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SUBMICROMOLARR DOSES OF ALKYL-LYSOPHOSPHOLIPIDS INDUCE RAPID 
INTERNALIZATION ,, BUT NOT ACTIVATION, OF EPIDERMAL GROWTH 
FACTORR RECEPTOR AND CONCOMITANT MAPK/ERK ACTIVATION 
INN A431 CELLS 
Geraldd A. RUITER1 2, Marcel VERHEIJ1 ,2, Shuraila F. Z E R P '2 . Wouter H. MOOLENAAR' and Wim J. VA N BLITTERSWIJK1* 

divisiondivision of Cellular Biochemistry, The Netherlands Cancer Institute/Antoni van Leeuwenhoek Ziekenhuis, 
Amsterdam,Amsterdam, the Netherlands 
"Department"Department of Radiotherapy, The Netherlands Cancer Institute/Antoni van Leeuwenhoek Ziekenhuis, Amsterdam, the Netherlands 

Syntheti cc  ALPs , e.g., Et- l8-OCH 3 and HePC, are antican -
cerr  agent s tha t accumulat e in cel l membranes , wher e they 
interfer ee wit h llpid-mediate d signa l transduction . W e previ -
ousl yy  reporte d tha t ALPs , when added at micromola r con -
centration ss (5-25 u.M), inhibi t growt h factor-induce d MAPK / 
ERKK activatio n and enhanc e radiation-induce d apoptosls . W e 
noww sho w that , at nanomola r doses (10-500 nM) , ALPs acti -
vat ee th e MAPK/ER K pathwa y in A431 cell s withou t stimulat -
ingg cel l proliferation . Strikingly , ALP s (500 nM) also trigge r 
rapi dd clusterin g and internalizatio n of th e EGFR in A43 I cells . 
Tyrphosti nn AG 1478, an EGFR tyrosin e kinas e inhibitor , 
block ss ALP-induce d MAPK/ER K activatio n bu t no t EGFR in -
ternalization .. W e foun d no evidenc e fo r ALPs actin g vla G 
protein-couple dd receptor s and/o r transactivatio n of EGFRs, 
ass determine d by calciu m mobilization , EGFR phosphoryla -
tio nn and Grb 2 bindin g assays . Sinc e ALPs readil y intercalat e 
int oo th e plasm a membrane , ou r dat a sugges t tha t they in -
duc ee subtl e change s in th e lipi d microenvironmen t of th e 
EGFR,, resultin g in clusterin g and internalizatio n of th e EGFR 
andd concomitan t MAPK/ER K activation . 
©© 2002 Wiley-Liss,  Inc. 

Keyy words: alkyl-lysophospholipid; epidermal growth factor recep-
tor;tor;  internalization; MAPK/ERK 

Syntheticc membrane-permeable ALPs represent a class of anti-
cancerr drugs that primarily act at the level of the cell membrane, 
wheree they accumulate and affect both apoptotic and survival 
signal-transductionn pathways.'-5 Examples of clinically relevant 
ALPss include the prototypic compound Et-18-OCH, (Edelfosine), 
HePCC (Miltefosine) and octadecyl-(l,l-dimethyl-piperidinio-
4-yl)-phosphatee (Zentaris compound D-21266, Perifosine). Sev-
erall  reports have shown that ALPs disturb phospholipid metabo-
lismm and thereby affect membrane-localized signaling pathways.R-7 

Forr example, Et-18-OCH, and HePC inhibit de novo PC synthesis 
att the CTP:phosphocholine citidylyltransferase step.7 Interest-
ingly,, when applied at micromolar doses, ALPs act as potent 
inducerss of apoptosis in a variety of tumor cells. In combination 
withh radiation and certain cytostatic drugs, ALPs cause a syner-
gisticc cytotoxic effect.4-5-8-*  We have previously shown that, in 
humann leukemic and carcinoma cells, apoptotic concentrations of 
ALPss inhibit the MAPK/ERK mitogenic pathway and the Akt/ 
PKBB survival pathway, whereas they activate the proapoptotic 
SAPK/JNKK pathway.45 

Wee now report that, unexpectedly, submicromolar concentra-
tionss of ALPs activate the MAPK/ERK pathway in A431 carci-
nomaa cells. We considered the possibility that ALPs might activate 
aa G protein-coupled receptor since these compounds, Et-18-OCH, 
inn particular, are structurally similar to bioactive (lyso)phospho-
lipids,, such as PAF and LPC, which act on their cognate G 
protein-coupledd receptors.1011 However, we found no evidence of 
this.. Instead. AL P triggers rapid internalization but not phosphor-
ylationn of the EGFR, which is expressed at very high density in 
A4311 cells.12-11 While the underlying mechanism remains to be 
elucidated,, ALP-induced endocytosis of the EGFR may be suffi-
cientt to trigger MAPK/ERK signaling in A431 cells. This novel 

effectt of ALPs on EGFR fate may serve as a tool to downregulate 
overexpressedd EGFRs in A431 cancer cells. 

MATERIALL AND METHODS 

Material Material 

Et-18-OCH,,, HePC and lyso-PAF were purchased from Biomol 
(Plymouthh Meeting, PA) and diluted in serum-free DMEM, 
D-212666 (Perifosine) was kindly provided by Zentaris (Frankfurt, 
Germany).. EGF was from Becton Dickinson (Bedford, MA) . LPA, 
LPCC and MAbs against activated p42/p44 MAPK/ERK (diphos-
phorylatedd ERK-1, -2) were from Sigma (St. Louis, MO). An-
tiphosphotyrosinee MA b PY99 was from Santa Cruz Biotechnology 
(Santaa Cruz, CA). The p44/42 MA P Kinase Assay Kit was pur-
chasedd from Cell Signaling (Beverly. MA) . MAbs against Akt/ 
PKBB and antiphosphotyrosine (PY-20) were purchased from 
Transductionn Laboratories (Lexington, KY) . Polyclonal phospho-
Aktt (Ser473) antibodies were from New England Biolabs (Beverly, 
MA) .. [^-32P]ATP(3 mCi/mmol) was from Amersham (Aylesbury, 
UK) .. PTX was from List Biological Laboratories (Campbell, CA). 
Thee EGFR- and PDGFR-specific tyrphostins (AG 1478 and 
AGG 1296, respectively) were from Calbiochem (San Diego, CA). 
Rabbitt polyclonal serum 282.7 against EGFR was kindly provided 
byy Dr. L.H. Defize (Hubrecht Laboratory, Utrecht, the Nether-
lands).. Mouse MA b 528 against EGFR14 was from the ATCC 
(Rockville,, MD). GST-Grb2 fusion protein, isolated from bacterial 
lysates,, was kindly provided by Dr. J. Borsl (The Netherlands 
Cancerr Institute). 

Ahbrevatwns:Ahbrevatwns: ALP, alkyl-lysophospholipid; CLSM, confocal laser 
scanningg microscopy; CTP, cytidine triphosphate ; ECL, enhanced chemi-
luminescencc;; EGF, epidermal growth factor; EGFR, EGF receptor; Et-
18-OCH,,, 1-O-octadecyl 2-0-methyl-rar-glycero-3-phosphocholine; GST. 
glutathionee S-lransferase; HePC, hexadecylphosphocholine; LPA, lyso-
phosphatidicc acid; LPC. lysophosphatidylcholine; MAb, monoclonal anti-
bodyy ; MAPK/ERK. mitogen-activated protein kinase/extracellular signal-
regulatedd kinase; MEK-1/2, MAPK/ERK kinase 1/2; PAF, platelet-
activatingg factor; PC, phosphatidylcholine ; PDGFR, platelet-derived 
growthh factor receptor; PKB. protein kinase B ; PLC. phospholipase C; 
PTX.. pertussis toxin; SAPK/JNK. stress activated protein kinase/c-Jun 
N-terminall  kinase ; TBST, 10 mM TRIS HC1 (pH 7.5), 0.5 M NaCI, 0.05% 
Tween-20. . 

*Correspondencee to: Division of Cellular Biochemistry, The Nether-
landss Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, the Neth-
erlands.. Fax: +31-20-5121989. E-mail: w.v.blitterswijk@nki.nl 

Receivedd 19 February 2002; Revised 28 June, 19 August 2002; Ac-
ceptedd 26 August 2002 

DOII 10.1002/IJC.1074I 

45 5 

mailto:w.v.blitterswijk@nki.nl


ChapterChapter 3 

B B 

,, _ _ -__ K 
3 3 
3 3 

frfr  « 
BB « 
fi fi 
* * 
cc 10-

1 1 
££ , yy 5, if f 
55 o, 

m i | 1-- mrnHi* 

_ _ // ^ V ^ ^ X 

// BT ^w 
B-' ' 

/ / 
/ / 

w w / / 
m m 

p p ^ ^ 

00 0.01 0 05 0.1 0 5 1 5 10 

B-18-OCH,, |||M) 

00 1 3 S 10 15 30 60 120 min . 
contro ll  EGF Et-18-OCH, LPA 

Et-18-OCH, , 

LPA A 

EGF F 

LPC C 

lysoPA F F 

— — 

— ; ; 

M l l 

 - — 

.. _ 

PO098059 9 

< -- P-MAPK 

« - M A P K K 

LPCC lysoPA F 
++ - + 

%% — 

--

PD098059 9 

* -- P-MAPK 

«-MAPK K 

ff <?  - ^ O 

-- P-MAPK 

FIGUREE 1 - Low doses of ALPs or other lysophospholipids induce MAPK/ERK activation in A431 cells, (a) Dose-effect relationship. Cells 
weree incubated for 5 min with the indicated concentrations of Et-18-OCH3 and lysed. MAPK/ERK activity was determined by Western blot 
analysiss using phosphospecific antibodies against MAPK/ERK (P-MAPK). The band intensity of the blot (inset) was measured densitometrically 
andd the MAPK activation plotted accordingly in arbitrary units, (b) In vitro MAPK/ERK activity assay. Phosphorylated MAPK/ERK was 
immunoprecipitatedd from the cell lysate after EGF (2.5 ng/ml, 5 min) or ALP (500 nM, 5 min) stimulation, and ELK-1 phosphorylation was 
assayedd in vitro using the ELK-1 fusion protein (upper panel), as described in Material and Methods. Total cell lysates were also analyzed for 
P-MAPKK (middle panel) and total MAPK (bottom panel), (c) Time course of MAPK/ERK activation induced by Et-18-OCH, (500 nM), LPA 
(55 M.M), EGF (2.5 ng/ml), LPC (500 nM) and lyso-PAF (500 nM). Data represent 3 experiments, (d) Effect of the MEK-1/2 inhibitor PD098059 
onn MAPK/ERK activation induced by EGF (2.5 ng/ml), Et-18-OOL,, LPA, LPC and lyso-PAF (500 nM each). Cells were preincubated for 30 
minn with 10 u,M PD098059 and subsequently stimulated for 5 min with the indicated stimuli. Lysates were subjected to Western blot analysis 
withh P-MAPK (upper panel). To control for total MAPK/ERK levels, the same lysates were also immunoblotted with MAPK/ERK antibodies 
(MAPK.. lower panel), (e) Comparison of 3 different ALPs (Et-18-0CHV HePC and D-21266) on MAPK/ERK activation. Cells were treated 
forr 5 min with 500 nM of the indicated ALPs. 

CellCell culture 

Humann A431 epidermoid carcinoma cells were grown in 
DMEMM (Lif e Technologies, Paisley, UK) supplemented with 7.5% 
(v/v)) heat-inactivated FCS, glutamine (2 mM; Merck, Darmstadt, 
Germany),, penicillin (50 units/ml) and streptomycin (50 p-g/ml). 

DMEMM for 16 hr and then treated as indicated in the figure 
legends.. Cells were routinely tested for mycoplasma infection. 

CellCell lysis and Western blotting 

Afterr stimulation, cells were washed once with ice-cold PBS 
Forr stimulation experiments, cells were preincubated in serum-free and lysed in lysis buffer [20 mM HEPES (pH 7.4), 2 mM EGTA, 
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500 mM ^-glycerophosphate, 1% (v/v) Triton X-100, 2.5 mM 
MgCl2,, 1 mM Na,V04 , 5 \xM leupeptin, 2.5 (JLM aprotinin and 400 
jxMM PMSF] on ice for 15 min. Lysates were clarified by centrif-
ugationn at 15,000 g for 10 min and normalized for protein content. 
Forr Western blot analysis, samples were boiled for 3 min in the 
presencee of Laemmli sample buffer and subjected to SDS-PAGE 
(12.5%% for phospho-MAPK/ERK, 6% for EGFR). Separated pro-
teinss were transferred to nitrocellulose membranes and blocked for 
11 hr with 5% (w/v) Nutrilon Premium (Nutricia, Zoetermeer, the 
Netherlands)) in TBST. For immunoblotting, blots were probed 
withh the appropriate antibodies in 1% Nutrilon Premium in TBST. 
Tyrosinee phosphorylation of EGFR was detected with antiphos-
photyrosinee MA b PY99. In this case, nitrocellulose membranes 
weree blocked with 5% BSA in TBST. After incubation with the 
appropriatee horseradish peroxidase-conjugated secondary anti-
bodies,, proteins were detected using an ECL detection system 
(Amersham)) and exposure to X-Omat AR film (Eastman Kodak, 
Rochester,, NY). 

Inn vitro MAPK/ERK assay 

MAPK/ERKK activity was determined using the p44/42 MA P 
Kinasee Assay Ki t as described in its instruction manual. After 
stimulationn and lysis of cells, lysates were subjected to immuno-
precipitationn using immobilized phospho-p44/42 MA P kinase 
MAbs.. A nonradioactive kinase reaction was performed, using 
Elk-11 fusion protein as substrate. After 30 min, the reaction was 
terminatedd with SDS sample buffer and the samples were sub-
jectedd to Western blot analysis with phospho-Elk-1 antibody. 
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FIGUREE 2 - No evidence for ALPs acting on G protein-coupled 
receptorss because (a) Et-18-OCH3 failed to mobilize calcium and (b) 
thee MAPK/ERK response was not blocked by PTX. (a) Effect of 
Et-l8-OCH33 V*. PAF and LPA on cytosolic free Ca2+ levels in A43l 
cells.. Cells were loaded with Indo-1/AM and stimulated with 500 nM 
Et-18-OCR,, and PAF or 5 u.M LPA and ionomycin as indicated. 
Fluorescencee at 405 nm, a measure of cytosolic free Ca2+ ([Ca2+] i) 
wass recorded (arbitrary units) over time, (b) Cells were pretreated 
overnightt with 200 ng/ml PTX in serum-free DMEM and subsequently 
stimulatedd for 5 min with 500 nM Et-18-OCH3 or for 10 min with 100 
u,MM ATP. Lysates were analyzed for MAPK/ERK activation by West-
ernn blotting using phosphospecific MAPK/ERK antibodies. 

GST-Grb2/EGFRGST-Grb2/EGFR interaction 

Cellss were stimulated and lysed as described above. Lysates 
weree incubated with GST-Grb2 or GST (control), prebound to 25 
(xll  of glutathione-agarose beads, for 1 hr. Precipitates were washed 
33 times in lysis buffer, suspended in Laemmli sample buffer, 
boiledd for 3 min and subjected to SDS-PAGE on 6% gels. Fol-
lowingg SDS-PAGE, proteins were transferred to a nitrocellulose 
membranee and immunoblotted for EGFR. 

PreparationPreparation of membrane vesicles from A431 cells by shedding 

Membranee vesicles from A431 cells were prepared by shedding, 
accordingg to the protocol of Cohen et al.15 Cells were grown in 
rollerr bottles and washed 3 times with 50 ml of Dulbecco's PBS at 
roomm temperature and once with 50 ml of 20-fold diluted (in 
water)) C ai + - and Mg2 + -free PBS (hypotonic PBS). Then, 150 ml 
off  hypotonic PBS were added and the roller bottles rotated (3 rpm) 
forr 15 min at room temperature. The hypotonic PBS was dis-
carded,, and the cells were washed once with 50 ml of vesiculation 
bufferr (100 mM NaCl, 50 mM Na2HP04, 5 mM KC1, 0.5 mM 
MgS04 ,, pH 8.5). Again, 50 ml of vesiculation buffer were added 
andd the bottles rolled for 20 min at room temperature and 1 hr at 
37°C.. Then, the vesiculation buffer was decanted through a nylon 
screenn (500 [xm) into a flask on ice and centrifuged at 150g for 5 
minn at 4°C. The pellet was discarded and the supernatant centri-
fugedd at 20,000g for 30 min at 4°C. Next, vesicle pellets were 
resuspendedd in 40 ml of 10 mM HEPES (pH 7.4) and centrifuged 
forr 1 hr at 80,000g. Final pellets were resuspended in 250 p.1 10 
mMM HEPES (pH 7.4), using a needle syringe. Aliquots were stored 
att -70°C until further use. 

EGFRphosphorylationEGFRphosphorylation in vitro 

Too measure EGFR autophosphorylation in vitro, 20 fxg of A431 
shedd membrane vesicle preparation were incubated for 20 min at 
roomm temperature with the indicated concentrations of EGF or 
Et-18-OCH-,.. The tyrosine kinase reaction was then started by 
addingg 15 u.M [y-32?] ATP (5 fxCi) in a total reaction volume of 40 
uJ.. After incubation on ice for 10 min, the reaction was stopped by 
addingg Laemmli sample buffer. Samples were boiled for 3 min and 
subjectedd to SDS-PAGE on 6% gels. Relative levels of EGFR 
phosphorylationn were determined using a Fujix (Tokyo, Japan) 
BASS 2000 TR Phospholmager. 

AnalysisAnalysis of EGFR localization by confocal immunofluorescence 
microscopy microscopy 

Serum-starvedd A431 cells were stimulated for 3 min with 2.5 
ng/mll  EGF or 500 nM Et-18-OCH3 (or other ALPs or Jysophos-
pholipids).. Cells were washed with ice-cold PBS and fixed in 
MeOHH (-20°C) for 2 min. After aspiration of the MeOH, cells 
weree rehydrated in PBS, blocked for 30 min with PBS-1% BSA 
andd subsequently incubated for 1 hr at 37°C with anti-EGFR MA b 
5288 IgG in PBS-1% BSA. After 3 washes in PBS, cells were 
incubatedd with polyvalent Texas red-labeled goat antimouse anti-
bodiess in PBS-1% BSA. Coverslips were washed 3 times in PBS 
andd mounted in Vectashield (Vector Laboratories, Inc., Burlin-
game,, CA) mounting medium. Samples were analyzed by a Leica 
(Heidelberg,, Germany) confocal scanning laser microscope. 

MeasurementMeasurement of cytosolic free calcium levels 

Calciumm mobilization was measured as described previously.16 

Cellss grown on coverslips were serum-starved overnight and then 
loadedd with the calcium-sensitive dye Indo-1/AM (Molecular 
Probes,, Eugene, OR). Cells were loaded by incubating for 20 min 
att 37DC with 65 u,M Indo-1/AM in loading buffer (DMEM con-
tainingg 13 mM HEPES, pH 7.4) and rinsed free of excess dye in 
measurementt buffer (150 mM NaCl, 5 mM KC1, 1 mM CaCl2, 1 
mMM MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.4). The 
coverslipp was placed in a cuvette with measurement buffer at 37°C 
inn a spectrofluorimeter (LS-3B; Perkin-Elmer, Oak Brook, IL) , and 
fluorescencee intensity was recorded over time (excitation 355 nm, 
emissionn 405 nm) after addition of the indicated stimuli. 
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FIGURRR 3 - Effect of AG1478 (inhibitor of EGFR kinase) or AG1296 (inhibitor of PDGFR kinase) on MAPK/ERK activation by EGF (2.5 
ng/ml)) or Et-18-OCH, (500 nM) (a) and LP A, LPC or lysoPAF (500 nM each) (*). (c) Effect of AG 1478 on EGFR tyrosine phosphorylation. 
A4311 cells were pretreated with AG1478 (50 nM) or AG1296 (5 u,M) for 30 min and then stimulated with the indicated agents for 5 min. Cell 
lysatess were subjected to Western blot analysis with phosphospecific antibodies against MAPK/ERK (a,bi or phosphotyrosine antibodies (PY99) 
too detect the phosphorylated EGFR (c), identified on the basis of its m.w. (180 kDa) and the complete inhibition of its phosphorylation by 
AG1478. . 
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FIGUREE 4 - Activation of Akt/PKB by insulin (10 (xg/ml), EGF (2.5 
ng/ml),, Et-18-OCH3, LPA, LPC and lyso-PAF (500 nM each). Cells 
weree stimulated for 5 min with the indicated agents, lysed and sub-
jectedd to Western blot analysis with phosphospecific antibodies against 
PKBB (P-Ser473). The same lysates were also subjected to Western blot 
analysiss with non-phosphospecilic PKB antibodies to control for the 
totall  PKB levels. 

RESULTS S 

NanomolarNanomolar doses of ALPs activate MAPK/ERK in A431 cells 

Wee have previously shown that micromolar concentrations of 
ALPss (5-25 p,M) induce apoptosis in several tumor cell lines.4-5 In 
thee human leukemic cell lines U937 and Jurkat T, ALP-induced 
apoptosiss was associated with inhibition of serum-induced MAPK/ 
ERKK activation. Similarly, in human A431 cells, micromolar doses 
off  Et-18-OCH3 prevented EGF-induced MAPK/ERK activation. 

Unexpectedly,, however, nanomolar, nonapoptotic concentra-
tionss of ALPs induced rapid induction of MAPK/ERK phosphor-

ylationn in these cells, as if AL P activates cell-surface receptors. 
Maximumm phosphorylation was observed after 3-5 min of stimu-
lationn with Et-18-OCH, at 10-500 nM (Fig. la). This effect was 
nott observed in several other cell types, including HeLa, MCF-7 
andd MDA-MB468 carcinoma cells; B103 and N1E-115 neuroblas-
tomaa cells; Meljuso melanoma cells; Rat-1 fibroblasts; and COS-7 
andd HEK-293 epithelial cells (data not shown). MAPK/ERK phos-
phorylationn in A431 cells did not lead to cell proliferation (under 
serum-freee conditions, not shown). In a nonradioactive in vitro 
MAPK/ERKK kinase assay, ALP-induced phosphorylated MAPK/ 
ERKK increased the phosphorylation of its downstream effector, 
ELK-1,177 thereby confirming that ALPs activate MAPK/ERK sig-
nalingg (Fig. \b). 

Too analyze the structural requirements of ALP-like molecules to 
inducee MAPK/ERK signaling at these low doses, we compared 
MAPK/ERKK activation by Et-18-OCH3 with EGF and other lyso-
phospholipids,, notably LPA, lyso-PAF and LPC. LPA acts 
throughh its cognate G protein-coupled receptors, whereas the 
latterr 2 lipids bear a phosphocholine head group like Et-18-OCHv 

Al ll  of these lysophospholipids induced rapid and transient MAPK/ 
ERKK activation in A431 cells, with kinetics similar to those ob-
servedd with Et-18-OCFL,, whereas the activation by EGF was more 
sustainedd (Fig. 1c). The activation of MAPK/ERK in response to 
EGF,, Et-18-OCFL, and the other lysophospholipids was effectively 
inhibitedd by incubation of A431 cells with PD098059, which 
inhibitss the kinase activity of MEK-1 /2 , '8 the upstream activator of 
MAPK/ERKK (Fig. Id). Thus, MAPK/ERK is activated in a cascade 
reactionn rather than by direct effects of these compounds. Two 
otherr ALPs tested- HePC and D-21266, also activated MAPK/ 
ERKK in A431 cells at low doses similar to Et-18-OCFf, (Fig. \e). 
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Thee latter 2 ALPs lack a glycerol backbone and have different 
polarr head groups: HePC contains a phosphocholine head group, 
whereass D-21266 has a piperidine head group. Thus, apart from a 
commonn single, long, saturated alkyl or acyl chain, there is littl e 
structurall  similarity between these lysolipids in their ability to 
activatee the MAPK/ERK pathway in A431 cells. 

NoNo evidence for ALPs acting on G protein-coupled receptors 

Sincee ALPs activate MAPK/ERK in the low nanomolar range, 
wee considered the possibility that ALPs may activate specific 
cell-surfacee receptors, though their low structural similarity (Fig. 
\e)\e) argues against this notion. 

Thee prototypic AL P Et-18-OCH3 is a synthetic PAF analogue, 
differingg only in the sn-2 position of the glycerol backbone, i.e., a 
methoxyy group in Et-18-OCH3 vs. an acetyl group in PAF. We 
thereforee asked whether MAPK activation by AL P could be me-
diatedd by the G protein-coupled PAF receptor, which signals PLC 
activation.. We measured the effect of Et-18-OCH3 on the cytosolic 
freee Ca24 concentration. The ionophore ionomycin was used to 
controll  for maximal calcium flux. Figure 2a shows that Et-18-
OCH33 had no effect on Ca2 f levels in A431 cells, whereas PAF 
andd LPA induced a rapid and transient increase in free [Ca2 +] . 
Furthermore,, addition of Et-18-OCH3 did not desensitize the PAF 
receptorr as subsequent addition of PAF still resulted in a Ca2* 
peakk (Fig. la). In addition, Et-18-OCH3 failed to mimic PAF in 
inducingg human platelet aggregation ex vivo (data not shown). 
Fromm these results, we conclude that AL P does not signal via the 
PAFF receptor or other calcium-mobilizing receptors. 

Wee next tested the effect of PTX on ALP-induced MAPK/ERK 
activation.. As a control, we used the purinergic receptor agonist 
ATP.199 Figure 2b shows that PTX (200 ng/ml) completely blocked 
ATP-inducedd MAPK/ERK activation but did not affect the Et-18-
OCH3-inducedd MAPK/ERK response, indicating that AL P does 
nott utilize a PTX-sensitive, G,-mediated pathway. 

Inn conclusion, both the low structural similarity of these lyso 
compoundss and the lack of involvement of PLC- and GÉ-mediated 
pathwayss make it unlikely that ALPs induce MAPK/ERK activa-
tionn through a specific G protein-coupled receptor. 

ALP-inducedALP-induced MAPK/ERK activation depends on a basal level of 
EGFREGFR autophosphorvlation 

A4311 cells overexpress EGFR (2.6 to 3.7 x 106 receptors/ 
cell).12133 Pretreatment of cells with 50 nM tyrphostin AG1478, a 
potentt and specific EGFR tyrosine kinase inhibitor,20 completely 
abolishedd the ability of Et-18-OCH,, lyso-PAF, LPC and LPA to 
inducee MAPK/ERK activation (Fig. 3a,b). The PDGFR tyrosine 
kinasee inhibitor AG1296,21 which was used at a much higher 
concentrationn (5 p-M), had only a minor effect on MAPK/ERK 
activity,, suggesting that all of these lysophospholipids require 
EGFRR tyrosine kinase activity (Fig. 3a). Using antiphosphoty-
rosinee antibodies, a basal level of EGFR tyrosine phosphorylation 
wass detectable (Fig. 3c). As expected, receptor phosphorylation 
wass strongly increased by EGF. However, Et-18-OCH3 had no 
detectablee effect on EGFR phosphorylation. 

Anotherr pathway that functions downstream of the EGFR in-
volvess activation of phosphatidylinositol 3-kinase and Akt/PKB.22 

Wee therefore investigated the effect of submicromolar concentra-
tionss of Et-18-OCH3 and other lysophospholipids on Akt/PKB 
activity.. Stimulation'of A431 cells with Et-18-OCH3, LPA and 
LPCC resulted in an increase in the phosphorylation of Akt/PKB at 
Ser47"'' to a similar extent as that induced by insulin and EGF 
(includedd as positive controls) (Fig. 4), further supporting the view 
thatt the EGFR is a potential target of ALPs and other lysophos-
pholipids. . 

Wee also assayed EGFR tyrosine kinase activity in shedded 
plasmaa membrane vesicles from A431 cells, as described previ-
ously.155 Figure 5a shows that incubation of A431 plasma mem-
branee vesicles with EGF in the presence of [-y-32P]ATP results in 
autophosphorylationn of the 180 kDa EGFR. However, no EGFR 
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FIGUREE 5 - Et-18-OCH3 does not activate the EGFR. (a) Effect of 
EGFF and Et-18-OCH, on EGFR in vitro kinase activity in isolated 
plasmaa membrane vesicles shed from A431 cells (see Material and 
Methods).. AHquots (20 p.g protein) were subjected to the phosphory-
lationn procedure for 10 min on ice in the presence of [*y- 32r] ATP and 
thee indicated concentrations of EGF (in |xg/ml) or Et-18-OCH, (in 
|xM).. Reaction mixtures were subjected to SDS-PAGE and autora-
diography.. Upper panel shows 1 representative autoradiogram of 3 
independentt experiments. Lower panel shows quantification of the 
levell  of EGFR phosphorylation (means of 3 independent experiments). 
(b)(b) Effect of EGF and Et-18-OCH3 on binding of tyrosine-phospho-
rylatedd EGFR to GST-Grb2 fusion protein. Cells were stimulated for 
thee indicated lime periods with EGF (2.5 ng/ml) or Et-18-OCH, (500 
nM).. Cell lysate proteins were coprecipitated with GST-Grb2, then 
immunoblottedd with anli-EGFR antibody. Data represent 3 experi-
ments. . 

phosphorylationn was observed after incubation with Et-18-OCH-, 
(upp to 10 p.M), supporting the notion that Et-18-OCH3 does not 
activatee the EGFR tyrosine kinase. 

Activatedd EGFR recruits Grb2/Sos complexes, resulting in ac-
tivationn of the Ras-MAPK/ERK pathway.23 We used a GST-Grb2 
fusionn protein to isolate Grb2-interacting proteins from A431 
lysates.. In lysates from EGF-stimulated cells, there was an in-
creasedd association between EGFR and GST-Grb2 (Fig. 5b, upper 
panel).. In contrast, in lysates derived from Et-18-OCH3-stimulated 
cells,, no increased binding of EGFR to GST-Grb2 was observed 
(Fig.. 5b, lower panel), again supporting the notion that ALPs do 
nott activate the EGFR in A431 cells. 

ALPALP induces EGFR internalization 

Givenn the inhibition of ALP-induced MAPK/ERK activation by 
AG14788 and the fact that A431 cells overexpress EGFR, we 
investigatedd the effect of AL P on the subcellular distribution of 
EGFRR by confocal microscopy. Using anti-EGFR MA b 528 IgG, 
thee EGFR in A431 cells was predominantly located at the plasma 
membranee (Fig. 6a). Strikingly, addition of Et-18-OCH, (500 nM) 
ledd to rapid clustering (within 1 min) of the EGFR at the cell 
surface,, followed by EGFR internalization (Fig. 6c), very similar 
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FIGUREE 6 - Low doses of ALP and other lysophospholipids induce rapid internalization of EGFRs. A431 cells were stimulated for 3 min with 
EGFF (2.5 ng/ml) (b), Et-18-OCH, (c), LPA (d), LPC (e) or lysoPAF (/) (500 nM each). Control cells were left untreated (a). After stimulation, 
cellss were fixed and incubated with antibodies against the EGFR. Cells were then incubated with secondary Texas red-labeled goat antimouse 
antibodiess and visualized by confocal microscopy. Effect of AG 1478 on control cells (g) and EGF- (ft), Et-18-OCH,- (i), LPA- (;'). LPC- (k) and 
lysoPAF-- (/) induced EGFR internalization. Bar — 10 U.M. 

too what was observed after addition of EGF (Fig. 6ft). EGFR 
clusteringg and internalization was also induced by submicromolar 
dosess of other lysophospholipids, notably LPA, LPC and lysoPAF 
(Fig.. 6d-f) and the other ALPs HePC and D-21266 (not shown). 
Too address the possibility that the high EGFR density is respon-
siblee for the ALP-induced EGFR internalization, we examined the 
effectt of AL P on the breast carcinoma cell line MDA-MB-468, 
whichh also overexpresses EGFR (1.3 X 106 EGFRs/cell),24 albeit 
too a 2- to 3-fold lesser extent than in A431 cells (2.6 to 3.7 X 10* 
EGFRs/cell).12133 In these cells, no EGFR clustering and internal-
izationn was observed after AL P stimulation (not shown). Although 
itt remains possible that the amount of EGFRs in MDA-MB-468 

mayy be just below critical density, it appears more likely that 
additionall  factors are required to cause EGFR internalization. As 
AL PP also failed to activate MAPK/ERK in these cells (not shown), 
thee correlation between EGFR internalization and MAPK/ERK 
activationn still holds. 

Wee next examined the effect of AG1478 on ALP- and EGF-
inducedd EGFR clustering. Under conditions where MAPK/ERK ac-
tivationn and EGFR phosphorylation are blocked (Fig. 3), AG1478 did 
nott prevent EGFR internalization in response to either EGF or lyso-
phospholipidss (Fig. 6g-l). It thus appears that EGFR internalization in 
A4311 cells does not require receptor tyrosine kinase activity. 
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DISCUSSION N 

Whilee micromolar concentrations of ALPs (>10 u.M) are 
knownn to induce apoptosis and inhibit MAPK/ERK activation, we 
reportt here that nonapoptotic doses of ALPs (range 10-500 nM) 
stimulatee MAPK/ERK activation in human A431 carcinoma cells. 
Wee considered the possibility that ALPs activate cell-surface re-
ceptorss in these cells. However, we found no evidence that ALPs 
actt through G protein-coupled receptors as they fail to elicit a 
calciumm signal and MAPK/ERK activation is resistant to PTX. 
Strikingly,, ALP-induced MAPK/ERK activation was accompa-
niedd by rapid internalization of the EGFR, very similar to what is 
observedd with EGF. However, ALP-induced EGFR internalization 
occurss without any sign of EGFR (trans)activation in that AL P 
failss to stimulate EGFR tyrosine phosphorylation and interaction 
withh the Grb2 adaptor protein. Furthermore, ALPs failed to mimic 
EGFF in inducing rapid morphologic changes (becoming flattened 
andd spread out) in A431 cells (results not shown). However, 
ALP-inducedd MAPK/ERK activation was blocked by the EGFR-
specificc tyrphostin AG 1478 and not by the PDGFR-specific tyr-
phostinn AG1296, indicating that ALPs require (basal) EGFR ki-
nasee activity for MAPK/ERK activation. EGFR internalization, 
inducedd by either EGF or ALP, was insensitive to AG 1478. This 
iss not unexpected since "kinase-dead" EGFR still undergoes li -
gand-inducedd internalization, albeit at a reduced rate.2V26 

Bioactivityy of ALPs at such low concentrations is reminiscent of 
structurallyy related LPA, sphingosine-1 -phosphate, LPC and 
sphingosylphosphorylcholine,, all of which can act, at nanomolar 
concentrations,, through specific binding to their respective G pro-
tein-coupledd receptors."-27-'*  Ligands of this type of receptor are 
capablee of transactivating the EGFR.34 " However, although tyr-
phostinn AG 1478 inhibits ALP-induced MAPK/ERK activation in 
A4311 cells, direct involvement of a G protein-coupled receptor is 
unlikely.. This conclusion is based on the following results: (i) in 
contrastt to receptor ligands such as PAF and LPA, AL P did not 
inducee a rapid Ca2 * signal, thus excluding involvement of PLC 
activation;; (ii)  pretreatment of cells with PTX inhibited ATP-
inducedd MAPK/ERK activation, whereas the AL P response re-
mainedd unaffected, which rules out the involvement of any G,-
coupledd receptor; and (Hi) structurally distinct ALPs (Et-18-OCH,, 
HePC,, D-21266) and lyso-PAF induced MAPK/ERK activation to 
aa similar extent. It is unlikely that these structurally distinct lipids 
actt on 1 putative G protein-coupled receptor to induce EGFR-
dependentt MAPK/ERK activation. 

Whilee ALPs are unlikely to act as receptor ligands, their mo-
lecularr structure (with a single alkyl chain) predicts that they are 
easilyy incorporated into cell membranes, as previously demon-
strated.'' Once in the plasma membrane, AL P could very well 
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affectt the microenvironment of the EGFR, triggering the clustering 
off  the receptor (particularly when its cell-surface density is high) 
andd subsequent internalization. This idea is in line with a report 
demonstratingg that Et-18-OCH-, can likewise induce ligand-inde-
pendentt CD95 clustering and capping into membrane domains, 
i.e.,i.e., lipid rafts.-18 In A431 cells, we did not find EGFR localization 
inn caveolae (no colocalization with caveolin), but we found partial 
colocalizationn of the EGFR with a genuine raft constituent, the 
gangliosidee GM, (data not shown). Since ALPs, with their satu-
rated,, long alkyl- or acyl chains, are predicted to accommodate 
thesee rigid, liquid-ordered, cholesterol- and sphingolipid-enriched 
microdomainss as well.39'40 it appears reasonable that ALPs affect 
thee EGFR microenvironment. Moreover, it is known that lipid rafts 
aree involved in endocytosis.41-42 

Thee exact mechanism by which ALPs induce EGFR internal-
izationn and MAPK/ERK activation remains to be established. We 
exploredd the possibility that the high EGFR density is responsible 
forr the ALP-induced EGFR internalization by including the breast 
carcinomaa cell line MDA-MB-468 in our experiments. Although 
thiss cell line also significantly overexpresses the EGFR (1.3 x 106 

EGFRs/cell),244 we did not observe EGFR internalization or 
MAPK/ERKK activation after AL P stimulation. Therefore, it ap-
pearss that additional factors besides high receptor density are 
requiredd for ALP-induced EGFR internalization and/or MAPK/ 
ERKK activation in A431 cells. 

Howw can we reconcile the present finding that nanomolar con-
centrationss of ALPs activate MAPK/ERK with our previous data 
thatt apoptotic micromolar doses of ALPs inhibit growth factor-
inducedd MAPK/ERK activation?4'5 Two causes could account for 
thiss apparent discrepancy. First, in the previous experiments, cells 
weree pretreated for 30 min with ALPs and subsequently stimulated 
withh EGF or serum. The present data suggest that AL P pretreat-
mentt downregulates EGFR cell-surface expression so that subse-
quentt addition of EGF or serum can no longer activate the EGFR 
(andd thus MAPK/ERK). Second, the micromolar concentrations 
resultt in much more AL P accumulation in the plasma membrane 
andd other, subcellular membranes.' This wil l cause inhibition of 
thee MAPK/ERK pathway at different levels as a result of distur-
bancee of the continuous, rapid turnover and biosynthesis of natural 
phospholipids7-43-444 and inhibition of PLC.4S-4* 

Pharmacologicc blockade of growth factor signaling, in particular 
thatt of EGFR, is emerging as a successful anticancer strategy when 
appliedd concurrently with radiotherapy or cytostatic drugs.47-48 

Whetherr the presently described mechanism of ALP-induced 
downregulationn of the EGFR in A431 cells represents a more 
generall  and clinically relevant phenomenon remains to be estab-
lishedd in a broader set of cancer cell lines. 
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