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Abstract Clinical studies have shown that progestins increase
breast cancer risk in hormone replacement therapy, while we
and others have previously reported that progestins stimulate
invasive properties in progesterone receptor (PR)-rich human
breast cancer cell lines. Based on others’ reports that omega-3
fatty acids inhibit metastatic properties of breast cancer, we
have reviewed the literature for possible connections between
omega-3 fatty-acid-driven pathways and progestin-stimulated
pathways in an attempt to suggest theoretical mechanisms for
possible omega-3 fatty acid inhibition of progestin stimulation
of breast cancer invasion. We also present some data suggest-
ing that fatty acids regulate progestin stimulation of invasive
properties in PR-rich T47D human breast cancer cells, and that
an appropriate concentration of the omega-3 fatty acid eico-
sapentaenoic acid inhibits progestin stimulation of invasive
properties. It is hoped that focus on the inter-relationship
between pathways by which omega-3 fatty acids inhibit and
progestins stimulate breast cancer invasive properties will
lead to further in vitro, in vivo, and clinical studies testing
the hypothesis that omega-3 fatty acids can inhibit progestin
stimulation of invasive properties in breast cancer, and
ameliorate harmful effects of progestins which occur in
combined progestin—estrogen hormone replacement therapy.

Introduction

Breast cancer is the most common cancer (other than non-
melanoma skin cancer), the second most common cause of
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cancer death among women in the USA, and a major cause
of cancer death among women worldwide [1, 2]. We and
others have shown that progestins can stimulate cell prolif-
eration [3—11], inhibit cell death [7, 12—14], and enhance
invasive properties [15—19] in human breast cancer cells in
vitro. In vivo also, various researchers have reported similar
breast cancer stimulatory effects of progestins [20-29]. Still,
others have reported inhibitory effects of progestins toward
breast cancer in vitro and in vivo [30-39] and in women [40,
41] and the reasons for these discrepancies are unclear.
However, progestins, including micronized progesterone
[42, 43] (although micronized progesterone may be safer
than other progestins [44, 45]) have been repeatedly shown
to increase the risk of breast cancer in postmenopausal
women when included with estrogen in hormone replace-
ment therapy (HRT), an increase significantly greater than
that incurred in HRT with estrogen alone [46—53].
Omega-3 fatty acids have been widely reported to have
inhibitory effects on breast cancer. Connolly and Rose [54]
reported that 0.25 pg/ml eicosapentaenoic acid (EPA; about
1 uM) inhibited in vitro invasive properties of MDA-MB-
435 human breast cancer cells, whereas the same concen-
tration of the omega-6 fatty acid linoleic acid stimulated
invasive properties of these cells. Rose et al. also reported
that a high-fat diet rich in omega-3 fatty acids can suppress
MDA-MB-435 growth and metastases in nude mice [55].
However, it is now controversial whether MDA-MB-435
cells are a breast cancer or a melanoma line [56, 57]. In
other studies, Horia and Watkins found that the omega-3
fatty acid docosahexaenoic acid (DHA) decreased invasive
properties in the ER-negative, PR-negative human breast
cancer cell line MDA-MB-231 [58] and Senzaki et al.
reported that the omega-3 fatty acid EPA reduced metastasis
of the human breast cancer cell line KPL-1 in nude mice
[59]. Further, Mandal et al. found that fish oil rich in omega-
3 fatty acids prevented MDA-MB-231 human breast cancer
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cell metastasis to bone in nude mice [60], and Kim et al.
reported that high intake of omega-3 fatty acids from fatty
fish decreased the risk of breast cancer in both pre- and post-
menopausal Korean women [61].

Canola oil, a plant-derived oil high in the omega-3 fatty
acid alpha linolenic acid, which in humans can be converted
to the omega-3 fatty acids EPA and DHA has been shown
by Hardman to slow growth of implanted MDA-MB-231
human breast tumors in nude mice [62]. In addition, Ion and
Hardman found that dietary walnut, a nut high in omega-3
fatty acids, also suppressed growth of the same tumors,
while increasing the EPA and DHA contents of the animals’
livers [63]. Further, maternal consumption of canola oil
suppressed mammary gland tumorigenesis in offspring of
C3(1) Tag mice, as shown by Ion et al. [64]. Still another
report showed that a rat maternal diet high in omega-3 fatty
acids from fish oil decreased carcinogen-induced mammary
cancer in offspring [65], and a case—control study by
Maillard et al. suggests omega-3 fatty acids reduce breast
cancer risk and that the balance between omega-6 and
omega-3 fatty acids is a key factor [65]. Ratios of omega-6
to omega-3 lower than that found in humans on the western
diet have been repeatedly reported to promote health, protect-
ing against various diseases, including breast cancer [66 and
references therein].

Still, a comprehensive review of the literature on the effects
of omega-3 fatty acids on cancer risk found no significant
association between omega-3 fatty acids and cancer risk, and
stated that dietary supplementation with omega-3 fatty acids is
unlikely to prevent cancer [67]. However, a more recent
review by MacLennan and Ma suggests that a diet rich in
omega-3 fatty acids, especially when started early in life, has
promise for cancer prevention [68]. Inconsistencies in exper-
imental protocol and data from preclinical studies on the
effects of omega-3 fatty acids on breast cancer have been
pointed out by Signori et al., who have suggested improved
strategies for future experiments [69].

While the present review focuses on possible inhibition by
omega-3 fatty acids of progestin stimulation of breast cancer
invasive properties, there are many other documented benefi-
cial effects associated with their increased levels. These in-
clude improvements in cardiovascular health [70-72], diabetes
[73], rheumatoid arthritis [74], asthma [75], bone mineral
density [76, 77], depression [78—80], dry eye syndrome [81],
and age-related macular degeneration [82]. Simopolous has
recently thoroughly reviewed the many beneficial effects as-
sociated with increased levels of omega-3 fatty acids, lowering
the ratio of omega-6 to omega-3 fatty acids in the diet [66].

The average concentrations of EPA and arachidonic acid
(AA) in serum of “healthy” (without chronic illnesses)
humans were reported by Bailey and Southon to be 76 and
751 uM, respectively. The total concentration of all mea-
sured omega-3 fatty acids (alpha-linolenic acid (ALA),
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EPA, and DHA) was 341 uM and of all measured omega-
6 fatty acids (linoleic acid (LA) and AA) was 5,105 uM, a
ratio of omega-6/omega-3 of 15:1 [83] (our calculation from
their data). In patients with multiple illnesses, including
hypertension and diabetes, the average concentrations were
reported to be around 24 uM (EPA) and 650 uM (AA) by
Harper et al. [84]. In these patients, the total concentration of
all measured omega-3 fatty acids was 123 uM, and of all
measured omega-6 fatty acids was 2,137 uM, a ratio of
omega-6/omega-3 of about 17:1 (our calculation from their
data). Patients with early stage chronic lymphocytic leuke-
mia had 65.9 uM EPA and 666 uM AA (Hardman E et al.,
unpublished data). The total concentration of all measured
omega-3’s was 206 uM and of omega-6’s was 3,101 uM,
giving an omega-6/omega-3 ratio of 15:1. Thus all three
studies show similar very high ratios of omega-6 to omega-3
fatty acids, around 16:1, and the average omega-6 to omega-
3 ratio in the diet of the western world is around 16:1, as
compared to a ratio of about 1:1 in the diet humans evolved
on [66]. Lower ratios of omega-6 to omega-3 have been
repeatedly reported to promote health, protecting against
various diseases, including breast cancer [66 and references
therein]. Omega-3 fatty acids seem to counteract harmful
effects of omega-6 fatty acids by competitive inhibition of
the enzymes responsible for conversion of omega-6 fatty
acids to harmful metabolites [85]. Thus, an important com-
ponent in the inclusion of omega-3 fatty acids in the diet is
lowering the ratio of omega-6 fatty acids to omega-3 fatty
acids [66].

In view of our own and others’ findings that progestins
stimulate invasive properties of the progestin-responsive
human breast cancer cell line T47D, and the above reports
suggesting that omega-3 fatty acids are helpful against
breast cancer invasive properties, we decided to review what
is known about the mechanisms for progestin stimulation of
invasive properties in breast cancer and omega-3 fatty acid
inhibition of breast cancer invasion, and speculate on how
common components of these pathways might enable the
use of omega-3 fatty acids to inhibit progestin stimulation of
invasion in human breast cancer. We also present some data
consistent with this hypothesis, showing that, in the PR-rich
human breast cancer cell line T47D, while 200 and 75 uM
EPA surprisingly stimulate invasive properties on their own,
40 uM EPA, while having no significant effect alone, sig-
nificantly inhibits progestin stimulation of invasion.

Exploiting the Interrelationships Between Omega-3
Fatty-Acid-Related Pathways and Progestin-Related
Pathways

In order to predict possible fruitful ways of exploiting the
interrelationships between omega-3 fatty acid-related
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pathways and progestin-related pathways to promote breast
health and prevent and treat breast cancer, one can consider
what is known about these interrelationships. One strategy
to accomplish this is to review the literature on how omega-
3 fatty acids inhibit and how progestins stimulate breast
cancer invasion with an eye toward connections between
these two.

How Do Omega-3 Fatty Acids Inhibit Breast Cancer
Invasion?

Studies indicate that omega-3 fatty acids act largely by
binding to and activating peroxisome proliferator-activated
receptor vy (PPARY) which hetero-dimerizes with the reti-
noid X receptor (RXR) and binds to peroxisome proliferator
response elements (PPREs) to regulate expression of its
target genes [86]. Comba et al. [87] have reviewed how
omega-3 and omega-6 fatty acids act in tumor cells as
ligands for peroxisome proliferator-activated receptors
(PPARs), in signal transduction through protein kinase C,
and through mechanisms involving transcription factors in-
cluding nuclear factor kappa B. The action of omega-3 fatty
acids through PPARYy in cancer has been reviewed by
Edwards and O’Flaherty [88], and Sun et al. [89] have
shown that in MCF-7 human breast cancer cells the
omega-3 fatty acid DHA up-regulates the pro-apoptotic, cell
surface glycoprotein syndecan-1 through a PPRE in the
syndecan-1 gene promoter. We postulate that the above-
described activation of PPARy by omega-3 fatty acids
may be a key event in the mechanism by which they inhibit
progestin stimulation of invasion, as detailed below.

Dimri et al. [90] have found that omega-3 fatty acids
inhibit invasion of the human breast cancer cell lines
MCF-7, T47D, and MDA-MB-231 in part by down-
regulation of the epigenetically active, histone-methylating
polycomb group protein enhancer of zeste homolog 2
(EZH2), whose over-expression is correlated with metasta-
sis in breast cancer. Experiments with the proteasome inhib-
itor MG132 suggested that this lowering of EZH2 level
occurs through a post-translational mechanism leading to
degradation of the EZH?2 protein, accompanied by decreased
histone 3 lysine 27 trimethylation (H3K27me3) activity of
EZH2, and up-regulation of the EZH2 targets E-cadherin
and insulin-like growth factor binding protein 3. The down-
regulation of EZH2 thus is part of the mechanism by which
omega-3 fatty acids inhibit breast cancer invasion, but, to
our knowledge, there is no evidence as yet that progestins
up-regulate EZH2.

Omega-3 fatty acids also have in common with proges-
tins effects on signal transduction. Lu et al. [91] have
reported that treatment of MCF-7 cells with the omega-3
fatty acid DHA inhibits p42/44 MAPK signaling,

decreasing its phosphorylation, while Schley et al. [92]
found that omega-3 fatty acids decreased the level of epi-
dermal growth factor receptor (EGFR) in lipid rafts and
increased EGFR activation and that of p38 MAPKinase by
phosphorylation. The omega-3 fatty acid ALA down-
regulates Her2 (EGFR2) by suppressing its transcription,
as demonstrated by Menendez et al. [93]. Rogers et al.
[94] confirmed that DHA disrupts EGFR’s association with
lipid rafts in MDA-MB-231 cells, finding decreased levels
of p42/44 MAPK phosphorylation/activation, and Sauer et
al. [95] have found that EPA decreases cell proliferation in
MCF-7 human breast cancer xenografts in nude rats, de-
creasing intra-tumoral levels of cAMP and p42/44 MAPK
phosphorylation. Using combined data from the human
breast cancer cell lines MCF-7 and SK-BR-3 in vitro and
Fat-1 mice in vivo, Sun and co-workers [96] have shown
that the omega-3 fatty acid DHA up-regulates syndecan-1,
which in turn results in dephosphorylation/deactivation of
MEK (MAPKinase kinase), MAPKinase, and Bad, inducing
apoptosis of the breast cancer cells. As described below,
progestins also are well known to act through the above
signal transduction mechanisms, generally affecting signal
transduction components in a fashion opposite to the action
of omega-3 fatty acids.

While omega-3 fatty acids have in general been found to
inhibit breast cancer invasive properties, omega-6 fatty acids
have been found to stimulate invasion. Navarro-Tito et al.
[97] have shown that the omega-6 fatty acid arachidonic
acid promotes migration of MDA-MB-231 cells in part
through phosphorylation of the protein tyrosine kinase c-Src
and focal adhesion kinase (FAK). With this in mind, it seems
plausible that omega-3 fatty acids, acting contrary to omega-6
fatty acids, may also act in part through down-regulation of
FAK and c-Src activity. Progestins, on the other hand, have
been shown to act oppositely, activating FAK and c-Src, as
described below.

Isbilen et al. [98] have shown that a very low concentra-
tion (0.5 uM) of DHA suppressed MDA-MB-231 human
breast cancer cell migration in part through down-regulation
of voltage-gated Na(+) channel (neonatal Navl.5) mRNA
and protein, while Gillet and co-workers [99] have proposed
that omega-3 fatty acids act through some common mecha-
nisms, including voltage-gated sodium channels, to prevent
post-myocardial infarction arrhythmias and inhibit invasive-
ness, in cardiac cells and breast cancer, respectively. To our
knowledge, it is so far unknown whether progestins act in an
opposite fashion, to up-regulate voltage-gated sodium
channels.

Using cDNA microarrays and quantitative polymerase
chain reaction with several human breast cancer cell lines,
Hammamieh et al. have demonstrated differences in the
effects of omega-6 and omega-3 fatty acids on gene expres-
sion [100]. Altenburg and colleagues [101] have shown that
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combined DHA and curcumin up-regulated expression of
genes involved in cell cycle arrest, apoptosis, inhibition of
metastasis, and cell adhesion, and down-regulated expres-
sion of genes with roles in cancer development and progres-
sion, metastasis, and cell cycle progression in the human
breast cancer cell line SK-BR-3. Progestins have been
shown by cDNA microarray to regulate the expression
of many genes in human breast cancer cells, including
genes involved in the metastasis-related [102] phenomenon
adhesion [103].

While progestins have been shown to stimulate breast
cancer cell invasive properties in part through a mecha-
nism involving lipid rafts, the data of Altenburg and
Siddiqui [104] suggest that omega-3 fatty acids inhibit
migration of MDA-MB-231 human breast cancer cells
through disruption of lipid rafts and down-regulation of
the expression and function of the cell surface chemokine
receptor CXCR4, while Young et al. [105] investigated
the effects of omega-3 fatty acids on sex hormone con-
centrations in postmenopausal women, finding lowered
levels of estrogens and androgens, but did not report
progestin levels.

In addition to omega-3 fatty acid interaction with
progesterone-related pathways and PPARvy, there is also
evidence for cross-talk between the estrogen receptor and
PPARYy pathways in breast cancer cells [106, 107]. Further,
Manni and colleagues have shown that omega-3 fatty acids
can act together with the anti-estrogen tamoxifen to exert
greater anti-tumor action on N-methyl-N-nitrosourea-in-
duced rat mammary carcinogenesis than either compound
alone [108], and Lu et al. [91] have reported that the omega-
3 fatty acid DHA inhibits estrogen action in breast cancer
cells by inducing degradation of the estrogen receptor. The
above reports suggest the possibility that omega-3 fatty
acids may inhibit not only the harmful effects of progestins
but also those of estrogens in breast cancer. Still, it must be
stated that it is unknown whether omega-3 fatty acids may
also inhibit beneficial effects of both hormones.

How Progestins Stimulate Invasive Properties in Breast
Cancer

The following describes pathways various researchers have
shown are involved in progestin stimulation of invasive
properties, most of which have been shown, as described
above, to be affected in an opposite manner by omega-3
fatty acids. Kato et al. have shown that progesterone in-
creased invasive properties of the human breast cancer cell
line ZR-75-1 in part by up-regulating levels of tissue factor
(TF) [15], while more recently, workers in the same group
[109] have demonstrated the involvement of lipid rafts in
progestin stimulation of TF and invasive properties. Many
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groups have shown that progestins act in part through cyto-
plasmic signal transduction pathways [110 and references
therein]. Progestin stimulation of metastatic properties of
breast cancer cells depends on progesterone receptor action
through cytoplasmic signal transduction pathways involving
c-Src, as demonstrated by Carnevale et al. [11]. Fu and co-
workers [17, 18] as well have shown that progestins stimu-
late breast cancer invasive properties through cytoplasmic
signal transduction pathways, involving the G protein G« 3,
the tyrosine kinase c-Src, phosphoinositidyl-3 kinase, and
RhoA, resulting in the activation of the actin regulatory
protein moesin, and remodeling of the actin cytoskeleton.
These workers have demonstrated that progesterone leads to
rapid extra-nuclear phosphorylation/activation of focal ad-
hesion kinase in T47D human breast cancer cells, leading to
formation of focal adhesion complexes important for cell
movement and invasion [111]. We have found that progestin
stimulation of invasive properties in the human breast can-
cer cell line T47D involves up-regulation of the enzyme
manganese superoxide dismutase which occurs through the
MAPKinase signal transduction pathway [19].

It is well known that progestins stimulate activity of
the EGF pathway in progestin responsive human breast
cancer cell lines [112, 113], and that EGF stimulates
invasive properties of breast cancer cells [114]. In view
of the above-referenced inhibition of EGFR activity by
omega-3 fatty acids [94], it is possible that these coun-
teracting effects on the EGF pathway may help explain
how omega-3 fatty acids inhibit progestin stimulation of
invasive properties.

It is particularly intriguing that Carson and his co-
workers have shown that progesterone up-regulates levels
of the transmembrane glycoprotein mucinl (MUC-1) in
human uterine epithelial cells and breast cancer cells, in-
cluding the breast cancer cell line T47D [115, 116]. High
levels of MUC-1 have been shown to stimulate cancer cell
invasive properties [117, 118], including invasion of human
breast cancer cell lines, and to be found at higher levels in
metastatic human breast tumors than in non-metastatic
tumors [119]. Interestingly, progesterone stimulation of
MUC-1 has been shown to be inhibited by rosiglitazone
activation of PPARy in T47D human breast cancer cells
and human uterine epithelial cells. This inhibition by
PPARY activation occurs through inhibition of progesterone
receptor phosphorylation and through stimulation of proges-
terone receptor degradation [116]. Since omega-3 fatty acids
act in large part through activation of PPARY, it is reason-
able to speculate, as depicted in Fig. 2, that the mechanism
by which omega -3 fatty acids can inhibit progestin stimu-
lation of invasive properties may also involve omega-3 fatty
acid activation of PPARy, which inhibits progestin stimula-
tion of the metastasis-enhancing protein MUC-1, decreasing
metastasis.
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As stated above, it has been convincingly shown that
progestins can stimulate invasive properties in breast cancer,
and that omega-3 fatty acids can inhibit these invasive
properties. While it is presently unknown whether omega-
3 fatty acids used as described above may also inhibit
beneficial effects of progestins, we present, in this review,
some tantalizing evidence that omega-3 fatty acids, at prop-
er concentrations, may be effective against progestin stimu-
lation of metastatic properties, and have attempted to
analyze the literature to present some possible parts of the
mechanism by which this may occur. A model showing how
omega-3 fatty acids might inhibit progestin stimulation of
invasive properties in breast cancer is shown in Fig. 2. This
model is explained in detail in the legend for Fig. 2 and
toward the end of this review. These ideas are testable, and
suggest there may be an expanded role for omega-3 fatty
acids in promotion of breast health and prevention and
treatment of progestin-responsive breast cancer. Further,
these ideas may provide a rationale for testing the use of
omega-3 fatty acids to inhibit the harmful effects of proges-
tins in combined (estrogen and progestin) hormone replace-
ment therapy. Further research, in vitro, in vivo, and clinical
trials, will be necessary to test these ideas.

Effects of EPA on Progestin Stimulation of Invasion
in T47D Cells

In order to test our hypothesis that the omega-3 fatty acid
EPA would inhibit progestin stimulation of invasion in PR-
rich T47D human breast cancer cells, we used EPA at
several concentrations: 200, 75, 40, and 1 uM, since con-
centrations of omega-3 fatty acid in this range have previ-
ously been shown to have effects on human breast cancer
cells in culture [52, 54, 57, 58, 120]. The highest concen-
tration we used, 200 uM, can be reached in the serum of
humans with fish oil supplementation (Hardman, WE, un-
published results). We also tested the omega-6 fatty acid AA
at these concentrations as a control, because we expected
AA to stimulate invasive properties on its own, as reported
by others in the human breast cancer cell line MDA-MB-
231 [58]. As shown in Fig. la and b, under conditions in
which progestins stimulate invasion, 200 and 75 uM EPA
do not inhibit progestin stimulation of invasion, but, much
to our surprise, stimulate invasion on their own, while AA,
as expected, also does not inhibit progestin stimulation of
invasion. We detected no effect on viability of the cells
under these conditions. The results of two separate experi-
ments testing a much lower concentration suggest that nei-
ther 1 uM EPA nor AA affect invasion, either alone or in the
presence of progestin (data not shown). However, upon
testing the intermediate concentration 40 uM, we found, as
shown in Fig. lc, that 40 uM EPA significantly inhibits

progestin stimulation of invasion, while having no signifi-
cant effect without progestin.

It is unclear why the higher concentrations of EPA (200
and 75 pM) stimulated invasion on their own. One possi-
bility is that at these high concentrations EPA, in the artifi-
cial absence of omega-6 fatty acids, actually might serve as
a substrate, in addition to its normal role as an inhibitor, of
the enzymes which convert omega-6 fatty acids to harmful
metabolites. Seventy-five micromolar is about 40 % above
the average EPA concentration (55 puM, average of the
above three studies [83, 84, and Hardman WE, unpublished
observations]) and 200 uM, a concentration achievable in
human serum with fish oil supplementation (Hardman WE,
unpublished results) is about fourfold above this average
level of EPA for humans without fish oil supplementation.
However, 75 and 200 puM AA are much lower than the
average human physiological concentration of AA, which
is around 689 puM (average of the above three studies).
Interestingly, the omega-6 fatty acid AA also, at 40 pM,
has no significant effect on invasive properties, but inhibits
progestin stimulation of invasion. However, 40 uM is only
about 6 % of the average AA concentration (689 uM) in
human serum. The content of omega-6 fatty acids in the
western world diet is high and the omega-3 content com-
paratively low, resulting in a high ratio of omega-6/omega-3
of around 16:1, whereas humans evolved at a ratio of around
1:1 [66]. This high ratio has been shown to be associated
with inflammation in the pathogenesis of several diseases,
including cancer, cardiovascular disease, and autoimmune
diseases [66]. Since the omega-6 fatty acid content of the
western diet is already very high, and has been shown to be
associated with disease pathogenesis, it would be unreason-
able to suggest addition of omega-6 fatty acids to the west-
ern diet. As stated earlier, omega-3 fatty acids seem to
counteract harmful effects of omega-6 fatty acids by com-
petitive inhibition of the enzymes responsible for conver-
sion of omega-6 fatty acids to harmful metabolites [84].

Our data showing that 40 uM EPA had no significant
effect on invasive properties alone, but inhibited progestin
stimulation of breast cancer cell invasion, are consistent
with the notion that omega-3 fatty acids, in the right con-
centration range, might be helpful in preventing metastasis
of progestin-responsive breast cancer. While these relatively
simple experiments suggest the possible value of omega-3
fatty acids in inhibition of progestin stimulation of breast
cancer invasion, others have shown that it is lowering the
ratio of omega-6 to omega-3 fatty acids that is effective
against several diseases [66 and references therein], and
future experiments with varying ratios of omega-6 to
omega-3 will be required to address this. Still, these results
make it tempting to speculate that omega-3 fatty acids such
as EPA, at the right concentrations, may have a role in the
treatment of progestin-responsive breast cancer and/or in
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Fig. 1 a Effect of 200 pM fatty acid on T47D invasion. T47D cells,
obtained from the American Type Culture Collection, and found to
exhibit the exquisite progestin-responsiveness characteristic of these
cells, were grown in plastic flasks in 5 % CO, in air in minimal
essential medium, powdered (autoclavable) plus non-essential amino
acids, 2 mM L-glutamine, 10 % fetal bovine serum, 100 U/ml penicil-
lin, 100 pg/ml streptomycin (Invitrogen), and 6 ng/ml insulin (Sigma-
Aldrich) until about 90 % confluence. The medium was then changed
to fresh and made 200 uM in EPA, AA, or 0.1 % in ethanol (vehicle).
Cells were incubated for 72 h, and the medium was made 10 uM in
ara-C (arabinofuranosyl cytidine) for the last hour, to stop DNA repli-
cation. EPA, AA, and ara-C were purchased from Sigma-Aldrich. The
cells of each flask were then harvested and single cell suspensions at
106 cells/ml (300 ul) in the same medium as above (containing ara-C),
except without serum and phenol red and with or without 10 nM
R5020 (dissolved in ethanol) were placed in the upper insert of a
modified Boyden chamber (Cell Biolabs, catalog # CBA-110) to
measure invasion through a layer of extracellular matrix and a mem-
brane with 8-pm pores, to a lower chamber containing 500 ul of twice
charcoal-stripped serum-containing medium without phenol red. Final
ethanol concentration was 0.2 % in all samples. As stated above, the
cells were grown to around 90 % confluency in complete growth
medium (containing 10 % fetal bovine serum and phenol red), and
then incubated with the tested fatty acids in fresh complete growth
medium for 72 h. They were then made into single cell suspensions and
incubated in the presence of the fatty acids with or without progestin
for a further 48 h in the same medium as above, except serum-free and

combating the progestin-induced increased risk of breast
cancer from combined (estrogen plus progestin) hormone
replacement therapy. Further studies, in vitro, in vivo, and in
humans, involving various concentrations and ratios of com-
bined omega-6 and omega-3 fatty acids, including that of the
currently prevalent western diet, 16:1, and that on which
humans evolved, 1:1, will be necessary to determine whether
omega-3 fatty acids can inhibit progestin exacerbation of
breast cancer in humans.
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without phenol red, while invading through a layer of extracellular
matrix and a porous membrane into 10 % charcoal-stripped serum-
containing medium without phenol red. After 48 h, invading cells were
stained and counted, according to the manufacturer’s instructions.
Results are the average plus SEM of six independent experiments,
and were analyzed by ANOVA followed by the Fisher’s LSD multiple
comparison procedure. CC no fatty acid or R5020, RC R5020 alone,
CE EPA alone, RE R5020 plus EPA, CA arachidonic acid alone, RA
R5020 plus arachidonic acid. All samples are different from control
(CC) at p<0.05 except for CA. All other samples are statistically the
same except RC, CE, and CA (p<0.05). *Different from control.
**Different from RC and control. ***Different from RC. b Effect of
75 uM fatty acid on T47D invasion. Protocol was the same as in (a),
except that fatty acid concentration was 75 uM. Results are the average
plus SEM of nine independent experiments for CC and RC, and three
experiments for the remaining samples. Results were analyzed by
ANOVA followed by the Fisher’s LSD multiple comparison proce-
dure. Abbreviations are the same as in (a). All samples are different
from control at p<0.05. *Different from all others. No other differ-
ences are significant. ¢ Effect of 40 uM fatty acid on T47D invasion.
Protocol was the same as in (a), except that fatty acid concentration
was 40 uM. Results are the average plus SEM of nine experiments for
CC and RC, and three experiments for the remaining samples. Abbre-
viations are the same as in (a). Results were analyzed by ANOVA
followed by Fisher’s LSD multiple comparison procedure. *Different
from all others at p<0.05

Clinical studies could determine whether greater intake of
omega-3 fatty acids would inhibit the well-documented
[46-53] increased risk of breast cancer in women on com-
bined (progestin plus estrogen) hormone replacement therapy.
It seems possible this could allow women to get the benefits of
hormone replacement therapy while decreasing its harmful
side effects. Omega-3 fatty acids are widely available without
a prescription from a variety of sources including fish oil,
canola oil, and oil from algae, facilitating such a study. There
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is already a wealth of data from the above studies on incidence
of breast cancer in women who have been on HRT with
estrogen alone, estrogen plus progestin, or placebo [46-53].
These women from past studies could serve as the controls
without omega-3 fatty acid supplementation. Their incidences
of breast cancer and metastasis could be compared with that in
new women on HRT supplemented with omega-3 fatty acids
with no hormone, estrogen alone, or estrogen plus progestin.
This type of study would test the hypothesis that omega-3
fatty acids would inhibit the increased risk of breast cancer
from combined HRT with progestin plus estrogen over that
with estrogen alone. It would simultaneously test the effect of
omega-3 fatty acids alone on breast cancer incidence and the
effect of omega-3 fatty acids on breast cancer in women on
HRT with estrogen alone. Clinical studies could also be done

to determine whether omega-3 fatty acids added to conven-
tional breast cancer therapy such as tamoxifen would be
helpful. This idea has recently been suggested by others,
including Manni and his co-workers [69, 108] and Bidinotto
et al. [121]. Once again, the controls could be the many
women from previous studies done with tamoxifen and other
drugs without addition of omega-3 fatty acids.

A Working Model for the Hypothesis That Omega-3
Fatty Acids Can Inhibit Progestin Stimulation of Breast
Cancer Invasive Properties

Figure 2 is a working model for how omega-3 fatty acids
may inhibit progestin stimulation of breast cancer invasive
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Sy 3 ;¥ kt
Cell membrane P FAK4 = \ A
il I
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| through actin-moesin mitochondrion
J’ interaction ]
PR Degradation s VAV
— "-,__'_"MnSO i) __/'
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Other gene
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(and other genes)

Other transcription
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Fig. 2 Working model for the hypothesis that omega-3 fatty acids can
inhibit progestin stimulation of breast cancer invasion. The model is
separated into two parts for clarity. a Depicts progestin stimulation of
invasion, while b diagrams omega-3 fatty acid pathways which may
act to inhibit progestin stimulation of invasive properties. Necessarily,
the model is incomplete, yet testable. Parts of the model are colored red
to emphasize pathways for which there is the most evidence suggesting
interaction of omega-3 fatty acid pathways to inhibit progestin-driven
pathways, in particular progestin stimulation of MUCL. Small upward-
pointing arrows to the right of gene products indicate up-regulation of
these products, whereas downward-pointing arrows indicate down-

up-regulation of gene products,
directly or indirectly

| ]

regulation. Abbreviations: HSP heat shock proteins, PR progesterone
receptor, P phosphate group, Src the tyrosine—protein kinase c-Src, Ras
the G-protein Ras, EGFR epidermal growth factor receptor 1, EGF
epidermal growth factor, MUC-1 mucin-1, TF tissue factor, MAPKs
mitogen-activated protein kinases, MnSOD manganese superoxide dis-
mutase, CXCR4 a transmembrane G-protein-coupled chemokine recep-
tor for CXCL-12/stromal cell-derived factor 1, PPARy peroxisome
proliferator-activated receptor gamma, RXR retinoid X receptor, PPRE
peroxisome proliferator response element, EZH2 enhancer of zeste
homolog 2 (a histone-methylating polycomb group protein), ErbB-2/
Her?2 human epidermal growth factor receptor 2
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B) Model for Omega-3 fatty acid inhibition of invasion
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Fig. 2 (continued)

properties. For clarity, the model is separated into two parts.
Figure 2a depicts progestin stimulation of invasion, while
Fig. 2b diagrams omega-3 fatty acid pathways which may
act to inhibit progestin stimulation of invasive properties.
Necessarily, the model is incomplete, yet testable. Small
upward-pointing arrows to the right of gene products indicate
up-regulation of these products, whereas downward-pointing
arrows indicate down-regulation, and the abbreviations used
are explained in the figure legend. Parts of the model are
colored red to emphasize pathways for which there is the most
evidence (our inference from their data) suggesting possible
interaction of omega-3 fatty acid pathways to inhibit
progestin-driven pathways, in particular progestin stimulation
of MUC-1.

Focusing on the parts of the model shown in red in
Fig. 2a, an important part of the mechanism of progestin
stimulation of invasion appears to be up-regulation of the
cell membrane glycoprotein MUC-1, involving a progestin-
responsive region in the upstream control region of the muc-
1 gene [115, 116]. High levels of MUC-1 have been shown
to stimulate cancer cell invasive properties [117, 118], in-
cluding invasion of human breast cancer cell lines, and
MUC-1 has been found at higher levels in metastatic human
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breast tumors than in non-metastatic tumors [119]. PR phos-
phorylation and PR degradation are shown in red because
Carson and his co-workers have shown that control of these
processes is involved in progestin stimulation of MUC-1
[115, 116], which is also shown in red.

Also shown in red is the pathway for progestin stimula-
tion of the EGF pathway. It is well known that progestins
stimulate activity of the EGF pathway in progestin respon-
sive human breast cancer cell lines [112, 113], and that EGF
stimulates invasive properties of breast cancer cells [114].
Many groups have shown that progestins act in part through
cytoplasmic signal transduction pathways involving Ras
and MAPKinase [111 and references therein]. Carnevale
et al. [11] have demonstrated that progestin stimulation of
metastatic properties of breast cancer cells depends on
progesterone receptor action through cytoplasmic signal
transduction pathways involving c-Src, and Fu et al. have
shown the involvement of progestin stimulation of focal
adhesion kinase in breast cancer cell invasive properties
[111]. Once again, these pathways are shown in red to
emphasize the fact that their influence in opposite direc-
tions by progestins and omega-3 fatty acids constitutes
circumstantial evidence that they may be involved in
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omega-3 fatty acid inhibition of progestin stimulation of
breast cancer invasive properties.

Other gene products up-regulated by progestins which
have been shown to be involved in enhancement of breast
cancer invasive properties are tissue factor [15, 109] man-
ganese superoxide dismutase [19], and cytoskeleton remod-
eling through actin—moesin interaction [17, 18]. These
pathways are shown in black because, to our knowledge,
there are no reports as yet that omega-3 fatty acids act to
inhibit these processes.

Shown in Fig. 2b are pathways by which omega -3 fatty
acids have been shown to inhibit breast cancer invasive
properties; again certain pathways are shown in red to
emphasize the circumstantial evidence (our inference from
the data) that they may be involved in inhibition by omega-3
fatty acids of progestin stimulation of breast cancer inva-
sion. After entering the cell, omega-3 fatty acids bind to and
activate PPARy, which in complex with RXR regulates
various genes. Also shown in red is the pathway by which
progestins enter the cell, bind to the progesterone receptor,
and stimulate expression of the muc-1 gene, leading to
increased levels of MUC-1 [115, 116]. Carson and his
colleagues have shown that rosiglitazone binds to and acti-
vates PPARYy, resulting in inhibition of progestin stimula-
tion of MUC-1 and invasive properties in T47D human
breast cancer cells through decreased PR phosphorylation
and increased PR degradation [115, 116], also shown in red.
Since omega-3 fatty acids too act through activation of
PPARY, we speculate that part of the mechanism by which
omega-3 fatty acids inhibit progestin stimulation of breast
cancer invasion is through this same pathway.

Shown in red as well is the pathway involving omega-3
fatty acid inhibition of ErbB-2/HER2 gene transcription [93]
and omega-3 inhibition of the activity of EGF and its recep-
tor, involving disruption of lipid raft function [92, 94].
Signal transduction pathways involving Ras and Src are
included, since EGF and progestins are known to act through
these proteins.

Pathways shown in black are those in which it has
been shown that omega-3 fatty acids act, but for which,
to our knowledge, there is no evidence yet that progestins
act in an opposite fashion. Omega-3 fatty acids have been
shown to act as competitive inhibitors of enzymes which
convert omega-6 fatty acids to cancer-associated inflam-
matory metabolites [84], and, as shown by Altenburg and
Siddiqui [104], to inhibit migration of MDA-MB-231
human breast cancer cells through disruption of lipid rafts
and down-regulation of the expression and function of the
cell surface chemokine receptor CXCR4. Dimri et al. [90]
have found that omega-3 fatty acids inhibit invasion of the
human breast cancer cell lines MCF-7, T47D, and MDA-
MB-231 in part by down-regulation of the epigenetically ac-
tive, histone-methylating polycomb group protein EZH2

(enhancer of zeste homolog 2), whose over-expression
is correlated with metastasis in breast cancer. Experi-
ments with the proteasome inhibitor MG132 suggested
that this lowering of EZH2 level occurs through a post-
translational mechanism leading to degradation of the
EZH2 protein, accompanied by decreased H3K27me3
activity of EZH2.

Summary

Much research suggests that progestin action is like a pow-
erful current moving through the cell, which can cause both
good and harmful outcomes, including the stimulation of
cell proliferation, inhibition of cell death, and enhancement
of invasive properties in breast cancer cells. Many other
studies show that omega-3 fatty acids can inhibit breast
cancer, including its invasive properties. The fatty acid
content of cells is largely dependent on diet, and the western
diet includes a high ratio of omega-6 to omega-3 fatty acids,
which high ratio has been shown to be associated with
inflammation and the pathogenesis of diseases including
cardiovascular disease, autoimmune disease, and cancer.
Bearing in mind the idea that progestins can stimulate breast
cancer cell invasive properties and that omega-3 fatty acids
can inhibit invasion, we have begun to test the hypothesis
that omega-3 fatty acids can inhibit progestin stimulation of
breast cancer invasion, and initial in vitro experiments sug-
gest they can. Review of the literature with an eye for how
this might occur suggests that omega-3 fatty acids, acting
through activation of PPARy, may interfere with progestin
stimulation of invasion by several signal transduction and
genomic pathways. These pathways may involve decreased
phosphorylation and enhanced degradation of progesterone
receptor, resulting in inhibition of progestin stimulation of
the invasion stimulatory protein MUC-1 and other invasion-
related gene products and processes. We propose that these
ideas merit further testing, in vitro, in vivo, and in the clinic,
and hold promise for promotion of breast health, prevention
and treatment of breast cancer, and safer hormone replace-
ment therapy by simply including the right amount of
omega-3 fatty acids in the diet.
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