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Abstract
The data derived from epidemiological and animal models confirm a beneficial effect of fish oil
(rich in ω-3 polyunsaturated fatty acids) in the amelioration of tumor growth and progression,
including breast cancer. The breast cancer patients often develop bone metastasis evidenced by
osteolytic lesions, leading to severe pain and bone fracture. Using a mouse model of MDA-
MB-231 human breast cancer cell metastasis to bone, here we show that fish oil diet enriched in
DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) prevents the formation of
osteolytic lesions in bone, indicating suppression of cancer cell metastasis to bone. These results
are supported by our data showing both DHA and EPA significantly attenuate the migration/
invasion of MDA-MB-231 breast cancer cells in culture. The mechanism that limits breast cancer
cells to selective metastasis to bone remains hitherto unexplored. Aberrant increased expression of
CD44 is associated with generation of cancer stem cells, which contribute to metastasis of breast
cancer cells. We demonstrate that DHA and EPA significantly inhibit the expression of CD44
protein and mRNA by a transcriptional mechanism. Furthermore, we show markedly reduced
levels of CD44 mRNA and protein in the tumors of mice, which were fed fish oil diet than those
in control diet. Our data provide the first evidence for a salutary effect of fish oil on breast cancer
metastasis to bone. Our results identify a novel function of the fish oil active components, DHA
and EPA, which target the cell-intrinsic pro-metastatic molecule CD44 to inhibit migration/
invasion.

INTRODUCTION
Fish oil diet rich in n-3 polyunsaturated fatty acids have beneficial effects in many diseases
including various cancers. Decreased consumption of fish oil during past decade in Japanese
women correlates with high incidence of breast cancer [1]. Two main constituents of fish
oil, DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) suppress breast cancer
cell growth in vitro and in animal models [2;3;4]. Accumulation of genetic mutations
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including oncogene activation and loss of tumor suppressor function along with epigenetic
changes contribute invasive properties to the tumor cells to metastasize to distant organs [5].
However, development of solid tumor may not be sufficient to induce metastasis. For
example, many patients with disseminated tumor cells in their circulation do not develop
clinical metastasis [6]. Similarly, many mouse models of different cancers induced by
oncogenically transformed cells also automatically do not establish distant metastasis [7]. It
is believed that expression of specific sets of genes in the disseminated cancer cells endow
them to metastasize to specific distant organs. For instance, a gene expression signature
necessary for breast cancer cells to metastasize to lung has been reported [8;9]. Mouse fed
fish oil diet showed reduced tumor growth and lung metastasis of breast cancer [10;11].
Furthermore, severity of lung metastasis was significantly reduced by the EPA- and DHA-
rich diet in nude mice following surgical excision of the primary solid tumor [12]. Though
other organs such as lungs, liver and brain are involved, bone remains the prevalent site for
breast cancer metastasis [5;13]. Bone metastasis of breast cancer cells is often facilitated due
to the permissive nature of the fenestrated bone marrow endothelial lining, called sinusoids
[14]. Colonized breast cancer cells in the bone microenvironment cause maturation and
activation of osteoclasts to form osteolytic lesions leading to severe pain and bone fracture.
Although, fish oil diet has been shown to affect primary breast tumor growth and metastasis
to lungs, its role in bone metastasis has not been investigated. In the present study, we
examined the effect of fish oil diet on breast cancer metastasis to bone and provide a
mechanism by identifying a target for its action to attenuate invasiveness.

MATERIALS AND METHODS
Materials

The MDA-MB-231 cell line was purchased from American Type Culture Collection
(Rockville, MD) and maintained at 37°C in Dulbecco’s modified essential medium
(DMEM) supplemented with 10% fetal calf serum (FCS) and penicillin and streptomycin.
Antibodies against CD44 and actin were purchased from Epitomics (Burlingame, CA) and
Sigma (St Louis, MO), respectively. TRIZol RNA isolation kit was obtained from Sigma (St
Louis, MO). The ω-3 fatty acids, DHA and EPA were purchased from Cayman Chemical
Company (Ann Arbor, MI). The fish oil diet was obtained from Harlan Bioproducts
(Indianapolis, IN) and prepared as described [11]. CD44-Luc reporter plasmid containing
luciferase gene under the control of CD44 promoter was purchased from Addgene
(Cambridge. MA; submitted by Dr. Robert A. Weinberg, Whitehead Institute, Cambridge,
MA) [15].

Generation of osteolytic metastasis in animal models
The immune-compromised (nu/nu) mice were obtained from NIH animal facilities and used
according to the approved protocol by the Animal Care and Use Committee of The
University of Texas Health Science Center at San Antonio. The nude mice were fed a
control lab chow diet or a diet containing 10% fish oil for 2 weeks prior to the intracardiac
injection of the MDA-MB-231 cells as described previously [16]. The mice were maintained
in their respective diets for 4 weeks post injection. Deeply anesthetized animals were
exposed to X-ray using a Faxitron radiographic inspection unit as described [16]. The
radiolucent osteolytic areas of bone metastasis were marked and quantified using a
computer-assisted BIOQUANT image analysis program. For tumor generation, the animals
were injected with 106 MDA-MB-231 cells in the mammary fat pad. Mice were sacrificed
and the tumors were excised and frozen as described previously to isolate RNA and prepare
protein lysates [11].
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Migration assay
Confluent monolayers of MDA-MB-231 cells were grown in the presence and absence of
DHA or EPA. A scratch was manually engineered in the monolayer using a pipette tip [17].
The cells were allowed to migrate into the scratched area for 21 hours (h) and were
photomicrographed at 0h and 21h. Migration of the cells was quantified by analyzing the
distances between the two edges of the scratch using BIOQUANT software [18].

Invasion assay
DHA- or EPA-treated or untreated MDA-MB-231 cells were trypsinized and 6×104 cells
were seeded in trans-well migration chamber with 8 μm membranes coated with collagen
(QCM cell invasion assay kit, Millipore, Billerica, MA). The migration chambers were
placed on 24-well plates containing a growth medium with or without DHA or EPA and
incubated at 37°C for 24 hours. The unmigrated cells on top of the membrane were removed
using cotton swabs. The cells at the bottom of the membrane were stained with the reagent
provided in the kit. After the cells were photographed, the stain was extracted using
extraction buffer according to the manufacturer’s instructions and the absorbance was
measured at 590 nm.

RNA extraction and RT-PCR analysis
Total RNAs from MDA-MB-231 cells or tumor tissues were prepared using TRIZol RNA
extraction kit. Total RNA was reverse-transcribed to make cDNA, amplified by quantitative
PCR using ABI Prism 7900 sequence detection system and analyzed by SDS 2.1 Software
utilizing SYBR green probe method (Applied Biosystems, Foster City, CA) as described
previously [18]. Human CD44 primers were used as described by Godar et al [15]. The
relative mRNA levels were normalized to GAPDH expression in the same sample.

Preparation of tumor and cell lysates
Tumor and MDA-MB-231 cell lysates were prepared essentially as described previously,
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) [11]. Equal amounts of protein (20 mg) in the cleared supernatants, collected
by centrifugation at 4°C at 10,000xg for 30 minutes, were used for immunoblotting with
indicated antibodies as described previously [19;20;21;22].

Transfection and luciferase assay
CD44-Luc reporter plasmid was transfected into MDA-MB-231 breast cancer cells using the
Fugene HD reagent (Roche Inc, Indianapolis, IN) and treated with DHA or EPA for 24h.
The luciferase enzyme activity was determined in the cell lysates using a kit (Promega,
Madison, WI) as described [11;18;23]. The data were normalized as a ratio of luciferase
activity to total protein content [11;18;23].

Statistics
The significance of the data was determined by ANOVA followed by paired t test or
Student-Newman-Keuls analysis using Graph Pad Prism 4 software, as described previously
[18]. p value less than 0.05 was considered as significant.
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RESULTS
Fish oil prevents breast cancer cell metastasis to bone

The human MDA-MB-231 breast cancer cells when inoculated in the left cardiac ventricle
of immune-compromised nude mice, they prominently metastasize to bone to form
osteolytic lesions [16]. We used this mouse model to examine the effect of fish oil on breast
cancer metastasis to bone. A group of mice fed lab chow or a diet containing 10% fish oil
for 2 weeks were injected with the MDA-MB-231 breast cancer cells in their left cardiac
ventricle. Four weeks after inoculation of the breast cancer cells, the mice were sacrificed
and the hind limbs were X-rayed. As expected, osteolytic bone destruction was obvious in
the hind limbs of control mice fed lab chow (Fig. 1A, upper panels, indicated by arrows).
Formation of osteolytic lesions was markedly prevented in the hind limbs of mice fed fish
oil diet (Fig. 1A, bottom panels; indicated by arrows). The lesions in the X-rays were
quantified using computer software. The histogram presented in the Fig. 1B shows that fish
oil significantly attenuated the osteolytic lesions produced by the metastasis of breast cancer
cells.

Fish oil components DHA and EPA block breast cancer cell migration/invasion
To investigate the mechanism of breast cancer cell migration, we used a scratch assay using
the MDA-MB-231 breast cancer cell monolayer. At 21 hours, the cells migrated
significantly (Fig. 2A, compare b with a). Treatment of the cells with DHA inhibited the
migration of the cells (Fig. 2A, compare c with b). Similarly, EPA suppressed the migration
(Fig. 2A, compare d with b). The distance between the cell fronts is inversely proportional to
the migration of breast cancer cells. Fig. 2B shows the quantification, indicating both DHA
and EPA significantly attenuated the migration of breast cancer cells.

The metastasis of the tumor cells requires the local intravasation, which involves passing
through the extracellular matrix. Therefore, to examine the effect of DHA and EPA, we
performed an invasion assay using a collagen-coated membrane in the culture wells. After
incubation of the cells with DHA or EPA, the bottom part of the membrane was stained to
determine the cell migration. As shown in the Fig. 2C, both DHA and EPA inhibited the
migration of the breast cancer cells through the collagen membrane. Note that DHA was
more effective than EPA in this assay. To quantitatively assess the results, the stains were
eluted and absorbance measured, which is directly proportional to the number of migrated
cells. Fig. 2D shows that both DHA and EPA significantly inhibited the invasion of human
MDA-MB-231 breast cancer cells.

DHA and EPA suppress expression of CD44
Recent reports demonstrate a positive role of CD44 in the progression of metastasis [24;25].
Many cancer cells including breast cancer cells hyperexpress the cell surface adhesion
protein CD44 [26;27]. We therefore examined the effect of the ω-3 fatty acids on the
expression of CD44 in the MDA-MB-231 breast cancer cells. Incubation of MDA-MB-231
cells with DHA significantly inhibited the levels of CD44 protein (Fig. 3A). Similarly, EPA
attenuated the CD44 protein levels (Fig. 3B). To elucidate the mechanism, we performed
real time qRT-PCR analyses using total RNAs prepared from DHA- or EPA-treated MDA-
MB-231 cells. Both DHA and EPA significantly suppressed the expression of CD44 mRNA
(Figs. 3C and 3D). To explore the possibility that these two ω-3 fatty acids may utilize
transcriptional mechanism to downregulate CD44 expression, we used a reporter plasmid,
which contains luciferase gene under the control of CD44 promoter. MDA-MB-231 cells
transfected with this reporter construct were incubated with DHA or EPA. Both fatty acids
markedly inhibited the transcription of CD44 (Figs. 3E and 3F). These results indicate that
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DHA and EPA, two main components of dietary fish oil, suppressed the prometastatic CD44
expression via a transcriptional mechanism.

Fish oil diet prevents the expression of CD44 in the tumor xenografts
Increased expression of CD44 has been reported in both in situ and in invasive breast
carcinoma [26;27]. We tested the expression of CD44 in the xenograft tumors from MDA-
MB-231 in mice, which were fed fish oil diet. Significant levels of CD44 protein were
detected in the tumors of control mice (Fig. 4A, lanes 1 – 4). However, tumors in the fish oil
diet fed group displayed markedly low levels of CD44 than that in the control mice (Fig. 4A,
compare lanes 5 – 8 with lanes 1 – 4). Quantification of the data showed a significant
inhibition of CD44 protein expression in the tumors of mice that received fish oil diet (Fig.
4B). Furthermore, analysis of total RNA by real time qRT-PCR revealed significantly
reduced levels of CD44 mRNA in the breast tumors in fish oil fed group as compared to that
in the control animals (Fig. 4C). These results suggest that fish oil attenuates the expression
of CD44 in vivo in the breast tumors of mice.

DISCUSSION
The mortality of breast cancer patients is significantly impacted by the metastasis of the
cancer cells to bone [13]. Osteolytic lesions frequently occur in the load-bearing bones with
increased susceptibility to pathological facture. Furthermore, osteolysis resulting from
metastasis in the pelvis, neck or in the femur is associated with treatment problem. Our
results for the first time demonstrate that fish oil diet significantly prevent the formation of
the osteolytic bone lesion in a model of breast cancer metastasis to bone (Fig. 1).

Osteolysis does not occur due to direct effect of breast cancer cells metastasized to bone.
Rather stimulation of the osteoclast maturation and their activation cause formation of the
lesions [5;13]. PTHrP and IL-11 secreted by the disseminated breast cancer cells do not
provide any advantage to these cells in the primary tumor; however these factors contribute
to increase osteoclast activity [5;28]. Furthermore, the colonized breast cancer cells produce
TNF-α and IL-6, which along with PTHrP and IL-11 stimulate the bone marrow stromal
cells and residing osteoblasts to synthesize more RANKL to activate osteoclasts through
RANK present on their surface [5]. Thus establishment of this cell non-autonomous
signaling pathway results in the formation of osteolytic lesions. Our results demonstrating
the reduction in osteolysis by the fish oil diet do not distinguish its effect on metastasis and
on production of these osteoclastogenic factors by the breast cancer cells. However, our in
vitro data conclusively show that the active components of fish oil, both DHA and EPA,
significantly prevent the migration/invasion of the metastatic human MDA-MB-231
mammary cancer cells (Fig. 2).

Stem cell migration and cancer metastasis are mediated by the overlapping sets of molecules
indicating that cancer stem cells may contribute to metastasis [29]. Acquisition of phenotype
to express increased levels of CD44 by the noninvasive breast cancer cells correlates with
induction of epithelial mesenchymal transdifferentiation necessary for metastatic potential
[30]. The aggressive MDA-MB-231 breast cancer cells possess a mesenchymal phenotype
and express high levels of CD44 on their surface [31]. A recent report by Nakamura et al has
demonstrated that metastasized breast cancer cells expressing CD44 are present on the bone
surface, which face the bone resorbing osteoclasts [32].

CD44 represents an ensemble of transmembrane cell adhesion proteins generated by
inclusion of alternatively spliced exons from the same parental gene [33]. CD44 acts as the
main glycoprotein receptor for the disaccharide hyaluronan (HA), a major component of the
luminal surface of the bone marrow capillary endothelium. Thus, metastatic breast cancer
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cells expressing high levels of CD44 may be efficiently recruited to bone marrow. Similarly,
collagen I, a constituent of bone matrix, serves as another ligand for CD44, indicating
efficient recruitment of breast cancer cells to the bone. Furthermore, the MMP9 present on
the surface of breast cancer cells has been shown to be retained through its binding to CD44
[34]. MMP9 cleaves collagen I in the bone matrix and may contribute to induce osteolysis
found in bone, resulting from breast cancer metastasis. Our results show that the active
constituents of fish oil, DHA and EPA, inhibit the expression of CD44 in MDA-MB-231
breast cancer cells (Fig. 3), thus providing a mechanism for the attenuation of breast cancer
cell migration/invasion, we observed in our in vitro experiments (Fig. 4D). We also show
significantly low levels of CD44 mRNA and protein expression in the tumors from mice that
received fish oil diet than those from control animals (Fig. 4). Furthermore, for the first time
we demonstrate that fish oil significantly prevents the formation of osteolytic lesions in the
bone (Fig. 1).

Bone metastasis of breast cancer cells is the single most catastrophic complication for the
morbidity and mortality of breast cancer patients. Our results provide evidence for the use of
fish oil supplements as an important adjuvant therapy for this devastating disease.
Furthermore, our data identify the prometastatic protein CD44 as one of the targets of the
fish oil.
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Figure 1.
Effect of fish oil diet on breast cancer cells bone metastasis. (A) Inhibition of osteolytic
lesions in fish oil-fed mice. Two groups of animals fed lab chow and fish oil diet,
respectively received MDA-MB-231 breast cancer cells in their left cardiac vein and the
osteolytic lesions were visualized using X-ray analysis. Hind limb X-rays from two control
lab chow- (upper panels) and two fish oil (bottom panels) diet-fed mice are shown. Arrows
indicate the osteolytic lesions in the joints. (B) Quantification of the osteolytic lesions in
panel A. The lesions in the control and fish oil-fed mice were marked and quantified. n = 5;
*p < 0.005 vs control.
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Figure 2.
Effects of DHA and EPA on breast cancer cells migration and invasion. (A) DHA and EPA
inhibit breast cancer cell migration. MDA-MB-231 cell monolayers were scratched and
incubated with 50 ng/ml DHA or EPA for 21 hours [11]. After the incubation, the cell
monolayers were photographed. (B) Quantification of the data in panel A. The distance
between the cell edges were determined by BIOQUANT. n = 6; *p < 0.001 vs control. (C)
DHA and EPA attenuate invasion of breast cancer cells. MDA-MB-231 breast cancer cells
used in the presence and absence of DHA or EPA were allowed to pass through the
collagen-coated membrane and stained. The photographs of the stained cells are shown. (D)
Quantification of the data in panel C. The stains in the migrated cells were eluted and the
absorbance measured at 590 nm. n = 3; *p < 0.01.
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Figure 3.
Effects of DHA and EPA on CD44 expression. (A and B) DHA and EPA inhibit CD44
protein expression. Lysates of MDA-MB-231 breast cancer cells incubated with DHA
(panel A) or EPA (panel B) were immunoblotted with CD44 and actin antibodies,
respectively. Bottom panels show quantification of the protein bands. (panel A) n = 3; *p =
0.03; (panel B) n = 4; *p = 0.04. (C and D) DHA and EPA block CD44 mRNA expression.
RNAs prepared from DHA- or EPA-treated MDA-MB-231 cells were used for real time RT-
PCR to determine CD44 mRNA expressions using specific primers. Mean ± SE of triplicate
measurements is shown. *p < 0.01. (E and F) DHA and EPA inhibit transcription of CD44.
MDA-MB-231 breast cancer cells transiently transfected with CD44-Luc were incubated
with DHA or EPA. Luciferase activity was determined in the cell lysates and the data are
presented as described in the methods as mean ± SE of triplicate measurements. n = 3; *p <
0.01.
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Figure 4.
Fish oil attenuates expression of CD44 protein and mRNA in breast tumors. (A) Tumor
lysates from control lab chow-fed or fish oil diet-fed animals were immunoblotted with
CD44 and actin antibodies, respectively. (B) Quantification of results in panel B. The ratio
of the intensity of CD44 to actin is shown. n = 4; *p = 0.02 vs control. (C) Fish oil inhibits
CD44 mRNA expression in breast tumor. Total RNAs isolated from tumors from control
and fish oil fed animals were examined for expression of CD44 mRNA. Mean ± SE of 4
independent experiments is shown. *p = 0.004 vs control. (D) Schema for mechanism of fish
oil-mediated attenuation of breast cancer cell migration/invasion/osteolytic metastasis.
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