
et al. (23). Deacylated lipids were prepared using methylamine as described by
Clark and Dawson (25) and separated by HPLC using a 10-cm RAC II Partisi!

5 SAX column (Whatman) eluted with an NH4H2PO4 gradient at a flow of 0.8
ml/min as described by Auger et al. (26). Detection of the eluting peaks was
by a radioactive flow detector (Flo-One Beta, Model A515; Radiomatic In
struments, Meriden, CT). The reference compounds used were [3H]PtdIns-
(3,4,5)bisphosphate and [32P]PtdIns(3,4,5)trisphosphate. [32P]PtdIns(3,4,5)-
trisphosphate was prepared by the [y-32P]ATP-dependent phosphorylation of

Ptdlns(4,5)bisphosphate by PtdIns-3-kinase as described above.

RESULTS

Assay. Swiss 3T3 cells stimulated with PDGF were found to be a
convenient source of PtdIns-3-kinase. PDGF causes autophosphory-
lation of tyrosine residues on the PDGF receptor, allowing PtdIns-3-

kinase to bind to the receptor through SH2 domains on the M, 85,000
regulatory subunit of the enzyme (27). At the same time PtdIns-3-

kinase itself is phosphorylated on tyrosine residues, although this does
not appear to affect the enzyme activity of PtdIns-3-kinase (27).
Antiphosphotyrosine antibody allowed the tyrosine-phosphorylated
PtdIns-3-kinase to be harvested from PDGF-stimulated Swiss 3T3
cells. Optimal recovery of PtdIns-3-kinase was found following

stimulation of the cells with 100 ng/ml of PDGF for 10 min (Fig. 1).
Although PtdIns-3-kinase activity could be assayed with the enzyme

still bound to the antiphosphotyrosine antibody beads, more consistent
results were obtained if the enzyme was eluted from the beads with 10
min phenylphosphate and 2 M NaCl. This procedure also removed
PtdIns-3-kinase from phospholipase A2 activity that remained bound

to the beads, that otherwise caused a small amount of hydrolysis of the
phosphorylated Ptdlns product to give a second lyso-Ptdlns spot on
the TLC plate. PtdIns-3-phosphate was the only product formed from

Ptdlns measured by the selective HPLC assay (results not shown).
There was no detectable PtdIns-4-kinase activity in the preparation.

35000 r

Fig. 1. PtdIns-3-kinase activity in antiphospho
tyrosine antibody immunoprecipitates of Swiss 3T3
cells. PtdIns-3-kinase was measured as the [32P]-
ATP-dependent phosphorylation of Ptdlns, as de
scribed in the text. Left, time course of increase in
PtdIns-3-kinasc activity recovered in cells stimu
lated with 1(X) ng/ml of PDGF. Righi. PtdIns-3-

kinase activity recovered in cells stimulated for 15
min with PDGF at various concentrations. Values
are given as dpm of radioactive product per incu
bation.
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Table I Effect of signalling inhibitors on Ptdlns-3-kinase
Ptdlns-3-kinase activity in antiphosphotyrosine antibody immunoprecipitates from PDGF-stimulated Swiss 3T3 cells was measured as the |-12P]ATP-dependent phosphorylation of

Ptdlns, as described in the text. Specific inhibitors were studied at concentrations up to those indicated and the reported IO;,, for the enzyme inhibited is shown with the literature
reference. Results for the inhibition of Ptdlns-3-kinase are shown as the ICso. Control values were 4127 dpm produced per 10-min incubation.

Ptdlns-3-kinaseCompoundMethyl-2,5-dihydroxycinnamate2-Hydroxy-5-2,5-(dihydroxybenzyl)aminobenzoic

acidTyrphostinGenesteinLavendustin

AOkadaic
acidMicrocystin
LRH-7CGP-41,251ML-7U-73122EnzymeinhibitedPTK"PTKPTKPTKPTKSPTaseSPTasePKCPKCMLCKPLCInhibition,1C5I,

((Â¿M)0.50(37)fc0.04

nw(38)15.00
(30)22.00

(28)0.01
(38)0.01

'(39)0.20''
(40)3.00(41)0.05

(42)0.30
(43)11.00(44)MaximumconcentrationtestedQui)250.25250200250251010010010050IC5(I

(/XM)NANA33120NANANANA9NANA

" PTK, protein tyrosine; NA, not active (<20% inhibition at the highest concentration tested); SPTase. serine-threonine phosphatase; PKC, protein kinase C; MLCK, smooth muscle

myosin light-chain kinase.
'' Numbers in parentheses, reference.
CPP1.
'' PP2B.

Inhibitors of Ptdlns-3-kinase. The abilities of a number of in
hibitors of different intracellular signalling enzymes to inhibit Ptdlns-
3-kinase were tested (Table 1). Genestein, a relatively nonspecific

inhibitor of protein tyrosine kinase (28, 29), was a weak inhibitor of
Ptdlns-3-kinase with an IC5()of 120 JXM.Tyrphostin, a more specific
inhibitor or protein tyrosine kinase (30), inhibited Ptdlns-3-kinase

with an IC50 of 33 /XM.Other reported protein tyrosine kinase inhibi
tors did not affect Ptdlns-3-kinase activity. There was no effect on
Ptdlns-3-kinase activity caused by the serine/threonine phosphatase
inhibitors okadaic acid and microcystin LR, by H-7, an inhibitor of
protein kinase C, by ML-7, an inhibitor of smooth muscle myosin
light chain kinase, or by U-73122, a phosphoinositide-specific phos-
pholipase C inhibitor. CGP-41251, a protein kinase C inhibitor related
to staurosporine, was found to inhibit Ptdlns-3-kinase with an IC50 of

9 U.M.
Ether Lipid Inhibition of Ptdlns-3-kinase. The ether lipid ana

logue ET-18-OCH3 was found to be an inhibitor of Ptdlns-3-kinase
(Fig. 2). The IC50 for inhibition by ET-18-OCH3 was 35 /UM(Fig. 3).
Inhibition of Ptdlns-3-kinase by ET-18-OCH3 was also observed us
ing purified bovine brain Ptdlns-3-kinase. IP-10, a /nyo-inositol con

taining ether lipid, was a weaker inhibitor of Ptdlns-3-kinase with an

ICS()of 90 /XM.There was a second radioactive spot on the TLC plate
using IP-10 as a substrate, probably due to phosphorylation of the
wyo-inositol ring of IP-10 itself. This is the only time that we saw
evidence of a second product being formed in the assay. Other anti-
tumor ether lipid analogues were also inhibitors of Ptdlns-3-kinase

(Table 2). Phosphatidylcholine used as a negative control in the assay
did not affect enzyme activity (results not shown). Kinetic analysis
showed that ET-18-OCH3 was a noncompetitive inhibitor of Ptdlns-
3-kinase when varying the concentration of ATP (Fig. 4).

Inhibition of Ptdlns-3-kinase by Lipid from Cells Grown with
ET-18-OCH3. Because the ether lipids are lipophilic compounds that

partition between the aqueous and lipid phases in the assay, it is
difficult to know the actual concentration of the ether lipid at the
catalytic site of the enzyme. In order to determine whether ether lipids
at concentrations likely to be found in the lipid phase of cells could
inhibit Ptdlns-3-kinase, cells were grown for 18 h with ET-18-OCH3

before washing the cells and extracting the cellular lipid. This lipid
provided a source of substrate for Ptdlns-3-kinase, presumably due to
the endogenous Ptdlns it contained. The ET-18-OCH, concentration

CHjO

0-(CH,),,CHj

o
II

O-P-O-CHrCH2.N.(CH3)3

OH

CHjO

0.(CHj),

0
O-P.Q

OH

Fig. 2. Inhibition of Ptdlns-3-kinase by the ether
lipid analogues ET-18-OCH3 and IP-10. Shown is
an autoradiogram of the TLC plate after separation
of [32P]PtdIns-3-phosphate following incubation of
Ptdlns-3-kinase antiphosphotyrosine antibody im-
munoprecipitate from PDGF-stimulated Swiss 3T3
cells with p2P]ATP and Ptdlns for 15 min at 37Â°C.

Substrate micelles were prepared with Ptdlns,
phosphatidylserine, or a mixture of both. The sec
ond radiolabeled product shown in the incubations
with IP-10 is probably due to phosphorylation of
the myo-inositol ring of IP-10 itself.

ET-18-OCH IP-10

r l r i
01 5 10 25 50 75 100 O O 1 5 10 25 SO 75 100
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20 40 60 80 100

ET-18-OCH3

Fig. 3. Inhibition of PtdIns-3-kinase by ET-18-OCH.i. The sources of the enzymes used
were antiphosphotyrosine antibody immunopredpitates from PDGF-stimulated Swiss 3T3
cells (V) and purified enzyme from bovine brain (â€¢).Values are expressed as the
percentages of control, which were 3200 dpm/10 min for Swiss 3T3 cells and 4197
dpm/l() min/ng of protein for bovine brain enzyme.

ET-1B-OCH3

Fig. 5. Inhibition of PtdIns-3-kinase by lipid extracted from cells grown for 18 h with
ET-IS-OCH}. PtdIns-3-kinase activity was measured in antiphosphotyrosine antibody
immunoprecipitates from Swiss 3T3 cells as the [12P]ATP-dependent phosphorylation of

Ptdlns. Lipid from the cells was used in the preparation of the substrale micelles: V,
together with exogenous Pldlns (25 ng of lipid, 25 fig of Ptdlns/assay); or â€¢¿�,by itself (25
ftg/lipid per assay).

Table 2 Inhibition of PtdIns-3-kina.Ã¯e by ether lipid analogues

Ptdlns-3-kinase activity was measured using antiphospholyrosine antibody immuno
precipitates from PDGF-stimulated Swiss 3T3 cells incubated with ['2P]ATP and Ptdlns.

as described in the text. Values are expressed as the concentration of ether lipid to produce
50% inhibition (IC^o). Control values were 4523 dpm produced per 10-min incubation.

Ether lipid
PtdIns-3-kinase inhibition.

IC.,o (MM)

ET-18-OCH.,

Hexadecylphosphocholine
SRI-f>2,834
IP-IO

36
48
42
96

Inhibition of PtdIns-3-phosphate Formation by Intact Cells.
v-sis NIH 3T3 cells stimulated with PDGF showed increased amounts

of Ptdlns(3,4,5)trisphosphate and a second HPLC peak that probably
corresponds to Ptdlns(3,4)bisphosphate (24), although a reference
compound was not available to confirm this peak (Fig. 6). ET-18-
OCH3, 25 /XM,blocked the increase in PtdIns-3-phosphates caused by
PDGF but did not block the endogenous levels of PtdIns-3-phosphates
in v-sis NIH 3T3 cells. The IC5I) for inhibition of Ptdlns(3,4,5)-
phosphate formation by ET-18-OCH3 was approximately 12.5 /LIM.

1.00

0.75

Â° 0.50

0

-0.05 0.00 0.05 0.10

Fig. 4. Kinetics of inhibition of PtdIns-3-kinase by ET-IS-OCH^. Lineweaver-Burk
plot of the inhibition of PtdIns-3-kinase in antiphosphotyrosine antibody immunoprecipi
tates from PDGF-stimulated Swiss 3T3 cells. Control (O) and 20 /Â¿MET-18-OCH., (â€¢)

with varying amounts of ATP. Shown is a typical experiment.

that caused 50% inhibition of endogenous lipid phosphorylation was
18 fj.M(Fig. 5). When the cell lipid was mixed with exogenous Ptdlns,
a 4-fold greater PtdIns-3-kinase activity was seen, and the concentra
tion of ET-18-OCH, exposure that inhibited 50% was 50 /AM.

DISCUSSION

An objective of our studies was to establish a convenient assay for
PtdIns-3-kinase that could be used to screen for inhibitors of the

enzyme. Antiphosphotyrosine antibody immunoprecipitates of Swiss
3T3 cells proved to be a convenient and reproducible source of the
enzyme and gave similar results, with respect to inhibition, to purified
bovine brain PtdIns-3-kinase. At the time we initiated the work, there
were no known inhibitors of PtdIns-3-kinase. Matter et al. (31) have

recently reported that the bioflavonoid quercetin and its analogues are
weak inhibitors (IC50, 4 to 20 JU.M)of bovine brain Ptdlns-3-kinase. We

found another bioflavonoid genestein to be a weak inhibitor of Swiss
3T3 fibroblast Ptdlns-3-kinase. The bioflavonoids are also known to

inhibit protein tyrosine kinase (28) and topoisomerase II (29).
The ether lipid ET-18-OCH3 inhibited Swiss 3T3 cell PtdIns-3-

kinase with an IC5n of 36 /H.M.The inhibition was noncompetitive with
ATP. The in vitro cytotoxic concentration IC5II of ET-18-OCH, for

Swiss 3T3 cells is 20 JJ.M(32). It is not clear what concentration of
ET-18-OCH3 might be achieved in cells exposed to the compound.

Cells have been found to accumulate up to 17% of their total lipid as
ET-18-OCH3 (33). We found that lipid extracted from cells exposed to
ET-18-OCH-, for 18 h inhibited Ptdlns-3-kinase phosphorylation of
endogenous phospholipid, with an ET-18-OCH3 IC5()of 18 /XM,and of
added phosphatidylinositol with an ET-18-OCH, IC5()of 50 /XM.Thus,
it appeared that exposure of cells to ET-18-OCH3 at cytotoxic con
centrations might lead to inhibition of Ptdlns-3-kinase. This was con
firmed by the observation that exposure of v-sis NIH 3T3 cells to
ET-18-OCH3 inhibited PDGF-stimulated PtdIns-3-phosphate forma-
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GPtdlns(4,5)P2 GPtdlns(3,4,5)P3
Fig. 6. AniÃ³nexchange HPLC of the deacylated products derived from lipid extracts of

"P-labeled v-sis N1H 3T3 cells. A. Nonstimulated cells; B, cells treated with PDGF, 50
ng/ml, for 10 min; C, cells exposed to 25 /AMET-IS-OCH^ for 30 min; D, cells exposed
to 25 JIM ET-18-OCH, for 30 min before adding PDGF, 50 ng/ml, for 10 min. The
positions of the reference compounds are shown by the arrows; GPtdIns(4,5)P2, glycero-
PtdIns(4,5)P2 [derived from Ptdlns(4,5)bisphosphate], GPtdIns(3,4,5)Pj, glycero-Ptdlns-

(3,4,5)Pi [derived from Ptdlns(3,4,5)trisphosphate].

tion, with an IC50 for ET-18-OCH3 of 12.5 JÃŒM,although the formation
of endogenous PtdIns-3-phosphates was not affected.

Although PtdIns-3-kinase appears to be important for cell prolif
eration caused by growth factor receptor and oncogene protein tyro-
sine kinases (27, 34), inhibition of PtdIns-3-kinase is unlikely to be the

only mechanism of growth inhibition by the ether lipid analogues. The
ether lipid analogues have many effects on intracellular signalling,
including inhibition of protein kinase C (35), of phosphoinositide-
specific phospholipase C (32), and of inositol (l,4,5)trisphosphate-
mediated Ca2+ release (36). Thus, the antitumor effects of the ether

lipid analogues may depend on their ability to inhibit many aspects of
growth factor intracellular signalling (36), and PtdIns-3-kinase may be

just one of these.
In summary, we have shown that the ether lipid antitumor drugs are

inhibitors of PtdIns-3-kinase. The concentrations of ether lipids to

inhibit the enzyme are similar to cytotoxic concentrations of the drugs.
Lipid from cells grown with ether lipid inhibits PtdIns-3-kinase. Ether
lipids were also found to inhibit growth factor-dependent PtdIns-3-

phosphate formation in intact cells. The study suggests that part of the
antiproliferative activity of the ether lipids may be attributed to their

ability to inhibit PtdIns-3-kinase, although inhibition of other intra

cellular signalling processes may also play a role.
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