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sis has mainly been studied in ras transformed cells
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Here we show that vascular endothelial growth fac-
or (VEGF) mRNA expression is up-regulated in onco-
ene transformed rat liver epithelial (RLE) cell lines
nd that the extracellular signal-regulated kinase
ERK) and p38 kinase differentially regulate the
ncogene-mediated stimulation of VEGF. The highest
evel of VEGF mRNA expression was observed in the
-H-ras transformed RLE cell line, followed by the
-raf and v-myc transformed lines. The PD98059 MEK
nhibitor was used to block the ERK pathway and
B203580 inhibitor to block the p38 pathway. The par-
nt and the v-H-ras transformed RLE cell lines showed
p-regulation of VEGF RNA expression through the
RK pathway and down-regulation of VEGF through

he p38 pathway. VEGF was regulated in a comparable
anner in a human breast carcinoma cell line. In the

-raf and v-myc transformed RLE lines, positive regu-
ation of VEGF was transduced through the p38 path-
ay. These findings suggest that (1) oncogenic ras dif-

ers from raf and myc in the recruitment of the MAPK
ignaling pathways for VEGF regulation; (2) that
EGF is regulated in ras transformed and human can-
er cell lines in a positive and negative manner by the
RK and p38 signaling pathways. © 2000 Academic Press

Formation of new blood vessels is required for sup-
orting growth of solid tumors (1). VEGF is an impor-
ant angiogenic factor, which has been shown to be
ssential in experimental tumorigenesis (2, 3) and is
xpressed in different types of human cancers (4).
EGF expression is induced by various cytokines and
rowth factors (4, 5). The relationship between onco-
ene activation and the induction of tumor angiogene-

Abbreviations used: VEGF, vascular endothelial growth factor;
LE, rat liver epithelial; ERK, extracellular signal-mediated kinase;
APDH, glyceraldehyde-3-phosphate dehydrogenase.
1 To whom correspondence should be addressed at Building 37,

oom 2A19. Fax: 301-402-0153. E-mail: thorgeiu@dc37a.nci.nih.gov.
108006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
6). Mutant ras has been shown to contribute to angio-
enesis through up-regulation of VEGF expression (7,
) and stabilization of VEGF mRNA (9). Further evi-
ence that VEGF is important for ras-induced tumor-
genesis came from a study on H-ras transformed em-
ryonic fibroblasts with null mutations in both alleles
f VEGF (10). However, the role of activated ras in
umor maintenance is believed to go beyond the regu-
ation of VEGF expression (11).

The MAPK cascade is one of four signal transduction
ystems used by mammalian cells. It has been classi-
ed into the ERK, JNK, and p38 signaling pathways
12). Phosphorylated MAPK can activate a range of
ubstrates, including transcription factors, which re-
ults in increased or decreased expression of target
enes. It has been shown that ras induces VEGF
RNA expression through ERK kinase activation (13).
ignaling pathways underlying induction of VEGF by
he raf or myc oncogenes remain to be elucidated.

The objective of the present study was to examine if
he ERK and p38 pathways are involved in VEGF
nduction in cloned cell lines, derived from v-H-ras,
-raf, and v-myc transformed RLE cell lines. These
ines have been extensively studied with respect to
arious parameters associated with carcinogenesis
14–20). We show that stimulation of VEGF expression
n v-H-ras transformed RLE cells is transduced
hrough the ERK pathway, whereas the p38 pathway
s used for VEGF stimulation in the v-raf and v-myc
ransformed cells.

ATERIALS AND METHODS

The origin and the characterization of the rat liver epithelial
RLE)-derived cell lines was described previously (14–19). Briefly,
he RLE cells were originally derived from the liver of 10-day old
ischer 344 rats. They were infected with retroviral constructs con-
aining the following oncogenes: v-H-ras (pRNR16), v-raf (3611-
SV), or v-myc (J-5). The cell lines were maintained in Ham’s F12
edium (Biofluids, Rockville, MD), 2 mM L-glutamine, 50 mg/l,



gentamicin sulfate (Gibco, Grand Island, NY), and 10% fetal bovine
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erum (Biofluids, Rockville, MD). The MCF-7 human breast cancer
ell line was maintained in Eagle’s minimum essential medium with
arle’s balanced salt solution supplemented with non-essential
mino acids, 2 mM L-glutamine, and 10% fetal bovine serum (FBS).
ll cell lines were maintained at 37°C in a humidified atmosphere of
% CO2 and 95% air.
PD98059, a selective inhibitor of ERK activator, MEK1 (New En-

land BioLabs, Beverly, MA) and SB203580, a p38 kinase specific
nhibitor (Sigma Chemical Company, St. Louis, MO) were dissolved
n DMSO to make stock solution of 50 mM and 10 mM. The cell lines
ere trypsinized and plated at the density of 2 3 106 cells per 100
m dish in 10 ml of culture medium described above with 0.5% FBS,

nstead of 10%. After overnight incubation, confluent cell cultures
ere changed to 10 ml of medium containing 10 ml of DMSO (con-

rol), 10 ml of 50 mM PD98059 (final conc. 50 mM), or 10 ml of 10 mM
B203580 (final conc. 10 mM). After 6 h of treatment, extraction of
otal RNA and preparation of whole cell lysates were carried out as
escribed below. All experiments were repeated 2–4 times.
Total RNA was extracted using RNA Zol B (Tel Test Inc.) according

o the manufacturer’s instruction. For Northern blot analysis, 10 mg
liquots of total RNA were run on 1% agarose/2.2.M formaldehyde
el, immobilized onto a nylon membrane and hybridized with 1 3 106

pm/ml of 32P-labeled rat or human VEGF cDNA probes. Quantita-
ion of VEGF mRNA expression was carried out using PhosporIm-
ger (Molecular Dynamics; software: Image Quant). The 18S RNA
tained with ethidium bromide or GAPDH expression levels were
sed for control of RNA loading.
Western blot hybridization was carried out on RLE cell lines with

nd without PD98059 and SB203580. Confluent cells in 100 mm
ishes were disrupted in 500 ml of lysis buffer which consisted of 10
M Tris (pH 7.5), 10 mM EDTA, and 0.5% Triton X-100. The mix-

ure was then sonicated (2 3 10-s pulses), and the supernatant
as stored at 220°C after centrifugation at 15000 g for 15 min.
rotein concentrations were determined using the BCA method

Pierce, Rockford IL), and 5 mg aliquots of total protein were boiled
or 3 min together with 2 X loading buffer (Novex, San Diego, CA).
DS-PAGE was carried out using 12% tris-glycine polyacrylamide
els (Novex, San Diego, CA) at a constant 120 V for 1 h and 30 min

FIG. 1. Northern blot analysis of VEGF mRNA expression in
arent, v-H-ras, v-raf, and v-myc transformed RLE cell lines in the
resence and absence of an ERK pathway specific inhibitor,
D98059. Ethidium bromide staining of 18S RNA shows loading of
otal RNA. Bar graphs indicate relative VEGF mRNA levels of the
ncogene transformed cells, compared to the basal expression by the
arent RLE cell line.
109
n a Novex XCell II minicell (San Diego, CA). Transfer of protein
rom gels to PVDF (polyvinylidene difluoride) membranes (Novex,
an Diego, CA) was accomplished in 2 h using a Novex XCell II Blot
odule (Novex, San Diego, CA) at a constant 30 V. After incubating

he membrane in a blocking buffer (Tris Buffered Saline with 0.2%
ween 20 and 7.5% non-fat dry milk) for 1 h, PhosphorPlus p44/p42
AP kinase (Thr202/Tyr204) Antibody kit and p38 kinase sampler

it (New England BioLabs, Beverly, MA) were used to detect phos-
horylated and non-phosphorylated MAP kinases, respectively, ac-
ording to the manufacturer’s instructions. The signal was visualized
y exposing the blot to X-ray film (Amersham-Pharmacia, Piscat-
way, NJ) for 10 to 60 s.

ESULTS

egulation of VEGF by the ERK and p38 Signaling
Pathways

Northern blot analysis was carried out to determine
he relative contribution of the ERK and p38 pathways
o regulation of VEGF mRNA expression in the parent
nd transformed RLE cell lines. Of the three trans-
ormed cell lines the v-H-ras transformant displayed
he highest VEGF mRNA level, followed by the v-raf
nd the v-myc transformant (Figs. 1 and 2).
To find out if VEGF expression was dependent upon

ignaling through the ERK pathway, it was blocked by
he MEK1 specific inhibitor, PD98059. The ERK path-
ay was critical for stimulation of VEGF in the parent
LE cell line, since the PD98059 treatment resulted in
complete loss of the VEGF signal (Fig. 1). Blocking of

he ERK pathway with PD98059 resulted in a 2.7-fold
ecrease in the level of VEGF expression in the v-H-ras
ransformed line, but had minimal effect on VEGF

FIG. 2. Northern blot analysis of VEGF mRNA expression in
arent, v-H-ras, v-raf, and v-myc transformed RLE cell lines in the
resence and absence of a p38 kinase pathway inhibitor, SB203580.
APDH is used to control loading of RNA. Bar graphs indicate

elative VEGF mRNA levels of the oncogene transformed cells, com-
ared to basal expression by the parent RLE cell line.
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xpression in the v-raf and v-myc transformed cell
ines (Fig. 1). Western blot analysis of MAPK phos-
horylation in the untreated parent and oncogene
ransformed cell lines showed comparable levels of
hospholylated ERK1/2 which were completely abol-
shed in all lines following PD98059 treatment (data
ot shown).
Inhibition of the p38 kinase pathway with a specific

nhibitor, SB203580 resulted in 4.0-fold and 1.8-fold
ncrease in VEGF mRNA expression in the parent and
-H-ras transformed RLE cell lines (Fig. 2). In the v-raf
nd v-myc transformed lines however, inhibition of the
38 pathway resulted in 0.3-fold decrease in VEGF
xpression in the v-raf transformed cell line and 0.6-
old decrease in the v-myc transformed line (Fig. 2).

imilar Effect of ERK and p38 Kinase Pathways
on VEGF mRNA Expression in a Human
Breast Cancer Cell Line

We examined one human cancer cell line to see if
EGF mRNA expression was affected in a similar
anner as was observed in the oncogene transformed
LE cell lines. As shown by Northern blot analysis of
NA from the human MCF-7 breast carcinoma cell line

n Fig. 3, VEGF expression was inhibited by PD98059
nd stimulated by SB203580, indicating that regula-
ion of VEGF signaling was similar to that observed in
he parent and v-H-ras transformed RLE cell lines.

ISCUSSION

Oncogene activation results in up-regulation of a
umber of genes that contribute to tumorigenesis, in-
luding VEGF. Previous studies have suggested that
-ras and K-ras are involved in up-regulation of VEGF

7, 8) and v-raf was shown to stimulate VEGF expres-
ion in NIH/3T3 cells (21). Here, we studied VEGF
NA expression in v-H-ras, v-raf, and v-myc trans-

ormed RLE cell lines and examined if VEGF was
egulated by the ERK and p38 pathways of the MAPK
ascade.

FIG. 3. Northern blot analysis of VEGF mRNA expression in the
uman MCF-7 breast cancer cell line in the presence and absence of
he PD98059 MEK inhibitor and the SB203580 p38 kinase inhibitor.
thidium bromide staining of 18S RNA shows loading of total RNA.
110
erved in the v-H-ras transformed RLE cell line. VEGF
ranscripts were also detected in the parent RLE line
hich is rare in epithelial cells without oncogenic

hanges. The RLE cells however, have many biochem-
cal and ultrastructural characteristics of oval cells,
hich are considered to be derived from hepatic stem

ells (20). It is therefore not surprising that the prim-
tive RLE cell line expresses VEGF.

In the present study, the PD98059 MEK inhibitor
as used to examine if the ERK pathway plays a role

n VEGF signaling and SB205380 was used to assess
he involvement of the p38 pathway. VEGF expression
as almost completely abolished by the PD98059 in

he parent RLE cells, which suggests that the ERK
athway is the principal positive regulator of VEGF in
his primitive epithelial cell line. In the v-H-ras trans-
ormed RLE cells however, VEGF expression was par-
ially suppressed by inhibition of the ERK pathway.
his may conceivably suggest that additional path-
ay(s) are recruited in stimulating VEGF after trans-

ormation with oncogenic ras.
In the v-raf and v-myc transformed RLE cell lines,

ositive regulation of VEGF was transduced through
he p38 signaling pathway and was minimally affected
y the ERK pathway. This was unexpected in the v-raf
ransformed RLE cells however, blocking of the ERK
athway by the MEK inhibitor is upstream from myc
nd would therefore not be expected to affect VEGF
xpression. Suppression of VEGF by the p38 inhibitor
n the v-raf and v-myc transformed cell lines was in-
omplete, which implies that VEGF may be regulated
hrough additional pathways analogous to that ob-
erved in the v-H-ras transformed RLE cells. Others
ave suggested MAPK independent pathways are in-
olved in gene induction by oncogenic raf (22). It must
lso be considered that oncogenic raf and myc, as well
s ras, may exert negative function on suppressors of
ngiogenesis in non-transformed epithelial cells (23).
To find out if the ERK and p38 pathways are in-

olved in regulation of VEGF expression in a malig-
ant human tumor cell line, we chose the MCF-7
reast carcinoma line. Interestingly, the effects of the
RK and p38 inhibitors on VEGF RNA expression in

he MCF-7 cells were comparable to that observed in
he v-H-ras transfected RLE cells. It will be important
o further characterize the role of the signaling path-
ays used in ras-mediated stimulation of VEGF since

as is the most commonly mutated oncogene in solid
uman malignant tumors. The possibility that the p38
athway serves as a suppressor of VEGF in cancer cells
ay have significant therapeutic implications.
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