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Abstract

The beneficial effects of omega-3 fatty acids are believed to be due in part to selective alteration
of arachidonate metabolism that involves cyclooxygenase (COX) enzymes. Here we investigated
the effect of eicosapentaenoic acid (EPA) on the proliferation of human non-small cell lung cancer
Ab49 (COX-2 over-expressing) and H1299 (COX-2 null) as well as their xenograft models. While
EPA inhibited 50% of proliferation of A549 cells at 6.05 uM, almost 80 uM of EPA was needed to
reach similar levels of inhibition of H1299 cells. The formation of PGE3 in A549 cells was almost
3-fold higher than that of H1299 cells when these cells were treated with EPA (25 pM).
Intriguingly, when COX-2 expression was reduced by siRNA or shRNA in A549 cells, the
antiproliferative activity of EPA was reduced substantially compared to that of control SiRNA or
ShRNA transfected A549 cells. In line with this, dietary menhaden oil significantly inhibited the
growth of A549 tumors by reducing tumor weight by 58.8 + 7.4 %. In contrast, similar diet did not
suppress the development of H1299 xenograft. Interestingly, the ratio of PGE3 to PGE, in A549
was about 0.16 versus only 0.06 in H1299 xenograft tissues. Furthermore, PGE, up-regulated
expression of pAkt, whereas PGE3 downregulated expression of pAkt in A549 cells. Taken
together, the results of our study suggest that the ability of EPA to generate PGE3 through COX-2
enzyme might be critical for EPA-mediated tumor growth inhibition which is at least partly due to
down-regulation of Akt phosphorylation by PGEj3.
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Introduction

Lung cancer is the single greatest cause of death from malignancy in both men and women
in the United States and is greater than for the next 3 leading cancers (prostate, colon, and
breast) combined (1). The overall 5-year survival rate for patients with lung cancer is less
than 15% and, this has remained largely unchanged for the last 3 decades. Thus, finding an
effective prevention and treatment strategy for this cancer is desperately needed. Although
smoking cessation is a key factor in halting the lung cancer epidemic, most lung cancers
develop in ex-smokers (2). Inflammation has been postulated to play a key role in lung
carcinogenesis. Regular use of aspirin and other nonsteroidal anti-inflammatory agents
(NSAIDs) is associated with a reduced risk of developing lung cancer in animal models and
among smokers (2-5). Among several proinflammatory mediators, cyclooxygenase-2
(COX-2), the inducible form of COX and its arachidonic acid (AA) metabolite, PGE,, have
been suggested as novel targets for lung cancer therapy and chemoprevention (6) because
COX-2 and PGE, have been implicated in apoptosis resistance (7), angiogenesis (8,9),
decreased host immunity (10), and enhanced invasion and metastasis (11). A phase Il
clinical trial suggested that treatment with chemotherapy plus celecoxib led to superior
survival in patients with high intratumoral COX-2 expression than did chemotherapy alone.
This suggests that some non-small cell lung cancers (NSCLCs) (35%) are associated with
relative COX-2 enzymatic activity and this may be a pivotal target for this subpopulation of
lung cancer patients (12). However, due to the cardio-toxicity believed to be associated with
use of selective COX-2 inhibitors in the clinical setting, targeting COX-2 pathways by
altering COX-2’s AA metabolism with little or no cardiotoxicity may provide a promising
chemopreventive approach for lung cancer, particularly in a patient population with
moderate to high expression of COX-2.

While a large body of evidence indicates that n-6 polyunsaturated fatty acids promote the
growth of tumor cells, n-3 fatty acids (e.g. EPA and DHA) have actually been shown to
inhibit breast, colon, prostate, and lung tumor cell proliferation (Reviews in [13,14]). EPA
and DHA have also been shown to induce apoptosis in a number of cell lines, including
human lung A549 and A427 cells (15-17). Fish oil inhibited the growth of NSCLC cell lines
(H1838 and H1792) by suppressing integrin-linked kinases (18). The anti-inflammatory
activity of fish oil was demonstrated by the significantly reduced expression of pro-
inflammatory genes or related products, such as LTBy, PI13Ka, IL-1f, IL-10, and IL-23 in
the peripheral blood mononuclear cells (PBMC) of a healthy population given fish oil-
derived EPA (775 mg/day) for 5 weeks (19). Number of epidemiological studies suggest
fish consumption is significantly inversely associated with lung cancer risk and mortality
(20-23). Most recently, a study suggested that a combination of n-3 fatty acids (2 g of fish
oil, twice daily) and a COX-2 inhibitor (celecoxib, 200 mg) could ameliorate the symptoms
and signs associated with Systemic Immune-Metabolic Syndrome in advanced lung cancer
(24).

Although the mechanisms of antitumor activity of fish oil are not clear, a number of studies
have suggested that the anticancer activity of both EPA and DHA are associated eicosanoid
metabolism through their ability to inhibit PGE, production (25). In contrast to DHA, EPA
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can function as a substrate of COX for the synthesis of a unique series of PGz-related
compounds (26). We reported that human lung cancer cells and pure COX enzymes have the
capacity to synthesize PGE, and PGEj3 (Fig S1) when incubated with either AA or EPA,
respectively. We have also shown that in human NSCLC A549 cells, formation of PGE3
results mainly from COX-2, but not COX-1, suggesting that PGHs is an efficient substrate
for PGE synthase (27). In comparison to our understanding of the biosynthesis of the n-3
series of PGs, knowledge of the biologic functions of these eicosanoids is limited. Studies
from our laboratory indicate that PGEj3 inhibits proliferation of A549 cells, whereas PGE,
slightly stimulates the growth of these cells (27). Addition of PGE, eliminates the inhibitory
effect of fish oil, while the addition of PGE3 reduced the invasiveness of hepatoma cells
pretreated with safflower oil (28). Significant elevation of PGE3 has been detected in rat
colonic mucosa, which may contribute to fish oil-induced apoptosis in azoxymethane alone
or in irradiated azoxymethane treated rats (29). Moreover, PGE3 suppresses the induction of
angiopoietin-2 and results in inhibition of angiogenesis in HUVEC cells while it also
modulates COX-2—mediated invasion and angiogenesis in brain-metastatic melanoma
(30,31).

Whether fish oil derived PGEj3 contributes to the chemopreventive effect of fish oil on lung
cancer has not been comprehensively investigated, we therefore studied the relative effect of
fish oil derived EPA on proliferation of COX-2 expressing human lung cancer A549 cells
and COX-2 null H1299 cells and their respective xenograft models. A correlation between
formation of PGE3 and inhibition of PGE, in xenograft tumor tissues and the tumor
suppressive effect of fish oil in A549 xenograft models was observed. Furthermore, our data
suggests that the anti-proliferative effect of EPA or PGE3 might be mediated, at least in part,
through down-regulation of phosphorylation of the Akt pathway

Materials and Methods

Materials and reagents

Cell lines

EPA (> 99%) , DHA (> 98%), butylated hydroxytoluene (BHT), EDTA and MTT were
purchased from Sigma Chemical Co. (St. Louis, MO). PGE,, PGE,-d4, PGE3 and anti-
COX-2 antibody were obtained from Cayman Chemical (Ann Arbor, MI). Calcein
acetoxymethyl (CAM) ester was purchased from Molecular Probes (Eugene, OR). Anti—3-
actin antibody was also purchased from Sigma.

Human non-small cell lung cancer H1299 and A549 cells were obtained from the American
Type Culture Collection (Manassas, VA) and maintained in a humidified atmosphere
containing 5% CO, at 37°C. H1299 cells were routinely cultured in MEM medium
(Invitrogen Corp, Grand Island, NY) supplemented with 10% heat inactivated fetal bovine
serum ([FBS] Hyclone Laboratories Inc., Logan, UT), 50 1U/ml penicillin and 50 pg/ml
streptomycin, and 2 mM L-glutamine from GIBCO (Invitrogen). A549 cells were routinely
grown in DMEM-F12 medium (Invitrogen) supplemented with 5% heat inactivated FBS,
(Hyclone Laboratories Inc., Logan, UT), 50 1U/ml penicillin and 50 pg/ml streptomycin, and
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2 mM L-glutamine from GIBCO (Invitrogen). All cell lines were authenticated via
microscopic morphology check and DNA characterization.

Cytotoxicity determination

Cells were grown at a density of 1 x 10* cells/well in their relevant media as indicated
above. After a 24 hr incubation period, cells were washed with serum free medium prior to
treatment with various concentrations of EPA and DHA (1 to 100 uM). After an additional
72 hr, inhibition of cellular proliferation was assessed by MTT assay (32). Absorbance was
read at a wavelength of 570 nm and a reference wavelength of 650 nm using a V-Max
Micro-plate Reader by Molecular Devices, Inc. (Sunnyvale, CA).

Western blot analysis

Cells were washed with cold PBS and scraped free in the presence of lysis buffer (20 mM
MOPS, 2 mM EGTA, 5 mM EDTA, 30 mM NaF, 40 mM -glycerophosphate, 20 mM
sodium pyruvate, 0.5% Triton X-100, and 1 mM sodium orthovanadate with protease
inhibitor cocktail). Cell lysates were then sonicated on ice for 3 min, incubated for an
additional 10 min at 4°C prior to centrifugation at 14,000 x g (10 min at 4°C). Protein levels
were quantified via the BioRad Dc protein assay (BioRad, Inc., Hercules, CA). Equal levels
of protein (50 pg) were applied to BioRad precast gels or NUPAGE Novex precast bis-tris
mini-gels (Invitrogen, Carlsbad, CA) and then transferred onto polyvinylidene diflouride
membranes, according to standard methods. Following a 1- to 2-hr incubation period in 5%
nonfat dry milk blocking buffer prepared in Tris-buffered saline with 0.1% Tween 20,
membranes were probed with primary antibodies to COX-1 (Abcam Inc, Cambridge, MA),
COX-2 (Cayman Chemical), Akt and pAkt (Cell Signaling Technologies, Inc., Danvers,
MA\) diluted 1:2,000 in blocking buffer. Protein bands were visualized via chemluminesence
using the ECL+ detection kit and hyper-film (Amersham Biosciences, Piscataway, NJ).
Equal loading of samples was illustrated by Western blotting for the presence of p-actin.
Protein bands were quantified using Alpha DigiDoc 1000 software (Alpha Innotech Corp.,
San Leandro, CA).

Development of COX-2 transient and stable knockdowns in A549 cells

Ab549 cells were plated in 6 and 48 well plates and allowed to attach overnight. Transient
transfection of non-specific sSiRNA (control siRNA) and COX-2 siRNA molecules was
carried out using SiPORT™ Amine Transfection Agent (Ambion, Austin, TX) and COX-2
silencing RNA (0.2-0.4 uM) (Santa Cruz Biotechnology, Inc. Santa Cruz, CA) following the
manufacturer’s instructions. Twenty-four hr after transfection, cells were treated with 50 to
200 uM EPA for 24 hr. Protein was collected from the 6 well plates 72 hr after transfection
for Western blot analysis. Assessment of cell viability affected by different treatments was
carried out by Calcien AM staining (33).

For the development of stable COX-2 knockdown A549 cells, cells were set up in 6 well
plates with complete media and incubated overnight. Media containing 5 pug/ mL polybrene
(Santa Cruz Biotechnology) was added to the cells. COX-2 shRNA Lentiviral Particles
(Santa Cruz Biotechnology) was added to the culture at a concentration of 1.0 x 104
infectious units of virus (10 uL of stock) and incubated for 24 hours. The culture media was
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replaced with 1 ml of complete medium (without Polybrene) and incubated overnight. Cells
were then split 1:3 and then further incubated 24-48 hours in complete medium. COX-2
silenced cells were selected by using 8 pg/mL puromycin dihydrochloride (Santa Cruz
Biotechnology). Fresh puromycin-containing medium was added every 3-4 days until
resistant colonies were identified. Individual colonies were isolated and maintained in a
medium containing puromycin (8 ug/mL). The expression of COX-2 in the stably
transfected A549 cells was determined by western blot analysis. The anti-proliferative effect
of EPA in the COX-2 stably knockdown A549 cells was evaluated with BrDU assays
(Calbiochem).

Eicosanoid analyses

Levels of eicosanoids in the lung cancer cells and xenograft tissues were determined
according to the method of Kempen et al. (34) and Yang et al. (35,36). In brief, A549 or
H1299 (5 x 106) were harvested by trypsinization and washed with PBS and then
resuspended in 0.5 ml of PBS containing 1 mM CaCls,. For exogeneous eicosanoid analysis,
samples were incubated with 2.5 uL of calcium ionophore A23187 (1 mM) for 2 min,
followed by addition of an aliquot of 2.5 pL EPA (10 to 50 pM). Samples were then
incubated for an additional 10 min. The reaction was terminated by addition of aliquots of
40 pL of 1 N citric acid and 5 pL of 10% BHT. An aliquot (10 pL) of the PGE»-d,4 (100
ng/mL) was added as an internal standard to the reaction mixtures. Eicosanoids were
extracted using 2 mL of hexane-ethyl acetate (1:1; v/v) and the extraction was repeated three
times. The upper organic phases were pooled and evaporated to dryness under a stream of
nitrogen at room temperature. All extraction procedures were performed under conditions of
minimal light. Samples were then reconstituted in 100 UL of methanol/10 mM ammonium
acetate buffer (70:30, v/v) (pH 8.5) prior to analysis by liquid chromatography/tandem mass
spectrometry (LC/MS/MS).

For eicosanoid analysis of xenografts, frozen tissue (25-50 mg) was ground to a fine powder
using a liquid nitrogen—cooled mortar (Fisher Scientific). Samples were then transferred to
sealed microcentrifuge tubes, and ice-cold PBS buffer, containing 0.1% BHT and 1 mM
EDTA, three times the volume of the samples was added. The mixture was then
homogenized by using an ultrasonic processor (Misonix, Farmingdale, NY) at 0°C for 3
min. A 100-uL aliquot of the homogenate was transferred to a glass tube (13 x 100 mm) and
subjected to extraction of eicosanoids using the method of Yang et al. (36).

Reverse-phase HPLC electrospray ionization mass spectrometry (MS) was used to
determine eicosanoid (PGE, and PGEg) levels in cells or tissues using previously published
methods reported by our laboratory (34,37). A Micromass Quattro Ultima tandem mass
spectrometer (Waters, Milford, MA) was equipped with an Agilent 1100-HP binary pump
high-pressure liquid chromatography (LC) inlet for use in these studies. Eicosanoids were
separated using a Luna 3-y phenyl-hexyl (2 x 150 mm) analytical LC column (Phenomenex,
Torrance, CA). The mobile phase consisted of 10 mM ammonium acetate (pH 8.5) and
methanol; the flow rate was 250 pL/minute, the column temperature was 50°C, and the
sample injection volume was 25 uL. Samples were kept at 4°C in an autosampler prior to
injection into the column. The mass spectrometer was operated in the electrospray negative-
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ion mode with a cone voltage of 100 V. Fragmentation of all compounds was performed
using argon as the collision gas at a cell pressure of 2.1 x 1073 torr. The collision energy was
19 V. All eicosanoids were detected using negative ionization and multiple-reaction
monitoring of the transition ions for eicosanoid products and their internal standards (36).
The concentration of these eicosanoids was normalized by the amount of protein or number
of cells.

Animal Study

Diet

All animal experiments were approved by The University of Texas MD Anderson Cancer
Center Animal Care and Use Committee. The human lung xenograft A549 and H1299 tumor
models were developed using a modified version of the method described by Raben et al.
(38). Five- to 6-week-old male BALB/c athymic (Nu/Nu) mice were purchased from
Charles River Laboratories (Wilmington, MA) and acclimated to the institutional animal
care facility for 1 week. They were then randomized to three different groups based on diets:
regular AIN-76 mouse chow, soybean oil and menhaden oil diets (Research Diet Inc., New
Brunswick, NJ). The composition of the diets is listed in Table 1. Diets were vacuum sealed
in small quantities prior to their arrival to the animal facility to prevent auto-oxidataion.
Upon arrival, diets were kept at —20°C. Food was replaced every other day to prevent
consumption of oxidized lipids. After 10 days, the mice were then subjected to subcutaneous
injections of human non-small cell lung cancer A549 (1 x 107) or H1299 (5 x 106) cells
suspended in 100 pl of cell culture medium. Body weight were measured every three days.
Four weeks after inoculation, the mice were sacrificed, tumor was collect and weighed.
Tumor tissues were rapidly collected from mice and flash-frozen in liquid nitrogen for
further analysis.

Both soybean and menhaden oil diets were made by Research Diet Incorporation (NJ). They
are composed of 15% fat by weight, which equates to 30% of energy per day for humans.
The diets were modified based on AIN-76 dietary content. The soybean oil diet contained 15
g of soybean oil replacing 5 g of corn oil within every 100 g of regular AIN-76 diet. In
comparison, the menhaden oil diets contained 10 g of menhaden 0il/100 g diet and 5.5 g of
soybean oil per 100 g of diet to deliver the levels of the essential fatty acid linolenic acid
that is necessary to protect against essential fatty acid deficiency. The amount of sucrose
was proportionally reduced. Additionally, 2 mg of tertiary butylhydroquinone was added per
100 g of diet as an antioxidant. Fresh diets were prepared as necessary and kept at —20° C
for long-term storage (months) or 4° C for short-term storage (weeks) to prevent lipid
oxidation.

Immunohistochemical analysis

Immunohistochemical examination of cleaved caspase 3 was performed in the frozen section
of the tissues. Sections were treated with treated with primary antibody against cleaved
caspase-3 (1:250 diluted; Santa Cruz Biotechnology). Images were collected randomly at
x40 using a EVOS microscope Westover Scientific’s Advanced Microscopy Group). The
quantitation of cleaved caspase-3 positive cells were performed by counting the cells in 8
selected field.
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Statistical analysis

Results

Student’s t-test was used to determine the statistical differences between various
experimental groups; a value of P < 0.05 was considered to be significant.

The antiproliferative effect of EPA in NSCLC cells is correlated with the level of COX-2

expression

In order to test whether EPA and DHA differentially inhibit the proliferation of NSCLC, we
selected two human non-small cell lung cancer cell lines: A549 and H1299 cells. As shown
in Fig. 1A, EPA inhibited the proliferation of A549 cells with an 1Cgg value of 6.05 uM. In
contrast, the inhibitory effect of EPA on H1299 cells was relatively weaker as evidenced by
a 13-fold higher 1C5q value (80 uM). In comparison, the inhibitory effect of DHA on the
growth of A549 cells (ICsq, 9.7 uM) was only 5-fold greater than that of H1299 cells (ICsgg,
50 uM) (Fig. 1B).

Because the anti-inflammatory activity of fish oils such as EPA and DHA have been
reported to be due, at least in part, to inhibition of formation of PGE,, the relative
expression of COX-2 was examined in these cell lines. Western blotting results (Fig.2A)
demonstrated that the level of COX-1 protein expression was similar in the two cell lines. In
contrast, A549 cells expressed a higher amount of COX-2 than H1299 cells, suggesting the
differential anti-proliferative effect of EPA and DHA in NSCLC cells might be associated
with the level of expression of COX-2 and consequently PGE,. Similar phenomena were
also observed in EPA treated premalignant (1198) and tumorigenic (1170) lung cells, which
showed much less sensitivity to EPA treatment than did A549 cells due to lower expression
of COX-2 in these cells (data not shown).

EPA inhibits formation of PGE, and increases production of PGE3 in A549 cells to a
greater extent than in H1299 cells

We have previously demonstrated that EPA can serve as a substrate for COX-2 and give rise
to PGE3 in A549 cells (29). Here we tested the ability of EPA to form PGEj3 in H1299 cells
in comparison to that in A549 cells. Human NSCLC H1299 cells (lacking expression of
COX-2) and A549 cells were treated with different concentrations of EPA (10, 25 and 50
UM) and the relative formation of PGE, and PGEj3 in these cell lines was determined. The
level of PGE3 formation in A549 cells was 2.02 £ 0.24 ng/5 million cells when these cells
were treated with 10 pM EPA. Interestingly, H1299 cells treated with a similar
concentration of EPA generated only 0.32 + 0.04 ng/5 million cells, which was only 16% of
that generated by A549 cells. The level of PGE3 in A549 and H1299 cells treated with 50
UM EPA was 7.98 + 1.75 ng/5 million cells and 2.5 £ 0.3 ng/5 million cells, respectively.
The formation of PGE3 by EPA in both A549 and H1299 cells was concentration dependent
(Fig. 2B).

Reduced COX-2 expression in A549 cells decreased the anti-proliferative effect of EPA

Previously, we reported that exposure of lung cancer cells to PGE, (1 uM) slightly increased
cell proliferation, whereas PGE3 (1 uM) significantly inhibited cell proliferation by 40%
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(29). In order to further confirm that the presence of the COX-2 enzyme is a critical factor in
explaining the EPA-elicited anti-proliferative effect, A549 cells were transfected with
COX-2 siRNA. The anti-proliferative activity of EPA in both control siRNA and COX-2
SiRNA transfected A549 cells was then determined. As shown in Fig 3, when the expression
of COX-2 protein was reduced by COX-2 siRNA by more than 90% (Fig. 3A), the
inhibitory effect of EPA (50 uM) with regard to the growth of A549 cells was reduced by
40% compared to that of control sSiRNA transfected A549 cells, suggesting that the anti-
proliferative effect of EPA was markedly reduced as a result of decreased expression of
COX-2 in these particular cells (Fig. 3B). A similar phenomenon was observed when stable
COX-2 knockdown A549 cells were treated with EPA. As shown Fig. 3C, the stable COX-2
knockdown A549 cells expressed markedly reduced COX-2 protein content compared to
that of parental A549 cells (reduced over 90%). When the control-shRNA and shRNA
COX-2 stably transfected A549 cells were treated with EPA for 24 hrs, the suppression of
growth of stable COX-2 knockdown A549 cells by EPA (50 uM) was significantly reduced
to 34% compared to that of control-shRNA treated group (inhibition was about 65%) (P <
0.05) (Fig. 3D).

Intriguingly, while EPA (50 pM) inhibited the formation of PGE; in control ShRNA and
COX-2 shRNA transfected A549 cells by 46.1% and 34.1%, respectively, EPA gave rise to
much lower levels of PGE3 (0.068 ng/million cells) in COX-2 shRNA transfected A549
cells than that in control shRNA transfected A549 cells (0.126 ng/million cells) (p < 0.05).
These effects were also concentration dependent (Fig. 3E).

PGEs-induced cell growth inhibition may be associated with inhibition of PI3K/Akt

pathways

Since studies have suggested that one of the mechanisms of action for PGE,-mediated cell
proliferation involves increased activity of PI3K and consequent elevation of Akt
phosphorylation as well as increased MAPK activation in human colon cancer cells (43), we
examined the effect of EPA, PGE; and PGE3 on Akt and pAkt protein expression in both
A549 and H1299 cells. Fig. 4A and B show that PGE, (1077 to 108 M) markedly increased
phosphorylation of Akt in both A549 and H1299 cells in a concentration-dependent manner,
whereas PGEj failed to enhance Akt phosphorylation in either cell line. Rather, a marked
reduction of pAkt expression was observed in A549 cells exposed to PGE3, suggesting that
in contrast to PGE,, this fish oil-derived eicosanoid has the ability to result in inhibition of
phosphorylation of Akt. The effect of PGE, and PGE3 on P13k activity was similar in both
Ab49 and H1299 cells regardless of the differential status of COX-2 enzyme content.
Interestingly, when A549 cells were treated with EPA (10 — 50 pM) for 24 hr, Akt
phosphorylation was significantly reduced in a concentration-dependent manner, whereas no
such change was observed in H1299 cells when they were treated with similar
concentrations of EPA (Fig. 4B). These data suggest again that the lack of antiproliferative
activity of EPA in H1299 cells may be associated with the relative lack of formation of
PGE3 due to a lower level of COX-2 expression.

Mol Carcinog. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 9

Menhaden oil inhibited growth of A549, but not H1299, xenografts

In order to test the hypothesis that COX-2 expression and formation of PGE as opposed to
PGEj3 is an important determinant of anticancer activity of fish oil, we tested the antitumor
activity of menhaden oil, a commonly consumed fish oil, in both A549 and H1299 mouse
xenograft models. Mice were fed a control soybean oil or a menhaden oil (EPA: DHA, 3:2)
diet (containing 3% n-3 fatty acids, w/w) 10 days before they were subcutaneously
inoculated with either A549 (10 x 106) or H1299 (5 x 10%) cells. Mice continued receiving
the diets for 4 weeks after tumor inoculation. As shown in Fig. 5, menhaden oil diets
significantly inhibited the growth of A549 tumors demonstrated by a reduction in tumor
weight of 58.8 £ 9.0 % and 48.8 + 7.4 % (flank or shoulder tumor), respectively (Fig. 5A).
In contrast, the tumor weights of mice on the menhaden oil diet in the H1299 xenograft
model were similar to that of mice on soybean oil diet (Fig. 5B). Because we have
previously reported that EPA could induce apoptotic cell death in A549 cells (27), we then
examined whether tumor suppressive effect of menhaden oil was mediated through
apoptosis by measuring the cleaved caspase 3 in the tumor tissues of A549 and H1299
xenograft. Fig 5C showed that of cleaved caspase 3 positive cells in A549 xenograft treated
with menhaden oil was approximately 6.0 £ 3.4 per field comparing to that treated with
soybean oil (not detected), whereas no noticeable cleaved caspase 3 positive cells were
detected in either soybean or menhaden treated H1299 xenograft tissues.These in vivo data
further support the hypothesis that fish oil exerts a stronger anti-proliferative activity when
COX-2 is over-expressed than when COX-2 is absent.

Fish oil diets alter the tumor-derived PGE, and PGE3 formation in A549 and H1299
xenograft tumor models

To further confirm that the formation of PGE3 was associated with COX-2 expression, we
determined the formation of both PGE, and PGE3 in A549 and H1299 xenograft tissues. As
illustrated in Fig. 5D, both PGE, and PGE3 can be detected in A549 xenograft tumor tissues.
Interestingly, the endogenous levels of PGE5 in A549 tumor tissues were significantly
reduced from 4.8 + 0.7 ng/mg protein in the vehicle control group to 2.3 £ 0.7 ng/mg protein
in the menhaden diet group (p < 0.05). In contrast, the formation of PGE, in the vehicle
control and menhaden oil treated groups in H1299 xenograft tissues was 0.17 + 0.038 and
0.11 + 0.02 ng/mg protein, respectively. Furthermore, menhaden oil increased the formation
of PGEj3 from an undetectable level in the vehicle control group to 0.89 + 0.12 ng/mg
protein in menhaden oil group in the A549 xenograft model, whereas only a small amount of
PGEj3 was detected in H1299 xenograft tissues. The ratio of PGE3 to PGE; in menhaden oil
fed mice with A549 xenografts was almost 3-fold higher than that generated in H1299
xenografts (Fig. 5E). It appears that the ratio of PGE3 to PGE; is correlated with the
antitumor efficacy of the fish oil in both A549 and H1299 cells. These data suggest again
that the level of PGE3 synthesis may be directly linked to the expression of COX-2 proteins.

Discussion

There is extensive documentation on the beneficial health effects of fish oil, especially with
respect to cancer prevention and treatment. These effects are mainly contributed by the fish
oil-derived omega-3 fatty acids, EPA and DHA. The anti-proliferative activity of fish oil
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may actually be due to its actions on multiple targets of cell signaling pathways (13).
Among these mechanisms, the most important and well appreciated is its effect on
eicosanoid metabolism (13). We and other investigators have demonstrated that EPA has the
ability to give rise to PGE3 and that PGEj3 antagonizes the effect of PGE; on cell
proliferation in both NSCLC A549 and colon cancer HT29 cells (27, 42). In this study, we
confirmed that the differential anti-proliferative effect of EPA and fish oil against NSCLC
cells A549 and H1299 was associated with expression of COX-2 and consequent formation
of PGE3 in those cells and their relevant xenograft models. The important link of COX-2 to
EPA elicited anti-proliferative activity in these cells was further evidenced by the inhibitory
effect of EPA being markedly reduced in COX-2 knockdown A549 cells compared to that of
control siRNA or shRNA transfected cells. The correlation of COX-2 status and antitumor
efficacy of fish oil as well as the alteration of PGE3 over PGE, was also demonstrated in
this study. More intriguingly, while we have shown that PGE, enhanced activity of Akt/PkB
kinase denoted by increased Akt phosphorylation, it is to the best of our knowledge the first
time to demonstrate that PGE3 inhibited Akt/PKB activity by reducing the phosphorylation
of Akt in both A549 and H1299 cells. Thus, the effects of PGE3 on inhibition of the
Akt/PKB pathway may play an important role in EPA elicited anti-proliferative activity.

A numbers of studies have documented that fish oil-derived fatty acids have anti-
inflammatory or anti-proliferative activity through reduction of COX-2 expression as well as
the suppression of formation of the pro-inflammatory lipid mediator PGE, (14). The impact
of fish oil on reducing development of cancer and its association with COX-2 status has
been further enlightened by a recent study on the link between omega-3 fatty acids and
prostate cancer risk (41). Fradet V., et al recently reported the increasing intake of omega-3
fatty acids was strongly associated with a decreased risk of aggressive prostate cancer. The
OR (Odd ratios, 95% confidence interval) for prostate cancer comparing the highest with the
lowest quartile of n-3 intake, was 0.37 (0.25-0.54). This inverse association was even
stronger among men carrying the COX-2 variant SNP (s4648310 [+8897 A/G], flanking the
31 region of COX-2) (41). However, exactly how the relative expression of COX-2 affects
the anti-proliferative activity of fish oil derived omega-3 fatty acids, particularly EPA, in
cancer is far from clear. We have reported previously that EPA administration to A549 cells
that constitutively express COX-2 led to the synthesis of PGE3 Furthermore, the relative
formation of PGE3 and its effect on cell proliferation was significantly reduced when the
cells were co-treated with a COX-2 inhibitor (27). A similar observation has been made in
human pancreatic cancer BxPC3 cells (42). Additionally, we have also shown that
administration of EPA to rats significantly reduced formation of PGE, while concomitantly
increasing formation of PGEj3 in the colon mucosa [29]. More recently, Hawcroft G, et al,
also demonstrated higher levels of PGEj3 in EPA treated COX-2 positive human colorectal
cancer HCA-7 cells (40). Taken together, these studies collectively support the concept that
EPA, in contrast to DHA, has the ability to generate PGE3 through COX-2 pathways in
various human cancer cells. In order to further support the notion of COX-2 status as a
critical target for EPA-elicited anti-proliferative activity, it is critical to delineate how
COX-2 status affects the sensitivity of cancer cells to EPA treatment and how it links to the
balance of PGE; and PGEj in those cells, something that was lacking from previous studies.
We demonstrated that COX-2 expressing NSCLC A549 cells or its xenograft models were
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more sensitive to EPA or menhaden treatment, respectively than H1299 cells, a COX-2 null
NSCLC cell line and its xenograft model. The stronger anticancer activity of EPA or fish oil
in A549 cells or xenografts than that in H1299 cells or its xenografts is associated with a
higher ratio of PGE3 over PGE, in A549 than in H1299 cells. Furthermore, when COX-2
expression was knocked down by COX-2 siRNA or shRNA, the anti-proliferative effect of
EPA against the COX-2 knockdown cells was reduced by 40% in comparison to that of
control siRNA or shRNA transfected A549 cells suggesting that the anti-proliferative effect
of EPA in NSCLCs was at least partially mediated through COX-2. Thus, taken together, the
results of our in vitro and in vivo studies strongly suggest that the antiproliferative effect of
EPA is mediated at least partially by modulation of COX-2 metabolism in NSCLCs.

The importance of prostaglandins in carcinogenesis and chronic inflammation is supported
by population studies, clinical trials as well as animal experiments. Among the
prostaglandins of interest, PGE, has been consistently documented to act as a tumor
promoting mediator in various types of cancers including colon, lung, breast, head and neck
cancers (43). PGE; induces a proliferative effect through modulation of multiple cell
signaling pathways in an autocrine or paracrine fashion. For example, it has been
demonstrated that PGE, promotes colon tumor cell survival through its action on the PI3K-
Akt-PPARS cascade in Apc™iM mice as well as colon cancer cells (44). It promotes
proliferation of colon and lung cancer cells by acting on Ras-Erk and glycogen synthase
kinase-3p - p catenin pathways (45). Additionally, a PGE,-induced anti-apoptotic effect has
been linked to upregulation of Bcl-2 expression and induction of nuclear factor - B (NF-
«B) transcriptional activity (38, 46). We have observed that PGE, increased Akt/PKB
activity by upregulating Akt phosphorylation in both A549 and H1299 cells in a
concentration dependent manner regardless of the COX-2 status of these two cell lines.
Intriguingly, PGE3 did not enhance Akt phosphorylation in either of these two cell lines
compared to that of PGEoy. In fact, PGE3 actually down regulated Akt/PKB activity as
denoted by a reduced phosphorylation of Akt. Our finding demonstrates for the first time
that PGE, might promote proliferation of NSCLC cells through up-regulation of Akt/PKB
pathways and that PGE3 inhibits the activity of this particular pathway. Given that the
PI3K/Akt pathway is critically important in oncogenes, the results of our study suggest that
different types of prostaglandins could exert distinctly different effects on this particular
pathway and on proliferation of NSCLC cells. EPA treatment only caused marked down
regulation of Akt phosphorylation in A549 cells, but not on H1299 cells. These data suggest
again that the relatively stronger inhibition of proliferation of A549 cells by EPA might be
mediated through increased formation of PGE3 and subsequent downregulation of
phosphorylation of Akt; whereas, the relative poor sensitivity of H1299 cells to EPA
treatment is likely due to the reduced formation of PGEj3. These findings collectively
suggest that EPA-elicited anti-proliferative activity is mediated through PGE3 formation by
COX-2 enzymes and downregulation of PI13K pathways in NSCLC cells.

Taken as a whole, these data suggest that fish oil derived n-3 fatty acid EPA exerts a
relatively stronger anti-proliferative activity in COX-2 expressing NSCLC A549 cells and in
associated xenograft tissue than that of COX-2 deficient H1299 cells and tumors. These
differential effects of EPA on the proliferation of A549 and H1299 tumor are likely due to
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enhanced formation of PGEj3 in A549 cells, but not H1299 cells. In light of the fact that
COX-2 overexpression was observed in approximately 70% of lung adenocarcinomas (47)
and a decreased incidence of lung cancer was observed in patients who regularly take aspirin
(48), agents like fish oil EPA with the capability of altering COX-2 metabolism, while at the

same time conferring cardiovascular health benefits (14), could provide a natural and
effective treatment or prevention for lung cancer. Furthermore, while emerging evidence
suggests that most epithelial-derived tumors constitutively express COX-2, most normal
tissues have at most a low level of expression of this enzyme (49). This suggests that n-3
fatty acids may preferentially be growth inhibitory to developing cancers and not normal
tissues. This differential effect makes fish oil an ideal chemopreventive agent.
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Calcein AM acetoxymethyl ester of calcein

NSAIDs nonsteroidal anti-inflammatory agents
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The anti-proliferative effect of EPA and DHA in human non-small cell lung cancer A549

(COX-2 constitutively expressed) and H1299 (COX-2 lack
and H1299 cells to EPA for 72 hours produced an 8-fold st

ing) cells. A. Exposure of A549
ronger inhibition of cell

proliferation to A549 cells than that in H1299 cells. B. Both A549 and H1299 cells were
treated with DHA for 72 hrs. The anti-proliferative effect of DHA in A549 cells was only 5-

fold stronger than that in H1299 cells.
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The expression of COX-1 and COX-2 in A549 and H1299 cells and the relatively formation
of PGE, and PGEj3 is shown for both cell line. A. A549 and H1299 cells were collected,

lysed, and protein levels of COX-1 and COX-2 determined by Western blotting with

relevant antibodies. B. Cells (5 x 106) were treated with EPA (25 to 100 uM) for 20 min at
37°C followed by extraction with hexane and ethyl acetate (1:1) as described in Material and
Methods. The formation of PGE3 by EPA in A549 cells was markedly higher than that in
H1299 cells. * P < 0.05, ** P < 0.01, and *** P < 0.005 versus control vehicle treated. Data
are presented as the means + SDs of three independent experiments.
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Figure 3.
Decreasing the expression of COX-2 protein and formation of PGEz in A549 cells affects

cell sensitivity to EPA. A, Cells were transfected for 24 hr with either control siRNA or
COX-2 siRNA (0.2-0.4 uM). Cells transfected with COX-2 siRNA resulted in
approximately an 85% reduction of COX-2 protein compared to control siRNA transfected
cells. The reduction of the COX-2 expression was concentration dependent. B. Cells
exhibiting knockdown of COX-2 protein were less sensitive to EPA implying that the
COX-2 target is necessary to retain sensitivity of A549 cells to EPA treatment. C. COX-2
expression was noticeably reduced in stably COX-2 knockdown A549 cells; D. COX-2
stably knockdown A549 cells were much less sensitive to EPA treatment than that in
control-ShRNA transfected A549 cells. * P < 0.05, ** P < 0.01, and *** P < 0.005 versus
control vehicle treated. @ p< 0.05 versus control sShRNA treated with 50 uM EPA. Data are
presented as the means + SDs of three independent experiments. E. The effect of EPA in the
formation of PGE, and PGE3 in control sShRNA and COX-2 shRNA transfected A549 cells.
While EPA was able to inhibit PGE, formation and concomitantly increased production of
PGEj3 in the control shRNA transfected A549 cell, the effect of EPA on reduction of PGE»
and formation of PGE3 in COX-2 shRNA transfected A549 cells were relatively weaker
comparing to that of control shRNA transfected cells. * P < 0.05, ** P < 0.01, and *** P <
0.005 versus control vehicle treated. Data are presented as the means + SDs of three
independent experiments.
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Figure4.

The effect of PGE,, PGE3, and EPA on expression of Akt and pAkt in H1299 and A549
cells. Cells (2 x 10%) were plated and allowed to attach overnight. They were then serum
starved for 24 hrs followed by treatment with PGE,, PGE3 (10 to 1000 nM) or EPA (10 to
50 uM) for an additional 24 hrs. Cells were then harvested, proteins extracted and subjected
to measurement of Akt and pAkt proteins by immunoblotting. A. A549 cells treated with
PGE, and PGEg; B; H1299 cells cells treated with PGE, and PGEgz; C A549 and H1299
treated with EPA. The data are representative of two sets of experiments with similar results.
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Figureb5.

Soybeanoigroup  Menhaden ol group

Antitumor efficacy of the menhaden oil in human non-small cell lung cancer A549 and
H1299 xenograt models. A. Menhaden oil significantly inhibited the tumor growth
implanted in both flank and shoulder positions in comparison to that of soybean oil treated
Ab549 group (n = 10) ; B. the tumor weight of both flank and shoulder in H1299 bearing
mice fed on the menhaden oil diet was similar to that of the control group (n=10). C. IHC
staining of cleaved caspase 3 in A549 (a & b) and H1299 (c&d) xengraft tissues. a. A549
soybean; b A549 menhaden oil; ¢. H1299 soybean; d. H1299 menhaden oil. D. Representive
of ion chromatogram of PGE, and PGE3 in A549 xenograft tumor tissues. E. Endogenous
levels of PGE, and PGEj3 in both A549 and H1299 xenograft tissues measured by
LC/MS/MS method as described in Material and Methods. Menhaden oil markedly
enhanced the ratio of PGE3 over PGE, in A549 xenograft tissues while only a moderately
enhancement of this ratio was observed in H1299 xenograft tissues (n=5). * P < 0.05 versus
soybean diet treated group. Data are presented as mean * SD.
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Table 1

Component AIN -76 | Soybean oil | Menhaden
Qil
Casein 200 200 200
DL-Methionine 3 3 3
Corn Starch 150 50 50
Maltodexrin 0 100 100
Sucrose 500 309 309
Corn oil 50 0 0
Soybean oil 0 135 45
Menhaden oiIb 0 0 90

aAII diets (g/kg) contain 35 g of mineral mix, 10 g of vitamin mix, 50 g of cellulose, and 2 g choline Bitartrate

bMenhaden oil contains 32% of n-3 fatty acids with an EPA and DHA ratio of 3: 2.
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