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ABSTRACT
A number of synthetic ether-linked phospholipids are selectively cytotoxic to neoplastic cells. However, the mechanisms underlying this
selective cytotoxicity are not known. We have investigated the etherlipid content of III,-6(1 and K562 human leukemia cells in relation to
their sensitivity to l-0-alkyl-2-0-methyl-rac-glycero-3-phosphocholine
(F.T-18~O<II,). 1II 60 cells are much more sensitive than K562 cells to
the cytotoxic effects of KI -1X-OOI, and, at the same time, they contain
nearly twice as much ether lipid as the more resistant K562 cells. These
observations suggested a relation between the cellular ether-lipid content
and sensitivity to KT-18-OÃ•11,. Further evidence linking these properties
was obtained when the ether-lipid content of K562 cells was increased
by incubating them in medium containing l-O-hexadecyl-i/i-glycerol.
This supplementation not only increased the ether-lipid content of the
cells but also increased their sensitivity to ET-18-OCH.,. The 50%
inhibitory concentration for ET-18-OCH, decreased from 18.4 n\\ in the
control cells to 9.83 PM in the supplemented cells.

INTRODUCTION
ET-18-OCH,3

is a synthetic ether-lipid which is selectively

cytotoxic to neoplastic cells compared to normal cells (1, 2).
The HL-60 human leukemia cell line is highly sensitive while
the KS62 human leukemia cell line is dramatically less sensitive
to the inhibitory activity of ET-18-OCH., (3). It was originally
proposed that the selective cytotoxicity resulted from the ac
cumulation of the ET-18-OCH., in those cells containing low
alkyl-cleavage enzyme activity (4-7). However, Hoffman et al.
(8) found that the specific activity of the alkyl cleavage enzyme
in HL-60 cells was similar to that in KS62 cells and demon
strated that ET-18-OCH, was not a substrate for the alkylcleavage enzyme of rat liver (8). Recently Wilcox et al. (9)
examined the ability of various cell lines to catabolize L-ET18-OCH, and found that L-ET-18-OCH, was poorly metabo
lized by all the cell lines tested including HL-60 and K562.
Thus, catabolism of the compound by the alkyl-cleavage enzyme
or other mechanisms does not appear to underlie the selective
cytotoxicity.
ET-18-OCH, is a membrane-active compound which has
been shown to partition into the membranes of HL-60 cells
(10). As such, it is possible that the membrane lipid environ
ment may contribute to the selective cytotoxicity of ET-18OCH,. PC and PE are major components of mammalian cell
membranes. Each of these classes may be further divided into
three subclasses based on the nature of the linkage at the s/t-1
position of the glycerol. These are the ester-linked diacyl species
and the ether-linked alkylacyl and alk-1-enylacyl species. Sev
eral physical properties (Le, dipole moment, phase transition
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temperature) of ether-lipids differ from those of the correspond
ing diacyl compounds (11, 12). As a result, it has been specu
lated that the presence of phospholipid molecules containing
alkyl and alk-1-enyl bonds may alter membrane properties.
Changes in the physical properties of the membrane have been
shown to be of importance in regulating cell growth and the
activities of membrane-bound enzymes (13). An alternation in
membrane properties may also alter the sensitivity of cells to
certain forms of therapy (14). Therefore, we have investigated
the relation between the ether-lipid content of cells and their
susceptibility to ET-18-OCH, using the HL-60 and K562 hu
man leukemia cell lines.
MATERIALS

AND METHODS

Cells. HL-60 and KS62 human leukemia cell lines were obtained
from American Type Culture Collection (Rockville, MD). Both lines
were cultured in suspension in RPMI 1640 medium supplemented with
10% fetal bovine serum, penicillin (100 units/ml), streptomycin (100
Â¿ig/ml),0.22% Na2HCO,, and 2 HIM L-glutamine (complete RPMI).
The cells were maintained at a density of 5.0 x IO5to 1.5 x IO6 cells/
ml at 37Â°Cin a humidified atmosphere containing 5% CO2-95% air.
The ether lipid content of K562 cells was modified by incubating the
cells in complete RPMI containing 10 ng/ml of 1-0-hexadecyI-i/iglycerol for 48 h. This lipid was added to cell suspensions in absolute
ethanol (1 /jl/ml of medium). At the end of the supplementation period,
the cells were washed and resuspended in complete RPMI medium for
use in subsequent experiments.
Lipid Analysis. Cells were collected by centrifugation at 1200 rpm
for 5 min to produce a pellet which was resuspended in deionized III).
The cellular lipids were extracted according to the method of Bligh and
and Dyer (15); the organic phase was dried under N2 and then resus
pended in CHC1,:CH,OH (9:1, v/v). The phospholipid classes were
separated by thin-layer chromatography on Silica Gel H plates devel
oped in CHC1,:CH3OH:CH,COOH:H20
(50:25:8:3, v/v). The lipids
were visualized under ultraviolet light after spraying the layer lightly
with primulin solution; the lipids were eluted from the silica gel with
CHC1,:CH,OH:H2O (1:2.5:0.5, v/v). Phospholipids were quantitated
by phosphorus determination according to the method of Rouser (16).
In order to determine the subclass composition of the individual
phospholipids, the lipids were dried under N. and converted to their
diradylglycerobenzoate derivatives by a modification of the method of
Blank et al. (17). After drying, each phospholipid class was dissolved
in 300 u\ of ethyl ether and treated with phospholipase C (Bacillus
cereus) (10 units diluted in 0.5 ml of 0.1 M Tris buffer, pH 7.4,
containing 10 mM Ca2+) to remove the phosphobase group. This
mixture was stirred vigorously for 2.5 h at room temperature. The
resulting diglycerides were extracted from the reaction mixture, dried
under N2, and converted to their benzoate derivatives as follows. The
lipids were dissolved in 0.5 ml of dry CH2C12 containing 10 mg of
benzoic anhydride, 4 mg of 4-dimethylaminopyridine, and 12.5 /<]of
triethylamine and incubated for 2 h at room temperature. Following
incubation the reaction mixture was evaporated to dryness, concen
trated Ml ,<>II (1 ml) was added, and the mixture was extracted 3 times
with 2 ml of hexane. The benzoate derivatives were dried, dissolved in
a small volume of CHC1.,, applied to a silicic acid column, eluted from
the column with CHC1, to remove 4-dimethylaminopyridine, and dried
under N2. After dissolving the sample in a small volume of hexane, the
alkylacyl-, alk-1-enylacyl-, and diacylglycerobenzoate derivatives were
separated using a Perkin-Elmer Series 4 HPLC system equipped with
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an Econosphere silica column (250 mm x 4.6 mm, 5 Â¿tm)(Aliiceli,
Deerfield, IL). The sample was eluted isocratically with cyclohexane:2propanol (99.85:0.15, v/v) at a flow rate of 1 ml/min. The presence of
the chromophoric benzoate group allowed the separated components
to be quantitated on-line at 230 nm with a Perkin-Elmer LC-95 UVvisible variable wavelength spectrophotometric detector connected to a
Perkin-Elmer LCI-100 laboratory computing integrator for the deter
mination of the peak areas. The retention times of the alkylacyl-, alk1-enylacyl-, and diacylglycerobenzoates were determined using stand
ards synthesized from lipids of known subclass composition.
Assessment of ET-18-OCH., Cytotoxicity. The sensitivity of normal
and supplemented K562 cells to ET-18-OCH., was determined by
incubating 5 x IO5 cells/ml of complete RPMI (no hexadecylglycerol)
in 16-mm tissue culture dishes with different concentrations of the
drug. After a 48-h incubation, cell viability was evaluated by trypan
blue dye exclusion, and the cells were counted with a hemocytometer.
The value from each ET-18-OCH.,-treated sample was compared to its
respective control (supplemented or unsupplemented) and expressed as
a percentage of control. By comparing each treated sample to its proper
control, the possible effect of any difference in the growth rate of the
two groups of cells is eliminated.
Clonogenic Assay. The sensitivity of normal and supplemented K562
cells to ET-18-OCH, was also determined using semisolid double-layer
agar cultures. In these experiments the K562 cells (7.5 x IO4cells/ml)
were suspended in RPMI 1640 medium containing 10% fetal bovine
serum, penicillin (100 units/ml), streptomycin (100 Mg/ml), and 0.3%
agarose. Aliquots were overlaid onto pregelled underlayers of the same
medium containing 0.5% agarose in 35-mm wells (Linbro plates; Flow
Laboratories, Inc., McLean, VA). Cultures were incubated at 37Â°Cin
humidified air containing 5% CO2 with continuous exposure to ET-18OCH.,. The plates were examined for clones with aggregates greater
than 40 pm in diameter after 4 days. Colonies were counted by auto
mated image analysis.
Measurement of ET-18-OCH, Uptake. The amount of L-ET-18OCH, taken up by control and supplemented K562 cells was determined
by incubating 5 x IO5cells in 1 ml of complete RPMI containing 2 ^M
L-ET-18-OCH, (0.77 MCi/mI) for various lengths of time. At the end
of the incubation period, an aliquot of the cell suspension was taken
for determination of cell number. The remainder of the cells were
isolated by centrifugation and extracted according to the method of
Bligh and Dyer (15), and their phospholipid phosphorus content was
determined using the method of Rouser (16). The amount of radio la
beled L-ET-18-OCH., incorporated into the cellular lipids was deter
mined using additional cultures. Isolated cells were extracted according
to the method of Bligh and Dyer (15), and the cellular lipids were
separated by chromatography on Silica Gel G thin-layer plates devel
oped in CHC\}:CH,OH:CH,COOH:HiO
(50:25:8:2, v/v). Individual
lipid fractions were visualized with iodine vapors and scraped into vials,
and the amount of radioactivity in each was determined by scintillation
counting. The amount of L-ET-18-OCH, incorporated into the cells
was then calculated and expressed as the nmol percentage of total lipid
phosphorus.
Statistical Analysis. The IC50 values for ET-18-OCH, in the control
and supplemented K562 cells were compared by a paired t test using
Number Cruncher Statistical Systems software.
Materials. Cell culture reagents were purchased from Grand Island
Biological Co. (Grand Island, NY). All solvents were purchased from
Fisher Scientific (Pittsburgh, PA) and were HPLC grade. Thin-layer
chromatography plates were from Analtech (Newark, DE), and lipid
standards were from Serdary Research Laboratory (London, Ontario,
Canada). 1-0-Hexadecyl-sn-glycerol was from Western Chemical In
dustries, Ltd. (Vancouver, British Columbia, Canada). Phospholipase
C (B. cereus, Grad I) was obtained from Boehringer-Mannheim (Indi
anapolis, IN). Benzoic anhydride, 4-dimethyIaminopyridine, and other
reagents were purchased from Sigma Chemical Company (St. Louis,
MO). The benzoic anhydride was recrystallized from a chloroforrmpetroleum ether solution prior to use. ET-18-OCH, was the
generous gift of Dr. Wolfgang Berdel, Technical University of Munich
(Munich, Federal Republic of Germany). l-O-Octadecyl-2-O-methylÃ-/i-glycero-3-phosphocholine was purchased from Novabiochem (Lau-

TO ET-18-OCH,

felfingen, Switzerland). 1-O-[9,10-3H]octadecyl-2-O-methyl-in-glycero3-phosphocholine (56 Ci/mol) was synthesized as described (9).

RESULTS
HL-60 and K562 cells differ dramatically in their sensitivity
to ET-18-OCH., (IC50, 2.0 MMand 18.4 MM,respectively). We
now have examined these cells in order to determine whether
they differ significantly in their phospholipid composition.
K562 cells (31.5 nmol of PÂ¡/106cells) were found to contain
approximately twice as much phospholipid as did the HL-60
cells (13.0 nmol of PÂ¡/106cells). Although the total amount of
phospholipid varied, little difference in the distribution of the
phospholipid classes was observed (Table 1). In both cell types,
PC and PE were the major phospholipid classes.
The choline- and ethanolamine-containing
phosphoglycerides of many cell types contain diacyl-, alk-1-enylacyl-, and
alkylacyl-linked subclasses. Therefore, further analyses were
conducted to determine the phospholipid subclass composition
of the HL-60 and K562 cells. Phospholipid subclasses were
separated and quantitated as their diradylglycerobenzoate de
rivatives by normal-phase HPLC (see "Materials and Meth
ods"). In K562 cells, only 10.4% of the PC fraction was alkyl
linked, whereas in the HL-60 cells, this value was 27.5% (Fig.
1). The percentage of alk-1-enylacyl-PC was also less in the
K562 cells. In the PE fraction, the greatest difference between
the two cell types was observed in the alk-1-enyl-linked species.
Again, K562 cells contained relatively less ether-lipid than did
the HL-60 cells (Fig. 1). The lower percentage of ether lipid in
the K562 cells was associated with a higher percentage of the
diacyl species in PC and PE.
In order to address the possibility that the differential sensi
tivity of HL-60 and K562 cells to ET-18-OCH3 might be related
to the differences in their endogenous ether-lipid content, we
increased the ether-lipid content of the K562 cells. Cabot et al.
(18, 19) have shown that the levels of ether-lipids in cells may
be elevated by incubating them in medium supplemented with
alkylglycerol. Using a similar protocol, K562 cells were incu
bated in complete RPMI medium containing 10 Mg/ml of l-Ohexadecyl-iÂ«-glycerol for 48 h. Cell growth and viability were
monitored daily. At all times during the supplementation
period, the cells were 100% viable based on trypan blue dye
exclusion. However, the growth of the supplemented cells,
although not affected after 24 h of incubation, was approxi
mately 75% of control after 48 h.
The phospholipid content and subclass composition of the
supplemented cells were then determined. Supplementation of
the growth medium with 1-O-hexadecylglycerol had minimal
effect on the total phospholipid phosphorus content (36.9 nmol
of PÂ¡/106cells) or the distribution of the phospholipid classes
(Table 1) in the K562 cell line. There was, however, a dramatic
Table 1 Phospholipid composition of HL-60, K562, ana supplemented K562 cells
HL-60, K562, or K562 cells which had been supplemented with 10 ng/ml of
hexadecylglycerol for 48 h were collected, and the lipids were extracted according
to the method of Bligh and Dyer (IS). Major phospholipid classes were separated
by thin-layer chromatography and quantitated according to the method of Rouser
(16).
Phospholipid
classSph"

phosphorusHL-606.19
of total phospholipid

sup.3.85
Â±0.61*
Â±0.37
Â±0.44
55.23 + 2.10
48. 16 Â±0.38
54.96 Â±2.72
PC
PS/PI
14.61 Â±1.72
12.35 Â±0.62
13.12 Â±0.80
PE%
30.95 Â±1.00K5624.48
29.36 Â±2.41K562 27.35 Â±1.62
' Sph, sphingomyelin; PS/PI, phosphatidylserine/phosphatidylinositol.
*Mean Â±SD of at least 4 determinations.
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Fig. I. Phospholipid subclass composition
of human leukemia cell lines. III 60, K562,
or K562 cells supplemented with 1-O-hexadecyl-in-glycerol (10 //g/nil) for 48 h were col
lected, and the lipids were extracted according
to the method of Bligh and Dyer (15). The PC
and PE fractions were isolated by prepara
tive thin-layer chromatography and converted
to their diradylglycerobenzoate derivatives.
These were separated and quantitated by
HPLC as described. Each value represents the
mean of 3 or more determinations.
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increase in the amount of ether-lipid in the supplemented cells
(Fig. 1). Whereas in the control K562 cells only 10% of the PC
was alkyl linked, this value increased to 25% after 48 h of
supplementation. Similarly, the alk-1-enyl-linked PE increased
from 38% in the control cells to 66% in the supplemented cells.
In both instances the increase in the ether-lipid content of the
cells was accompanied by a loss of the diacyl subclass.
We next investigated whether the hexadecylglycerol-supplemented K562 cells differed in their susceptibility to ET-18OCHj. In these experiments K562 cells which had or had not
been supplemented were washed and resuspended in fresh me
dium (no hexadecylglycerol) containing various concentrations
of ET-18-OCHj and assayed for cell viability as described in
"Materials and Methods" (Fig. 2). Those cells which had pre
viously been incubated in medium containing hexadecylglycerol
were significantly more sensitive to ET-18-OCH.,. In control
cells the IC50 for ET-18-OCH., was approximately 18.4 n\i,
whereas in the supplemented cells, this value had decreased to
9.83 iiM (P = 0.002). K562 cells were also supplemented for 24
h with hexadecylglycerol, and their ether-lipid content and
susceptibility to ET-18-OCH3 were determined to be interme100(1

\N^Â°""^o

6040200:

K562

sup

diate between the cells supplemented for 48 h and control cells
(data not shown).
In separate experiments, we examined the effect of hexa
decylglycerol supplementation on the cytotoxicity of ET-18OCH.1 in K562 cells using a clonogenic assay. In these experi
ments, the supplemented K562 cells were significantly more
sensitive (P < 0.001) to the effects of ET-18-OCH, at low drug
concentration (i.e., 5 to 10 /UM).For instance, when control
K562 cells were treated with 5 UM ET-18-OCH.,, the number
of colonies was 81.6% of that in untreated samples, whereas
this value was 57.9% in the supplemented K562 cell. However,
when higher concentrations of ET-18-OCH., were used in the
clonogenic assay, the differences were not statistically signifi
cant. Overall, these data suggest that the differential suscepti
bility of the HL-60 and K562 cell lines may be related in part
to the ether-lipid content of these cells.
Having demonstrated that the susceptibility of the leukemia
cells to ET-18-OCH, could be correlated with the ether-lipid
content of the cells, we began to investigate possible mecha
nisms. Storch and Munder (20) have recently reported that
uptake of ET-18-OCH, is decreased in cells which are resistant
to its cytotoxicity compared to more sensitive cells. In order to
address this possibility, we compared the uptake of L-ET-18OCH, in supplemented and control K562 cells (Fig. 3). When
control and supplemented K562 cells were incubated with 2 UM
L-ET-18-OCH, (0.77 ^Ci), no difference in the amount of drug
taken up by the cells could be observed. Thus uptake of drug
may not be the only factor related to the cytotoxicity of ET-18OCH,.
DISCUSSION

10 20 30
ET-18-OCH3

40 50
(/M)

Fig. 2. Dose response of ET-18-OCH,. Normal K562 or K562 cells supple
mented with l -O-hexadecyl-sn-glycerol ( 10 ng/ml) for 48 h were washed, resus
pended in fresh RPMI medium, and incubated with increasing concentrations of
ET-18-OCHa for 48 h. Cells were counted and assessed for viability by trypan
blue dye exclusion. Points, mean of S determinations from a representative of 4
experiments; bars, SD. Data are expressed as a percentage of the cell number. â€¢,
unsupplemented K562 cells; O, supplemented KS62 cells.

The HL-60 and K562 human leukemia cell lines are often
used in studies of the antineoplastic drug ET-18-OCH., because
of their differential sensitivity to this drug (3). Although various
mechanisms have been proposed to account for this difference,
none has proven to be satisfactory. Therefore, we have investi
gated if the ether-lipid content of these cells can influence their
sensitivity to ET-18-OCH.,. We have found that the HL-60 and
K562 cell lines differ not only in their susceptibility to ET-18-
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Fig. 3. Uptake of ET-18-OCHj. Normal K562 (D) or K.562 cells supplemented
with 1-O-hexadecyl-sn-glycerol (10 iig/ml) for 48 h (â€¢)were washed, resuspended
in fresh RPMI medium, and incubated with 2 ^M ET-18-OCH3 (0.77 ^Ci of
|3H]ET-18-OCHj/ml) for various lengths of time. At the end of the incubation
period, cellular lipid phosphorus and incorporated radiolabeled t'.T-18-OC'Hj
were determined as described in "Materials and Methods." The mass of ET-18OCHi incorporated into the cells was calculated and is expressed as nniol
percentage of total lipid phosphorus. Points, mean of two determinations from a
representative experiment.

OCH3, but also in their ether-lipid content. This observation
suggested that an increase in the ether-lipid content of the cells
might be associated with increased sensitivity to the drug. This
was supported by our findings that K562 cells supplemented
with hexadecylglycerol to increase their ether-lipid content
become more sensitive to ET-18-OCH3. Thus in the studies
described herein, greater sensitivity to ET-18-OCH3 is corre
lated with an increase in the ether-containing phospholipids of
the cells. This relation may in fact help explain why tumor
cells, which in many instances contain higher levels of etherlipids (21, 22), are more sensitive to ET-18-OCH3 than are
normal cells (1, 2).
Although the change in sensitivity of the cells to ET-18OCHj may not be directly related to elevated ether-lipids,
several mechanisms may be proposed to account for the effect
of ether-lipids on cellular function. Changes in the physical
properties of the membrane may affect the function of integral
membrane proteins which may in turn influence the uptake of
nutrients or chemotherapeutic
agents. Supplementation
of
LI210 cells with polyunsaturated fatty acids to alter membrane
properties was found to increase their sensitivity to Adriamycin
(23, 24). The increased sensitivity to the drug was probably
explained by the finding that the accumulation of Adriamycin
increased by 30% in the supplemented cells (23). The mecha
nism underlying the selective cytotoxicity of ET-18-OCH-, may
involve the ability of the cells to take up the drug. Storch and
Munder (20) recently reported that uptake of ET-18-OCH3 is
decreased in cells which are resistant to its cytotoxicity com
pared to more sensitive cells. Although uptake may be a factor
in some cell types, it clearly does not underlie the differential
sensitivity of hexadecylglycerol-supplemented
and unsupplemented K562 cells. Both groups of cells took up equal amounts
of the drug.
A change in the ether-lipid content of the membrane also
may be of importance in regulating cell growth and the activities
of membrane-bound enzymes (13). Cabot et al. (19) demon
strated that supplementation of L-M cells with hexadecyl
glycerol inhibited phosphatidylcholine metabolism and caused
a reduction in the rate of cellular growth. In addition, these
investigators found that the alkyl-linked species of phosphati
dylcholine was being made at the expense of the diacyl subclass
(19). Although we have not investigated the effect of supple
mentation on the metabolism of PC, our finding of an increase

TO ET-18-OCHj

in the ether-linked subclass in K.562 cells appears to be consist
ent with these results.
It is now becoming evident that PC metabolism plays an
important role in many cell types. Therefore, it is reasonable to
speculate that changes in the metabolism of PC may have a
profound effect on cellular function. Agonist-induced hydroly
sis of PC by phospholipase C leads to the generation of alkylacyl- and diacylglycerols (25, 26). An increase in the alkyllinked species of PC at the expense of the diacyl subclass might
result in the production of a larger proportion of alkylacylglyceride which has been shown to inhibit protein kinase C
(27). Protein kinase C is thought to play an important role in
several cellular processes including the control of differentiation
and response to growth factors. In addition, ET-18-OCH3 and
other alkyl lipids have been shown to inhibit protein kinase C
in intact cells and cell-free preparations (28-31). Thus, an
increase in endogenous ether-linked lipid combined with treat
ment of the cells with ET-18-OCH3 may have a profound
influence on protein kinase C.
ACKNOWLEDGMENTS
The authors wish to thank Fiona Rossi, Patrick L. Godwin, and
Dianne Greene for their expert technical assistance and Dr. Alessandro
Noseda for helpful discussions during the preparation of this manu
script.

REFERENCES
1. Berdel, W. E., Andreesen, R., and Munder, P. G. Synthetic alkyl-phospholipid analogues; a new class of antitumor agents. In: J. F. Kuo (ed.), Phos
pholipids and Cellular Regulation, Vol. 2, pp. 41-73. Boca Raton, FL: CRC
Press, 1985.
2. Okamoto, S., Olson, A. C., and Vogler, W. R. Elimination of leukemic cells
by the combined use ether lipids in vitro. Cancer Res., 47: 2599-2603,1987.
3. Tidwell, T., Guzman, G., and Vogler, W. R. The effects of alkyl-lysophospholipids on leukemic cell lines. I. Differential action on two human leukemic
cell lines, HL-60 and K562. Blood, 57: 794-797, 1981.
4. Soodsma, J. F., Piantadosi, C., and Snyder, F. The biocleavage of alkyl
glyceryl ethers in Morris hepatomas and other transplantable neoplasms.
Cancer Res., 30: 309-311, 1970.
5. Andreesen, R., Modolell, M., Weltzien, H. U., Eibl, H., Common, H. H.,
Lohr, G. W., and Munder, P. G. Selective destruction of human leukemic
cells by alkyl-lysophospholipids. Cancer Res., 38: 3894-3899, 1978.
6. Berdel, W. E., Greiner, E., Fink, U., Stavrou, D., Reichert, A., Rastetter, J.,
Hoffman, D. R., and Snyder, F. Cytotoxicity of alkyl-lysophospholipid
derivatives and low-alkyl-cleavage enzyme activities in rat tumor cells. Cancer
Res., 43: 541-545, 1983.
7. Andreesen, R., Osterholz, J., Luckenbach, G. A., Costabel, U., Schulz, A.,
Speth, V., Munder, P. G., and Lohr, G. W. Tumor cytotoxicity of human
macrophages after incubation with synthetic analogues of 2-lysophosphatidylcholine. J. Nati. Cancer Inst., 72: 53-59, 1984.
8. Hoffman, D. R., Hoffman, L. H., and Snyder, F. Cytotoxicity and metabolism
of alkyl phospholipid analogs in neoplastic cells. Cancer Res., 46: 58035809, 1986.
9. Wilcox, R. W., Wykle, R. L., Schmitt, J. D., and Daniel, L. W. The
degradation of platelet-activating factor and related lipids: susceptibility to
phospholipases C and D. Lipids, 22: 800-807, 1987.
10. Noseda, A., Godwin, P. L., and Modest, E. J. Effect of antineoplastic ether
lipids on model and biological membranes. Biochim. Biophys. Acta, 945:
92-120, 1988.
11. Horrocks, L. A. Content, composition, and metabolism of mammalian and
avian lipids that contain ether groups. In: F. Snyder (ed.), Ether Lipids:
Chemistry and Biology, pp. 177-272. New York: Academic Press, Inc., 1972.
12. Lee, T.-C., and Fitzgerald, V. Phase transitions of alkyl ether analogs of
phosphatidylcholine. Biochim. Biophys. Acta. 598: 189-192, 1980.
13. Spector, A. A., and Yorek, M. A. Membrane lipid composition and cellular
function. J. Lipid Res., 26: 1015-1035, 1985.
14. Spector, A. A., and Burns, C. P. Biological and therapeutic potential of
membrane lipid modification in tumors. Cancer Res., 47:4529-4537, 1987.
15. Bligh, E.G., and Dyer, W. J. A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol., 37:911-917, 1954.
16. Rouser, G., Siakotos, A. N., and Fleischer, S. Quantitative analysis of
phospholipids by thin-layer chromatography and phosphorus analysis of
spots. Lipids, I: 85-86, 1966.
17. Blank, M. L., Robinson, M., Fitzgerald, V., and Snyder, F. Novel quantitative
method for determination of molecular species of phospholipids and diglyc-

4444

Downloaded from cancerres.aacrjournals.org on August 9, 2011
Copyright © 1989 American Association for Cancer Research

CELLULAR ETHER-LIPID

CONTENT AND SUSCEPTIBILITY

erides. J. Chromatog., 298:473-482, 1984.
18. Cabot, M. C., and Synder, F. Manipulation of alkylglycerolipid levels in
cultured cells. Fatty alcohol ir;wÂ«: alkylglycerol supplements. Biochim.
Biophys. Acta, 617: 410-418, 1980.
19. Cabot, M. C., Welsh, C. J., and Snyder, F. Increasing the levels of etherlinked lipids in I -M cells by glyceryl ether supplementation depresses growth
and choline utilization. Biochim. Biophys. Acta, 713: 16-22, 1982.
20. Storch, L., and Munder, P. G. Increased membrane permeability for an
antitumoral alkyl lysophospholipid in sensitive tumor cells. Lipids, 22: 813819, 1987.
21. Snyder, F., and Wood, R. The occurrence and metabolism of alkyl and alk1-enyl ethers of glycerol in transplantable rat and mouse tumors. Cancer
Res.,, 28: 972-978, 1968.
22. Snyder, F., and Wood, R. Alkyl and alk-1-enyl ethers of glycerol in lipids
from normal and neoplastic human tissues. Cancer Res., 29: 251-257, 1969.
23. Burns. C. P., and North, J. A. Adriamycin transport and sensitivity in fatty
acid modified leukemic cells. Biochim. Biophys. Acta, 888: 10-17, 1986.
24. Guffy, M. M., North, J. A., and Burns, C. P. Effect of cellular fatty acid
alteration on Adriamycin sensitivity in cultured LI210 murine leukemia
cells. Cancer Res., 44: 1863-1866, 1984.
25. Daniel, L. W., Waite, M., and Wykle, R. L. A novel mechanism of diglyceride
formation: 12-O-tetradecanoyl-phorbol-13-acetate
stimulates the cyclic

26.
27.
28.

29.
30.
31.

TO ET-18-OCHj

breakdown and resynthesis of phosphatidylcholine. J. Biol. Chem.. 261:
9128-9132, 1986.
Rider, L. G., Dougherty, R. W.. and Niedel, J. E. Phorbol diesters and
dioctanoylglycerol stimulate the accumulation of both diacylglycerols and
alkylacylglycerols in human neutrophils. J. Immunol., 140: 200-207. 1988.
Daniel, L. W., Small, G. W., Schmitt, J. D., Marasco, C. J., Ishaq, K., and
Piantadosi, C. Alkyl linked diglycerides inhibit protein kinase C activation
by diacylglycerols. Biochem. Biophys. Res. Commun., 151: 291-297, 1988.
Helfman, D. M., Baines, K. C, Kinkade, J. M., Jr., Vogler, W. R.. Shoji,
M., and Kuo, J. F. Phospholipid sensitive Ca2*-dependent protein phosphorylation system of various types of leukemic cells from patients and in human
leukemic cell lines III 60 and k 562. and its inhibition by alkyl-lysophospholipid. Cancer Res., 43: 2955-2961, 1983.
Parker, J., Daniel, L. W., and Waite, M. Evidence of protein kinase C
involvement in phorbol diester-stimulated arachidonic acid release and prostaglandin synthesis. J. Biol. Chem., 262: 5385-5393, 1987.
Daniel, L. W., Etkin, L. A., Morrison, B. T., Parker, J., Morris-Natschke,
S., Surles, J. R., and Piantadosi, C. Ether lipids inhibit the effects of
phorboldiester tumor promoters. Lipids, 22: 851-855, 1987.
Marx, M. H., Piantadosi, C., Noseda. A., Daniel, L. W., and Modest, E. J.
Synthesis and evaluation of neoplastic cell growth inhibition of 1-jV-alkylamide analogues of glycero-3-phosphocholine. J. Med. Chem., 31: 858-863,
1988.

4445

Downloaded from cancerres.aacrjournals.org on August 9, 2011
Copyright © 1989 American Association for Cancer Research

