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Abstract

 

Signal transduction pathways shared by different autocrine

growth factors may provide an efficient approach to accom-

plish clinically significant control of lung cancer growth. In

this study, we demonstrate that two autocrine growth fac-

tors activate 5-lipoxygenase action of the arachidonic acid

metabolic pathway in lung cancer cell lines. Both growth

factors increased the production of 5(S)-hydrooxyeicosa-

6E,8Z,11Z,14Z-tetraenoic acid (5-HETE), a major early

5-lipoxygenase metabolic product. Exogenously added

5-HETE stimulated lung cancer cell growth in vitro. Inhibi-

tion of 5-lipoxygenase metabolism by selective antagonists

resulted in significant growth reduction for a number of

lung cancer cell lines. Primary clinical specimens and lung

cancer cell lines express the message for the 5-lipoxygenase

enzymes responsible for the generation of active metabo-

lites. In vivo evaluation demonstrated that interruption of

5-lipoxygenase signaling resulted in enhanced levels of pro-

grammed cell death. These findings demonstrate that 5-li-

poxygenase activation is involved with growth factor–medi-

ated growth stimulation for lung cancer cell lines.

Pharmacological intervention with lipoxygenase inhibitors

may be an important new clinical strategy to regulate

growth factor–dependent stages of lung carcinogenesis. (

 

J.

Clin. Invest. 

 

1996. 97:806–813.) Key words: lipoxygenase

pathway 
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Introduction

 

The high mortality rate of lung cancer has not been amelio-
rated by current therapeutic efforts (1, 2). Therefore new strat-
egies for the successful management of this disease are essen-
tial. Lung cancer tumors and cell lines synthesize growth
factor(s) including gastrin-releasing peptide (GRP)

 

1

 

 and IGF,
which play autocrine stimulatory roles in lung cancer (3–6).
Since the effect of autocrine growth factors can be blocked by

specific antagonists such as mAbs, we have previously pro-
posed a chemoprevention strategy to prevent clonal expansion
of early cancer cells by neutralizing autocrine growth factor ef-
fects (7). The autocrine hypothesis suggests that the produc-
tion and response to growth factors by tumor cells may ac-
count for the characteristic loss of growth regulation by cancer
cells (8). The clonal expansion of an early transformed epithe-
lial cell and the progression of an advanced cancer cell to met-
astatic disease are both mediated by chronic growth factor
stimulation. The important autocrine growth factors, IGF and
GRP provide attractive targets for developing treatment and
chemopreventive strategies.

Early signal transduction events for lung cancer have been
reported to involve rapid production of inositol 1,4,5-triphos-
phate, mobilization of Ca
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, and activation of phospholipase C
(9, 10). Others have reported that the signaling pathway for
neuropeptide-induced mitogenesis activates the release of AA
in the Swiss 3T3 model (11). However, to date the AA signal-
ing pathway is less clearly defined in lung cancer models (12,
13). Activation of AA metabolism is initiated by the release of
AA from the phospholipid pool by the enzyme phospholipase
A2 (14). The released AA can be metabolized by the cyclo-
oxygenase pathway where AA is rapidly transformed to
prostaglandins, and subsequent metabolites (15). Compounds
which preferentially inhibit AA metabolism to prostaglandins,
such as aspirin, are emerging as potentially important tools for
cancer management (16). The other AA metabolic route is the
lipoxygenase pathway, where AA is converted by fatty acid li-
poxygenases into hydroperoxy derivatives and eventually to
hydroxy compounds and their metabolites or to leukotrienes
(Fig. 1). A number of pharmacologic antagonists for this path-
way are being used in specific clinical settings (17). Inhibitors
of 5-lipoxygenase (5-LO) metabolism have shown promise in
the treatment of asthma and shock with limited side effects in
preclinical and clinical trials (18, 19).

While the cyclooxygenase pathway may be important for
regulating colon cancer growth, our results suggests at least a
comparable role for the 5-LO pathway for other epithelial can-
cers. In this study, we demonstrate that the 5-LO branch of the
AA signaling pathway for lung cancer cell lines was activated
after stimulation with two known autocrine growth factors. In-
hibitors of AA metabolism can antagonize the biochemical ef-
fects of growth factors and inhibit cell growth. Furthermore,
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Abbreviations used in this paper:

 

 5-LO, 5-lipoxygenase; 5-HETE,

5(S)-hydrooxyeicosa-6E,8Z,11Z,14Z-tetraenoic acid; AA861, 2(12-

hydroxydodeca-5-10-dinyl)-3,5,6-trimethyl-1-4-benzoquinone inhi-

bitor; ASA, acetylsalicylic acid; FLAP, 5-LO–activation protein;

GRP, gastrin-releasing peptide; NDGA, nordihydroguaiaretic acid;

NSCLC, non-SCLC; RT, reverse transcriptase; SCLC, small cell lung

cancer cell.
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when 5-LO antagonists were used a greater antiproliferative
effect was observed than what was achievable with a cyclooxy-
genase inhibitor. The critical role of this growth factor signal-
ing circuit may be to permit cells to cycle through apoptotic
growth control as recently discussed (20), and 5-LO may be an
important mediator in this process. Our data suggests that
5-LO antagonists may provide a strategic tool in neutralizing
the effects of specific growth factors which are clinically signif-
icant in respiratory carcinogenesis.

 

Methods

 

Cell lines. 

 

Cell lines used in the study were established at the Na-

tional Cancer Institute–Naval Medical Oncology Branch, Bethesda,

MD and maintained in RPMI 1640, supplemented with 5% FBS, pen-

icillin (50 U/ml) and streptomycin (50 mg/ml) (Gibco BRL, Grand

Island, NY), in a humidified atmosphere of 95% air and 5% CO

 

2

 

 at-

mosphere at 37

 

8

 

C. The cell lines were free of mycoplasma contamina-

tion.

 

HPLC characterization. 

 

Briefly, [

 

3

 

H]AA (100 mCi/150 cm

 

2

 

flask) was incorporated into cells overnight. The culture fluid was re-

moved and the cells washed twice with PBS. They were resuspended

in a balanced salt buffer (21) and were then exposed to various ago-

nists, and the reaction was stopped by acidification with 0.1 M formic

acid, 10 mM butylated hydroxytoluene in methanol. The cells were

disrupted, and cellular debris removed by centrifugation. The super-

natant was diluted fivefold, an internal standard was added, and the

arachidonate metabolites were extracted onto disposable C-18 car-

tridges. The various metabolites were separated by RP-HPLC using a

Beckman “Gold” HPLC chromatographic system with a Beckman

Ultrasphere 5 mm analytical ODS (4.6 

 

3

 

 250 mm) column (Beckman

Instruments Inc., Irvine, CA) and detected using an on-line radioac-

tivity detector (Packard Radiomatic, Chicago, IL).

The inhibition studies were performed by incubating the small

cell lung cancer cell line (SCLC) NCI-H209 cells with [

 

3

 

H]AA; the in-

hibitors were then incubated with the cultures for 30 min before addi-

tion of the agonist. Growth factors or buffer was added to each pair of

samples (control, AA861, acetylsalicylic acid [ASA]). Kinetic deter-

minations (30, 60, 90 s and 2, 3, 6, 12, 30 min) were made. AA metab-

olites were extracted, separated, and quantitated as previously pub-

lished and described above (15).

 

Inhibitors. 

 

ASA was purchased from Sigma Chemicals (St.

Louis, MO). Nordihydroguaiaretic acid (NDGA) and AA861 were

obtained from BIOMOL Research Laboratories (Plymouth Meeting,

PA). 5-lipoxygenase–activating protein (FLAP) inhibitor, MK 886

(22), was a kind gift from Merck Frosst Centre for Therapeutic Re-

search (Pointe Claire-Dorval, Canada).

 

Growth studies. 

 

We used a modification (CellTiter 96

 

TM

 

; Pro-

mega Corp., Madison, WI) of the semiautomated MTT colorimetric

assay (23) which quantitates cell numbers based on the reduction of a

tetrazolium compound by tumor cells to a colored formazan end

product, which is quantitated by measuring the change in optical den-

sity (570 nm) compared with a control. Seeding densities were 1–2 

 

3

 

10

 

4

 

 cells/well, and cells were grown for 5 d. Experiments were re-

peated at least three times.

 

mRNA expression. 

 

Reverse transcriptase (RT)-PCRs were per-

formed using 100 ng poly (A)

 

1

 

 RNA (Gibco BRL). First-strand

cDNA, prepared using random hexamers, was PCR-amplified using

oligonucleotides derived from cDNA sequences of 5-LO and FLAP

and selected using Lasergene Software by DNASTAR (Madison,

WI). Forward (F) and reversed (R) primers used to detect 5-LO and

FLAP cDNAs in the amplification were: 5LO-F (5

 

9

 

-CCCGGG-

GCATGGAGAGAGCA-3

 

9

 

), 5LO-R (5

 

9

 

-GCGGTCGGGCAGC-

GTGTC-3

 

9

 

), FLAP-F (5

 

9

 

-GCTGCGTTTGCTGGACTGATGTA-3

 

9

 

),

FLAP-R (5

 

9

 

-TAGAGGGGAGATGGTGGTGGAGAT-3

 

9

 

). PCR

amplification was performed for 35 cycles with 94

 

8

 

C denaturation for

30 s, 60

 

8

 

C annealing for 15 s, and 72

 

8

 

C extension for 1 min. RT-PCR

products were resolved in a 1.3% agarose gel run in 1

 

3

 

 TBE buffer

and confirmed by Southern blotting onto nitrocellulose and hybrid-

ization to radiolabeled internal primer probes as described by estab-

lished methods (24). Amplification products for both 5-LO and

FLAP were of the expected size (data not shown) as determined by

ethidium bromide staining.

In situ RT-PCR was performed following established methods

(25) with the same primers used above. Briefly, after proteinase K di-

gestion the sections were subjected to reverse transcription with the

same kit used for regular RT-PCR. The PCR mixture (Perkin Elmer

Cetus, Norwalk, CT) contained 2.5 mM MgCl

 

2

 

, 2.5 U/100 ml Taq

DNA polymerase, 200 mM dNTPs, 100 mM digoxigenin-11-dUTP

(Boehringer Mannheim Biochemicals, Indianapolis, IN), 1 ng/ml

primers, 50 mM KCl, 10 mM Tris-HCl, pH 8.3. To achieve a synchro-

nized “hot start,” Taq polymerase was blocked with TaqStart anti-

body (Clontech, Palo Alto, CA). The incorporated digoxigenin was

localized with the Digoxigenin Detection Kit (Boehringer Mannheim

Biochemicals).

 

Athymic nu/nu mouse experiments. 

 

NCI-H209 tumor cells (10

 

7

 

/

mouse) were subcutaneously injected into the flanks of athymic nu/

nu Balb/c mice, and a palpable mass formed after 7 d. Treatment be-

gan on day 7 and consisted of two groups. The mice were given either

0.1% NDGA in their drinking water for 4.5 wk or PBS (placebo

group). Tumors were measured twice a week. For the apoptosis ex-

periments, tumors from four mice in each of the NDGA and placebo

group were killed at the conclusion of the study, and the flank tumors

were harvested.

 

Apoptosis analysis. 

 

The tumors were fixed in 10% buffered for-

malin for 24 h and paraffin embedded. The tissue sections were ana-

lyzed for the presence of apoptosis-induced nucleosomes using the

ApopTag in situ apoptosis detection kit (Oncor Inc., Gaithersburg,

MD). The number of apoptotic cells was counted in 10 microscopic

fields (

 

3

 

40) of each case.

 

Statistics. 

 

Significance of difference between samples was deter-

mined using Student’s paired 

 

t

 

 test. 

 

P

 

 

 

,

 

 0.05 was regarded as signifi-

cant.

 

Results

 

Kinetic studies of AA metabolism. 

 

For an SCLC cell line, we
analyzed intracellular AA signaling after exposure to two
growth factors. Kinetic studies were performed, and samples
analyzed using a previously reported HPLC chromatographic
procedure (15). The earliest metabolite produced by IGF-I
(30 s) was 5(S)-hydrooxyeicosa-6E,8Z,11Z,14Z-tetraenoic acid
(5-HETE). GRP also stimulated production of 5-HETE, al-
though its production was slightly delayed (90 s) compared to
IGF-I (Fig. 2 

 

A

 

). IGF-I–stimulated 5-HETE production was

Figure 1. Schematic outline of AA metabolism. The released arachi-

donic acid is metabolized either by cyclooxygenase pathway (right), 

or the lipoxygenase pathway (left). The proposed site of action for the 

inhibitors used in the study is shown in parenthesis.
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maximal from 2 to 6 min; by 12 min its level, although de-
creased, was 1.3-fold higher than control (however, alternate
5-LO and downstream metabolites of 5-HETE were also ele-
vated at 12 and 20 min). The 5-HETE metabolite showed char-
acteristic ultraviolet absorbance maxima by dual wavelength at
216/235 nm, and 5-HETE was also identified by a specific RIA
(data not shown). The involvement of 5-HETE in the growth
stimulation was confirmed by the exogenous addition of
5-HETE to tumor cells (Fig. 2 

 

B

 

). A significant, reproducible,
dose-dependent increase in cell growth for H209 was observed
with the exogenous addition of 5-HETE, as measured by a
modified MTT growth assay.

 

Inhibition of AA metabolism. 

 

The schema in Fig. 1 out-
lines where the inhibitors used in this study act on the metabo-
lism of AA. The arachidonate metabolites generated by IGF-I
or GRP stimulation of NCI-H209 were studied in the presence
and absence of a 5-LO inhibitor, 2-(12-hydroxydodeca-5-10-
dinyl)-3,5,6-trimethyl-1-4-benzoquinone inhibitor (AA861),
and the cyclooxygenase inhibitor, ASA. Fig. 3 shows the re-
sponse of 16 arachidonate metabolites subsequent to IGF-I
stimulation, with or without preexposure to AA861 or ASA.
Major products which showed dynamic responses after expo-
sure to growth factors are presented.

Fig. 3 

 

A

 

 shows that the levels of 5-LO–generated metabo-
lites increased when stimulated with IGF-I. The most signifi-
cant changes were in the production of 5-HETE, LTD4, and
AA itself. 5-HETE and LTD4 were maximally stimulated,

 

.

 

 threefold over control levels, at time points within 2 min af-
ter addition of IGF-I. Under our experimental conditions nei-
ther LTB4 nor LTD4 affected proliferation rates in NCI-H209
cells (data not shown) in contrast to our results with 5-HETE
(Fig. 2 

 

B

 

). AA itself was increased approximately twofold by
IGF-I. Other metabolites such as prostanoids, lipoxin A4, 12-,
and 15-HETE were also increased to lesser degrees. In the
presence of IGF-I, 5-LO inhibitors reversed these effects with
consistent inhibition of 5-HETE, LTD4 and AA production.
Representative data shown for AA861 demonstrate this pat-
tern. Upon preincubation with AA861 alone, 5-LO metabo-
lites remained approximately at control levels as expected
(Fig. 3 

 

A

 

), while a prostanoid and 15-HETE were elevated
above controls (Fig. 3 

 

B

 

).
In contrast, addition of AA861 followed by IGF-I stimula-

tion resulted in marked elevation of 5-HPETE, 5-HETE 

 

d

 

-lac-
tone, and 15-HETE. The leukotrienes were produced at ap-
proximately control levels except for LTB4, a minor product.
The radioactivity associated with the various metabolites in
control cultures (after subtraction of background) fell into
three ranges: cpm of 700–1,300 (prostanoids, LTB4, and its ox-
idation products, LXA4, and LTC4), 3,000–7,000 (LTD4,
LTE4, 5-,12-, and 15-HETEs, and HPETEs, 15 HETE methyl
ester, and 5-HETE 

 

d

 

-lactone), and 

 

.

 

 20,000 (AA). We have
seen consistently that changing the culture fluid to the reaction
buffer stimulates a minor onset of AA metabolism. Growth
factors, such as IGF-I and GRP, stimulate multiple-fold pro-
duction of certain of these metabolites as is shown in Fig. 3.
These results suggest that AA861 may be stabilizing the perox-
ide (5-HPETE) or may exert its blocking effect on the leuko-
triene branch of the pathway rather than on the formation of
the parent 5-eicosanoid derivative, as has been previously sug-
gested (26). The metabolite 5-HETE 

 

d

 

-lactone can be pro-
duced enzymatically from either 5-HPETE or 5-HETE. These
data suggest that in the presence of AA861, 5-HPETE was
converted directly to the lactone.

In comparison, pretreatment of the cells with ASA showed
the expected blockage in the appearance of prostanoids. In
general, pretreatment with ASA alone, although it elevated
several metabolites, did not show significant increase in alter-
nate pathways. Agonist stimulation (IGF-I) in the presence of
ASA showed a 5.8-fold increase in LTD4 and a significant in-
crease in the compounds 5-HPETE, AA, and 15-HPETE.

 

Regulation of cell growth. 

 

The kinetics of production of
metabolites, and the ability of 5-HETE to stimulate prolifera-
tion, encouraged us to focus on the role of these pathways in
regulation of cell growth. To determine the biological effect of
AA metabolic pathway inhibitors on lung cancer cell line pro-
liferation, we evaluated the effect of different inhibitors on the
growth of a range of lung cancer cell lines including both
SCLC and non-SCLC (NSCLC) cell lines. Representative
growth curves for three different cell lines assayed in the pres-
ence of the cyclooxygenase inhibitor ASA is shown in Fig. 4 

 

A.

 

In general ASA had a better growth inhibitory effect on the
NSCLC cell lines than the SCLC cell lines, only NCI-H209 was
inhibited by 

 

.

 

 30%. (Table I). The limited inhibitory effect of
ASA in vitro on the SCLC cell lines correlates with our obser-
vations that arachidonic metabolism was not greatly altered by

Figure 2. HPLC characterization of AA metabolism. (A) The result 

is presented as an elution profile after exposure of NCI-H209 cells to 

IGF-I (30 s) and GRP (90 s). Cell line NCI-H209 was exposed to 2 ng/

ml IGF-I or to 5 ng/ml GRP; the samples were then analyzed using a 

previously reported HPLC chromatographic procedure (15). (B) Ef-

fect of exogenous addition of the AA metabolite 5-HETE on the pro-

liferation of NCI H-209 cells. A representative experiment is shown, 

and the result is expressed as mean OD6SD of eight data points. As-

terisks indicate significant stimulation as compared to vehicle control 

(P , 0.05). Maximal stimulation was observed at 0.02 mg/ml 5-HETE.
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ASA alone on NCI-H209 cells (Fig. 3, 

 

A

 

 and 

 

B

 

). Inhibition of
cyclooxygenase activity did not result in consistent reduction
in lung cancer cell line growth.

Inhibition of the lipoxygenase pathway resulted in greater
inhibition of tumor cell line growth. NDGA is a free-radical in-
hibitor of lipoxygenase activity and has been shown to sup-
press DNA synthesis in the transformed human monocyte/
macrophage cell line U937 (27). NDGA has been previously
shown to inhibit 12-

 

O

 

-tetradecanoylphorbol-13-acetate–
induced tumor promotion in a mouse skin carcinogenesis
model (28). We observed significant growth inhibition with
this compound on all cell lines tested with 5–10 

 

m

 

M (Table I,
Fig. 4 

 

B

 

), for both SCLC and NSCLC cell lines.
We next evaluated the proliferative effect of two, more

specific 5-LO inhibitors. We observed reproducible growth in-
hibition compared to vehicle control on all four SCLC and two
of three NSCLC cell lines with 

 

z

 

 5–10 

 

m

 

M AA861 (Table I).
This observation complements the biochemical data shown in
Fig. 3. Similar results were obtained with the 5-LO inhibitor

MK 886 (3-[1-(

 

p

 

-chlorobenzyl)-5-(isopropyl)-3-tert-butylthio-
indol-2,2-dimethylpropanoic acid) (22), which is a potent and
specific inhibitor of leukotriene biosynthesis in intact leuko-
cytes (29). This compound was an effective inhibitor at 5–10

 

m

 

M concentrations on all cell lines tested. Representative data
for three cell lines is shown with AA861 (Fig. 4 

 

C

 

) and MK 886
(Fig. 4 

 

D

 

). A bronchioloalveolar carcinoma, A549, was resis-
tant to AA861, but not to MK 886. MK 886 binds to the mem-
brane-bound FLAP, thus preventing translocation of 5-LO
from the cellular cytoplasm (where it is inactive) to the plasma
membrane (29). To evaluate the specificity of this compound,
we added back 5-HETE to NCI-H209 cells, after growing the
cells in 0.6 

 

m

 

M MK 886 for 24 h. The addition of 0.005 

 

m

 

g/ml
5-HETE increased growth by 20% compared to cells treated
identically with the MK 886 but not exposed to 5-HETE. The
two inhibitors of the 5-LO pathway block via different mecha-
nisms. The benzoquinone, AA861, was designed to directly in-
hibit enzymatic activity, but as discussed above also acts via
stabilization of some of the hydroperoxy AA derivatives.

Figure 3. Arachidonate metabolites 

produced after IGF-I growth factor 

stimulation in the presence and ab-

sence of 10 mM AA861 (5-LO) and 

30 mM ASA (cyclooxygenase inhibi-

tor). The values shown are major 

measurable products represented as 

fold increases over control. The data 

represents the average from three to 

six experiments and the SEM of the 

values is shown as error bars, an as-

terisk indicates that P , 0.05. The 

data shown here were obtained at 2 

min. Many metabolites are transient 

but this time period showed maximal 

production of most metabolites and 

was representative of the patterns of 

AA metabolism. (A) 5-lipoxygenase 

products. (B) Prostanoids and lipoxy-

genase products.
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Therefore, the 5-LO inhibitor with the most specific mode of
action, MK 886 showed the greatest antiproliferative effect.
Experiments evaluating [

 

35

 

S]methionine incorporation in cells
confirmed that there was no short-term toxicity (24 h) caused

by exposing cell lines to AA861, MK 886, or NDGA (data not
shown).

To confirm that lung cancer cell lines express the enzymes
which are the targets of the 5-LO and FLAP inhibitors, we an-
alyzed the message expression for 5-LO and FLAP by RT-
PCR and southern blot analysis. Fig. 5, 

 

A

 

 and 

 

B

 

 show that
SCLC and NSCLC cell lines tested express both transcripts.
Using in situ RT-PCR, we also demonstrate the expression of
5-LO mRNA in paraffin sections taken from primary lung can-
cer tissue of both SCLC and NSCLC (Fig. 5, 

 

C–F

 

).
In athymic nu/nu mice bearing heterotransplants of the

SCLC cell line NCI-H209, the administration of NDGA in
their drinking water resulted in significantly smaller xenograft
size relative to control. The flank tumor size was an average of
0.77 cm

 

3

 

 for the NDGA treated group and 2.22 cm

 

3

 

 for the pla-
cebo group (

 

P

 

 

 

,

 

 0.05), without any significant difference in to-
tal body weight between the two groups. The tumor xenografts
were harvested from both groups and examined for the pres-
ence of apoptosis-induced oligonucleosomes using a commer-
cially available kit (ApopTag). Tumors from the untreated
group of mice had low levels of degraded DNA, whereas the
flank tumors harvested from the group of mice treated with
NDGA demonstrated a significantly (

 

P

 

 

 

,

 

 0.05) increased
number of cells with apoptotic DNA (Fig. 6), which correlated
with the reduction in tumor size. This finding is consistent with
other published data (30) and suggests a potential mechanism
of growth inhibition mediated by 5-LO inhibition.

 

Discussion

 

Our work demonstrates that the lipoxygenase pathway of AA
metabolism is activated in SCLC cells after stimulation by two
growth factors. We show that 5-HETE is a major early 5-LO

Figure 4. Effect of AA pathway in-

hibitors on the proliferation of three 

different lung tumor cell lines. Rep-

resentative experiments on three 

different cell lines is shown for each 

compound. NCI-H209, classic SCLC 

cell line (open circle), NCI-N417, 

variant SCLC cell line (open trian-

gle), and A549, NSCLC cell line 

(closed circle). The experimental 

conditions were as outlined in Meth-

ods, and the results are expressed as 

percent growth6SD, with no drug 

added serving as control and ex-

pressed as 100% growth. Asterisks 

indicate significant growth inhibi-

tion versus control (P , 0.05). (A) 

Dose range concentrations used 

with ASA were a range of 0.1–100 

mM. Concentrations used for (B) 

NDGA, (C) AA861, and (D) MK 

886 were 0.5, 1, 5, and 10 mM with 

all three compounds. 

 

Table I. Effect of Inhibitors of the AA Metabolism on Growth 
of Lung Cancer Cell Lines

 

Cell Line

Inhibitor

ASA(100 

 

m

 

M) NDGA (5 

 

m

 

M) AA861 (10 

 

m

 

M) MK 886 (5 

 

m

 

M)

 

Percent growth inhibition

 

SCLC

NCI-H209 38

 

6

 

14 75

 

6

 

12 80

 

6

 

10 93

 

6

 

12

NCI-H345 10

 

6

 

0* 85623 9469 10060

NCI-H82 060* 8666 6060 10060

NCI-N417 1060* 8766 8766 9766

NSCLC

NCI-H1155 47615 9566 68627 93611

NCI-H23 30620 8863 60610 9666

NCI-A549 38618 8765 060* 10060

The mean growth inhibition6SD of a minimum of three experiments is

presented and was achieved with 100 mM for ASA, 10 mM for AA861,

and 5 mM for NDGA and MK 886. For each compound the drug con-

centration that showed the greatest mean inhibition is shown. All values

were determined by assessment of percent growth inhibition calculated

from the optical density value, with a minimum of six replicates from at

least three different experiments per cell line. Percent growth inhibition

compared to vehicle control was significantly different (P , 0.05) except

where specified. *Indicates no significant difference in growth com-

pared to control.
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metabolic product of growth factor–stimulated lung tumor
cells and that 5-HETE can directly stimulate tumor cell growth
in vitro. These cells also produce the specific downstream
products of the 5-LO pathway which suggests the presence of
bioactive 5-LO enzyme. This study reports for the first time,
that the mRNA for the 5-LO and FLAP transcript is expressed
in lung tumor cell lines, and we also demonstrate in situ ex-
pression of 5-LO message in primary tumor tissue. In addition,
HPLC characterization demonstrate that inhibitors of AA me-
tabolism can reverse the production of several metabolites, re-
sulting in inhibition of 5-HETE, LTD4, and AA itself. The in-
hibition of AA release by a 5-LO inhibitor but not ASA was
surprising and suggests a feedback stimulation loop acting via
a 5-LO produced metabolite. The increased production of 15-
HETE, platelet-activating factor, and to some extent pros-
tanoids in the presence of AA861 has been observed in other
cell systems in our laboratory. This may indicate a diversion of
the arachidonate metabolism to alternative pathways in the
presence of an inhibitor when the cells are undergoing contin-
uous stimulation by growth factors.

Furthermore, lung cancer cell growth could selectively be
inhibited in vitro by 5-LO inhibitors AA861, MK 886, and

NDGA. The growth inhibition of MK 886 on NCI-H209 could
be overcome by the addition of 5-HETE. Although the speci-
ficity of the 5-LO inhibitors is not complete, the similar results
with the three different types of 5-LO inhibitors is consistent
with the lipoxygenase pathway playing a significant role in
growth factor signaling. The in vivo experiments with NDGA
in athymic nu/nu mice bearing heterotransplants of SCLC cell
line NCI-H209, suggests that tumor growth reduction is medi-
ated by apoptotic growth control. In vitro experiments with
NCI-H209 also show evidence of increased apoptotic activity
in the presence of MK 886 (data not shown).

Inhibitors of AA metabolism can directly or indirectly in-
duce biochemical and morphological changes in cultured cells.
In a malignantly transformed prostate cell line, a 5-LO inhibi-
tor caused inhibition of proliferation indicated by modulation
of DNA synthesis (31). Specific 5-LO inhibitors have also been
shown to have significant antiproliferative effect on several
leukemic cell lines but not on HeLa cells (32). Conversely, cys-
teinyl leukotrienes have been previously reported to increase
the growth of normal bronchial epithelial cells (33). Since lung
cancer cell growth can be selectively inhibited by 5-LO inhibi-
tors such as AA861, MK 886, and NDGA, further consider-

Figure 5. mRNA expression of 5-LO (A) and its associated activating 

protein (FLAP) (B) in three different cell lines (NCI-H209, NCI-H345, 

and A549) using RT-PCR. Detection of 5-LO mRNA by in situ RT-

PCR (C–F), in paraffin sections taken from a SCLC tumor (C and D) 

and from a NSCLC tumor (E and F). Negative controls (D and F) were 

performed by substituting the primers with water in the PCR mixture.
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ation of this approach in advanced stage tumors and early can-
cer is merited. In our experience, the growth inhibitory effects
in vitro of the 5-LO inhibitors is at least as potent as the con-
ventional chemotherapy drugs used for lung cancer treatment
(34). Furthermore, the effective drug concentrations needed to
inhibit cancer cell line growth with the compounds used in our
study are achievable in humans (35). In contrast to the usual
toxic chemotherapeutic agents, the modest clinical toxicity of
the downstream AA inhibitors make them appropriate for con-
sideration not only for cancer treatment but also for chemo-
preventive applications. The use of 5-LO inhibitors for lung
cancer may complement the proposed use of cyclooxygenase
inhibitors to prevent colon cancer (16, 36, 37).

Growth factors are known to play an important role in the
induction and inhibition of apoptosis in several tumor systems
(38). The interruption of 5-LO–dependent cell signaling up-
regulates the rate of apoptotic cell death in a human hemato-
poietic cell line (31). The same effect has been reported for the
cyclooxygenase pathway of AA metabolism in colon cancer
(30). Similarly, inhibition of apoptosis has been reported with
the progression of a carcinoma in the colon (39). Our results
further suggest stimulation of or reestablishment of apoptotic

growth regulation resulting from the interruption of the 5-LO
pathway, as a possible mechanism for the antiproliferative ef-
fect of the lipoxygenase inhibitors. Baserga used the relation-
ship of IGF-I receptor with apoptosis as an example of a
growth factor circuit acting as an oncogene, enabling the pro-
cess of carcinogenesis (20). Our results are consistent with
Baserga’s hypothesis regarding the critical role growth factor
signaling circuits play in permitting cells to cycle through apop-
totic growth control. Our data, using cell lines derived from an
advanced stage of lung carcinogenesis, suggests that the path-
ways to reestablish apoptotic growth control are conserved
late into the natural history of a cancer.

Understanding of the molecular events involved in growth
factor signaling is rapidly evolving. We present our results as a
working model for regulation of lung cancer cell growth with
potential therapeutic implications. Independent validation of
the significance of these observations is desirable since thera-
peutic efforts currently used in the treatment of lung cancer
have not reduced the high mortality rate of this disease (1, 2).
Lipoxygenase inhibitors represent a new pharmacological tool
to renew growth regulation in transformed cell populations.
The relationship between tumor growth factor signaling and

Figure 6. Effect of NDGA administration on apoptosis. Histological sections 

stained for apoptosis in heterotransplanted tumors of SCLC cell line NCI-

H209 is shown. (A) Section from a mouse treated with NDGA; (B) section 

from a mouse in placebo group; (C) statistical analysis of the number of apop-

totic cells counted. Data represent the average6SD. The difference between 

the two samples was statistically significant (P , 0.05).



5-Lipoxygenase in Lung Cancer 813

the trophic influence of leukotrienes may also provide a mech-
anistic link for the clinical association of chronic inflammation,
repair of epithelial injury, and the development of cancer. Spe-
cifically, antagonizing critical growth factor–dependent signal-
ing pathways may be a fundamental clinical strategy with ap-
plicability during all phases of lung carcinogenesis.
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