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Abstract

Free fatty acids (FFAs) are an energy source, and induce activation of signal transduction 
pathways that mediate several biological processes. In breast cancer cells, oleic acid 
(OA) induces proliferation, matrix metalloproteinase-9 (MMP-9) secretion, migration and 
invasion. However, the signal transduction pathways that mediate migration and invasion 
induced by OA in breast cancer cells have not been studied in detail. We demonstrate 
here that FFAR1 and FFAR4 mediate migration induced by OA in MDA-MB-231 and MCF-7 
breast cancer cells. Moreover, OA induces migration, invasion, AKT1 and AKT2 activation, 
12-LOX secretion and an increase of NFκB-DNA binding activity in breast cancer cells. 
Cell migration requires FFAR1, FFAR4, EGFR, AKT and PI3K activity, whereas invasion is 
mediated though a PI3K/Akt-dependent pathway. Furthermore, OA promotes relocalization 
of paxillin to focal contacts and it requires PI3K and EGFR activity, whereas NFκB-DNA 
binding activity requires PI3K and AKT activity.

Introduction

Epidemiological studies strongly suggest an association 
between a higher intake of dietary fat and obesity with 
an increased risk of developing breast cancer. Moreover, 
obesity is characterized for an elevation of circulating free 
fatty acids (FFAs) (1, 2, 3, 4). FFAs are an energy source, 
and induce activation of signal transduction pathways in 
breast cancer cells (5, 6, 7, 8). Particularly, oleic acid (OA) 
induces proliferation, migration and invasion of breast 
cancer cells (5, 6, 8, 9, 10).

Free fatty acid receptor 1 (FFAR1) and FFAR4 are G 
protein-coupled receptors activated by medium- to long-
chain fatty acids, such as OA; but they are not activated by 
short chain FFAs (11, 12). FFAR1 is expressed in pancreatic 
β-cells and enhances insulin secretion mediated by 
glucose; whereas FFAR4 is expressed in adipose tissue, 
macrophages and taste buds and is involved in anti-
inflammatory response, taste perception and insulin 

signaling (13, 14, 15, 16). Moreover, FFAR1 and FFAR4 are 
expressed in MDA-MB-231 and MCF-7 breast cancer cells 
and mammary non-tumorigenic epithelial cells MCF10A 
(9, 11, 17).

The PI3K/AKT/mTOR pathway has been involved 
in growth, proliferation, survival, metabolism and 
motility (18). In breast cancer, mutations in the  
PI3K/AKT pathway are frequently found, and 
approximately 60% of tumors have mutations that 
hyperactive this pathway (19).The family of PI3K lipid 
kinases generates phosphoinositol lipids that act as second 
messengers in a number of signaling pathways, including 
the activation of PDK1 and AKT. The AKT family of serine-
threonine kinases consists of three members, namely 
AKT1, AKT2 and AKT3. The AKT maximum activation 
requires phosphorylation at threonine (Thr)-308, Thr-309 
and Thr-305, and the phosphorylation at serine (Ser)-473, 

-18-0543

Key Words

 f breast cancer

 f oleic acid (OA)

 f migration

 f invasion

 f 12-LOX

Endocrine Connections
(2019) 8, 252–265

ID: 18-0543
8 3

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International License.

https://doi.org/10.1530/EC-18-0543
https://ec.bioscientifica.com © 2018 The authors

Published by Bioscientifica Ltd

mailto:jperez@cell.cinvestav.mx
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/EC-18-0543
https://ec.bioscientifica.com


C Marcial-Medina et al. Migration requires LOX and 
AKT2

2538:3

Ser-474 and Ser-472 in AKT1, AKT2 and AKT3, respectively 
(20, 21). Particularly, PI3K catalyzes the synthesis of the 
membrane phospholipid PI (3, 4, 5), P3 from PI (3, 4) P2, 
which recruit AKT to the plasma membrane and then AKT 
is activated by its phosphorylation. Activation of AKT 
promotes its translocation to several subcellular locations, 
and phosphorylation of targets (22, 23).

Arachidonic acid (AA) is an essential fatty acid, 
which is obtained from dietary sources, and can be 
derived from linoleic acid. In mammalian cells, AA is 
esterified into membrane phospholipids and is released 
mainly by the action of cytosolic phospholipase 
A2α (cPLA2α). However, AA is also released by other 
enzymes including PLC and PLD (24, 25). Free AA is 
enzymatically metabolized by three major pathways, 
namely lipoxygenases (LOXs), cyclooxygenases (COXs) 
and cytochrome P450 epoxygenases. The LOX pathway 
generates hydroeicosatetraenoic acids (HETEs), which 
are the precursors of leukotrienes (LKs), lipoxins (LOs) 
and hepoxillins (HOs) (26). The COX pathway is 
mediated by two members, COX-1 and COX-2, which 
produce prostaglandins (PGs), prostacyclin D2 (PGD2), 
prostacyclin E2 (PGE2), prostacyclin F2α (PGF2α), 
prostacyclin I2 (PGI2) and thromboxane A2 (TXA2) (27). 
In general, AA metabolites (eicosanoids) mediate a variety 
of cell processes including chemotaxis, inflammation, 
angiogenesis and apoptosis (28). In MDA-MB-231 breast 
cancer cells, OA induces FAK activation and migration 
through a PLC- and LOXs-dependent pathway (8).

In the present study, we studied the signal transduction 
pathways that mediate migration and invasion induced 
by OA in breast cancer cells.

Materials and methods

Materials

OA sodium salt and A6730 were from Sigma. AG1478 was 
from Calbiochem. LY294002, Akt2 siRNAs, antibodies 
(Abs) against Akt1 (5C10), Akt2 (F-7), and FAK (C-20) 
were from Santa Cruz Biotechnology. Paxillin Ab was 
from Invitrogen. FFAR4 Ab was from OriGene (Rockville, 
MD, USA). Phosphospecific Ab to Thr-308/Thr-309 of 
Akt1/Akt2 (anti-p-Akt-Thr) (244F9), and Ser-473/Ser-474 
of Akt1/Akt2 (anti-p-Akt-Ser) (9271S) were from Cell 
Signaling. Phosphospecific Ab to tyrosine (Tyr)-397 of 
FAK (anti-p-FAK) was from Invitrogen. Actin monoclonal 
Ab was kindly provided by PhD Manuel Hernandez 
(Cinvestav-IPN). DC260126 and AH7614 were from Tocris 

(Minneapolis, MN, USA). Basement membrane matrix  
(BD Matrigel) was from BD Biosciences (Bedford, MA, 
USA). (γ-32P) ATP was from Perkin-Elmer.

Cell culture

The human MDA-MB-231 and MCF-7 breast cancer 
cell lines were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 3.7 g/L sodium 
bicarbonate, 5% fetal bovine serum (FBS) and antibiotics 
in a humidified atmosphere containing 5% CO2 and 95% 
air at 37°C. For experimental purposes, cultures were 
serum-starved for 24 h before treatment.

Preparation of OA solution

OA solution was prepared with bovine serum albumin 
(BSA) as described previously (6, 29). Briefly, OA bound to 
BSA (BSA-OA) was prepared by stirring OA sodium salt at 
37°C with 5% fatty acid-free BSA. Solution was adjusted 
to pH 7.4 and filtered through 0.22 μm filter and the fatty 
acid concentration was measured using a fatty acid assay 
kit (Bio Vision). When BSA-OA was added to serum-free 
medium, final concentration of BSA was adjusted to 
0.005%.

Cell stimulation

Confluent cultures were washed twice with DMEM 
without FBS, equilibrated in the same medium at 37°C 
for 30 min, and treated with inhibitors and/or BSA-OA. 
The stimulation was terminated by aspirating the 
medium and cells were solubilized with 0.5 mL of ice-
cold radioimmunoprecipitation assay (RIPA) buffer 
containing 50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM 
EGTA, 1 mM sodium orthovanadate, 100 mM NaF, 10 mM 
sodium pyrophosphate, 10% glycerol, 1% Triton X-100, 
1% sodium deoxycholate, 1.5 mM MgCl2, 0.1% SDS and 
1 mM PMSF. Lysates were clarified by centrifugation  
at 13,539 g for 10 min at 4°C. Supernatants were trans-
ferred to fresh tubes and the protein level of each 
sample was determined by the micro Bradford protein  
assay (Bio-Rad).

Western blotting

Equal amounts of protein were separated by SDS-PAGE 
using 10% separating gels and transferred to nitrocellulose 
membranes. Next, membranes were blocked using 5% 
non-fat dried milk in phosphate buffered saline (PBS) 
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pH 7.2/0.1% Tween 20 (wash buffer), and incubated 
overnight at 4°C with primary Ab. The membranes were 
washed three times with wash buffer and incubated 
with secondary Ab (horseradish peroxidase-conjugated 
Abs to rabbit) (1:5000) for 2 h at 22°C. After washing, 
immunoreactive bands were visualized using ECL 
detection reagent. Autoradiograms were scanned and the 
labeled bands were quantified using the ImageJ software 
(https://imagej.nih.gov/ij/).

Immunoprecipitation

Lysates were clarified by centrifugation at 13,539 g for 
10 min. Supernatants were transferred to fresh tubes, and 
proteins were immunoprecipitated overnight at 4°C with 
protein A-agarose linked to a specific Ab against the target 
protein. Immunoprecipitates were washed three times 
with RIPA buffer.

Scratch-wound assay

Cells were grown to confluence in 35 mm culture dishes, 
starved for 24 h in DMEM and treated for 2 h with 12 μM 
mitomycin C to inhibit proliferation. Next, cultures were 
scratch-wounded using a sterile 200 µL pipette tip, washed 
twice with DMEM and re-fed with DMEM without or with 
inhibitors and/or BSA-OA. Progress of cell migration into 
the wound was photographed at 48 h using an inverted 
microscope coupled to camera. Each experiment was 
repeated three times.

Invasion assay

Invasion assays were performed by the modified Boyden 
chamber method in 24-well plates containing 12 cell-
culture inserts with 8 µm pore size (Costar, Corning, 
Inc). An amount of 50 µL BD Matrigel was added into 
culture inserts and kept overnight at 37°C to form a 
semisolid matrix. Cells were plated at 1 × 105 cells per 
insert in serum-free DMEM on the top chamber. The 
lower chamber contained 600 µL DMEM without or with 
BSA-OA. Chambers were incubated for 48 h at 37°C in a 
5% CO2 atmosphere, and then cells and Matrigel on the 
upper surface of membrane were removed with cotton 
swabs, and cells on the lower surface of membrane were 
washed and fixed with methanol for 5 min. Number of 
invaded cells was estimated by staining with 0.1% crystal 
violet in PBS. Dye was eluted with 300 µL 10% acetic acid, 
and absorbance at 600 nm was measured. Background 
value was obtained from wells without cells.

Determination of 12(S)-HETE

MDA-MB-231 cells were treated with 100 μM OA or 15 μM 
AA for 30 min, and supernatants were collected. The 
concentration of 12(S)-HETE was determined by using the 
12(S)-HETE ELISA kit (Enzo Life Sciences, Farmingdale, 
NY, USA), according to the manufacturer´s guidelines.

RNA interference

AKT2 expression was silenced in breast cancer cells 
by using the Silencer siRNA kit from Santa Cruz 
Biotechnology, according the manufacturer’s guidelines. 
One control of scramble siRNAs was included according 
to the manufacturer’s guidelines.

Silencing of FFAR4 with shRNA

Lentiviral shRNA vectors from Santa Cruz Biotechnology 
targeting human FFAR4 were utilized for generation of 
stable knockdown in MDA-MB-231 cells, according the 
manufacturer’s guidelines. Transfected cells were selected 
by their resistance to puromycin (5 µg/mL).

Immunofluorescence confocal microscopy

Cells grown on coverslips were stimulated with OA for 
various times. After stimulation, cells were fixed with 4% 
paraformaldehyde in PBS for 20 min, permeabilized with 
0.1% Triton X-100 in PBS for 20 min, and blocked for 1 h 
with 3% BSA. Cells were stained with TRITC-conjugated 
phalloidin to reveal F-actin and with anti-paxillin Ab for 
12 h to reveal focal adhesions, followed by incubation with 
FITC-labeled anti-mouse secondary Ab for 2 h at room 
temperature. Cells were viewed using a Leica confocal 
microscope (Model TCS SP2; Leica Microsystems). Serial 
optical sections of 0.8−0.9 µm thick were taken in both 
xyz and xzy. To prevent interference from the fluorescent 
probes, images of the same optical section were taken 
as separate channels, and they were analyzed by using 
ImageJ software.

Preparation of nuclear extracts

Briefly, 1.5 × 106 cells were lysed with 0.1% nonionic 
detergent Nonidet P40 in Buffer A (10 mM Tris-HCl, 
pH 7.4, 10 mM NaCl, 6 mM MgCl2, 10 mM NaF, 1 mM 
Na3VO4, 1 mM DTT, 1 mM PMSF). Lysates were pelleted 
at 636 g for 15 min and resuspended in Buffer B  
(20 mM HEPES, pH 7.9, 420 mM NaCl, 20% glycerol 
1.5 mM MgCl2, 0.2 mM EDTA, 1 mM Na3VO4, 10 mM NaF, 
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1 mM DTT, 0.2 mM PMSF). Nuclear extracts were recovered  
by centrifugation at 17,136 g for 15 min at 4°C and the 
protein level of each sample was determined by the micro 
Bradford protein assay.

Electrophoretic mobility shift assay (EMSA)

Double-stranded oligonucleotide containing specific  
binding sites for NFκB, 5′ AGCTAAGGGACTTTCCGC 
TGGGGACTTTCCAGG 3′, was used as probe. A total 

amount of 20 pmol of annealed NFκB oligonucleotide 
was labeled with (γ-32P) ATP using T4 polynucleotide 
kinase. The 32P-labeled oligonucleotide probe (~1 ng) 
was incubated with 5 µg of nuclear extract in a reaction 
mixture containing 3 µg of poly (dI-dC), 0.25 M HEPES 
pH 7.5, 0.6 M KCl, 50 mM MgCl2, 1 mM EDTA, 7.5 mM 
DTT and 9% glycerol for 20 min at 4°C. One hundred-
fold excess of unlabeled NFκB probe and an irrelevant 
oligonucleotide were used as specific and nonspecific 
competitors. The samples were fractionated on a 6% 

Figure 1
FFAR1 and FFAR4 mediate migration induced by 
OA in breast cancer cells. Panel (A), (B) and (D) 
Cultures of MDA-MB-231 and MCF-7 cells were 
treated with DC260126 or AH7614, scratch-
wounded and stimulated with 100 µM OA for 
48 h. Panel (C) MDA-MB-231 cells were transfected 
with FFAR4 shRNA or scramble shRNA and cell 
lysates were analyzed by Western blotting with 
anti-FFAR4 Ab. Cultures of MDA-MB-231 cells 
transfected with FFAR4 shRNA or scramble shRNA 
were scratch-wounded and stimulated with 
100 μM OA for 48 h. Graphs represent the 
mean ± s.d. of at least three independent 
experiments and are expressed as fold of 
migrated cells above unstimulated cells. 
**P < 0.01, ***P < 0.001.
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polyacrylamide gel in 0.5X Tris borate-EDTA buffer. Gels 
were dried and analyzed by autoradiography.

Statistical analysis

Results are expressed as mean ± s.d. of at least three 
independent experiments. Data were statistically analyzed 
using one-way ANOVA and the pairwise comparison was 
performed using Newman–Keuls multiple comparison 
test. Control comparison was performed using Dunnett’s 
test. Statistical probability of P < 0.05 was considered 
significant.

Results

FFAR1 and FFAR4 mediate migration induced by OA in 
breast cancer cells

OA induces migration of MDA-MB-231 breast cancer cells 
(8, 30). We determined the role of FFAR1 and FFAR4 on 
migration induced by OA in breast cancer cells. Cultures 
of MDA-MB-231 and MCF-7 breast cancer cells were 
treated for 1 h with 3 μM DC260126 or 10 µM AH7614, 
which are selective inhibitors of FFAR1 and FFAR4  
respectively (31, 32, 33), and then they were scratch-
wounded and stimulated with 100 µM OA for 48 h.  

Figure 2
OA induces migration through a PI3K/AKT-
dependent pathway. Panel (A) and (B) Cultures of 
MDA-MB-231 and MCF-7 cells were treated with 
LY294002 or A6730, scratch-wounded and treated 
with OA. Panel (C) and (D) Lysates from 
MDA-MB-231 and MCF-7 cells treated with  
OA for various times were analyzed by 
immunoprecipitation (IP) with Akt1 Ab or Akt2 Ab 
followed by Western blotting with anti-p-Akt-Thr 
Ab and anti-p-Akt-Ser Ab, respectively. 
Membranes were analyzed further by Western 
blotting with anti-Akt1 or Akt2 Ab. Graphs 
represent the mean ± s.d. of at least three 
independent experiments and are expressed as 
fold of migrated cells or p-Akt-1 or -2 above 
unstimulated cells. *P < 0.05, **P < 0.01 
***P < 0.001.
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As illustrated in Fig. 1A and B, treatment with DC260126 
completely inhibited migration, whereas treatment with 
AH7614 partly inhibited migration induced by OA in  
MDA-MB-231 cells.

To further substantiate the role of FFAR4 in cell 
migration of MDA-MB-231 cells. Cultures of MDA-MB-231 
cells, in which FFAR4 expression was knocked down by 
using shRNA against FFAR4, were scratch-wounded and 
treated with 100 μM OA for 48 h. In agreement with 
our previous results, migration induced by OA is partly 
dependent of FFAR4 expression in MDA-MB-231 cells 
(Fig. 1C).

We also studied the role of FFAR1 and FFAR4 in 
migration induced by OA in another breast cancer cell 
(MCF-7). Our findings showed that treatment with 
DC260126 and AH7614 completely inhibited migration 
induced by OA in MCF-7 cells (Fig. 1D).

OA induces migration through a  
PI3K/AKT2-dependent pathway

In order to determine the role of PI3K and AKT1/2 on 
cell migration, we used selective inhibitors of PI3K and 
Akt1/2, namely LY294002 and A6730 respectively (34, 
35). Cultures of MDA-MB-231 and MCF-7 cells were 
treated for 1 h with 10 μM LY294002 or 2 µM A6730, and 
then they were scratch-wounded and stimulated with 
100 µM OA for 48 h. Our results showed that inhibition 
of PI3K and AKT1/2 activity inhibited migration induced 
by OA in MDA-MB-231 and MCF-7 cells (Fig. 2A and B).

Since migration induced by OA required AKT1/2 
activity; we determined whether OA induces AKT1/2 
activation and the role of AKT2 on cell migration. 
First, AKT1/2 activation was studied by using the 
phosphorylation of Akt1 at Thr-308 and phosphorylation 

Figure 3
OA induces migration through an AKT2-
dependent pathway. Panel (A) and (B) 
MDA-MB-231 and MCF-7 cells were transfected 
with Akt2 siRNA or scrambled siRNA and cell 
lysates were analyzed by Western blotting with 
anti-Akt2 Ab. Cultures of MDA-MB-231 and MCF-7 
cells transfected with Akt2 siRNA or scrambled 
siRNA were scratch-wounded and stimulated with 
OA. Graphs represent the mean ± s.d. of at least 
three independent experiments and are 
expressed as fold of Akt2 or migrated cells above 
unstimulated cells. **P < 0.01 ***P < 0.001.
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of Akt2 at Ser-474 (22). MDA-MB-231 and MCF-7 cells 
were stimulated with 100 μM OA for various times and 
lysed. Lysates were analyzed by immunoprecipitation (IP) 
with anti-Akt1 Ab or anti-Akt2 Ab, followed by Western 
blotting with anti-p-Akt-Thr Ab and anti-p-Akt-Ser Ab, 
respectively. As illustrated in Fig. 2C and D, OA induced 
AKT1 and AKT2 phosphorylation at Thr-308/309 and  
Ser-473/474, respectively, in MDA-MB-231 and MCF-7 cells.

Next, we inhibited Akt2 expression in MDA-MB-231 
and MCF-7 cells by using an Akt2 siRNA. Our findings 
showed a clear inhibition of Akt2 expression. Moreover, 
cultures of MDA-MB-231 and MCF-7 cells transfected with 
Akt2 siRNA and scramble siRNA were scratch-wounded 
and treated with 100 μM OA for 48 h. Our results showed 

that migration induced by OA required Akt2 expression in 
MDA-MB-231 and MCF-7 cells (Fig. 3A and B).

Baicalein inhibits migration and activation of AKT2 
and FAK induced by OA

We studied the effect of baicalein in migration induced 
by OA in MDA-MB-231 and MCF-7 cells, because it is an 
inhibitor of 12-LOX and 15-LOX (36, 37). Migration assays 
were performed by using MDA-MB-231 and MCF-7 cells 
treated with 20 µM baicalein for 24 h and stimulated with 
100 µM OA for 48 h. Our results showed that treatment 
with baicalein inhibited migration induced by OA in 
MDA-MB-231 and MCF-7 cells (Fig. 4A and B).

Figure 4
Baicalein inhibits migration and activation of AKT2 
and FAK induced by OA. Panel (A) and (B) Cultures 
of MDA-MB-231 and MCF-7 cells were treated 
with baicalein (BAI), scratch-wounded and treated 
with OA. Panel (C) Lysates from MDA-MB-231 cells 
treated with BAI and stimulated with OA were 
analyzed by IP with Akt2 Ab or FAK Ab, followed 
by Western blotting with anti-p-Akt-Thr Ab or 
p-FAK Ab. Membranes were analyzed further by 
Western blotting with anti-Akt2 or FAK Ab. Panel 
(D) Concentration of 12(S)-HETE was analyzed by 
ELISA in supernatants from MDA-MB-231 cells 
treated with OA or AA. Graphs represent the 
mean ± s.d. of at least three independent 
experiments and are expressed as fold of 
migrated cells, p-Akt2, p-FAK or 12(S)-HETE above 
unstimulated cells. *P < 0.05, **P < 0.01, 
***P < 0.001.
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Next, we studied the effect of baicalein in FAK and 
AKT2 activation. MDA-MB-231 cells were treated with 
20 µM baicalein for 24 h and stimulated with 100 µM 
OA for 10 min (FAK) and 20 min (Akt2). AKT2 and FAK 
activation were analyzed by IP with anti-Akt2 Ab and 
anti-FAK Ab followed of Western blotting with anti-p-
Akt-Thr Ab and anti-p-FAK Ab. As illustrated in Fig.  4C 
and D, treatment with baicalein inhibited AKT2 and FAK 
activation induced by OA in MDA-MB-231 cells.

We also determined whether OA induced 12(S)-HETE 
secretion. Conditioned medium from MDA-MB-231 
cells treated with 100 µM OA for 15 min was analyzed 

to determine the concentration of 12(S)-HETE. Our 
findings demonstrated that OA induced the secretion of 
12(S)-HETE in MDA-MB-231 cells (Fig. 4E). One control of 
12(S)-HETE secretion was included (AA).

Focal contacts formation induced by OA requires 
PI3K activity

We studied whether OA induced focal contacts formation 
and the effect of a PI3K inhibitor and baicalein. 
MDA-MB-231 cells were cultured on coverslips and 
treated for 1 h with 10 μM LY294002 or 20 µM baicalein 

Figure 5
Focal contacts formation induced by OA requires 
PI3K activity. MDA-MB-231 cells cultured on 
coverslips were treated with LY294002 (Panel A) 
or baicalein (Panel B) and stimulated with OA. 
Cells were fixed and focal contacts were analyzed 
by staining with anti-paxillin Ab conjugated to 
FITC. F-actin was stained with TRITC-conjugated 
phalloidin. F-actin structures are shown in red, 
and focal adhesions are shown in green. Graphs 
represent the mean ± s.d. of at least three 
independent experiments and are expressed as 
mean fluorescent intensities of paxillin above 
unstimulated cells. **P < 0.01, ***P < 0.001.
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for 24 h, and then cells were stimulated with 100 μM OA 
for 15 min. The presence of focal contacts was analyzed 
by immunofluorescence analysis of paxillin, because it 
is a protein localized in focal contacts (38). Our findings 
showed that OA induced an increase in the number 
of focal contacts in MDA-MB-231 cells. Interestingly, 
treatment with a PI3K inhibitor and baicalein increased 
the number and size of focal contacts induced by OA in 
MDA-MB-231 cells (Fig. 5A and B).

Role of EGFR on migration and focal contacts 
formation induced by OA

We studied the role of EGFR on cell migration and focal 
contacts formation. Migration assays were performed by 
using MDA-MB-231 and MCF-7 cells treated for 30 min 
with 500 nM AG1478, a selective inhibitor of EGFR (39), 
and stimulated with 100 μM OA for 48 h. As illustrated 
in Fig.  6A, treatment with AG1478 partly inhibited 
the migration induced by OA in MDA-MB-231 cells. In 
contrast, treatment with AG1478 did not inhibit migration 
induced by OA in MCF-7 cells (Fig.  6B). In addition, 
treatment with AG1478 inhibited the increased number 
and size of focal contacts induced by OA in MDA-MB-231 
cells (Fig. 6C).

OA induces invasion and NFκB-DNA binding activity

Since, OA induces invasion in MDA-MB-231 cells (10), 
we studied the role of PI3K and AKT1/2 in the invasion 
process. Invasion assays were performed by using the 
Boyden chamber method and MDA-MB-231 cells treated 
for 1 h with 10 μM LY294002 or 2 μM A6730 and stimulated 
with 100 μM OA for 48 h. Our findings demonstrated 
that invasion induced by OA in MDA-MB-231 cells is 
dependent on PI3K and AKT1/2 activity (Fig. 7A).

The NFκB transcription factor mediates expression 
of genes implicated in invasion process. We determined 
whether OA induced an increase of NFκB-DNA binding 
activity in MDA-MB-231 cells. Nuclear extracts from 
MDA-MB-231 cells stimulated with 100 μM OA for various 
times were analyzed by EMSA using a radiolabeled probe 
representing a canonical NFκB binding site. Our findings 
demonstrated that OA induced an increase of NFκB-DNA 
binding activity at 45 min of stimulation in MDA-MB-231 
cells (Fig. 7B). Next, we studied whether OA also induced 
an increase of NFκB-DNA binding activity in MCF-7 cells 
and the role of PI3K and AKT1/2. MCF-7 and MDA-MB-231 
cells were treated with 10 μM LY294002 or 2 μM A6730 and 
stimulated with 100 μM OA for 45 min, nuclear extracts 
were obtained and analyzed by EMSA. As illustrated in 

Figure 6
Role of EGFR in migration and focal contacts 
formation induced by OA. Panel (A) and (B) 
Cultures of MDA-MB-231 and MCF-7 cells were 
treated with AG1478, scratch-wounded and 
treated with OA. Panel (C) MDA-MB-231 cells 
cultured on coverslips were treated with AG1478 
and stimulated with OA. Cells were fixed and focal 
contacts were analyzed by staining with 
anti-paxillin Ab conjugated to FITC. F-actin was 
stained with TRITC-conjugated phalloidin. F-actin 
structures are shown in red, and focal adhesions 
are shown in green. Graphs represent the 
mean ± s.d. of at least three independent 
experiments and are expressed as fold of 
migrated cells or mean fluorescent intensities of 
paxillin above unstimulated cells. *P < 0.05, 
***P < 0.001.
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Fig. 7C, D and E, OA induced an increase of NFκB binding 
activity through a PI3K- and AKT1/2-dependent pathway 
in MCF-7 and MDA-MB-231 cells.

Discussion

Epidemiological studies in women strongly suggest that 
obesity and dietary factors including a high intake of fat 
and meat enhance the risk of breast cancer (4, 40, 41). We 
previously demonstrated that OA induces proliferation, 
invasion, MMP-9 secretion, activation of ERK1/2, FAK and 
Src, and an increase of AP1-DNA binding activity in breast 
cancer cells (8, 9, 10). However, the signal transduction 
pathways involved in migration and invasion induced by 
OA in breast cancer cells remains to be studied.

FFAR1 and FFAR4 have been involved in cancer 
progression (42). Particularly, OA induces an increase 
of intracellular Ca2+ levels via FFAR1 in MCF-7 breast  
cancer cells, whereas it promotes proliferation through a 

FFAR1-dependent pathway in MDA-MB-231 breast cancer 
cells (6, 43). We demonstrate here that OA induces migration 
through a FFAR1- and FFAR4-dependent pathway in MCF-7 
cells. However, OA induces migration through a FFAR1-
dependent pathway and it is partly dependent on FFAR4 
activity in MDA-MB-231 cells. In contrast to our findings, 
n − 3 fatty acids inhibit proliferation via FFAR1 and FFAR4 in 
MDA-MB-231 and MCF-7 cells (44). Moreover, inhibition 
of FFAR1 expression promotes migration but loss of FFAR4 
expression inhibits migration in pancreatic cancer cells 
PANC-1 (45). In addition, FFAR1 is a negative regulator of 
migration and invasion in HT1080 fibrosarcoma cells (46). 
We propose that natural ligands of FFARs, including OA, 
mediate specific responses in breast cancer cells through 
activation of FFAR1 and/or FFAR4. Therefore, the role of 
FFARs in the cell responses mediated by different free fatty 
acids should be studied in different cell types.

Mouse models and cell cultures suggest that AKT 
family members do not have redundant functions, because 

Figure 7
OA induces invasion and NFkB-DNA binding 
activity. Panel (A) Invasion assays were performed 
by using the Boyden chamber method and 
MDA-MB-231 cells treated with LY294002 or 
A6730 and stimulated with OA. Graph represents 
the mean ± s.d. of three independent experiments 
and is expressed as fold of invasion above 
unstimulated cells. Panel (B) MDA-MB-231 cells 
were treated with OA for various times and 
nuclear extracts were obtained. Panel (C, D and E) 
MCF-7 and MDA-MB-231 cells were treated with 
LY294002 or A6730, stimulated with OA and 
nuclear extracts were obtained. NFκB-DNA 
binding activity was analyzed by EMSA. Control 
included EMSA reactions with 100-fold excess of 
cold NFκB competitor (Cold probe). Results shown 
are representative of three independent 
experiments. ***P < 0.001.
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each AKT member fulfills unique functions in normal and 
tumor cells (47, 48). Particularly, AKT1 activation promotes 
tumorigenesis and suppresses invasion in a mouse model 
of mammary tumorigenesis induced by ErbB-2 expression; 
whereas overexpression of Akt2 induces upregulation of 
integrin β1 and an increase of invasion and metastasis in 
breast and ovarian cancer cells (49, 50). We demonstrate 
here that OA induces migration through a PI3K- and 
AKT-dependent pathway in MDA-MB-231 and MCF-7 
cells. In addition, OA induces invasion via PI3K and AKT 
activity, whereas migration requires AKT2 activity in 
MDA-MB-231 cells. Since, OA induces activation of AKT1 
and AKT2 in MDA-MB-231 and MCF-7 cells, it remains 
to be investigated, the role of AKT1 in migration and the 
role of AKT1 in the invasion process. We propose that 
OA induces FFAR1/FFAR4 activation, and then activation 
of PI3K/AKT pathway, which mediate migration and 
invasion in breast cancer cells. Supporting our proposal, 
an agonist of FFAR4 (TUG891) induces phosphorylation 
of AKT at Ser-473 (51).

Cell adhesion is the attachment among cells and 
surrounding environment, including extracellular matrix 
(ECM). Cellular motility is an essential process that mediates 
metastasis and involves the adhesion and detachment 
of ECM. Moreover, adhesion induces activation of signal 

transduction pathways that mediate proliferation and 
survival (52, 53). Focal contacts are structures wherein 
integrin receptors mediate interaction between actin 
cytoskeleton and ECM, which are composed of diverse 
cell components including scaffolding proteins, adaptor 
proteins, GTPases, kinases and phosphatases (54, 55).

We demonstrate here that stimulation of MDA-MB-231 
cells with OA induces formation of focal contacts and 
treatment with a PI3K inhibitor and OA increased the 
number and size of focal contacts and inhibition of 
migration. We propose that PI3K/AKT activation induced 
by OA mediates the disassembly of focal contacts during 
migration in MDA-MB-231 cells. In agreement with 
our findings, migration of MCF-7 cells requires Rac1-
dependent actin organization through activation of 
PI3K, whereas, migration and invasion are regulated by  
Rho-A/PI3K activity in BLM melanoma cells (56, 57, 58).

LOXs pathway is composed of a dioxygenases family 
including 5-, 12- and 15-LOX-1/-2, and their main 
products are 5(S)-, 12(S)- and 15(S)-HETE, respectively 
(26). Particularly, 12-LOX is expressed in a variety of 
tumors, including breast cancer, whereas, 12(S)-HETE 
has been involved in the invasion and metastasis of 
tumor cells (59, 60). We propose that 12-LOX and/or 
15-LOX mediate migration and focal contact formation 

Figure 8
Model of signal transduction pathways that mediate migration induced by OA in breast cancer cells.
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through AKT2 and FAK activation in MDA-MB-231 and 
MCF-7 cells. Supporting our proposal, we demonstrate 
here that OA induces secretion of 12(S)-HETE in 
MDA-MB-231 cells, whereas 12-LOX activates PI3K/AKT 
and MMP-9 expression through NFκB in prostate cancer 
cells PC-3 (61).

Transactivation of EGFR induced by GPCRs occurs 
via MMPs activation and release of EGF-like ligands 
(HB-EGF) from precursors in the plasmatic membrane 
(62). We previously demonstrated that OA induces 
ERK1/2 activation, an increase of AP-1 DNA binding 
activity and invasion through an EGFR transactivation-
dependent pathway in breast cancer cells (9, 10). We 
demonstrate here that OA induces migration through 
EGFR in MDA-MB-231 and MCF-7 cells, whereas it partly 
mediates focal contacts formation in MDA-MB-231 cells. 
We propose that OA induces EGFR transactivation and 
then activated EGFR mediates AKT activation, migration 
and gene expression in breast cancer cells. Supporting 
our proposal, migration and proliferation of non-small 
cell lung cancer cells require EGFR activity and phospho-
ERK, whereas knockdown of glucose transporter decreases 
proliferation, migration and invasion via modulation of 
EGFR/MAPK signaling pathway in MDA-MB-231 cells 
(63, 64).

The transcription factor NFκB has been associated 
broadly with the development and progression of 
several cancers, because it mediates expression of genes 
implicated in angiogenesis and metastasis, including 
TNF, IL-1, iNOS, MMP-9 and urokinase-type plasminogen 
activator (uPA) (65, 66). In PTEN-null/inactive prostate 
cancer cells, AKT mediates NFκB activity via interaction 
and stimulation of IKK, whereas a model of prostate 
cancer progression in TRAMP mice show a differential 
protein expression of PI3K, AKT phosphorylated at Ser-473,  
IKK kinase activity and NFκB DNA binding activity  
(67, 68). We demonstrate here that OA induces an increase 
of NFκB-DNA binding activity and it requires the activity 
of PI3K and AKT in MDA-MB-231 and MCF-7 cells. We 
propose that OA induces NFκB activation and expression 
of genes implicated in migration and invasion in breast 
cancer cells.

In conclusion, our findings demonstrate FFAR1/
FFAR4, AKT, PI3K, EGFR and NFκB activation play a 
pivotal role in the migration and invasion processes in 
breast cancer cells (Fig. 8).
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