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SUMMARY
Metabolism of arachidonic and linoleic acid can be regulated by
polypeptide growth factors in a variety of cell types. In Syrian
hamster embryo (SHE) fibroblasts, epidermal growth factor
(EGF) stimulates the conversion of exogenous linoleic acid to
1 3(S)-hydroxyoctadecadienoic acid (HODE). Inhibition of 13-
HODE biosynthesis blocks the EGF-mitogenic response in SHE

cells, and 13-HODE and its hydroperoxy precursor are potent
and highly specific enhancers of EGF-dependent DNA synthe-
sis. We demonstrated that EGF stimulates a biphasic produc-

tion and release of endogenous 13-HODE. Through develop-
ment of a stable isotope-dilution GC/MS assay for 1 3-HODE,

we observed 1 3-HODE production as early as 5 mm after EGF
stimulation, and this initial phase peaked at 1 hr. A second rise

in 13-HODE formation was seen at 2-4 hr, and this phase
plateaued at 4-6 hr at a level of 30-40 ng/1 06 cells. EGF
stimulation of 1 3-HODE biosynthesis is not mediated by tran-

scriptional or translational regulation of the inducible form of

prostaglandin H synthase. Based on enzyme inhibitor studies
and structural characterization of products, the linoleate me-
tabolite is apparently formed by an n-6 lipoxygenase that re-

mains to be characterized. EGF stimulation of 1 3-HODE forma-

tion is linked with activation of the EGF receptor tyrosine
kinase. Inhibition of EGF receptor tyrosine kinase activity with

methyl-2,5-dihydroxycinnamate blocked EGF-dependent mo-
leic acid metabolism and EGF-regulated DNA synthesis. Po-
tentiation of the EGF receptor tyrosine phosphorylation cas-
cade through treatment of SHE cells with the tyrosine
phosphatase inhibitor vanadate resulted in a 3-fold increase in
EGF-stimulated 1 3-HODE production and a corresponding en-

hancement of the EGF mitogenic response. The coupling of
EGF-regulated linoleic acid metabolism with the EGF receptor
tyrosine kinase activity suggests the importance of specific
linoleate compounds in mediating mitogenic signal transduc-

tion.

EGF elicits a pleiotropic response in cells that express the

specific EGF receptor. The cellular functions regulated by

EGF include proliferation, differentiation, and metabolism
(for reviews, see Refs. 1 and 2). The glycoprotein EGF recep-

tor is characterized by an extracellular ligand-binding do-
main, a single short hydrophobic transmembrane sequence,

and a cytoplasmic region that contains a tyrosine kinase

analogous to several oncogene products (for a review, see Ref.

3). EGF binding stimulates tyrosine autophosphorylation of

the receptor and enhances the catalytic activity of the ty-

rosine kinase. This first step of activation of the EGF recep-

tor tyrosine kinase seems to be essential for further trans-

duction of the EGF mitogenic signal (4-6).

In many cell types, EGF stimulates the metabolism of

cis-polyunsaturated fatty acids, including arachidonic acid

and linoleic acid (7-11). Metabolism of these fatty acids by

lipoxygenases and PHS yields a host of bioactive lipid medi-

ators. Our research has focused on characterizing the second

messenger role of linoleate and arachidonate metabolites in

EGF signal transduction and examining the coupling of un-
saturated fatty acid metabolism with activation of the EGF

receptor. In work with SHE fibroblasts, we found that EGF

stimulated the conversion of exogenous linoleic acid to 13(S)-

HODE (11). Based on enzyme inhibitor studies and struc-
tural characterization of products, the linoleate metabolite is

apparently formed by a lipoxygenase. Inhibition of lipoxygen-

ase activity in SHE cells blocks the EGF mitogenic response

(11). 13(S)-HODE and its hydroperoxy precursor, 13(S)-hy-

droxyoctadecadienoic acid, were observed to be potent and
highly specific stimulators of EGF-dependent DNA synthesis

(11, 12).

Although these studies suggest that the formation of 13-
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HODE is involved in EGF-dependent mitogenesis, we mea-

sured the metabolism of exogenous linoleic acid. Because

cells are not normally exposed to micromolar concentrations

of free fatty acid substrate, it is essential to determine

whether EGF stimulates the formation of endogenous 13-
HODE and whether its formation is regulated by the EGF

receptor tyrosine kinase activity. In this report, through

development of a stable isotope dilution GC-MS assay,
we quantified and defined the kinetics of EGF-

stimulated endogenous 13(S)-HODE release in SHE cells.
We demonstrated a close association between the tyrosine
phosphorylation state of the EGF receptor and the produc-

tion of 13(S)-HODE. We also investigated the effects of EGF

on the protein and mRNA levels of 15-lipoxygenase and PHS,

putative enzymatic activities responsible for 13(S)-HODE
formation in SHE cells.

Experimental Procedures

Materials. The sources of isotopes, reagents, and chemicals were

as follows: [1-’4Cllinoleic acid (40-60 mCilmmol), DuPont-New En-

gland Nuclear (Boston, MA); [methyl-3H]thymidine (70 Cilmmol),

ICN Radiochemicals (Irvine, CA); unlabeled linoleic acid, NuCheck

Prep (Elysian, MN); deuterated sodium linoleate (9,10,12,13-d4),

Cambridge Isotope Laboratories (Andover, MA); 13(S)-HODE and

murine PHS-2 antibody, Cayman Chemical (Ann Arbor, MI); the

tyrosine kinase inhibitor methyl-2,5-dihydroxycinnamate, Biomol
(Philadelphia, PA); EGF, Collaborative Research Associates (Bed-

ford, MA); for cell culture procedures, DMEM, trypsin, amphotericin

B, gentamicin, and bovine serum albumin, GIBCO-BRL (Gaithers-
burg, MD); fetal calf serum, Hyclone Laboratories (Logan, UT);

soybean lipoxidase type I, Sigma Chemical Co. (St. Louis, MO);

triphenylphosphine, Aldrich (Milwaukee, WI); bis(trimethylsilyl)tri-

fluoroacetamide and pyridine, Supelco (Bellefonte, PA); trichloroace-
tic acid and sodium hydroxide, Baker (Phillipsburg, NJ); enhanced

chemiluminescence reagents, HYBOND nitrocellulose, HYBOND-N

nylon membranes, and Hyperfilm-MP, Amersham (Arlington

Heights, IL); nitrocellulose paper, Schleicher and Schuell (Keene,
NH); acrylamide (40%), Amresco (Solon, OH); the anti-phosphoty-

rosine antibody, clone PT-66, Sigma; protein molecular weight mark-

ers, Novex (San Diego, CA); EGF receptor phosphorylated standard,

UBI (Lake Placid, NY); Tris/glycine/SDS running buffer, Enprotech
(Natick, MA); Tris/glycine transfer buffer, ICN (Costa Mesa, CA); UV

Stratalinker and Prime-It 11 random prime kits, Stratagene (La

Jolla, CA); murine PHS-1 and PHS-2 cDNA probes, Oxford Biomed-
ical Research (Rochester Hills, MI); HPLC-grade solvents, Baker;

and C18-PrepSep columns, Fisher Scientific. All other chemicals

were reagent grade and were purchased from Sigma. SHE cells,

clone 10WsupB�8 [tumor suppressor gene (+) phenotype], were

kindly provided by Dr. J. Carl Barrett (National Institute of Envi-

ronmental Health Sciences, Research Triangle Park, NC). Human

15-lipoxygenase antibody (raised in rabbit) was provided by Dr.

Elliott Sigal (Syntex, Palo Alto, CA).

Cell culture. In these experiments, we used SHE cell line

lOWsupW clone 8 developed as described previously (13,14). Cells

were maintained at 37#{176}in a humidified 5% CO�/95% air atmosphere.

The culture medium was DMEM containing 10% fetal calf serum,
1.25 �.tg/ml amphotencin B, and 10 �tg/ml gentamicin. Trypsin was

used to subculture cells.

Biosynthesis of d4-13(S)-HODE. d4-Linoleic acid (30 �g/ml) was
reacted with soybean lipoxygenase (5 �.tg/ml) in 10 ml of5O mM borate
buffer, pH 9.0. After a 30-mm room-temperature reaction, the incu-
bation mixture was acidified, extracted, reduced with triphenylphos-

phine, and analyzed with straight-phase HPLC. With a mobile phase

of hexane/2-propanollacetic acid (100:0.5:0.1 v/v/v) at 2.0 mI/mm, a
pure fraction ofd4-13(S)-hydroxy-9Z,11E-octadecadienoic acid eluted

at 16.0 mm. The UV spectrum of this material had a characteristic

diene chromophore with maximum absorbance at 234 nm.

Linoleic acid metabolism studies. Linoleic acid metabolism

assays were conducted in duplicate. SHE cells were cultured at 1 x

i0� cells/75-cm2 flask in 15 ml of DMEM and 10% fetal bovine serum

and were grown to -80% confluence. The media were then removed,

and the cell monolayers were washed twice with 15 ml of Hanks’
balanced salt solution. Cells were made quiescent through incuba-

tion for 16 hr in serum-free DMEM. The media were then decanted,
and the cells were again washed twice with 15 ml ofHanks’ balanced

salt solution. The cells were then treated with 10 ml of serum-free

DMEM with or without EGF (10 ng/ml) and with or without linoleic

acid (10 �M) at 37#{176}for various time periods. For analysis of radiola-

beled linoleate metabolites, [1-14C]linoleic acid (3 �tCi; final concen-
tration 10 �.tM) was used as substrate. In some experiments, cells

were preincubated with methyl-2,5-dihydroxycinnamate ( 10 �tM) or
sodium orthovanadate (10 �.tM) for 1 hr before the addition of EGF

and/or linoleic acid. Final ethanol concentrations were <0.05% for

these experiments. Linoleate compounds were extracted from the

incubation mixture through acidification to pH 3.5 with glacial acetic

acid and application of the sample to a C,8-PrepSep column precon-

ditioned with 10 ml of methanol followed by 10 ml of water. The

column was then washed with 10 ml of water, and the sample eluted
with 5 ml ofmethanol and subsequently evaporated to dryness under

argon. Samples were reconstituted in 50% methanol, pH 3.5, for

analysis with reverse-phase HPLC.

HPLC analysis. Reverse-phase HPLC was conducted with an

ODS Ultrasphere column (5 j.tm; 4.6 x 250 mm; Altex Scientific,
Beckman Instruments, Berkeley, CA) equipped with a Waters (Mil-

ford, MA) model 6000A pump and a Waters WISP 710B automatic
injector. The mobile phase consisted of a methanol/water/acetic acid

mixture (70:30:0.01 v/v/v) with a flow rate of 1.0 mllmin. Eluted
radioactivity was monitored with the use of a Flo-One/Beta detector

(Radiomatic Instruments, Tampa, FL) linked with a Qume computer
for data processing. The effluent was also monitored with a Waters

model 481 variable-wavelength detector at 235 nm. In experiments
with unlabeled linoleic acid, fractions corresponding to the elution

time of authentic 13-HODE standard were collected, evaporated to

dryness under argon, and reconstituted in methanol before derivat-
izations for GC-MS analysis.

Derivatization procedures. Monohydroxy linoleate metabolites
were converted to pentafluorobenzyl esters by dissolving the sample

in 10 pJ of diisopropylethylamine and then allowing it to react with

35 .tl of a 12% solution of pentafluorobenzylbromide in acetonitrile
for 15 mm at room temperature. After the reaction mixture was

evaporated to dryness under argon, the samples were further deri-

vatized as trimethylsilyl ethers through the addition of 5 �.tl of pyri-

dine and 25 �il ofbis-(trimethylsilyl)trifluoroacetamide for 30 mm at
room temperature. Solvents were evaporated under argon, and the
sample was reconstituted in 10 �tl of dodecane before GC-MS anal-

ysis.

GC-MS analysis. GC-MS analyses were performed with a Kratos

(Manchester, UK) Concept 15 instrument using a 30-m DB-1 capil-

lary column (0.25 mm inner diameter, 0.25 .tm coating thickness).
Spectra were recorded in the negative ion chemical ionization mode

with methane gas and an electron energy of 70 eV. Helium (head

pressure, 5 p.s.i.) was the carrier gas. For the analysis of 13-HODE,

a temperature program of 100#{176}(1 mm hold) to 300#{176}at 10#{176}/mmwas
used. Chromatograms were recorded with selected ion monitoring of

the (M-pentafluorobenzyl) fragment ions of m/z 367 for d0-13-

HODE and m/z 371 for d4-13-HODE. Calibration curves were pre-

pared with standard solutions of 0.1, 0.5, 1.0, 3.0, 10, and 100 ng/j.tl

authentic d0-13-HODE standard. All samples and standards con-

tamed 1.0 ng/�.tl d4-13-HODE as internal standard (10 pJ total vol-

ume). After integrated GC peak areas corresponding to d0- and

d4-13-HODE were determined, the calibration curve was plotted as
the ratio of peak area d0-13-HODE/peak area d4-13-HODE versus

nanograms ofd0-13-HODE standard. After calculation ofthe ratio of
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d�jd4-13-HODE from GC chromatograms, the amount of sample d0-
13-HODE was determined.

Analysis of DNA synthesis. [3H]Thymidine incorporation was
used to assess DNA synthesis as described in detail previously (12).

Assays were carried out in quintuplicate. SHE cells were cultured at

1 x i03 cells/well in 96-well plates (Costar, Cambridge, MA) in 0.2 ml

of DMEMJ1O% calf serum. Cells were grown to near-confluence and
then incubated for 16 hr in serum-free DMEM. Cells were then

preincubated with various concentrations of vanadate before the

addition of EGF (10 ng/ml) and [3H]thymidine (1 �tCiJwell). DNA

synthesis was assessed through incorporation of radioactive thymi-
dine into trichloroacetic acid-insoluble material after 24 hr. Samples

were processed for liquid scintillation counting in Ecolume.

Anti-phosphotyrosine Western analysis. SHE cells were cul-
tured at 1 x io� cells/100-mm dish and grown to near-confluence.
Cells were incubated in serum-free DMEM for 16 hr and then re-
ceived no treatment (serum-free DMEM only), treatment with EGF

(10 ng/ml) for 1 mm, or pretreatment with 10 jiM methyl-2,5-dihy-

droxycinnamate for 30 mm before the addition of EGF (10 ng/ml) for

1 mm. After incubation, the media were removed, and the cells were
washed with ice-cold phosphate-buffered saline. Cells were then

treated with 250 ,.il of boiling protein sample buffer (5 mM disodium

phosphate, pH 6.8, 2% sodium dodecyl sulfate, 0.1 M dithiothreitol,
10% glycerol, 5% fJ-mercaptoethanol, 0.2% bromophenol blue, 1 mM

sodium orthovanadate, and 1 mM sodium fluoride). Culture dishes
were scraped, and samples were put into plastic tubes and boiled for

5 mm. Samples were then sheared five times through a 25-gauge

needle. Cell extracts were separated through SDS-PAGE (6% acryl-

amide gel) and transferred electrophoretically to nitrocellulose mem-
branes. Membranes were blocked with 5% BSA and then incubated
with mouse monoclonal anti-phosphotyrosine primary antibodies (1:

2000 dilution in 1% BSA). After treatment of the membrane with
peroxidase-linked anti-mouse secondary antibodies (1:5000 dilution

in 1% BSA), peroxidase activity was detected with the use of en-
hanced chemiluminescence reagents from Amersham.

Northern analysis of mRNA for PHS-1 and PHS-2. SHE cells
were made quiescent through incubation for 16 hr in serum-free DMEM

and then treated with DMEM containing either EGF (10 ng/ml) or 10%

fetal bovine serum for 4 hr at 37#{176}.Cells were washed with PBS and
scraped into lysis buffer (0.2 M TrisHCl, pH 8.0, containing 0.2 M NaC1,

1.5 mi� MgC12, 2% SDS, and 200 �ig/ml proteinase K). mENA was

prepared according to the method ofBadley et al. (15) and separated on
0.9% agarose gels containing 1.2% formaldehyde and lx 3-(N-morpho-
lino)propanesulhonic acid running buffer (lx = 4.8 of g 3-(N-morpho-
lino)pmpanesulfonic acid, 1.6 ml of 3 M sodium citrate, and 2 ml of 0.5

M EDTA dissolved in 1 liter of H2O, pH 7.0). RNA was transferred to
nylon membranes (HYBOND-N, Amersham) through capillary blotting

with lOx standard saline citrate (lOx = 87.6 g ofsodium chloride and

44.1 g sodium citrate dissolved in 1 liter ofH2O, pH adjusted to 7.0 with
10 N sodium hydroxide) and cross-linked to the membrane through UV
irradiation (UV Stratalinker, Stratagene). cDNA murine PHS-1 and

PHS-2 probes (Oxford Biomedical) were labeled with [a-32P]dCTP using

the Prime-It 11 random prime kit(Stratagene). Blots were prehybidized
at 440 for 2 hr, followed by hybridization overnight, and then washed at
440 with lx standard saline/phosphate/EDTA buffer (lx = 8.76 g of

sodium chloride, 1.38 g of sodium phosphate, and 0.37 g of EDTA
dissolved in 1 liter of H20, pH adjusted to 7.4 with 10 N sodium

hydroxide) and 0.1% SDS (twice for 15 mm), followed by a final wash for
10 nun with 0.1 x standard salinelphosphate/EDTA and 0.1% SDS.

Authradiographs were prepared by exposing the blot to Hyperfflm-MP
(Amersham).

Western analysis of PHS-2 protein. SHE cells were made quies-

cent through incubation for 16 hr in serum-free DMEM and then
treated with DMEM containing either EGF (10 ng/inl) or 10% fetal

bovine serum for 4 hr at 37#{176}.Cells were washed twice with PBS and

then resuspended in 1 ml of ice-cold 100 misi Tris buffer, pH 8.0,

containing 3 mM EDTA, 0.5 mi� phenylmethylsulfonyl fluoride, and 1

�.tg/ml leupeptin and pepstatin. Cells were sonicated four times for 15

sec at 50% power, and an aliquot was quantified for protein concentra-

tion according to the bicinchoninic acid method. The total protein prep-

aration was boiled in Laemmli sample buffer, separated through SDS-
PAGE, and transferred to HYBOND nitrocellulose (Amersham). Blots
were blocked with 10% milk in 0.1% Tween in PBS before incubation

with murine PHS-2 antibody(Cayman Chemical). Immunoreactive pro-

tein was detected with the use of the enhanced chemilurninescence

Western blotting system (ECL, Amersham).

Results

Our previous work demonstrated that EGF (10 ng/ml, op-
timal mitogenic dose in SHE cells) stimulated the metabo-
lism of exogenous linoleic acid to 13(S)-HODE in quiescent

SHE cells (11). In previous experiments, we used 10 p�M

linoleic acid as substrate and incubated serum-deprived SHE

cells for 4 hr with EGF. 13-HODE production was deter-

mined through HPLC analyses. Although these experiments
implicated the involvement of linoleic acid metabolic path-

ways in EGF signal transduction, the use of micromolar

exogenous substrate does not represent a “normal” physio-

logical condition and does not allow for definitive conclusions
on the importance of 13-HODE in EGF-dependent mitogen-
esis. To further establish the link between EGF-regulated

linoleic acid metabolism and EGF-stimulated cell prolifera-

tion, we needed a more sensitive quantitative assay to deter-
mine the effects of EGF on endogenous linoleic acid metabo-
lism and to measure the kinetics of 13-HODE biosynthesis in

SHE cells. To quantify 13-HODE production, we developed a

stable isotope-dilution GC-MS assay, as described in Exper-

imental Procedures. SHE cells were growth arrested in G0

phase through incubation in serum-free DMEM for 16 hr and

then treated with EGF (10 ng/ml) or vehicle for various time

periods. As seen in Fig. 1, EGF stimulation ofquiescent SHE
cells resulted in a biphasic release of 13-HODE derived from

endogenous linoleic acid. 13-HODE production could be mea-
sured as early as 5 mm after EGF stimulation, and this

initial phase peaked at 1 hr. Between 2 and 4 hr, a second

TIme (hr)

+EGF (10 ng/ml)

-EGF

Fig. 1. Kinetics of endogenous 13-HODE biosynthesis in EGF-stimu-
lated SHE cells. Cells were made quiescent through incubation in
serum-free media for 16 hr and then treated with or without EGF(10
ng/ml) for various time periods at 37#{176}.Acidified organic extracts were
purified through HPLC, and 1 3-HODE fractions converted to the trim-
ethylsilyl ether, pentafluorobenzyl ester derivative. 1 3-HODE levels
were determined through a stable isotope-dilution GC-MS assay as
described in Experimental Procedures. Data points are the average of
duplicate samples. Results are from one experiment and are represen-
tative of at least three different experiments.
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rise in 13-HODE release was observed, and this phase

reached a plateau at 4-6 hr. SHE cells that did not receive

EGF treatment demonstrated a basal production of � 1 ng
13-HODE/106 cells. Thus, EGF increased the release of en-

dogenous 13-HODE by a factor of 20 in the first hour of

treatment and maximally increased 13-HODE levels by 40-

fold over basal levels at 4-6 hr.

We used methyl-2,5-dihydroxycrnnamate, an erbstatin ana-

logue, to test the effect of inhibition of the tyrosine kinase

activity of the EGF receptor on EGF modulation of 13-HODE
biosynthesis at early time points. This compound is reported to
be a specific inhibitor ofthe EGF receptor tyrosine kinase and to
be particularly effective in blocking EGF-dependent mitogenic

responses in intact celis (16). Analysis of SHE cell lysates

through Western immunoblotting with an anti-phosphoty-

rosine specific antibody demonstrated that 10 �M methyl-2,5-

dihydroxycinnamate completely blocked the EGF-dependent
tyrosine phosphorylation of the EGF receptor (170 kDa) and a

prominent band at 120 kDa that corresponds to GTPase-acti-
vating protein(data not shown). Having established that meth-
yl-2,5-dihydroxycinnamate is an effective inhibitor of the EGF

receptor tyrosine kinase in SHE celis, we determined the effect

of this compound on EGF-stimulated endogenous HODE pro-
duction during the early phase of activation. Quiescent SHE

cells were treated with EGF (10 ng/ml) with or without prein-
cubation with 10 j.trvi tyrosine kinase inhibitor, and then 13-
HODE release was measured with the GC-MS assay. The re-
suits in Fig. 2 demonstrate that inhibition of EGF receptor
tyrosine kinase activity completely abolished the EGF-medi-

ated increase in 13-HODE levels during the initial time period.

In a previous report, we showed that the tyrosine kinase inhib-

itor attenuated EGF-stiinulated metabolism of exogenous limo-
leic acid at the 2-4-Kr time period and blocked EGF-dependent

DNA synthesis in SHE celis (11).
To further investigate the regulation of 13-HODE produc-

tion by the tyrosine kinase activity of the EGF receptor, we
examined the effects on EGF-stimulated linoleic acid metab-

olism of inhibiting tyrosine phosphatase activity with vana-

date. Pretreatment ofquiescent SHE cells with 10 ,.tM sodium

orthovanadate before EGF stimulation resulted in an in-

Fig. 2. Effect of the tyrosine kinase inhibitor (TKI), methyl-2,5-dihy-
droxycinnamate, on EGF-stimulated endogenous 1 3-HODE biosynthe-
sis. Quiescent SHE cells were treated with EGF (1 0 ng/ml) with or
without preincubation with 10 .tM methyl-2,5-dihydroxycinnamate and
13-HODE formation determined through the GC-MS assay as de-
scnbed in Experimental Procedures and in the legend to Fig. 1 . Points,
average of duplicate samples. Results are from one experiment and are
representative of two different experiments.

crease in both the level and duration of tyrosine phosphory-

lation of the EGF receptor as assessed with anti-phosphoty-
rosine immunoblot analyses (data not shown). Moreover,

vanadate produced a dose-dependent increase in EGF-stim-

ulated DNA synthesis with maximal effect at 10 �M (data not
shown). Thus, inhibition of tyrosine phosphatase activity

with vanadate augments the tyrosine autophosphorylation of
the EGF receptor and enhances the EGF mitogenic response

in SHE cells. To assess the effects ofvanadate on linoleic acid
metabolism, serum-deprived SHE cells were incubated with
10 p.M [‘4Cllinoleic acid for 4 hr at 37#{176}.During this incuba-
tion, cells received either no additional stimulus, EGF (10

ng/ml), pretreatment with 10 �tM sodium orthovanadate fol-
lowed by EGF (10 ng/ml), or pretreatment with vanadate

alone. Lipid extracts were analyzed through reverse-phase

HPLC, and 13-HODE production was determined through

integration of chromatographic peak areas normalized to

recovery of [3HIPGB1 internal standard. The data are sum-

marized in Table 1 and reveal that vanadate enhanced EGF-

stimulated HODE production by -3-fold. Vanadate treat-
ment alone had no effect on linoleic acid metabolism in SHE

cells. These results demonstrate that inhibition of tyrosine
phosphatase activity potentiates the signal transduction

pathway linked with EGF-dependent 13-HODE biosynthesis.
A potential candidate for the enzyme that metabolizes

linoleic acid to 13(S)-HODE is PHS. PHS exists in two known
isoforms: the constitutively expressed PHS-1 and the induc-

ible form, PHS-2, which can be regulated through a variety of
inflammatory stimuli and growth factors, including EGF

(17-21). Literature reports have shown that linoleic acid is

converted to 9- and 13-HODE by PHS, with 9-HODE as the

major product (22-26). Moreover, linoleic acid was found to
be a poor substrate for PHS, and HODE formation was in-

hibited by indomethacin and other nonsteroidal anti-inflam-

matory drugs (22, 23). However, these studies have primarily

dealt with linoleic acid metabolism by PHS-1. Linoleic acid

was recently found to be a better substrate for PHS-2 (26),

and this inducible isoform has different sensitivities to inhi-

bition by various nonsteroidal anti-inflammatory drugs com-
pared with PHS-1 (27-29). Thus, we wanted to examine the

EGF regulation of PHS-1 and PHS-2 in SHE cells and deter-
mine the plausability ofthis biosynthetic pathway contribut-
ing to EGF-dependent 13(S)-HODE production.

EGF (10 ng/mI) Quiescent SHE cells were treated with DMEM containing

TABLE 1

Effect of vanadate on EGF-stimulated 13-HODE formation in SHE
cells
Serum-deprived SHE cells were incubated with 1 �.tM [14c]linoleic acid for 4 hr at
37�. During this incubation, cells received either no additional stimulus, EGF (1
ng/ml), pretreatment with 1 0 p,i sodium orthovanadate followed by EGF, or
pretreatment with vanadate alone. Acidified organic extracts were analyzed
through reverse-phase HPLC as described in Experimental Procedures. 13-

HODE formation was determined through integration of chromatographic peak
areas normalized to recovery of [‘H]PGB1 intemal standard. Data are the average
of duplicate samples. Results are from one experiment and are representative of
two different experiments.

Treatment HODE peak area
(normalized)

dpm

[14C]Linoleic acid (10 �.tM) <2,000
+ EGF (1 0 ng/mI) 58,900
+ EGF + vanadate (1 0 �tM) 143,400
+ Vanadate (10 �.tM) <2,000
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either EGF (10 ng/ml) or 10% fetal bovine serum for 4 hr at 37#{176}.

SHE cell mRNA was analyzed by Northern analysis with spe-

cific cDNA probes for PHS-1 (which recognize a 2.8-kb message)

and PHS-2 (which recognize a 4.5-kb message). As shown in
Fig. 3, PHS-1 mRNA is not present at detectable levels and is

not regulated by EGF or 10% fetal calf serum. Serum-deprived

SHE cells also do not have measurable PHS-2 message, and

EGF treatment produced only a very faint increase in detect-
able PHS-2 mRNA. However, serum treatment induced a
strong increase in PHS-2 message at 4.5 kb. Similar results

were obtained with Western analysis of SHE cell samples of
microsomal proteins fractionated through SDS-PAGE and im-

munoblotted with primary antibody raised against murine

PHS-2 (Fig. 4). PHS-2 protein was not detected in quiescent or
EGF-treated cells, but serum stimulation did enhance PHS-2

protein levels as measured by the presence of an iminunoreac-

tive band at 70 kDa. Treatment of quiescent SHE cells with

10% fetal bovine serum did stimulate linoleic acid metabolism,

with the predominant product characterized by HPLC analysis

as 9-HODE (data not shown). As noted previously, 9-HODE is

another linoleate metabolite that enhances growth factor-in-

duced proliferative responses in the SHE cell model system (11).

Serum-stimulated 9-HODE formation was blocked by indo-

methacin (10 �tM). These results demonstrate that EGF does not

induce PHS-2 in SHE cells. SHE cell PHS-2 can be induced by

serum, but this pathway oflinoleic acid metabolism leads to the

formation of 9-HODE, not 13-HODE. Thus, EGF-stimulated
production of 13-HODE, a potent mitogenic compound in SHE

cells, is not through transcriptional or translational regulation

of inducible PHS.
In our previous work, we found that cyclohexamide and

actinomycin D blocked the second phase (2-6 hr) of EGF-

stimulated 13-HODE production (1 1). These findings suggest

a potential transcriptional and/or translational regulation of

the enzyme(s) responsible for 13-HODE biosynthesis in SHE

cells. 13-HODE production was blocked by nordihydroguai-

aretic acid (a lipoxygenase inhibitor) but not by indomethacin

SHE Cell mRNA

M4JrIne
PHS-1

� E
U-

2W
U + +

,�

�: �

. . � .

.:�.

�_. - �-actin

Fig. 3. Effect of EGF and serum on PHS-1 and PHS-2 mRNA levels in
SHE cells. Quiescent cells were treated with vehicle, EGF (10 ng/ml), or
10% fetal bovine serum for 4 hr at 37#{176}.mRNA was prepared from cell
lysates as described in Experimental Procedures and analyzed through

Northern blot analysis with cDNA probes for murine PHS-1 and PHS-2.

SHE Cell Microsomal Protein
Anti-munne PHS � 2

E
U..

.� w
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-‘116 Kd
- 97
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-55

Fig. 4. Effect of EGF and serum on PHS-2 protein levels in SHE cells.
Quiescent cells were treated with vehicle, EGF (1 0 ng/ml), or 10% fetal
bovine serum for 4 hr at 37#{176}.Protein samples were prepared as de-
scribed in Experimental Procedures and analyzed through Western
immunoblot analysis with an anti-murine PHS-2 antibody.

(a PHS inhibitor) (11). Based on a rigorous positional and
stereochemical characterization of linoleate products formed

in SHE cells (12), we postulated that 13-HODE was formed
via an n-6 lipoxygenase pathway. Using an antibody directed

against human 15-lipoxygenase for Western analysis, we did

not detect an immunoreactive band at 70 kDa (expected
molecular mass for a lipoxygenase) in SHE cell lysates (data

not shown). The anti-15-lipoxygenase antibody did immuno-

react with a protein band at 97 kDa, and this band is not seen

with preimmune rabbit sera. The protein levels at 97 kDa do
not seem to be regulated by EGF, and we have not charac-
terized this protein as a lipoxygenase.

Discussion

13(S)-HODE has been characterized as a potent lipid me-

diator of EGF-dependent DNA synthesis in SHE cells and in

BALB/c 3T3 fibroblasts (10-12). Linoleate metabolites are

described as bioactive compounds involved in a variety of

biological processes. However, defining the precise role of

HODEs in signal transduction pathways has been impeded

by the lack of commercially available assays such as radio-

immunoassays and enzyme immunoassays. Accordingly,

most studies of linoleic acid metabolic pathways have relied

on the use of exogenous radiolabeled substrate. The question

of whether cellular metabolism of micromolar levels of exog-
enously supplied substrate can be correlated with endoge-

nous biosynthesis of linoleate metabolites remains unan-

swered. This report represents one of a few studies to

demonstrate the regulation of endogenous linoleic acid me-

tabolism by a physiological stimulus. We present direct evi-
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dence that EGF stimulates the endogenous production and

release of 13(S)-HODE in SHE cells. We quantified 13-HODE

production by development of a stable isotope-dilution
GC-MS assay. Through the use of this assay, we observed

EGF (10 ng/ml) to stimulate a release of2O-40 ng 13-HODE/

106 cells. Because 13-HODE was found to be active in poten-

tiating EGF-dependent DNA synthesis at nanomolar concen-

trations (11), this production of endogenous 13-HODE is
clearly at a level sufficient to produce a biological effect. We

also defined the kinetics of 13-HODE biosynthesis after EGF
activation of quiescent SHE cells. EGF stimulates a biphasic
production of 13-HODE, with an early phase of 0-30 mm
followed by a rise in 13-HODE levels at 2-4 hr.

EGF stimulation of 13-HODE formation is linked with

activation of the EGF receptor tyrosine kinase. Inhibition of

EGF receptor tyrosine kinase activity with methyl-2,5-dihy-

droxycinnamate completely blocked EGF-dependent linoleic

acid metabolism in SHE cells. We have previously shown

methyl-2,5-dihydroxycinnamate to be a potent inhibitor of
EGF-stimulated DNA synthesis in SHE cells (11); in this
report, we demonstrate that the compound blocks the ty-

rosine phosphorylation of the EGF receptor as determined

through Western immunoblot analysis with an anti-phospho-
tyrosine antibody. In contrast, potentiation of the EGF re-
ceptor tyrosine phosphorylation cascade by treating SHE

cells with the tyrosine phosphatase inhibitor vanadate re-
sulted in a 3-fold increase in EGF-stimulated 13-HODE pro-

duction. Thus, 13-HODE biosynthesis is attenuated by

agents that inhibit tyrosine phosphorylation of the EGF re-

ceptor and block mitogenesis; correspondingly, 13-HODE for-

mation is increased by compounds that augment tyrosine
phosphorylation and enhance mitogenesis.

The close association in SHE cells between EGF-regulated

linoleic acid metabolism and the EGF receptor tyrosine kinase

activity strengthens the argument for the importance of specific

linoleate products in mediating mitogenic signal transduction.

Ligand activation of the receptor tyrosine kinase is the initial

and critical step in the EGF signaling pathway. This finding

has been clearly demonstrated by studies with site-directed

mutagenesis of Lys721 of the EGF receptor (4-6). This residue

is the ATP binding site and is required for catalytic activity (30).

EGF-stimulated biochemical responses are abolished in cells
that express EGF receptor mutants that are tyrosine kinase

defective but retain ligand binding capability (4-6).
One mechanism by which EGF stimulates cis-unsaturated

fatty acid metabolism is through transcriptional and transla-

tional regulation ofPHS-2 (17-21). Growth factor and cytokine

induction ofPHS-2 has been hypothesized as a key event in the

mediation of various inflammatory and proliferative disease
states (17-21). Our Western and Northern analyses of PHS-1

and PHS-2 clearly show that EGF does not increase expression
ofthese enzymes in SHE cells. In addition, analytical chemical

and structural studies indicate that the biologically active
13(S)-HODE is not generated through the PHS pathway in this

cell line. All of the present data suggest that 13(S)-HODE is

formed by a n-6 lipoxygenase reaction with linoleic acid.

Compared with PHS, less information is available regarding

induction of lipoxygenase enzymes by physiological stimuli.

One cell type in which EGF regulates the protein and mRNA

levels of a lipoxygenase is the human epidermoid carcinoma

A431 cell (31). In these cells, which overexpress EGF receptor,
EGF induces a microsomal 12-lipoxygenase identified as the

platelet-type enzyme (32). The EGF effect on 12-lipoxygenase

expression seems to be mediated in part via protein kinase C

activation (33). The involvement of 12-lipoxygenase-derived
metabolites in EGF signal transduction in A431 cells has not

been established. Transcriptional regulation of a 15-lipoxygen-

ase has been described in human monocytes in which interleu-

kin-4 and -13 stimulate expression of 15-lipoxygenase mRNA

and protein with this induction inhibited by interferon-y (34,

35). In our studies with EGF-activated SHE cells, the use of

Western immunoblot analysis with an anti-human 15-lipoxy-

genase antibody did not detect a protein of the expected molec-

ular mass ofa lipoxygenase (70 kDa) in total celllysates. We did

observe an immunoreactive band at 97 kDa, and the levels of

this protein did not change with EGF treatment at time points

corresponding to the kinetics of increased 13(S)-HODE biosyn-

thesis. Our future efforts toward identifying the enzyme respon-

sible for 13(S)-HODE formation will focus on examining immu-

noprecipitates with the use of various 15- and 12-lipoxygenase

antibodies and on characterizing lipoxygenase-related proteins.

Furthermore, polymerase chain reaction techniques will be
used in strategies designed to isolate and sequence the cDNA

for the SHE cell lipoxygenase gene, leading to the cloning and

expression ofactive enzyme. These investigations may generate

the tools necessary to determine the possible induction of a

lipoxygenase by EGF.

Other, more direct mechanisms may be important in EGF

receptor regulation of 13(S)-HODE formation. These pro-
cesses may be particularly relevant during the early phase of
EGF-dependent 13-HODE biosynthesis observed in SHE
cells. Precedents exist in the literature for EGF receptor

tyrosine kinase regulation of enzymes involved in lipid bio-

synthetic pathways. Two ofthe best characterized substrates

for the EGF receptor tyrosine kinase are phoshpholipase C--y

and phosphatidylinositol-3-kinase (36-41). Phosphorylation

of these enzymes on tyrosine residues increases catalytic

activity and results in the production oflipid mediators such

as diacylglycerol and arachidonic and linoleic acids. Down-

stream EGF receptor signaling activates mitogen-activated
protein kinase (42, 43), which can subsequently stimulate

cytosolic phospholipase A2 activity and increase free acid

substrate availability (44, 45). Recent reports reveal that

human 5-lipoxygenase contains a proline-rich sequence that

is a functional src-homology 3 binding motif (46). Through

this site, 5-lipoxygenase can interact with growth factor re-
ceptor-bound protein-2, an “adaptor” protein that is involved
in tyrosine kinase-mediated cell signaling. This protein bind-

ing may be important in the translocation, compartmental-

ization, and activation of 5-lipoxygenase and demonstrate a

point of interaction between lipoxygenases and tyrosine ki-

nase signaling pathways. Interestingly, in rat basophilic leu-

kemia cells, 5-lipoxygenase was observed to be associated

primarily with the nucleus, raising the intriguing concept

that 5-lipoxygenase protein or its metabolites function as

intranuclear signals (47). The link between growth factor-

activated tyrosine kinases and lipoxygenase translocation to

the nucleus remains to be fully determined. Our work in SHE

cells provides a striking example of EGF receptor-regulated

production ofa potent lipid mediator involved in mitogenesis.
This system serves as a potential model with which to define

the mechanism of growth factor control of lipoxygenase ac-

tivity and to establish the role of this metabolic pathway in

proliferative signal transduction.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


I 048 Glasgow et aL

Acknowledgments

The anti-phosphotyrosine immunoblots were done with the help of

Carol Prokop and Dr. Shelton Earp (Lineberger Comprehensive Can-
cer Center, University of North Carolina at Chapel Hill). The SHE
cell lines were developed in the laboratory of Dr. J. Carl Barrett. We
thank Angela L. Everhart for her expert technical assistance.

References

1. Ullrich, A., and J. Schlessinger. Signal transduction by receptors with

tyrosine kinase activity. Cell 61:203-212 (1990).
2. Aaronson, S. A. Growth factors and cancer. Science (Washington D. C.)

254:1146-1153 (1991).

3. Carpenter, G., and S. Cohen. Epidermal growth factor. J. Biol. Chem.
265:7709-7712 (1990).

4. Chen, W. S., C. S. Lazar, M. Poeme, R Y. Tsien, G. N. Gill, and M. G.
Rosenfeld. Requirement for intrinsic protein tyrosine kinase in the immediate
and late actions ofthe EGF receptor. Nature (Lond.) 32&820-823 (1987).

5. Honegger, A. M., D. Szapary, A. Schmidt, R Lyall, E. Van Obberghen, T. J.
Dull, A. ljllrich, and J. ScMessmger. A mutant epidermal growth factor with
defective protein tyrosine kinase is unable to stimulate proto-oncogene ex-

pression and DNA synthesis. Mol. Cell. Biol. 7:4568-4571 (1987).
6. Honegger, A. M., T. J. Dull, S. Felder, E. Van Obberghen, F. Bellot, D.

Szapary, A. Schmidt, A. Ullrich, and J. Schlessinger. Point mutation at the
ATP binding site of EGF receptor abolishes protein-tyrosine kinase activ-
ity and alters cellular routing. Cell 51:199-209 (1987).

7. Casey, M. L., K. Korte, and P. C. MacDonald. Epidermal growth factor
stimulation of prostaglandin E2 biosynthesis in amnion cells: induction of
prostaglandin H2 synthase. J. Biol. Chem. 263:7846-7854 (1988).

8. Yokota, K., M. Kusaka, T. Ohshima, S. Yamamoto, N. Kurihara, T. Yo-
shino, and M. Kumegawa. Stimulation of prostaglandin E2 synthesis in
cloned osteoblastic cells ofmouse (MC3T3-E1) by epidermal growth factor.
J. Biol. Chem. 261:15410-15415 (1986).

9. Nolan, R. D., R. M. Danilowicz, and T. E. Eling. Role of arachidonic acid
metabolism in the mitogenic response of BALB/c3T3 fibroblasts to epider-
mal growth factor. Mol. Pharmacol. 33:650-656 (1988).

10. Glasgow, W. C., and T. E. Eling. Epidermal growth factor stimulates
linoleic acid metabolism in BALB/c 3T3 fibroblasts. Mol. Pharmacol. 38:
503-510 (1990).

11. Glasgow, W. C., C. A. Afshari, J. C. Barrett, and T. E. Eling. Modulation
of the epidermal growth factor mitogenic response by metabolites of lino-
leic and arachidonic acid in Syrian hamster embryo fibroblasts: difleren-
tial effects in tumor suppressor gene (+) and (-) phenotypes. J. Biol.
Chem. 267:10771-10779 (1992).

12. Glasgow, W. C., and T. E. Eling. Structure-activity relationship for poten-
tiation of EGF-dependent mitogenesis by oxygenated metabolites of limo-
leic acid. Arch. Biochem. Biophys. 311:286-292 (1994).

13. Koi, M., and J. C. Barrett. Loss of tumor-suppressor function during
chemical induced neoplastic progression of Syrian hamster embryo cells.
Proc. Natl. Acad. Sci. USA 83:5992-5996 (1986).

14. Koi, M., C. A. Afshari, L. A. Annab, and J. C. Barrett. Role of a tumor-
suppressor gene in the negative control of anchorage-independent growth
of Syrian hamster cells. Proc. Nati. Aced. Sci. USA 86:8773-8777 (1989).

15. Badley, J. E., G. T. Bishop, T. St. John, and J. A. Frelinger. A simple, rapid
method for the purification of poiy A+ RNA. Biotechniques 6:114-116
(1988).

16. Umezawa, K., T. Hori, H. Tajima, M. Imoto, K. Isshiki, and T. Takeuchi.

Inhibition of epidermal growth factor-induced DNA synthesis by tyrosine
kinase inhibitors. FEBS Lett. 260:198-200 (1990).

17. Maier, J. A., T. Wa, and T. Maciag. Cyclooxygenase is an immediate-early
gene induced by interleukin-1 in human endothelial cells. J. Biol. Chem.
265:10805-10808 (1990).

18. O’Bamon, M. K., V. D. Wimn, and D. A. Young. cDNA cloning and func-
tional activity of a glucocorticoid-regulated inflammatory cyclooxygenase.
Proc. Nati. Acad. Sci. USA 89:4888-4892 (1992).

19. Xie, W., J. G. Chipman, D. L Robertson, R L. Erikson, and D. L Simmons.

Expression of a mitogen-respomsive gene encoding prostaglandin synthase is

regulated by mRNA splicing. Proc. Natl. Acad. Sci. USA 88:2692-2696(1991).
20. Kujubu, D. A., B. S. Fletcher, C. R. Varnum, W. Lim, and H. Herschman.

Dexamethasone inhibits mitogen induction of the TIS1O prostaglandin

synthase/cyclooxygenase gene. J. Biol. Chem. 266:12866-12872 (1991).
21. Masferer, J. L., K. Seibert, B. S. Zweifel, and P. Needleman. Endogenous

glucocorticoids regulate an inducible cyclooxygenase enzyme. Proc. Natl.
Acad. Sci. USA 89:3917-3921 (1992).

22. Hamberg, M., and B. Samuelsson. Oxygenation of unsaturated fatty acids
by the vesicular gland of sheep. J. Biol. Chem. 242:5344-5354 (1967).

23. Hubbard, W. C., A. J. Hough, Jr., A. R. Brash, J. T. Watson, and J. A.
Oates. Metabolism of linoleic and arachidonic acids in VX2 carcinoma
tissue: identification of monohydroxy octadecadienoic acids and monohy-
droxy eicosatetraenoic acids. Prostaglandin.s 20:431-447 (1980).

24. Kaduce, T. L., P. H. Figard, R. Leifur, and A. A. Spector. Formation of
9-hydroxyoctadecadienoic acid from linoleic acid in endothelial cells. J.
Biol. Chem. 264:6823-6830 (1989).

25. Funk, C. D., and W. S. Powell. Metabolism oflinoleic acid by prostaglandin
endoperoxide synthase from adult and fetal blood vessels. Biochim. Bio-
phys. Acta 754:135-141 (1983).

26. Percival, M. D., M. Ouellet, C. J. Vincent, J. A. Yergey, B. P. Kennedy, and
G. P. O’Neill. Purification and characterization of recombinant human
cyclooxygenase-2. Arch. Biochem. Biophys. 315:111-118 (1994).

27. Reitz, D. B., J. J. Li, M. B. Norton, E. J. Reinhard, J. T. Collins, G. D.
Anderson, S. A. Gregory, C. M. Koboldt, W. E. Perkins, K. Seibert, and P.
C. Isakson. Selective cyclooxygenase inhibitors: novel 1,2-diarylcyclo-
pentenes are potent and orally active COX-2 inhibitors. J. Med. Chem.
37:3878-3881 (1994).

28. Meade, E. A., W. L. Smith, and D. L. DeWitt. Differential inhibition of
prostaglandin endoperoxide synthase (cyclooxygenase) msozymes by aspi-
rin and other non-steroidal anti-inflammatory drugs. J. Biol. Chem. 268:
6610-6614 (1993).

29. Mitchell, J. A., P. Akarasereenont, C. Thiemermann, R. J. Flower, and J.
R. Vane. Selectivity of nonsteroidal antiinflammatory drugs as inhibitors
of constitutive and inducible cyclooxygenase. Proc. Natl. Acad. Sci. USA
90:11693-11697 (1994).

30. Russo, M. W., T. J. Lukas, S. Cohen, and J. V. Staros. Identification of
residues in the nucleotide binding site of the epidermal growth factor
receptor/kinase. J. Biol. Chem. 260:5205-5208 (1985).

31. Chang, W. C., C. C. Ning, M. T. Lm, and J. D. Huang. Epidermal growth

factor enhances a microsomal 12-lipoxygenase activity in A431 cells. J.
Biol. Chem. 267:3657-3666 (1992).

32. Chang, W. C., Y. W. Liu, C. C. Ning, H. Suzuki, T. Yoshimoto, and S.
Yamamoto. Induction of arachidonate 12-lipoxygenase mRNA by epider-
mal growth factor in A431 cells. J. Biol. Chem. 268:18734-18739 (1993).

33. Liu, Y. W., Y. Asaoka, H. Suzuki, T. Yoshimoto, S. Yamamoto, and W. C.
Chang. Induction of 12-lipoxygenase expression by epidermal growth fac-
tor is mediated by protein kinase C in A431 cells. J. Pharmacol. Exp. Ther.
271:567-573 (1994).

34. Conrad, D. J., H. Kuhn, M. Mulkins, E. Highland, and E. Sigal. Specific
inflammatory cytokines regulate the expression of human monocyte 15-
lipoxygenase. Proc. NatI. Acad. Sci. USA 89:217-221 (1992).

35. Nassar, G. M., J. D. Morrow, L. J. Roberts, F. G. Lakkis, and K F. Badr.
Induction of 15-lipoxygenase expression by interleukin-13 in human blood

monocytes. J. Biol. Chem. 269:27631-27634 (1994).
36. Rhee, S. G., S. Pann-Gill, R. Sung-Ho, and S. Y. Lee. Studies of inositol

phospholipid-specific phospholipase C. Science (Washington D. C.) 244:
546-550 (1989).

37. Wahl, M. I., S. Nishibe, P. G. Suh, S. G. Rhee, and G. Carpenter. Epider-
mal growth factor stimulated tyrosine phosphorylation of phospholipase
C-I! independently of receptor internalization and extracellular calcium.
Proc. Natl. Acad. Sci. USA 36:1568-1572 (1989).

38. Margolis, B., S. G. Rhee, S. Felder, M. Mervic, R Lyall, A. Levitsky, A.
Ulirich, A. Zilberstein, and J. Schlessinger. EGF induces tyrosine phos-
phorylation ofphospholipase C-Il: a potential mechanism for EGF receptor

signaling. Cell 57:1101-1107 (1989).
39. Meisenhelder, J., P. G. Suh, S. G. Rhee, and T. Hunter. Phospholipase

C-gamma is a substrate for the PDGF and EGF receptor protein-tyrosine
kinases in vivo and in vitro. Cell 57:1109-1122 (1989).

40. Whittman, M., and L. Cantley. Phosphoinositide metabolism and the
control of cell proliferation. Biochim. Biophys. Acta 948:327-344 (1988).

41. Pignatoro, 0. R., and M. Ascoli. Epidermal growth factor increases the
labeling of phosphatidylinositol 3,4-bisphosphate in MA-lO Leydig tumor
cells. J. Biol. Chem. 265:1718-1723 (1990).

42. Rossomando, A. J., D. M. Payne, M. J. Weber, and T. W. Sturgill. Evidence
that pp-42, a major tyrosine kinase target protein, is a mitogen-activated
serin&threonine protein kinase. Proc. Natl. Acad. Sci. USA 86:6940-6943
(1989).

43. Sturgill, T. W., L. B. Ray, E. Erikson, and J. L. Mailer. Insulin-stimulated
MAP-2 kinase phosphorylates and activates ribosomal protein 56 kinase
II. Nature (Lond.) 334:715-718 (1988).

44. Lin, L. L., M. Wartmann, A. Y. Lin, J. L. Knopf, A. Seth, and R. J. Davis.
cPLA2 is phosphorylated and activated by MAP kinase. Cell 72:269-278
(1993).

45. NemenofT, R. A., S. Winitz, N. X. Qian, V. V. Putten, G. L. Johnson, and L.
E. Heasley. Phosphorylation and activation of a high molecular weight

form of phospholipase A2 by p42 microtubule-associated protein 2 kinase
and protein kinase C. J. Biol Chem. 268:1960-1964 (1993).

46. Lepley, R. A., and F. A. Fitzpatrick. 5-Lipoxygenase contains a functional Sm
homology 3-binding motif that interacts with the Sm homology 3 domain of
Grb2 and cytoskeletal proteins. J. Biol. Chem. 269:24163-24168 (1994).

47. Brock, T. G., R. Paine, and M. Peters-Golden. Localization of 5-lipoxygen-

ase to the nucleus of unstimulated rat basophulic leukemia cells. J. Biol.
Chem. 269:22059-22066 (1994).

Send reprint requests to: Dr. Wayne C. Glasgow, NIEHS, NIH, P.O. Box
12233, MD E4-09, Research Triangle Park, NC 27709. E-mail:
glasgow@thehs.nih.gov

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



