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Abstract
The molecular mechanism for the beneficial effect of fish oil on breast tumor growth is largely
undefined. Using the xenograft model in nude mice, we for the first time report that the fish oil diet
significantly increased the level of PTEN protein in the breast tumors. In addition, the fish oil diet
attenuated the PI 3 kinase and Akt kinase activity in the tumors leading to significant inhibition of
NFκB activation. Fish oil diet also prevented the expression of anti-apoptotic proteins Bcl-2 and Bcl-
XL in the breast tumors with concomitant increase in caspase 3 activity. To extend these findings
we tested the functional effects of DHA and EPA, the two active ω-3 fatty acids of fish oil, on cultured
MDA MB-231 cells. In agreement with our in vivo data, DHA and EPA treatment increased PTEN
mRNA and protein expression and inhibited the phosphorylation of p65 subunit of NFκB in MDA
MB-231 cells. Furthermore, DHA and EPA reduced expression of Bcl-2 and Bcl-XL. NFκB DNA
binding activity and NFκB-dependent transcription of Bcl-2 and Bcl-XL genes were also prevented
by DHA and EPA treatment. Finally, we showed that PTEN expression significantly inhibited
NFκB-dependent transcription of Bcl-2 and Bcl-XL genes. Taken together, our data reveals a novel
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signaling pathway linking the fish oil diet to increased PTEN expression that attenuates the growth
promoting signals and augments the apoptotic signals, resulting in breast tumor regression.
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Introduction
Beneficial effects of dietary calorie restriction, fiber intake and ω-3 fatty acid supplementation
have been extensively studied in experimental models for controlling cancer progression.
Though the results presented in a recent survey did not provide evidence to suggest an
association between cancer incidence and intake of ω-3 fatty acids [1], the data on the
geographic variation in the risk for cancer development suggest a strong association of fish oil
diet in preventing breast cancer. For example, breast cancer incidences are 4–7 times higher
among women in the United States of America than those in China or Japan [2]. In addition,
a higher incidence of breast cancer in Japanese women during the past decade correlates with
decreased consumption of fish and increased intake of vegetable oil rich in ω-6 fatty acids
[3]. The effect of the docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), the two
main ω-3 fatty acids present in fish oil, in inhibition of tumor growth have been tested using
animal and cell culture models. Inhibition of tumor cell growth in vivo by fish oil or by DHA
and/or EPA in vitro is well documented [4–7]. The mechanism underlying these observations
is still not clearly understood and is under extensive research as there is a constant quest for
nontoxic adjuvant therapy for cancer patients.

A recent study suggested that these ω-3 fatty acids exert their growth inhibitory effects on
cancer cells by altering membrane lipid rafts and the signaling events associated therein [8,
9]. One of the key signaling pathway deregulated in virtually all human cancer cells begins
with activation of the phosphatidylinositol (PI) 3 kinase and its downstream target Akt kinase
[10–12]. The PI3K/Akt signaling pathway not only aids in uncontrolled cancer cell
proliferation but it also helps in blocking apoptosis of these cells. Thus this signaling pathway
became “the” target for anticancer drug development ventures [13]. The activated PI 3 kinase
converts the plasma membrane phospholipids PI 4,5-bisphosphate (PIP2) to the PI 3,4,5-
trisphosphate (PIP3). PIP3 binds to proteins containing either of the two distinct lipid binding
domains, namely FYVE and pleckstrin homology (PH) domains [14]. Activation of PI 3 kinase
and generation of PIP3 attract PH domain containing Akt to the plasma membrane where it is
phosphorylated at Thr-308 and Ser-473 and becomes highly active and translocates to the
cytosol and nucleus to phosphorylate a variety of substrates including transcription factors that
regulate gene expression [15–18].

In order to understand the mechanism of the breast cancer growth inhibition by dietary fish
oil, we tested the involvement of the PI3K/PTEN/Akt signaling axis based on the hypothesis
that membrane alteration by the DHA and EPA will alter this signaling pathway towards a
better outcome. Using MDA MB-231 breast cancer cells in vitro and in in vivo xenograft
studies, we identified that dietary fish oil significantly suppressed the PI 3 kinase activity in
the breast tumor, resulting in reduced Akt kinase and NFκB p65 subunit phosphorylation and
anti-apoptotic protein expression. In addition, we show that the active constituents of fish oil,
DHA and EPA, inhibit NFκB transcriptional activation, resulting in attenuation of the anti-
apoptotic gene transcription. Furthermore, we for the first time demonstrate an increase in
PTEN level in the fish oil fed mice breast tumor samples. Finally, our results show that in MDA
MB-231 breast cancer cells, DHA and EPA increased the level of PTEN, which in turn inhibited
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the NFκB-dependent anti-apoptotic gene transcription. The data provide a mechanism for the
beneficial effects of fish oil on breast tumor cell growth.

Experimental procedures
Cell culture, antibodies, fatty acids and diet

The MDA MB-231 cell line was purchased from the American Type Culture Collection
(Rockville, MD) and grown in Dulbecco's modified essential medium (DMEM) with penicillin
and streptomycin, supplemented with 10% fetal calf serum (FCS) in 5% CO2 at 37°C. The
ZR75-1 breast tumor cell line was kindly provide by Dr. S. Am-manamanchi, Division of
Oncology, Department of Medicine, The University of Texas Health Science Center at San
Antonio. These cells were grown in RPMI 1640 in the presence of 10% FCS. Antibodies against
PTEN, Erk 1/2, Bcl-2 and Bcl-XL were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Antibodies against Akt and phosphotyrosine were purchased from Upstate;
antibodies against p65 and phospho-p65 (recognizing serine-536) were from Cell Signaling
(Danvers, MA) and the antibody against caspase 3 was purchased from Calbio-chem (San
Diego, CA). Actin and tubulin antibodies and TRIZol RNA isolation kit were purchased from
Sigma (St Louis, MO). The ω-3 fatty acids, DHA and EPA were obtained from Cayman
Chemical Company (Ann Arbor, MI). The fish oil diet was purchased from Harlan Bio-
products (Indianapolis, IN) and prepared as described [19,20]. The PTEN primer sets (RefSeq
Accession #NM_000314.3) and GAPDH primer sets (RefSeq Accession #NM_002046)
including forward and reverse primers were obtained from SuperArray Bioscience. Primers to
detect human Bcl-2 (F: 5′-CATGTGTGTGGAGAGC GTCAA-3′; R: 5′-
GCCGGTTCAGGTACTCAGTCA-3′) and Bcl-XL (F: 5′-
TCCTTGTCTACGCTTTCCACG-3′: R: 5′-GGTCGCATTGTGGCCTTT-3′) were
synthesized in the core facility at The University of Texas Health Science Center at San Antonio
[21]. The reporter plasmids expressing luciferase cDNA driven by Bcl-2 promoter (Bcl-2-Luc)
or Bcl-XL promoter (Bcl-XL-Luc) were generously provided by Dr. L. Baxter, Stanford
University and Dr. G. Nunez, University of Michigan respectively. PTEN-Luc reporter plasmid
containing luciferase gene under the control of PTEN promoter was a gift from Dr. I. de Belle,
The Burnham Institute, California [22]. pSGL-PTEN expressing PTEN was described
previously [23].

Animal study
The immunocompromised (nu/nu) mice were purchased from NIH animal facilities and used
according to the guide of use of small laboratory animals. All animal protocols were approved
by the Institutional Animal care and use Committee, The University of Texas Health Science
Center at San Antonio. The mice were kept on AIN 93 diet containing 10% fish oil for 7 days
before injecting them with the MDA MB-231 breast cancer cells. The control group of mice
was kept in normal lab chow diet through out the experiment. For injection in mice, MDA
MB-231 cells were trypsinized and 106 cells resuspended in phosphate buffered saline (PBS)
were injected in each mammary fat pad of these mice. The experimental group of mice was
kept on 10% fish oil diet throughout the experimental period. Mice were sacrificed 22 days
following the injection. The length (L) and width (W) of tumor were recorded for each mouse
in both groups at 22 days post injection of MDA MB-231 cells. The tumor volume (V) was
calculated according to the formula: V = L × W2.

Tumor lysate preparation
Tumor pieces were harvested by controlled motorized homogenization using
radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 5
mM EDTA, 1 mM phenyl methyl sulfonyl fluoride, 0.05% aprotinin and 1% Nonidet P-40).
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Homogenates were centrifuged at 4°C in a microfuge at 10,000g for 30 min. Cleared
supernatant was collected for experiments.

Immunoblotting and immunoprecipitation
Tumor tissues or cell lysates were prepared in RIPA buffer and protein concentration was
estimated as described previously [23–25]. Equal amounts of proteins were used for
immunoprecipitation and immunoblotting, using the required antibodies as described [23–
27].

PI 3 kinase assay
PI 3 kinase assay was performed according to the methods described [23–25]. Briefly, the
tumor lysates were immunoprecipitated with anti-phosphotyrosine antibody. Washed
immunoprecipitates were resuspended in PI 3 kinase assay buffer (20 mM Tris–HCl, pH 7.5,
0.1 M NaCl and 0.5 mM EGTA) on ice. 0.5 μl of PI (20 mg/ml) was added as substrate and
incubated at 25°C for 10 min. 1 μl of 1 M MgCl2 and 10 μCi of γ32P-ATP were added followed
by incubation at 25°C for 10 more minutes. The reaction was stopped by chloroform–
methanol–HCl mixture and processed as described [28]. Finally the reaction product was
separated by thin layer chromatography. The spots were visualized by autoradiography.

Akt kinase assay
Akt activity was measured by immunecomplex kinase assay in the anti-Akt
immunoprecipitates from the tumor lysates using histone H2B as substrate, according to the
methods described previously [23–25].

Caspase activity assay
Caspase 3 activity was measured in the tumor lysates using a Caspase-3 Assay kit from
Promega Inc., according to the vendor's protocol. Equal amounts of protein were placed in a
96 well plate (specific for the luminometer). The reagent containing caspase 3 substrate,
provided in the kit, was added to the samples and incubated at room temperature for 60 min.
The reading was taken using a luminometer and recorded.

Preparation of RNA and real time qRT-PCR
Total RNA was isolated from cells using TRI reagent according to the manufacturer's protocol.
Two microgram of total RNA was reverse transcribed to synthesize first strand cDNA using
oligo-dT primer in 20 μl. One microliter of this cDNA was amplified using SYBR Green PCR
master mix containing the forward and reverse primers. PCR amplification was performed
using 7900HT Sequence Detection System (Applied Biosystems) using manufacturer's
protocol. The amplification conditions are as follows: 94°C for 10 min followed by 40 cycles
of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. Dissociation curve analysis was performed
following amplification to confirm the specificity of the primers. Relative mRNA expression
was calculated using the ΔΔCt method.

Electrophoretic mobility shift assay (EMSA)
MDA MB-231 cells were grown in the presence or absence of DHA (50 ng/ml) or EPA (50
ng/ml) for 48 h. Nuclear extracts were prepared from these cells as described [24,27]. The
nuclear extracts were incubated with an oligonucleotide probe containing double stranded
NFκB binding site (5′-AGTTGAGGGGACTTTCCCAGG C-3′) labeled at the 5′ end using
γ32P-ATP and T4 polynucleotide kinase. The DNA–protein complex was analyzed by
electrophoresis in a 5% non-denaturing polyacrylamide gel followed by autoradiography
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[24,27]. p65 or Erk1/2 antibody was added to the nuclear extract to perform the supershift
assays as described previously [24,27].

Transfection and promoter activity assay
MDA MB-231 cells were transfected with the reporter plasmids using Lipofectamine Plus
reagent as described [23,24,26,27]. Twenty-four hours post transfection the cells were treated
with 50 ng/ml of DHA or EPA for 24 h as indicated and the cells were harvested and the lysates
were assayed for luciferase enzyme activity using an assay kit. The data are presented as mean
luciferase activity per microgram protein as arbitrary units ± SE [23,24,26,27].

Statistical analysis of data
Statistical significance of the data was calculated using analysis of variance followed by
Student–Newman–Keuls analysis as described previously [23,27,28]. Significance level was
considered at a P value < 0.05.

Results
Fish oil diet inhibits PI 3 kinase signaling in breast tumor

Efficacy of fish oil diet in reducing tumor growth in animal model has been extensively studied
[4–6,8]. To investigate the mechanism of action of fish oil, we considered the anti-apoptotic
cell survival signal transduction pathway. PI 3 kinase signaling plays an important role in
survival and resistance to apoptosis of many cancer cells including breast tumor cells [29,30].
A group of mice fed either lab chow or a diet containing 10% fish oil for 2 weeks were
inoculated with the MDA MB-231 breast cancer cells in the mammary fat pads. As expected
tumor growth at both breasts at 3 weeks was significantly inhibited in mice fed fish oil diet
(Supplementary Fig. S1).

We previously reported that growth factor receptor tyrosine kinase mediated signal
transduction is active in MDA MB-231 cells [31]. Activation of PI 3 kinase in tumor cells
requires tyrosine phosphorylation of proteins including receptor tyrosine kinases. Anti-
phosphotyrosine immunoprecipitates from tumor lysates showed abundant PI 3 kinase activity
(Fig. 1a, lanes 1–3). However, tumor lysates obtained from mice, which were treated with fish
oil showed significantly reduced PI 3 kinase activity in the anti-phosphotyrosine
immunoprecipitates (Fig. 1a, compare lanes 4–6 with lanes 1–3; Fig. 1b).

One of the downstream targets of PI 3 kinase is Akt kinase, which plays major roles in the
development of cancer by increasing cell survival and decreasing cell death [32–34].
Immunecomplex kinase assay of Akt immunoprecipitates were performed in the presence of
histone H2B as substrate. Akt activity was significantly reduced in tumor samples isolated
from animals treated with fish oil (Fig. 1c, compare lanes 4–6 with lanes 1–3; Fig. 1d). In
cancer cells, Akt utilizes a myriad of transcription factors including NFκB to induce survival
signals [35–37]. Activation of Akt induces IKK-mediated phosphorylation of the p65 subunit
of NFκB, which is required for its transcriptional activation [36,38]. Therefore, we tested the
phosphorylation of p65 at serine-536 as an output of Akt activation in the breast tumor. As
shown in Fig. 1e, abundant phosphorylation of p65 was detected in the breast tumor samples
(lanes 1–3). Tumor lysates from fish oil fed animals showed significant reduction in
phosphorylation of p65 (Fig. 1e, compare lanes 4–6 with lanes 1–3; Fig. 1f). These data
demonstrate that fish oil inhibits the PI 3 kinase signaling pathway that leads to NFκB activation
for the prevention of breast tumor burden in mice xenografts (Supplementary Fig. S1).
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Fish oil regulates apoptotic signal transduction
Phosphorylation-dependent activation of NFκB induces expression of many anti-apoptotic
proteins including Bcl-2 and Bcl-XL [39–42]. We examined the expression of these two
proteins in tumor lysates. Abundant expression of Bcl-2 was detected in the tumor lysates (Fig.
2a, lanes 1 and 2). However, expression of Bcl-2 was significantly prevented in the tumors
from mice fed a diet containing fish oil (Fig. 2a, compare lanes 3 and 4 with lanes 1 and 2; Fig.
2b). Similarly, the anti-apoptotic Bcl-XL expression in the tumors of fish oil fed mice was
significantly inhibited (Fig. 2c, compare lanes 3 and 4 with lanes 1 and 2; Fig. 2d). Apoptosis
of cells is carried out by the executor caspase 3. During apoptosis of cells, initiator caspase
cleaves procaspase 3 to yield activated caspase 3 [43]. Appearance of low molecular weight
cleaved caspase 3 demonstrates the presence of activated caspase 3 during apoptosis.
Immunoblot analysis of tumor lysates from control and fish oil fed mice showed increased
appearance of activated caspase 3 in the latter samples (Fig. 2e, f). Consequently, caspase 3
protease activity was significantly enhanced in the tumor extracts prepared from fish oil fed
animals than the control untreated animals (Fig. 2g). These results indicate that fish oil diet
regulates the proteins and enzymes that are involved in apoptosis of breast cancer cells.

DHA and EPA inhibit NFκB transcriptional activity
Two main constituents of fish oil, DHA and EPA are known to induce apoptosis in breast
cancer cells [4–7]. Incubation of MDA MB-231 cells with DHA or EPA resulted in significant
reduction in viable cells (Supplementary Fig. S2a). Similar results were obtained using ZR75-1
breast tumor cell line (Supplementary Fig. S2b), indicating that fish oil constituents exhibit
similar effects on different breast cancer cells. We have shown reduced activating
phosphorylation of p65 subunit of NFκB in the breast tumors of fish oil fed mice (Fig. 1e, f).
We examined the effect of DHA and EPA on phosphorylation of p65. Nuclear extracts prepared
from control MDA MB-231 cells showed abundant phosphorylation of p65 at serine-536 (Fig.
3a, b, lanes 1) concomitant with increased protein–DNA complex formation, as judged by
EMSA (Fig. 3c, lane 1). Use of p65 antibody in the supershift analysis confirmed the presence
of p65 in this DNA–protein complex (Fig. 3c, lane 2). Incubation of the nuclear extracts with
non-specific Erk-1/2 antibody did not have any significant effect on the formation of p65–
DNA complex, indicating the specificity of this complex formation (Fig. 3c, lane 3). Incubation
of MDA MB-231 cells with DHA or EPA inhibited the phosphorylation of p65 (Fig. 3a, b,
compare lanes 2 with lanes 1). This inhibition of p65 phosphorylation resulted in reduction in
DNA–protein complex formation in response to DHA and EPA, respectively (Fig. 3d, compare
lanes 2 and 3 with lane 1). These results indicate that the active components of fish oil, DHA
and EPA, inhibit the activating phosphorylation and DNA binding of NFκB to the cognate
target sequence.

The anti-apoptotic genes Bcl-2 and Bcl-XL are targets of NFκB [39]. Fish oil diet inhibited
the expression of Bcl-2 and Bcl-XL (Fig. 2a–d). We tested the effect of DHA and EPA, two
constituents of fish oil, on Bcl-2 and Bcl-XL mRNA expression. Incubation of MDA MB-231
cells with DHA and EPA significantly inhibited the expression of Bcl-2 mRNA (Fig. 4a). Also,
DHA and EPA attenuated Bcl-XL mRNA expression (Fig. 4b). Similarly, DHA as well as EPA
inhibited expression of Bcl-2 and Bcl-XL in ZR75-1 breast tumor cells (Supplemental Fig.
S3). Our results above demonstrate that fish oil diet inhibits phosphorylation of p65 in breast
tumors (Fig. 1e, f). Also the components of fish oil, DHA and EPA inhibited NFκB DNA
binding in MDA MB-231 breast tumor cells (Fig. 3d). Therefore, we tested the effect of these
ω-3 fatty acids on the transcription of Bcl-2 and Bcl-XL. For this, reporter plasmids containing
the firefly luciferase gene driven by Bcl-2 or Bcl-XL promoter were used [44–46]. MDA
MB-231 cells were transiently transfected with Bcl-2-Luc. Incubation of these transiently
transfected cells with DHA significantly inhibited the reporter activity (Fig. 4c). Similarly,
EPA blocked Bcl-2 promoter activity in MDA MB-231 cells (Fig. 4d). Also, both these ω-3
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fatty acids significantly inhibited Bcl-XL promoter activity in the transient transfection assays
(Fig. 4e, f). These data suggest that DHA- and EPA-mediated inhibition of NFκB DNA binding
may attenuate Bcl-2 and Bcl-XL transcription.

To confirm the involvement of NFκB, we tested the effect of p65 NFκB subunit on the
transcription of these antiapoptotic genes using the reporter constructs. Bcl-2-Luc reporter
plasmid was cotransfected with p65 expression construct. Expression of p65 significantly
increased Bcl-2 transcription (Fig. 5a, b). Incubation of the transiently transfected cells with
DHA or EPA significantly prevented p65-mediated transcription of Bcl-2 (Fig. 5a, b).
Similarly, expression of p65 stimulated transcription of Bcl-XL (Fig. 5c, d). DHA as well as
EPA significantly inhibited the p65-stimulated Bcl-XL transcription (Fig. 5c, d). These results
indicate that the main constituents of the fish oil, DHA and EPA, target the NFκB transcription
factor to inhibit the expression of anti-apoptotic genes Bcl-2 and Bcl-XL.

Fish oil increases PTEN expression
In many cancers, PI 3 kinase/Akt signaling is upregulated [29,30]. We have shown above that
in breast tumors in mouse model, fish oil intercepts the PI 3 kinase/Akt signal transduction
involving p65 subunit of NFκB to attenuate the tumor burden (Fig. 1). However, mutation or
malfunctioning of the tumor suppressor protein PTEN activates Akt by constitutively
maintaining the PI 3 kinase product PIP3 leading to sustained growth of tumor cells [47–49].
We tested the hypothesis whether fish oil regulates expression of PTEN in the breast tumors.
MDA MB-231 cells, which were used to produce tumors in mice, express wild type PTEN
[50]. However, the tumor lysates from control mice showed significantly low levels of PTEN
protein (Fig. 6a). Fish oil treatment significantly increased the expression of PTEN in the breast
tumor of mice (Fig. 6a, compare lanes 4–6 with lanes 1–3; Fig. 6b). These results indicate that
along with decreased PI 3 kinase activity (Fig. 1a, b), fish oil utilizes an additional mechanism
to reduce PI 3 kinase signaling, which result in attenuated Akt activation (Fig. 1c, d). To further
examine the role of fish oil, we tested its constituents, DHA and EPA, in expression of PTEN
mRNA in the MDA MB-231 cells. Incubation of these breast cancer cells with DHA and EPA
increased PTEN mRNA expression (Fig. 6c, d). This increase in mRNA expression was
concomitant with elevated PTEN protein expression (Fig. 6e, f). Additionally, DHA as well
as EPA increased expression of PTEN mRNA and protein in ZR75-1 breast tumor cells
(Supplementary Fig. S4). These results indicate that fish oil and its components DHA and EPA
regulate PTEN expression in breast cancer cells.

PTEN is known to be regulated by transcriptional mechanism [48]. Therefore, we tested the
effect of these ω-3 fatty acids on transcription of PTEN. We tested PTEN promoter by transient
transfection assays using a luciferase reporter gene that contained a PTEN genomic fragment
including 1,978 bp 5′ of the ATG translation initiation site [22]. Transiently transfected MDA
MB-231 cells were incubated with DHA. DHA significantly increased the reporter activity
(Fig. 7a). Similarly, EPA enhanced the transcription of PTEN in MDA MB-231 breast cancer
cells (Fig. 7b). These results provide a mechanism how these ω-3 fatty acids stimulate
expression of PTEN protein.

We have shown above that the proapoptotic effects of the ω-3 fatty acids, DHA and EPA, on
breast tumor cells is due to inhibition of NFκB-dependent Bcl-2 and Bcl-XL expression (Figs.
4, 5; Supplemental Fig. S3). Also, we demonstrated increased expression of PTEN in response
to DHA and EPA (Figs. 6c–f, 7a, b; Supplemental Fig. S4). We tested the effect of PTEN on
p65-mediated transcription of these anti-apoptotic genes. As expected cotransfection of p65
subunit of NFκB with Bcl-2-Luc increased the reporter activity (Fig. 7c). Cotransfection of
PTEN significantly inhibited p65-mediated Bcl-2 transcription (Fig. 7c). Furthermore,
expression of PTEN blocked NFκB-dependent Bcl-XL transcription in MDA MB-231 cells
(Fig. 7d). These results demonstrate that increased PTEN in ω-3 fatty acid-treated breast tumor
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cells may downregulate the expression of anti-apoptotic genes, thus providing a mechanism
of reduced tumor cell growth in vivo and in vitro.

Discussion
For humans, intakes up to 12–21 g of fish oil per day have been reported [51,52]. In
experimental animal studies, 10–23% fish oil is added to the diet for comparison with chow
[53 and references therein]. In this study, we provide the first evidence that 10% fish oil diet
exerts its beneficial effect on breast tumor growth by simultaneously inhibiting PI 3 kinase
activity and increasing the level of PTEN. Consequently, reduced PI 3 kinase signaling is
sufficient to inhibit NFκB activity and to block expression of anti-apoptotic Bcl-2 and Bcl-XL
mRNAs and proteins. We demonstrate that DHA and EPA, two active components of fish oil,
prevent NFκB-dependent Bcl-2 and Bcl-XL transcription by increasing PTEN mRNA and
protein in breast cancer cells. Our results provide a mechanism of action of fish oil on breast
cancer growth.

Class IA PI 3 kinases containing different isotypes of p110 catalytic subunits with 85 kDa SH2-
domain containing regulatory subunit occupy a nodal position in cell signaling [54–57]. The
first indication that PI 3 kinase plays a role in cellular transformation came from the discovery
of activating mutation in the PIK3CA gene encoding for p110α [58]. Mutation of PIK3CA
occurs in many cancers including breast tumor [59–62]. Similarly, mutation in PIK3CB coding
for the p110β subunit has been associated with various cancers including breast cancer [55,
63]. However, in the absence of the activating mutations, increased activity of PI 3 kinase due
to amplification of different catalytic subunits result in tumorigenesis [63–65]. Furthermore,
in the absence of genetic alterations, class IA PI 3 kinases are activated by association with
receptor and non-receptor tyrosine kinases, which are activated by autocrine growth factor
receptor signaling in tumor cells [54,55]. We detected increased PI 3 kinase activity in the anti-
phosphotyrosine immunoprecipitates of the breast tumor lysates (Fig. 1a). Fish oil diet, which
reduced the breast tumor burden in the mice (Supplementary Fig. S1), significantly prevented
the PI 3 kinase activity (Fig. 1b). To our knowledge, this is the first direct demonstration of
fish oil-induced inhibition of PI 3 kinase activity.

One of the downstream targets of PI 3 kinase is the Akt kinase, which exists in three isoforms
(Akt1-3) [33,34]. Hyperactivation of Akt kinases in human cancer has been associated with
increased tumor cell survival and enhanced resistance to apoptosis [32,33]. Although
amplification of Akt2 has been identified in different cancers including breast cancer, mutation
in any Akt isoforms for its hyperactivation has not been reported until recently [66–68].
Evaluation of complete coding region of Akt1 in many clinical tumor specimens including
breasts revealed mutation of glutamic acid in the codon 17 to lysine (E17K) [69,70]. This
mutation in the PH domain constitutively localizes Akt1 in the plasma membrane [70].
Production of PIP3 due to increased PI 3 kinase activity binds to the PH domain of Akt, resulting
in its translocation and activation in the plasma membrane [33]. In the MDA MB-231 xenograft
breast tumor model, we identified increased PI 3 kinase activity with concomitant increase in
Akt kinase activity (Fig. 1c, d). However, fish oil diet reduced the Akt kinase activity in the
breast tumors (Fig. 1c). This effect of fish oil may result from the inhibition of PI 3 kinase
activity we observed. Furthermore, our results are in accordance with the recently reported
inhibition of Akt kinase in MDA MB-231 cells by DHA and EPA, two main constituents of
fish oil [7].

Akt kinase regulates proliferation of cells by phosphorylating a myriad of substrates including
proteins such as p27, p21, tuberin and PRAS40 which directly take part in cycling of tumor
cells [71–76]. Similarly, cell survival is enhanced by Akt-mediated phosphorylation of
proapoptotic protein Bad [77,78]. Akt also blocks expression of proapoptotic proteins by its
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inhibitory effects on transcription factors such as FoxO and p53 [79–84]. In addition, Akt
positively regulates the transcription factor NFκB, which targets many anti-apoptotic genes
such as Bcl-2 and Bcl-XL [37,39–41,85–90]. The canonical NFκB heterodimer (p65/p50)
complexed with IκB is present as a latent complex in the cytoplasm. Upon activation by
proliferating/anti-apoptotic signals, IκB kinase (IKK) complex, consisting of catalytic IKKα/
IKKβ subunits and a scaffold NFκB essential modulator (NEMO), phosphorylates the inhibitor
IκB. Phosphorylated IκB undergoes degradation enabling nuclear translocation of NFκB to
activate expression of target genes [91,92]. Activation of NFκB further results from the
phosphorylation of p65 subunit at serine-536 in the c-terminal transactivation domain 1 [42].
Both IKKα and IKKβ have been shown to phosphorylate this residue in an Akt-dependent
manner [41,85,86,93–95]. Serine-536 phosphorylated p65 subunit enables the NFκB to be
localized in the nucleus in a sustained manner to induce transcription of target antiapoptotic
genes [42]. In the present study, we detected constitutive serine-536 phosphorylation of p65
subunit in the breast tumor and in the MDA MB-231 cells. Breast tumors from fish oil fed mice
possessed significantly low serine phosphorylation of p65 (Fig. 1e). Furthermore, our data
demonstrate that DHA and EPA, two active ω-3 fatty acids of fish oil, reduce the serine-536
phosphorylation of p65 subunit of NFκB, resulting in attenuation of its DNA binding (Fig. 3).

Tumor cell death is initiated by the interaction of specific proapoptotic proteins such as BAX
and BAK with the mitochondrial compartment to induce mitochondrial outer membrane
permeabilization (MOMP) [96]. The ratio of anti-apoptotic BH-domain containing Bcl-2 and
Bcl-XL proteins to the proapoptotic proteins regulates the cancer cell death [43]. Thus
increased expression of Bcl-2 and Bcl-XL in the tumor cells poses resistance to apoptosis of
these cells. Fish oil fed mice showed significant reduction in expression of Bcl-2 and Bcl-XL
proteins, which resulted in increased activation of caspase 3 (Fig. 2). These results indicate
that the active components of the fish oil may target the expression of Bcl-2 and Bcl-XL, two
antiapoptotic proteins, to activate the executor caspase 3, resulting in reduced growth of tumor.
Both these proteins are known to be regulated by transcriptional mechanism. In fact, both DHA
and EPA inhibited expression of Bcl-2 and Bcl-XL by a transcriptional mechanism (Fig. 4).

Expression of both Bcl-2 and Bcl-XL is regulated by NFκB [39,40,88,89,97–99]. Our data
demonstrating increased transcriptional activation of Bcl-2 and Bcl-XL by p65 subunit of
NFκB support this notion (Fig. 5). Furthermore, we demonstrate that both DHA and EPA
significantly block p65-mediated transcription of Bcl-2 and Bcl-XL (Fig. 5). These results
provide a mechanism how fish oil may intercept the expression of these two antiapoptotic
proteins to prevent tumor growth in the mice.

Using primary human tumor tissues and established cell lines, high frequency of PTEN tumor
suppressor mutation/deletion was demonstrated in a number of tumors including breast cancer
[48,56,100,101]. PTEN is a lipid phosphatase that dephosphorylates the D3 position of PIP3,
the product of PI 3 kinase [102,103]. Thus negative regulation of PI 3 kinase results in
constitutive activation of Akt, which acts as prosurvival kinase [101]. Recently, a significant
role of PTEN in cancer stem cell proliferation has been identified. Deletion of PTEN increased
leukemia generating stem cells [104]. Also PTEN deficiency resulted in intestinal
tumorigenesis [105]. Women with germ line PTEN mutation suffer from bilateral hypertrophy
of the virginal breasts and early malignant transformation [101]. PTEN heterozygous mice
exhibit increased penitrence to breast cancer [106]. Targeted mutation of PTEN in the
mammary gland of mice displayed tumorigenesis early in life demonstrating a significant role
of this tumor suppressor in breast cancer [107]. Breast cancer stem cells have been identified
which form tumor when inoculated in mice [108]. Downregulation of PTEN was associated
with breast cancer stem cell proliferation [109]. Recently, it was shown that in breast cancers
caused by the deficiency of BRCA1 tumor suppressor gene, loss of PTEN is a common event
[50].
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More recently, alternative mechanism of PTEN inactivation in cancer is reported where genetic
background of this tumor suppressor is normal. PTEN downregulation was observed in tumors
with activated Notch signaling [110]. Also, increased level of the E3 ubiquitin ligase NEDD4-1
negatively regulates PTEN stability in many cancers [47]. Similarly, in breast cancer, where
there is no genetic mutation is observed, immunoreactive PTEN was shown to be reduced by
overexpression of a redox sensitive protein DJ-1 [49].

Along with the regulation of PTEN at the level of protein, expression of this tumor suppressor
protein is transcriptionally regulated. For example, p53, Egr1, and PPARγ have been shown
to increase expression of PTEN under various cell signaling condition [22,111,112]. On the
other hand, activated NFκB in many cancer cells acts as a transcriptional repressor for PTEN
[113–115]. We have found very low expression of PTEN in the breast tumor of mice
concomitant with increased activating phosphorylation of NFκB (Figs. 1e,6a). Also, activated
NFκB was detected in the MDA MB-231 cells (Fig. 3). Administration of fish oil increased
the level of PTEN in the breast tumor of mice in the xenograft model (Fig. 6a, b). Furthermore,
our results show increased expression of PTEN in the breast cancer cells treated with DHA
and EPA (Fig. 6c–e;Supplementary Fig. S4). In line with these observations, both DHA and
EPA reduced DNA binding of NFκB, which increased transcription of PTEN (Figs. 3d,7a, b).
These data indicate that inactivation of NFκB may result derepression of PTEN expression in
the mice treated with fish oil as well as in the breast tumor cells incubated with DHA and EPA.
Increased expression of PTEN inhibits Akt activity [48,56,101]. Fish oil diet suppressed Akt
activity in the tumor lysates (Fig. 1c, d), demonstrating a possible role of increased PTEN.
Additionally, reduced PI 3 kinase activity by fish oil might have contributed to reduced Akt
activation (Fig. 1a, b). Thus, fish oil utilizes two alternative pathways to reduce Akt activity,
which resulted in inhibition of activating serine-536 phosphorylation of p65 NFκB subunit
(Figs. 1e, f, 3a, b).

Expression of PTEN has been shown to be associated with increased apoptosis of tumor cells
[116,117]. Furthermore, increased apoptosis results from attenuated expression of the anti-
apoptotic proteins Bcl-2 and Bcl-XL [40,118]. In accordance with these results, fish oil
decreased expression of both these anti-apoptotic proteins (Fig. 2a–d). Also, DHA and EPA
inhibited the transcription of these genes induced by NFκB (Figs. 4, 5). We show that
expression of PTEN inhibited NFκB-induced transcription of Bcl-2 and Bcl-XL (Fig. 7c, d).
These results demonstrate that DHA and EPA-mediated expression of PTEN may
downregulate the antiapoptotic gene expression, thus enabling the breast cancer cells
undergoing apoptosis.

In summary, we, for the first time, show that fish oil diet inhibits PI 3 kinase activity in the
breast tumor in the mice. Our results demonstrate a role of p65 NFκB subunit to regulate the
expression of Bcl-2 and Bcl-XL, which become the targets of fish oil ω-3 fatty acids, DHA
and EPA, which induce apoptosis in the breast cancer cells. Furthermore, we provide the first
evidence that fish oil and its active components DHA and EPA increase PTEN, which in turn
downregulates NFκB-mediated expression of Bcl-2 and Bcl-XL. These results represent a
novel mechanism for the beneficial effect of fish oil on breast tumor growth.
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Refer to Web version on PubMed Central for supplementary material.
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EMSA Electrophoretic mobility shift assay

LUC Luciferase
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Fig. 1.
Effect of fish oil on PI 3 kinase signaling in breast cancer. a Tumor lysates from lab chow and
fish oil fed mice were immunoprecipitated with anti-phosphotyrosine antibody followed by PI
3 kinase assay as described in the Experimental procedures. The arrow indicates PI 3-P spots.
Each lane indicates results from individual animal. b Quantification of the PI 3-P spots in panel
a. Mean ± SE of three independent animals is shown; *P < 0.001 vs. lab chow fed animals. c
Equal amounts of tumor lysates as indicated were immunoprecipitated with Akt antibody. The
immunoprecipitates were used in an immunecomplex kinase assay using histone H2B as
substrate as described in the Experimental procedures. Bottom panel shows the immunoblotting
of the same samples with tubulin antibody. d Quantification of the phosphorylated histone
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H2B in panel c. Mean ± SE of three independent animals is shown; *P < 0.05 vs. lab chow fed
animals. e Tumor lysates were immunoblotted with anti-phospho-p65 (Ser-536) antibody. The
bottom panel shows immuno-blotting of the same samples with actin antibody. f Quantification
of the phosphorylated p65 in panel e. Mean ± SE of three independent animals is shown; *P
< 0.01 vs. lab chow fed animals
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Fig. 2.
Effect of fish oil on anti- and pro-apoptotic proteins in breast cancer. a, c Tumor lysates from
lab chow and fish oil fed mice were immunoblotted with Bcl-2 (a) and Bcl-XL (c) antibodies
respectively. Bottom panels show immunoblotting of the same samples with actin (a) and
tubulin (c) antibodies. b, d Quantifications of Bcl-2 and Bcl-XL expression. Mean ± SE of four
animals is shown. *P < 0.01 for panel b and 0.001 for panel d vs. lab chow fed animals. e
Tumor lysates were immunoblotted with an antibody that recognizes both procaspase 3 and
activated caspase 3 proteins. Bottom panel shows immunoblotting of the same samples with
actin antibody. f Quantification of the activated caspase 3 in panel e. Mean ± SE of four
independent animals is shown; *P < 0.03 vs. lab chow fed animals. g Caspase 3 activity in the
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tumor lysates was determined as described in the Experimental procedures. Mean ± SE of four
independent animals are shown; *P < 0.03 vs. lab chow fed animals
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Fig. 3.
Effect of DHA and EPA on NFκB activation. a, b MDA MB-231 cells were incubated with
DHA or EPA as described in the Experimental procedures. Equal amounts of nuclear extracts
were immunoblotted with phospho-p65 (serine-536) antibody. Bottom panels show
immunoblotting of the nuclear extracts with lamin B antibody. c Nuclear extracts from MDA
MB-231 cells were incubated with anti-p65 or anti-Erk1/2 antibody prior to incubation
with 32P-labeled doubled stranded NFκB DNA element as described in the Experimental
procedures. EMSA was performed using a 5% polyacrylamide gel electrophoresis. Left
arrow indicates the protein–DNA complex. p65 antibody inhibited the formation of DNA–
protein complex (lane 2). The right arrow indicates the faint supershifted complex in lane 2.
d Nuclear extracts prepared from DHA- and EPA-treated MDA MB-231 cells were used in
EMSA with the 32P labeled double stranded NFκB DNA element. Arrow indicates the protein–
DNA complex
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Fig. 4.
Effect of DHA and EPA on expression of Bcl-2 and Bcl-XL. a, b Two microgram of total RNA
isolated from MDA-MB-231 cells incubated with DHA or EPA as indicated were used in real
time qRT-PCR to detect Bcl-2 (panel a) and Bcl-XL (panel b) mRNAs as described in the
Experimental procedures. The expression of mRNA was normalized to GAPDH. Mean ± SE
of three measurements is shown. *P < 0.001 vs. control by ANOVA. c–f Bcl-2-Luc (panels
c, d) or Bcl-XL-Luc (panels e, f) was transfected into MDA MB-231 cells. Transiently
transfected cells were incubated with DHA or EPA as indicated. Luciferase activity was
measured in the cell lysates as described in the Experimental procedures. Mean ± SE of
triplicate measurements is shown. *P < 0.01 vs. control for all panels
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Fig. 5.
Effects of DHA and EPA on NFκB-mediated Bcl-2 and Bcl-XL transcription. MDA MB-231
cells were transfected with the Bcl-2-Luc (a, b) or Bcl-XL-Luc (c, d) reporter plasmids along
with vector or pCMV-p65 expression constructs as indicated. Transiently transfected cells were
incubated with DHA (a, c) or EPA (b, d). Luciferase activity was measured in the cell lysates
as described in the Experimental procedures. Mean ± SE of triplicate measurements is shown.
*P < 0.001 vs. control; **P < 0.05 vs. pCMV-p65-transfected
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Fig. 6.
Effect of fish oil and DHA and EPA on PTEN expression. a Tumor lysates from lab chow and
fish oil fed mice were immunoblotted with PTEN and tubulin antibodies respectively. b
Quantification of the PTEN expression in (panel a). Mean ± SE of three independent animals
is shown; *P = 0.02 vs. lab chow fed animals. c, d 2 μg of total RNA isolated from MDA
MB-231 cells incubated with DHA (panel c) or EPA panel d as indicated were used in real
time qRT-PCR to detect PTEN mRNA as described in the Experimental procedures. The
expression of mRNA was normalized to GAPDH. Mean ± SE of three measurements is shown.
*P < 0.05 vs. control in (panel c); *P < 0.01 vs. control in panel d; by ANOVA. e, f Lysates
of MDA MB-231 cells treated with DHA (panel e) or EPA (panel f) were immunoblotted with
PTEN and tubulin respectively
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Fig. 7.
a, b MDA MB-231 cells were transfected with PTEN-Luc reporter plasmid. Transiently
transfected cells were incubated with DHA (panel a) or EPA (panel b). Luciferase activity was
determined as described in the Experimental procedures. Mean ± SE of triplicate measurements
is shown. *P < 0.001 vs. control in a; *P < 0.01 vs. control in panel b. c, d MDA MB-231 cells
were transfected with the Bcl-2-Luc (panel c) or Bcl-XL-Luc (panel d) along with pCMV-p65,
vector or pSGL-PTEN expression constructs as indicated. Luciferase activity was measured
as described in the Experimental procedures. Mean ± SE of triplicate measurements is shown.
Panel c *P < 0.05 vs. control and **P < 0.05 vs. pCMV-p65-transfected. Panel d *P < 0.001
vs. control and **P < 0.001 vs. p65-transfected
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