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Abstract: The signal molecules that regulate pancreatic cancer growth are still poorly understood. We have previ-
ously reported that 5-lipoxygenase not expressed in normal pancreatic ductal cells, but was markedly upregulated 
and involved cell proliferation and survival in human pancreatic cancer. Pancreatic cancer cells produce a large 
amount of growth factors, which are important for maintaining pancreatic cancer cell proliferation and survival. The 
current study investigated the interaction between epidermal growth factor (EGF) and 5-lipoxygenase in controlling 
pancreatic cancer cell proliferation. EGF increased both 5-lipoxygenase mRNA and protein expression in pancreatic 
cancer cells; the increased 5-lipoxygenase expression was mediated, at least partially through enhancing 5-lipoxyg-
nease transcription as demonstrated by increased 5-lipoxygenase promoter activity following EGF treatment. On the 
other hand, blockade of 5-lipoxygnease with a 5-lipoxygenase inhibitor, Rev5901, inhibited EGF-induced pancreatic 
cancer cell proliferation. It appears that the synergistic interaction between EGF and 5-lipoxygease is critical for 
P42/44 MAPK activation and pancreatic cancer cell proliferation since EGF-induced P42/44 MAPK activation and 
cell proliferation is attenuated by blockage of 5-lipoxygenase. In summary, the current study shows that the cross-
talk between 5-lipoxygeanse and EGF signaling pathways may be critical for pancreatic cancer cell proliferation.
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Introduction

Pancreatic ductal adenocarcinoma, the most 
common pancreatic cancer, is characterized by 
extremely poor prognosis and lack of respon-
siveness of conventional chemotherapy. The 
American Cancer Society’s most recent esti-
mates for pancreatic cancer in the United 
States are about 48,960 people for 2015 [1, 
2]. About 40,560 people will die of pancreatic 
cancer in 2015 [1, 2]. Although mortality rates 
of pancreatic cancer have been fairly stable 
over the past several years, it accounts for 
about 7% of cancer deaths in the United States 
[1, 2]. Analysis of human pancreatic ductal ade-
nocarcinoma has shown consistent genetic 
aberrations including KRAS and P53 gene 
mutations as well as SMAD4 deletion [3, 4]. 
Nevertheless, genetic abnormalities found in 
pancreatic ductal cancer are generally not sig-
nificantly different from those found in other 
cancers. Multiple studies have shown that pan-
creatic cancer produces a large amount of 

growth factors, particularly transforming growth 
factor-beta [5, 6]. Binding studies have shown 
that EGF receptors and other growth factor 
receptors are markedly up-regulated in pancre-
atic cancer [5-7]. Increased growth factor secre-
tion and receptor overexpression might contrib-
ute to high aggressiveness nature of human 
pancreatic cancer. We have previously reported 
that 5-lipoxygenase expression is markedly 
upregulated in human pancreatic adenocarci-
noma and is a critical enzyme in regulating pan-
creatic cancer cell proliferation [8-10]. 

Although multiple studies have demonstrated 
that interaction between lipoxygenase and EGF 
involves in multiple biological activities of cells 
and tissues [11-13], the role and crosstalk 
between these two signal pathways in regulat-
ing pancreatic cancer growth to our best knowl-
edge has not been investigated. Back in 1989, 
Ilekis reported that lipoxygenase is involved in 
EGF-induced choriogonadotropin (hCG) secre-
tion [14]. Blockage of lipoxygenase inhibits EGF-
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induced uterine contractions [14]. Another 
study shows that EGF-induced, Ca++-depen- 
dent membrane hyperpolarization and junB 
proto-oncogene expression are dependent on 
lipoxygenase [15]. Peppelenbosch et al has 
demonstrated that EGF-induced actin remodel-
ing is regulated by 5-lipoxygenase products in 
multiple human cell lines and Leukotrienes 
generated by EGF are necessary for stress fiber 
formation induced by EGF [15]. In studies with 
Syrian hamster embryo (SHE) fibroblasts, lipox-
ygenase inhibitors are potent blockers of EGF-
dependent mitogenesis [15]. Both EGF and 
insulin-induced DNA synthesis and protoonco-
gene expression in rat lens are mediated 
through lipoxygenase pathways [16]. 

Despite the above results, the role of EGF in 
regulating 5-lipoxygenase expression and func-
tional interaction between the two proteins in 
controlling pancreatic cancer cell proliferation 
has not been explored. The current study 
showed that inhibition of 5-lipoxygenase blocks 
EGF-induced pancreatic cancer cell prolifera-
tion and also inhibits EGF-induced P42/44 
MAPK activation. Our studies also showed that 
EGF enhances 5-lipoxygenase expression 
through enhancement of gene transcription, 
indicating that crosstalk between these two 
signaling molecules plays an important role in 
human pancreatic growth. 

Materials and methods

Materials

DMEM and MEM media, penicillin-streptomycin 
solution, trypsin-EDTA solution, were purchased 
from Sigma (St. Louis, MO). Fetal bovine serum 
(FBS) was from Atlanta Biologicals (Norcross, 
GA). Monoclonal mouse anti-phospho ERK1/2 
antibody, Luminol reagents, and horseradish 
peroxidase-conjugated rabbit anti-mouse anti-
bodies were purchased from New England 
BioLabs (Beverly, MA). NDGA (nordihydroguai-
aretic acid) a non-specific lipoxygenase inhibi-
tor, and Rev5901 (“-pentyl-4-(2-quinolinylme-
thoxy benzenemethanol), a 5-LOX inhibitor, 
were purchased from CalBiochem (La Jolla, 
CA). Recombinant human EGF was purchased 
from Intergen (Purchase, NY). The monoclonal 
5-LOX antibody was purchased from BD 
PharMinGen (San Diego, CA). The RNA-zolB 
reagent was purchased from TelTest (Austin, 
TX). RT-PCR reagents and the PrismTM ready 

reaction DyeDeoxyTM terminator cycle sequ- 
encing kit were from Perkin-Elmer (Foster City, 
CA). The P-Glow GFP plasmid and DNA ligation 
kit was obtained from Invitrogen (Carlsbad, CA). 
All other chemicals were purchased from Sigma 
Chemicals (St. Louis, MO).

Cell line and cell culture

The poorly-differentiated pancreatic cancer cell 
line, PANC-1, was purchased from the American 
Type Culture Collection (Rockville, MA). This cell 
line was cultured in DMEM medium as mono-
layers with 10% FBS in a humidified atmo-
sphere of 5% CO2 at 37°C. Cells were routinely 
harvested by incubation of the cells in the tryp-
sin-EDTA solution for 5 minutes.

RNA isolation

Pancreatic cancer cells grown in monolayers 
were washed twice with PBS. The RNAzolB 
solution was then added to cell culture flask 
and the cell contents released were collected 
using a cell scraper. After addition of chloro-
form, the samples were shaken vigorously for 
15 seconds before incubation on ice for 5 min-
utes. The samples were then centrifuged for 15 
minutes at 12,000 x g at 4°C and RNA present 
in the aqueous supernatant was precipitated 
on ice by the addition of 1 volume of isopropa-
nol. Precipitated RNA was collected by centrifu-
gation at 8000 x g for 10 minutes. Samples 
were reconstituted in DNase-free, RNase-free 
water, quantified by spectrometry (260 nm).

RT-PCR for 5-lipoxygenase mRNA

RNA from PANC-1 cells was reverse transcribed 
into cDNA using each specific downstream 
primer and reverse transcriptase according to 
the manufacturer’s protocol (Perkin Elmer 
GeneAmp kit, Foster City, CA). The thermocycler 
protocol for the RT phase is one hold at 42°C 
for 15 min, one hold at 99°C for 5 min and one 
hold at 5°C for 5 min. Following the RT reaction, 
PCR was used to examine 5-lipoxygenase 
mRNA expression using human leukocyte RNA 
as positive controls. PCR primers were designed 
based on the sequences of human 5-lipoxygen-
ase cDNA (the upstream primer: 5’-GTCC- 
ACGATCTGCTCAATGGT-3’; the downstream pri- 
mer: 5’-ATCAGGACGTTCACGGCCGA-3’). The 
PCR was run with the profile of 94°C, 15 s; 
61°C 30 s and 72°C 1 min, for 35 cycles. The 
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final PCR product was separated on 2% aga-
rose gel and visualized with ethidium bromide 
using gel documentation system. GAPDH mRNA 
expression was used as an internal control.

Western blotting for 5-lipoxygenase protein ex-
pression and P42/44 MAPK phosphorylation 

30 ug of pancreatic cancer cell lysates were 
resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE; 10%). 
Proteins were transferred to nitrocellulose 
membranes by electroblotting using a BioRad 
mini semi-dry transfer blotting apparatus. The 
membranes were subsequently blocked in tris-
buffered saline (TBS) containing 0.1% Tween-
20, then treated with mouse monoclonal 
5-lipoxygenase antibody at a 1:500 dilution in 
5% non-fat milk, TBS containing 0.1% tween-20 
overnight at 4°C. The membrane bound 5-lipox-
ygenase protein-antibody complex was reacted 
with horseradish peroxidase (HRP)-conjugated 
goat anti-mouse antibody at 1:2000 dilution for 
1 hour. 5-lipoxygenase protein was detected by 
chemiluminescence involving treatment of 
membrane with LumiGlo reagent and capture 
of light emissions to X-ray film. The measure-
ment of P42/44 MAPK phosphorylation is the 
same as the measurement of 5-lipoxygenase 
protein except using phospho-specific P42/44 
MAP kinase antibody rather than 5-lipoxygen-
ase antibody.

Genomic DNA isolation

PANC-1 cells (5 x 106) were seeded in T75 cm2 
flask with 20 ml of culture media. Genomic DNA 
was extracted when cells reached 80% conflu-
ence. The cell suspension was centrifuged at 
500 x g for 5 minutes. The pellets were sus-
pended in 10 ml of ice cold-PBS and centri-
fuged again at 500 x g for 5 minutes, and sus-
pended in digestion buffer (100 mM NaCl, 10 
mM Tris HCl, 25 mM EDTA, 0.5% SDS, and 0.1 
mg/ml proteinase K). Samples were incubated 
overnight at 50°C. The next day, the samples 
were extracted with equal volume of buffered 
phenol/chloroform (50:50) and centrifuged at 
12,000 x g for 10 minutes. The top aqueous 
layer was transferred to a fresh tube and 7.5 M 
ammonium acetate (½ volume) and 100% eth-
anol (2 volumes) were added to the samples. 
The samples were vortexed then centrifuged at 
12,000 x g for 5 minutes. The pellets were 
washed with 70% ethanol and the remaining 

solvent was evaporated using the speed-vac 
desiccator. The pellet was suspended in 
RNAse/DNase free water and quantified by 
photo-absorbency at 260/280 nM. 

Establishment of 5-lipoxygenase promoter GFP 
reporter construct

The region of the 5-lipoxygenase gene between 
nucleotides -265 to +1 (the upstream of trans-
lational region of exon 1; Gene Bank Access 
Number: M38191: Hoshiko S, Radmark O, and 
Samuelsson B. Characteristics of the human 
5-lipoxygenase gene promoter. Proc Natl Acad 
USA 1990; 87: 9073-9077) acts as the 5-lipox-
ygenase core promoter. This region includes 
five repeated GC boxes (SP1 binding sequence) 
as well as GC rich sequence binding to Egr-1. 
The primers for cloning this sequence were 
designed based on the corresponding genomic 
DNA sequence as follow: the upstream primer: 
5’-CAGACACCTCGCTGAGGA-3’; the downstream 
primer: 5’-GAGCAGCGAGCGCCGGGA-5’. In or- 
der to investigate the effect of EGF on 5-lipoxy-
genase promoter activity, the 5-lipoxygenase 
promoter DNA fragment produced by PCR was 
ligated into the upstream of GFP (green fluores-
cent protein) gene in the P-Glow TOPO vector 
according to manufacturer’s protocol (Invi- 
trogen, Carlsbad, CA). Plasmid DNA containing 
5-lipoxygenase promoter and GFP reporter was 
extracted and purified from the overnight cul-
tured bacteria using an S.N.A.P.TM nucleic acid 
preparation kit (Promega, Medison, WI). The 
5-lipoxygenase PCR product ligated in the puri-
fied plasmids was sequenced with T7 primer 
provided by Invitrogen in the TOPO cloning Kit. 
A large-scale plasmid preparation of bacteria 
containing the correct P-Glow TOPO 5-lipoxy-
genase promoter plasmid was completed using 
a Qiagen Maxiprep nucleic acid isolation kit, 
which allows a large scale plasmid preparation. 
The plasmid concentration was determined 
using photo-absorbance at 260 nm.

Measurement of 5-lipoxygenase promoter 
activity by flow cytometry

PANC-1 cells (1 × 106) in 10 ml DMEM media 
with 10% FBS were seeded into a T75 cm2 flask 
and grown for 2 days. On the third day, the cells 
were transfected with a reaction mixture con-
taining 5 ug of plasmid, 25:l of Lipofectamine 
reagent in 5 ml serum-free media without anti-
biotics. Following 24 hour transfection period, 



Crosstalk between 5-lipoxygenase and EGF signal pathway in pancreatic cancer

4 Am J Digest Dis 2015;2(1):1-10

the cells were treated with serum-free media 
for 12 hours. The media were then switched to 
fresh serum-free media in the presence or 
absence of 10 nM EGF for 36 hours. PANC-1 
cells were trypsinized and washed with PBS 
twice. The cell pellets were resuspended into 
cold PBS containing 5 mM glucose. The green 
fluorescence of the single events was recorded 
using a laser beam at 496 nm excitation λ and 
516 nm as emission λ to measure the GFP pro-
tein expression.

P42/44 MAPK activity assay

PANC-1 cells grown in serum-free media were 
pre-treated with 15 uM Rev5901 before addi-
tion of EGF (10 nM) for 10 minutes. Cells were 
washed with ice-cold PBS followed by addition 
of lysis buffer. The cells were snap-frozen by 
placing the entire flask on liquid nitrogen for 5 
seconds. Thawed samples were scraped from 
the surface of the flasks and sonicated. Lysates 
were clarified by centrifugation at 12,000 x g 
for 10 minutes at 4°C. P42/44 MAPK activity 
was measured using the P42/44 MAPK assay 
kit purchased from New England BioLabs 
(Beverly, NJ). In brief, 3 ug of anti-phospho-
MAPK (immobilized antibody via linkage of car-
bohydrates to cross-linked agarose beads) was 
added to 200 ug of total cellular protein and 

the mixture incubated for 12 hours at 4°C on 
an orbital shaker. The samples were centri-
fuged at 12,000 x g for 30 seconds at 4°C and 
the supernatants discarded. The pallets were 
washed with lysis buffer once and with kinase 
buffer twice. The pellets were then re-suspend-
ed in kinase buffer containing 100 uM ATP and 
1 ug of GST-ELK-1. Tube content was incubated 
at 30°C for 30 minutes. Laemmli sample buffer 
was added to each tube and mixtures boiled for 
5 minutes. Samples were vortexed and centri-
fuged at 12,000 x g for 2 minutes. These sam-
ples were electrophoresed on a SDS-PAGE 
minigel to measure the Elk-1 phosphorylation 
induced by active P42/44 MAPK.

Measurement of DNA synthesis by 3H-methyl-
thymidine incorporation

Following treatment of PANC-1 cells with either 
4 uM NDGA or 15 uM Rev5901 in the presence 
or absence 10 nM EGF for 24 hours, cellular 
DNA synthesis was assayed by adding 
3H-methyl-thymidine. After 2 hour incubation, 
the cells were washed twice with PBS, precipi-
tated with 10% TCA (overnight), and solubilized 
from each well with 0.4 ml of 0.4 M NaOH. 
Incorporation of 3H-methyl-thymidine into DNA 
was measured by adding scintillation fluid and 
counting in a scintillation counter (LKB Back- 
Beta, Wallac, Finland).

Figure 1. Effect of the lipoxygenase inhibitors, NDGA and rev5901 on EGF-induced PANC-1 cell DNA synthesis. 
PANC-1 cells grown in 24 well plates in serum-free media were treated with 4 uM NDGA or 15 uM Rev5901 in the 
presence or absence of 10 nM EGF for 24 hours. At the end of treatment, 3H-methyl-thymidine (0.5 uCi/well) was 
added and incubated for 2 hours. The cells were then washed twice with PBS, precipitated with 10% TCA (over-
night), and solubilized from each well with 0.4 ml of 0.4 M NaOH. Incorporation of 3Hmethyl-thymidine into DNA was 
measured by adding scintillation fluid and counting in a scintillation counter. Results are expressed as % of control 
of thymidine incorporation. *** = P<0.01 compared to control; ## = P<0.001 compared with EGF alone. Results 
reflect the data from three separate experiments.
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Statistical analysis

Data was analyzed by analysis of variance 
(ANOVA) with Turkey’s multiple comparison 
post-test for significance between individual 
groups. This analysis was performed with the 
Prism software package version 3.0 (GraphPad, 
San Diego, CA). Data are expressed as mean ± 
SEM.

Results

Effect of lipoxygenase inhibitors on EGF-in-
duced PANC-1 cell proliferation

Two lipoxygenase inhibitors, NDGA and Rev- 
5901 were used in this study. The general lipox-
ygenase inhibitor, NDGA markedly inhibited 
EGF-induced thymidine incorporation in PANC-1 

cells, following 24 hour co-treatment of 10 nM 
EGF with 4 μM NDGA in comparison with EGF 
alone. Similarly, 15 μM Rev5901 (a selective 
5-lipoxygenase inhibitor) also abolished the 
proliferative effect of EGF on this cell line 
(Figure 1). These results suggest that the 
5-lipoxygenase pathway is involved in EGF-
induced pancreatic cancer cell proliferation.

Effect of a selective 5-lipoxygenase inhibitor, 
Rev5901 on EGF-induced P42/44 MAPK phos-
phorylation

It is well known that P42/44 MAPK is crucial in 
pancreatic cancer cell proliferation, especially 
for growth factor-induced proliferation. In these 
studies, the effect of 5-lipoxygease on EGF-
induced P42/44 MAPK activation was investi-
gated by measuring P42/44 MAPK phosphory-
lation induced by EGF in PANC-1 cells. PANC-1 
cells grown in serum-free media were pre-treat-
ed with 15 μM Rev5901 for 6 hours, and then 
treated with 10 nM EGF for 10 minutes. The 
cells were collected and cell lysates were load-
ed for SDS-PAGE, and the phosphorylated 
P42/44 MAPK was measured by western blot-
ting. Our study showed that EGF significantly 
enhances P42/44 MAPK phosphorylation com-
paring with control while pre-treatment of 
PANC-1 cells with Rev5901 attenuated EGF-
induced P42/44 MAPK phosphorylation (Figure 
2).

Effect of Rev5901 on EGF-induced P42/44 
MAPK activation

The effect of 5-lipoxygenase inhibitor, Rev5901 
on EGF-regulated P42/44 MAPK activation was 
further investigated by measuring the activity 
of P42/44 MAPK using Elk-1 fusion protein as 
active P42/44 MAPK substrate, as described in 
the method section. Similar to P42/44 MAPK 
phosphorylation, pre-treatment of PANC-1 cells 
with 15 μM Rev5901 markedly attenuated 
EGF-induced P42/44 MAPK activation, as mea-
sured by its ability to phosphorylate its down-
stream target protein, Elk-1 (Figure 3).

Effect of EGF on 5-lipoxygenase mRNA expres-
sion

PANC-1 cells grown in serum-free media were 
treated with or without EGF for 6, 12, and 24 
hours. In each time point, the RNA from the 
cells was extracted and subjected to RT-PCR 

Figure 2. Effect of the selective 5-lipoxygenase inhib-
itor, Rev5901 on EGF-induced P42/44 MAPK phos-
phorylation in PANC-1 cells. PANC-1 cells grown in 
serum-free media in T75 flasks were pre-treated with 
15 μM Rev5901 for 6 hours, and then treated with or 
without 10 nM EGF for 10 minutes. Cell lysates were 
collected and equal amounts of protein (30 ug) were 
loaded for western blotting. Phospho- P42/44 MAPK 
was detected using a phospho-specific P42/44 
MAPK antibody.

Figure 3. Effect of the selective 5-lipoxygenase in-
hibitor, Rev5901 (R) on EGF (E)-induced P42/44 
MAPK activation. PANC-1 cells grown in serum-free 
media in T75 flasks were pre-treated with 15 μM 
Rev5901 for 6 hours, and then treated with or with-
out 10 nM EGF for 10 minutes. Cell lysates were col-
lected and P42/44 MAPK was immuno-precipitated 
with a P42/44 MAPK antibody. The P42/44 MAPK 
activity in the immuno-precipitate was measured as 
described in the method section. Compared to con-
trol, EGF significantly increased P42/44 MAPK activ-
ity while pre-treatment of PANC-1 cells with Rev5901 
abolished EGF-induced P42/44 MAPK activation.
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for 5-lipoxygenase mRNA expression. 10 nM 
EGF markedly increased 5-lipoxygenase mRNA 
expression in PANC-1 cells in a time-dependent 
manner (Figure 4).

Effect of EGF on 5-lipoxygenase protein ex-
pression

Since 5-lipoxygenase mRNA was up-regulated 
by EGF in PANC-1 cells, we further investigated 
expression of 5-lipoxygenase in protein follow-
ing EGF stimulation. PANC-1 cells were treated 
with 10 nM EGF for 12, 24, 48 hours and cel-
lular protein was extracted as described in the 
methods. Equal amounts of protein from the 
different samples was separated by SDS-PAGE, 
and then subjected to western blotting for 
5-lipoxygenase protein expression. Compared 
with control, EGF markedly increased 5-lipoxy-
genase protein content (Figure 5).

Figure 4. Effect of EGF on 5-lipoxygenase mRNA 
expression in PANC-1 cells. PANC-1 cells grown in 
serum-free media in T75 flasks were treated with 
10 nM EGF for different periods of time as indicated 
in the figure. Cellular RNA was extracted from each 
flask, as described in the method section. RNA (0.5 
ug) in each sample was used for RT-PCR, for either 
5-lipoxygenase or GAPDH. The PCR products were 
separated on a 2% agarose gel and visualized under 
the UV light (BioRad Gel documentation system).

Figure 5. Effect of EGF on 5-lipoxygenase protein 
expression in PANC-1 cells. PANC-1 cells grown in 
serum-free media in T75 flasks were treated with 
10 nM EGF for different periods of time as indicated 
in the figure. Cellular protein lysates were extracted 
from each flask and subjected to western blotting (30 
ug protein/sample). The 5-lipoxygenase protein was 
detected with a 5-lipoxygenase monoclonal antibody 
as described in the method section. Compared to the 
control, EGF significantly increased 5-lipoxygenase 
protein expression in PANC-1 cells.

Effect of EGF on 5-lipoxygenase promoter 
activity

In our study, Green fluorescent protein (GFP) 
was used as a reporter of 5-lipoxygenase pro-
moter function, which is located at the down-
stream of inserted 256 bp 5-lipoxygenase core 
promoter. Following transfection of 5-lipoxygen-
ase promoter reporter plasmid into PANC-1 
cells, the cells were treated with 10 nM EGF for 
36 hours, and then trypsinized into a single cell 
suspension. GFP protein expression was mea-
sured by Flow cytometry. The functional study 
with the 5-lipoxygenase GFP reporter construct 
containing 256 bp of core 5-lipoxygenase pro-
moter region revealed dramatic differences 
between EGF-treated and EGF-untreated cells 
in the ability to drive GFP transcription in PANC-
1 cells. Comparing with control, EGF stimula-
tion markedly increased the GFP protein 
expression. This result indicates that EGF can 
enhance 5-lipoxygenase promoter activity in 
PANC-1 cells (Figure 6).

Discussion

Lipoxygenases are non-heme iron-containing 
dioxygenases that catalyze dioxygenation of 
polyunsaturated fatty acids [17, 18]. In mam-
malian cells, linoleic acid and arachidonic acid 
are major substrates for the different lipoxygen-
ase isoforms. Mammalian lipoxygenases pos-
sess regiospecificity during interaction with 
substrate and on that basis have been desig-
nated as arachidonate 5-, 12-, 15-lipoxygenase 
which produce 5S-, 12S- or 15S-hydrope- 
roxyeicosatetraenoic (HPETE) acid and hydroe-
icosatetranoic acid. 5-HPETE is noteworthy, in 
that it is the only HPETE that can be further 
metabolized to leukotrienes [17, 18]. Further- 
more, activation of 5-lipoxygenase is depen-
dent upon a second factor termed 5-lipoxygen-
ase activating protein (FLAP) [17-19]. 

Previous studies on the role of lipoxygenases in 
growth factor-regulated-cell proliferation have 
mainly focused on hematogenous cells. For 
example, one study had shown that AA861, a 
specific inhibitor of arachidonate 5-lipoxygen-
ase blocked interleukin-2-induced DNA synthe-
sis in a murine killer T cell line [20]. Studies on 
epidermal growth factor-dependent mitogene-
sis in BALB/c 3T3 and Syrian hamster embryo 
(SHE) cells in culture indicated that lipoxygen-
ases were critical for EGF-induced cell prolifera-
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tion [15]. Furthermore, another study had 
showed that synergism between lipoxygenase 
metabolism and prostaglandin signals were 
necessary for linoleate-stimulated growth of 
mammary epithelial cells, in the presence of 
epidermal growth factor or insulin [20]. Our 
studies showed that the 5-lipoxygenase inhibi-
tor, Rev5901 blocked EGF-induced PANC-1 cell 
proliferation. On the basis of these results, we 
further investigated the underlying mechanism 
for the inhibitory effect of lipoxygenase inhibi-
tors on EGF-induced PANC-1 cell proliferation, 
specifically the effect of Rev5901 on EGF-
induced P42/44 MAPK activation and phos-
phorylation. Our data showed that Rev5901 
significantly inhibited EGF-stimulated P42/ 
44 MAPK activation and phosphorylation. The 
current study is partly consistent with our previ-
ously published results, which showed that the 
5-lipoxygenase metabolite, 5-HETE (5-Hydr- 
oxyecosatetraenoic acid) directly stimulated 
tyrosine phosphorylation of multiple intracellu-
lar proteins and P42/44 MAPK phosphorylation 
[10]. We and others have previously shown that 
P42/44 MAPK activation and phosphorylation 
are critical for 5-lipoxygenase-mediated pan-
creatic cancer cell proliferation [10]. Therefore, 

the current result may explain, at least in part, 
the underlying mechanism for the involvement 
of 5-lipoxygenase in EGF-induced pancreatic 
cancer cell proliferation. 

The regulation of 5-lipoxygenase expression 
and activity occurs at multiple steps and is 
quite complex [21-26]. Each of the regulatory 
steps has been the subject of intense investi-
gation. Regulation is known to occur at both the 
level of availability, and catalytic activity of 
5-lipoxygenase. With respect to 5-lipoxygenase 
protein availability there are data documenting 
regulation at the level of transcription, transla-
tion and product translocation within the cell. 
With respect to catalytic activity, 5-lipoxygen-
ase is known to be influenced by the availability 
of its major substrate arachidonic acid. 
Therefore, it is critical to examine the factors 
regulating 5-lipoxygenase gene transcription 
and translation except its activity regulation. 
The human 5-lipoxygenase gene has been 
cloned and shares considerable homology with 
other members of the lipoxygenase enzyme 
family [21-26]. It is located on chromosome 10; 
contains 14 exons, 13 introns, and a single 
transcriptional start site; and spans >82 kb in 

Figure 6. Effect of EGF on 5-lipoxygenase promoter activity in PANC-1 cells. The pGlow TOPO 5-lipoxygenase pro-
moter vector was transfected into PANC-1 cells with Lipofectamine. The cells were then grown in serum-free media 
in the absence or presence of EGF for 36 hours. The cells were then trypsinized into a single cell suspension and 
GFP protein expression was visualized with flow cytometry. In comparison with control (non-EGF treatment), EGF 
markedly increased GFP protein expression (a shift of cell population with a stronger GFP signal following EGF treat-
ment) indicating that EGF stimulates 5-lipoxygenase promoter activity.
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length. The 5’ upstream region possesses pro-
moter activity and is notable for the absence of 
TATA or CCAAT sequences [21-26]. The 5-lipoxy-
genase gene promoter contains numerous con-
sensus binding sites for many known transcrip-
tion factors, including zinc-finger proteins Sp1 
and Sp3, early growth response proteins Egr-1 
and Egr-2, glucocorticoid receptors, NF-κB, 
GATA, Myb, and AP family members. Several 
lines of evidence from other investigators sug-
gest that alterations in the transcriptional regu-
lation of the 5-lipoxygenase gene are important 
for functional expression and thus may have 
clinical relevance [21-26]. In response to phor-
bol 12-myristate 13-acetate (PMA), granulo-
cyte-macrophage colony-stimulating factor 
(GM-CSF), interleukin 3 (IL-3) or Ca2+ ionophore, 
several leukocyte cell lines exhibit increased 
steady state 5-lipoxygenase mRNA levels [27, 
28]. In some studies, at least a part of this 
increase has been attributed to augmented 
transcription, as demonstrated by nuclear run-
off analysis and alterations in chromatin con-
formation [28, 29]. The human 5-lipoxygenase 
gene promoter was first characterized by 
Hoshiko et al. To identify important cis-regula-
tory elements, these investigators created a 
panel of chloramphenicol acetyltransferase 
(CAT) promoter-reporter constructs consisting 
of 5’-deletions of the genomic DNA upstream 
from the translational start site for the 5-lipoxy-
genase gene [30]. Transient transfection of 
these constructs into HeLa and HL-60 cells 
indicated that the 5’ flanking region of the 
5-lipoxygenase gene contained DNA sequenc-
es with both positive and negative regulatory 
influences on reporter gene transcription [30]. 
One region, located 212 to 88 base pairs (bp) 
upstream from the transcription start site, was 
found to be particularly important for normal 
promoter activity. This region is highly G+C rich 
and was designated by Hoshiko and his col-
leagues as the transcription factor-binding 
region because it contains a series of five bind-
ing motifs for the transcription factors Sp1 and 
Egr-1. Since the 5-lipoxygenase gene promoter 
contains numerous consensus-binding sites for 
many known transcription factors, including 
Sp1, Sp3, Egr-1, Egr-2, NF-κB, GATA, Myb, and 
AP family members, it is not unreasonable to 
suggest that one or more of these factors are 
involved. Indeed, several lines of evidence have 
shown that Sp1 and Egr-1 are important in con-
trolling 5-lipoxygenase promoter activity.

In the current study, a p-Glow TOPO 5-lipoxy-
genase promoter reporter plasmid was con-
structed by inserting 256 bp of the 5-lipoxygen-
ase core promoter (a PCR product from PANC-1 
cells). In this reporter system, green fluorescent 
protein (GFP) was used for the assay of promot-
er function and is located downstream of the 
inserted promoter. Our study showed that EGF 
upregulate 5-lipoxygenase expression at the 
transcriptional level. To our knowledge, this is 
the first study showing that 5-lipoxygenase is 
up-regulated by EGF in pancreatic cancer cells. 
Furthermore, up-regulation of 5-lipoxygenase 
expression is mediated, at least in part, through 
transcription since EGF increases the 5-lipoxy-
genase promoter activity, as determined by the 
up-regulation of GFP protein expression follow-
ing transfection of 5-lipoxygenase promoter 
reporter plasmid in cells treated with EGF. 
Multiple binding sites for transcription factors 
have been identified within the 5-lipoxygenase 
promoter, including Sp-1 and Egr-1. It is not 
clear whether one or more transcriptional fac-
tors are involved in EGF-induced 5-lipoxygen-
ase promoter activation. One study showed 
that EGF could strongly stimulate Egr1 expres-
sion in two human fibroblasts strains (WI-38 
and HSWP) while it has also been reported that 
Sp-1 is upregulated by EGF in different cell lines 
[31]. 

In conclusion, an interaction between 5-lipoxy-
genase pathway and EGF-induced signaling 
pathway exists in human pancreatic cancer 
cells. Blockage of 5-lipoxygenase attenuates 
the EGF-induced signaling cascade, specifically 
P42/44 MAPK, and EGF-induced cancer cell 
proliferation. This interaction between these 
two signal pathways was further demonstrated 
by EGF-induced upregulation of 5-lipoxygenase 
expression. 
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