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Inhibition of matrix metalloproteinase-9 expression by docosahexaenoic acid mediated by heme oxygenase 1 in 12-O-tetradecanoylphorbol-13-acetate-induced MCF-7 human breast cancer cells
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Abstract

Matrix metalloproteinase-9 (MMP-9) plays a crucial role in tumor metastasis. Previous studies showed that polyunsaturated fatty acids exhibit an anti-cancer effect in various human carcinoma cells, but the effect of docosahexaenoic acid (DHA) and linoleic acid (LA) on metastasis of breast cancer cells is not fully clarified. We studied the anti-metastasis potential of DHA and LA in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced MCF-7 cells. We found that TPA (100 ng/ml) induced MMP-9 enzyme activity both dose- and time-dependently, and 200 μM DHA and LA significantly inhibited MMP-9 mRNA and protein expression, enzyme activity, cell migration, and invasion. Treatment with PD98059 (10 (M), wortmannin (10 (M), and GF109203X (0.5 (M) decreased TPA-induced MMP-9 protein expression and enzyme activity. TPA-induced activation of ERK1, Akt, and PKC( was attenuated by DHA, whereas LA attenuated only ERK1 activation. GF109203X also suppressed ERK1 activation. EMSA showed that DHA, LA, PD98059, and wortmannin decreased TPA-induced NF-κB and AP-1 DNA-binding activity. Furthermore, DHA rather than LA dose-dependently increased HO-1 expression. HO-1 siRNA alleviated the inhibition by DHA of TPA-induced MMP-9 protein expression and enzyme activity in MCF-7 cells, and HO-1 knockdown reversed the DHA inhibition of cell migration. These results suggest that DHA and LA have both similar and divergent signaling pathways in the suppression of TPA-induced MCF-7 metastasis.
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Introduction
Metastatic spread of cancer cells is the main cause of death in breast cancer patients (Weigelt et al. 2005). Breakdown of the extracellular matrix by proteinases is an essential step in cancer metastasis (Werb 1997). Matrix metalloproteinases (MMPs), a family of extracellular-matrix-degrading proteinases, are divided into four subclasses on the basis of their substrate specificity: collagenases, gelatinases, stromelysin, and elastases (Yan and Boyd 2007). Activation of MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B) is closely associated with tumor invasion and metastasis in different types of cancer cells, including human breast (Blanckaert et al. 2010), liver (Zhao et al. 2011), prostate (Wegiel et al. 2008), and lung cancer cells (Kamaraj et al. 2010). In general, MMP-2 is constitutively expressed in highly metastatic tumors, whereas MMP-9 is stimulated by growth factors, such as epidermal growth factor and transforming growth factor beta (Ramirez et al. 2011); inflammatory cytokines, such as tumor necrosis factor-α (Youn et al. 2011); ultraviolet radiation (Kimura and Sumiyoshi 2011); and phorbol ester (Lin et al. 2008).
The phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA), a potent tumor promoter, stimulates renal tumor cell proliferation through activation of protein kinase C (PKC) (Kolb and Davis 2004). The TPA-induced activation of the MMPs is mediated by transcription factors such as NF-κB and AP-1 through activation of the PKC, phosphatidylinositol 3-kinase (PI3K), and mitogen-activated protein kinase (MAPK) signaling pathways (Blumberg 1988; Jang et al. 2007). Recent studies have shown that dietary factors including α-lipoic acid, capsaicin, and conjugated linoleic acid protect against cancer cell migration, invasion, and angiogenesis by suppressing MMP-9 expression or enzyme activity (Soel et al. 2007; Lee et al. 2010; Hwang et al. 2011). Because of the role of PKC, PI3K, and the MAPKs in TPA-induced MMP activation and cancer cell metastasis, substances that inhibit these signaling pathways may confer antitumor potential. In our previous study (Lu et al. 2009), we showed that docosahexaenoic acid (DHA) suppresses phenobarbital-induced JNK1/2 and ERK2 activation, which suggests that DHA may be a candidate for anti-carcinogenesis.
Due to their roles in energy production and essential fatty acid supply, dietary lipids are important to human beings. Linoleic acid (LA) is an essential n-6 fatty acid and DHA is an n-3 fatty acid. These PUFAs and their metabolic products are involved in various physiological processes, such as the regulation of inflammation, insulin resistance, blood pressure, and lipid metabolism (Masson and Mensink 2011; Sagara et al. 2011). Epidemiologic studies have shown that consuming diets high in fatty fish rich in n-3 PUFAs such as eicosapentaenoic acid (EPA) and DHA is associated with a reduced risk of breast cancer (Kim et al. 2009). In addition, the results of both animal and cell studies support the notion that dietary n-6 and n-3 PUFAs inhibit the promotion and progression of carcinogenesis (Sun et al. 2008; Lu et al. 2010a).
Heme oxygenase 1 (HO-1), which is also known as HSP32 (heat shock protein of 32 kDa), is one of the HO isoforms. HO-1 is an enzyme with relatively low expression in most tissues under basal conditions but is induced by a wide variety of stimuli, such as ultraviolet A radiation, endotoxins, and cytokines (Zhong et al. 2010; Xu et al. 2011). Additionally, HO-1 is induced by numerous phytochemicals (Velmurugan et al. 2009) as well as by DHA (Lu et al. 2010b; Wang et al. 2010). HO-1 was shown to have antioxidant and anti-inflammatory activities in HaCaT cells, a human keratinocyte cell line (Seo et al. 2010), and was recently reported to play an anti-tumorigenic role in a variety of carcinoma cells, including PC3 prostate cancer cells (Ferrando et al. 2011), hepatocellular carcinoma cells (Zou et al. 2011), and MCF-7 breast cancer cells (Wang et al. 2011). Because of the potential of DHA to induce HO-1, we can infer that DHA may possess antitumor activity. According to the antitumor activity of n-3 and n-6 PUFAs demonstrated in previous studies, in the present study we investigated the inhibition of metastasis and invasion by n-3 and n-6 PUFAs in TPA-induced MCF-7 human breast cancer cells and the possible mechanisms involved.

Materials and methods
DMEM, OPTI-MEM, 25% trypsin-EDTA, and penicillin-streptomycin solution were from GIBCO-BRL (Grand Island, NY, USA); fetal bovine serum (FBS) was from HyClone (Logan, UT, USA); albumin, essentially fatty acid free BSA, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), sodium bicarbonate, calcium chloride, Triton X-100, 12-O-tetradecanoylphorbol 13-acetate (TPA), GF109203X (PKC kinase inhibitor), wortmannin, and LY294002 (PI3K kinase inhibitor) were from Sigma-Aldrich Inc. (St. Louis, MO, USA); SP600125 (JNK inhibitor), PD98059 (ERK inhibitor), and SB203580 (p38 inhibitor) were from TOCRIS (Ellisville, MO, USA); DHA and LA were from Cayman Chemical (Ann Arbor, MI, USA); collagen was from Collaborative Biomedical Products (Bedford, MA, USA); TRIzol reagent was from Molecular Research Center, Inc (Cincinnati, OH, USA); antibodies against Akt, phospho-Akt (T308 and S473), ERK1/2, phospho-ERK1/2, p38, and phospho-p38 were from Cell Signaling Technology (Danvers, MA, USA); antibodies against JNK1 and phospho-JNK1/2 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and antibody against HO-1 was from Calbiochem (Darmstadt, Germany).

Cell culture
The human breast cancer cell line MCF-7 was cultured on collagen-coated cell culture dishes in DMEM (pH 7.2) supplemented with 1.5 g/l NaHCO3, 10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin at 37℃ in a 5% CO2 humidified incubator.
Cell viability assay
MCF-7 cells were grown to 70-80% confluence and were then treated with various concentrations of DHA or LA for 20 h followed by incubation with TPA (100 ng/ml) for an additional 24 h. Afterward, cell viability assay was performed according to our previous study (Yu et al. 2010).

Western blotting analysis and electrophoretic mobility shift assay (EMSA)
Western blotting analysis and electrophoretic mobility shift assay were performed according to our previous study (Yang et al. 2013). Synthetic biotin-labeled double-stranded AP-1 consensus oligonucleotides (forward: 5’-GCCTCAGCTGGTAAATGGATAA-3’; reverse: 5’-AAAGGCCCCAGAGCCAGCC-3’) were used to measure AP-1 nuclear protein DNA-binding activity and synthetic biotin-labeled double-stranded NF-κB consensus oligonucleotides (forward: 5’-AGTTGAGGGGACTTTCCCAGGC-3’; reverse: 5’-GCCTGGGAAAGTCCCCTCAACT-3’) were used to measure NF-κB nuclear protein DNA-binding activity.
RNA isolation and RT-PCR
RNA isolation and RT-PCR were performed according to our previous study (Yang et al. 2013). Oligonucleotide primers were as follows: MMP-9 (forward, 5’-CACTGTCCACCCCTCAGAGC-3’; reverse, 5’-GCCACTTGTCGGCGATAAGG-3’), HO-1 (forward, 5’-CTGAGTTCATGAGGAACTTTCAGAAG-3’; reverse, 5’-TGGTACAGGGAGGCCATCAC-3’), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward, 5’-CCATCACCATCTTCCAGGAG- 3’; reverse, 5’-CCTGCTTCACCACCTTCTTG-3’). Amplification of MMP-9 was achieved when samples were heated to 95℃ for 5 min and then immediately cycled 30 times through a 30-s denaturing step at 94℃, a 30-s annealing step at 56℃, and a 1-min elongation step at 72℃. Amplification of HO-1 was achieved when samples were heated to 95℃ for 5 min and then immediately cycled 39 times through a 1-min denaturing step at 95℃, a 1-min annealing step at 55℃, and a 2-min elongation step at 72℃, respectively. The GAPDH cDNA level was used as the internal standard. PCR products were resolved in a 1% or 2% agarose gel and were scanned by using a Digital Image Analyzer (Alpha Innotech) and quantified with ImageGauge software.
PKC translocation
Subcellular fractionation was performed as described previously (Peng et al. 2004). Briefly, the cells were washed twice with cold PBS, after which cold buffer A (20 mM Tris, 0.03 mM Na3VO4, 2 mM MgCl2·6H2O, 2 mM EDTA, 0.5 mM EGTA, 2 mM PMSF, 1 mM DTT, 250 mM sucrose, and 10 μg/ml leupeptin) was added and the cells were scraped and lysed by use of a homogenizer (Eyela Nazelax) on ice. The lysate was centrifuged at 100,000×g for 1 h at 4℃. The supernatant was collected and used as the cytosolic fraction. The pellet was resuspended in cold buffer B (20 mM Tris, 0.03 mM Na3VO4, 5 mM MgCl2·6H2O, 2 mM EDTA, 0.5 mM EGTA, 2 mM PMSF, 1 mM DTT, 5 mM NaF, 10 μg/ml leupeptin, and 0.1% Triton X-100) and mixed by vortexing for 1 h. Samples were then centrifuged at 100,000×g for 1 h at 4℃, and the supernatant was used as the membrane fraction. PKC proteins in the two fractions were analyzed by immunoblotting.

RNA interference by small interfering RNA of HO-1
Knockdown of HO-1gene in MCF-7 cells was performed according to our previous study (Yang et al. 2013).
RNA interference
Lentiviral infection of the MCF-7 cell line was used to stably integrate and express short hairpin RNA (shRNA) that targeted the human HO-1 mRNA sequences. The detailed steps of lentivirus production and infection have been described previously (Tang et al. 2011). Two different sequences targeting human HO-1 mRNA were chosen and purchased from National RNAi Core facility platform. RNAi clones were identified by their unique number assigned by the RNAi Consortium (TRCN) as follows: TRC0000290435 (responding sequence, ACAGTTGCTGTAGGGCTTTAT) was used for shHO-1 (1) targeted to HO-1, TRCN0000290436 (responding sequence, GCTGAGTTCATGAGGAACTT) was used for shHO-1 (2) targeted to HO-1, and the TRCN00000772246 was used for vector control targeted to luciferase (responding sequence, CAAATCACAGAATCGTCGTAT) and was kindly provided by Dr. Jiunn-Liang Ko, Chung Shan Medical University, Taichung, Taiwan. Briefly, MCF-7 cells (2x106) were placed on 6-cm plastic culture dishes in DMEM (supplemented with 1.5 g/l sodium bicarbonate, 100 IU penicillin/ml, 100 μg/ml streptomycin and 10% FBS). After 24 h in culture, the cells were infected with recombinant lentivirus vectors at a multiplicity of infection of 1. The next day, the medium was removed, and the cells were selected by 2 μg/ml puromycin for 2 days. Then the cells were passaged to 10-cm plastic culture dishes and were ready for study.

Migration and invasion assays
The migration assays were performed by using Transwell (Corning Life Science, pore size, 8 μm) and the invasion assays were performed by using BioCoat Matrigel Invasion Chamber (BD Biosciences, pore size, 8 μm) in 24-well dishes. Before performing the migration or invasion assay, 5x104 cells in 500 μl of serum-free medium were placed in the upper chamber, and 750 μl of medium containing 10% FBS was added to the lower chamber. The plates were incubated at 37℃ in a 5% CO2 humidified incubator. Cells were fixed in 100% methanol for 2 min and stained with 0.05% crystal violet in PBS for 2 min. Cells on the upper side of the filters were removed with cotton-tipped swabs, and the filters were washed with PBS. Cells on the underside of the filters were examined and counted under a microscope. Migration and invasiveness were quantified by counting cells on the lower surface of the filter and each experiment was repeated at least three times.
Gelatin zymography assay
The activity of MMP-9 was analyzed by gelatin zymography as described previously (Lin et al. 2008). MCF-7 cells were pretreated with or without 0-200 μM DHA or LA for 20 h, or specific inhibitors of MAPKs (PD98059, SB203580 or SP600125), PI3K (wortmannin or LY294002) and PKC (GF109203X) for 1 h, followed by incubation in serum-free medium containing TPA for an additional 24 h. The conditioned media were collected, mixed with loading buffer, and subjected to electrophoresis on an 8% SDS-polyacrylamide gel containing 0.1% (wt/vol) gelatin. Electrophoresis was performed at 120 V for 2 h. Gels were then washed twice with washing buffer (2.5% Triton X-100) at room temperature to remove SDS, followed by incubation at 37℃ for 12 to 16 h in reaction buffer (40 mM Tris-HCl, pH 8.0, 10 mM CaCl2, and 0.02% NaN3), and were then stained with Coomassie blue R-250 (0.125% Coomassie blue R-250, 0.1% amino black, 50% methanol, and 10% acetic acid) for 1 h and destained with destaining solution (20% methanol and 10% acetic acid) for 30 min. MMP-9 gelatinolytic activity was detected as clear bands in a dark blue background, and the bands were quantified by densitometer measurement by use of a digital imaging analysis system (Fujifilm).
Statistical evaluation
Data were analyzed by using analysis of variance (SAS Institute, Cary, NC, USA). The statistical difference was determined by one-way analysis of variance. When the F ratios are < .05, the significance of the difference among mean values was determined by Tukey’s test.
Results
Effect of DHA and LA on cell viability in the presence or absence of TPA

As measured by the MTT assay, the cell viabilities of MCF-7 cells treated with 100 ng/ml TPA alone; TPA and 50, 100, or 200 μM DHA; or TPA and 50, 100, or 200 μM LA were 111.4 ±3.7%, 108.8±8.0%, 109.2±4.7%, 115.2±7.4%, 117.3±11.3%, 105.4±10.0%, and 109.6±11.9%, respectively, compared with the unstimulated controls (100%). Thus, there were no adverse effects on the growth of cells up to a concentration of 200 μM DHA or LA in the presence or absence of 100 ng/ml of TPA, which was used to induce the expression of MMP-9. The highest concentration of DHA and LA used in the present study was 200 μM.
DHA and LA suppresses TPA-induced migration and invasion of MCF-7 cells
In an animal study, fish oil was shown to prevent MDA-MB-231 cancer cell metastasis to bone tissue (Mandal et al. 2010). To study whether the metastasis of MCF-7 cells was inhibited by DHA or LA, we performed in vitro migration and invasion transwell assays. As shown in Fig. 1, TPA significantly induced the migration and invasion of MCF-7 cells, and this induction was significantly suppressed by pretreatment with 200 (M DHA or LA.

DHA and LA inhibit TPA-induced MMP-9 gene expression and enzyme activity in MCF-7 cells
MMP-9 is recognized to play a crucial role in the metastasis of breast carcinoma cells (Lin et al. 2008). As shown in Fig. 2A, TPA dose-dependently increased MMP-9 enzyme activity in MCF-7 cells. Also, TPA induced MMP-9 mRNA and protein expression as well as enzyme activity in a time-dependent manner (Fig. 2B). The maximal induction of MMP-9 was achieved by treatment with 100 ng/ml TPA for 24 h, which was consistent with the results of a previous study (Liu et al. 2002). To clarify the effect of DHA and LA on TPA-induced MMP-9 expression, cells were pretreated with the indicated concentrations of DHA or LA for 20 h followed by incubation with TPA for another 24 h. As shown in Fig. 2C, the TPA-induced MMP-9 mRNA and protein expression and enzyme activity were dose-dependently down-regulated by LA or DHA, and maximal inhibition was achieved by treatment with 200 μM DHA or LA.
DHA down-regulates TPA-induced MMP-9 expression via the ERK, PI3K/Akt, and PKC signaling pathways and LA via the ERK signaling pathway
Several studies have indicated that the induction of the mitogen-activated protein kinases (MAPKs) and phosphoinositide 3-kinase/Akt (PI3K/Akt) signaling pathways are involved in TPA-mediated MMP-9 expression (Lin et al. 2008; Park et al. 2009). To investigate the signaling pathways involved in the inhibition of TPA-induced MMP-9 expression by DHA and LA, we assayed the phosphorylation of the MAPKs and PI3K/Akt. As shown in Fig. 3A, ERK1 and Akt phosphorylation at both Ser473 and Thr308 were induced by TPA treatment for 30 and 60 min. DHA attenuated ERK1 and Akt induction, whereas LA attenuated ERK1 induction only.
TPA has been reported to be a PKC activator, and the activation of PKC isoforms such as α, β, ε, and δ has been shown to play an important role in TPA-induced tumor metastasis (Liu et al. 2002; Amemiya et al. 2005). A recent study indicated that ERK activation is required for TPA-induced MMP-9 gene expression in breast cancer cells (Lin et al. 2008). In the present study, the translocation of PKCδ protein from the cytosol to the membrane was stimulated by TPA, and DHA pretreatment attenuated this translocation (Fig. 3B). Furthermore, the TPA-induced phosphorylation of ERK1 was mitigated by GF109203X, a nonselective PKC inhibitor (Fig. 3C). These results suggest that ERK1 is the downstream target of TPA-induced PKC activation and that the inhibition of PKCδ activation may be involved in the effects of DHA on MMP-9 activation and migration in MCF-7 cells.
Therefore, to confirm the involvement of the ERK1, PI3K/Akt, and PKC signaling pathways, we used pharmacological inhibitors of MAPKs, PI3K, and PKC, such as PD98059 (ERK inhibitor), SB203580 (p38 inhibitor), wortmannin and LY294002 (PI3K inhibitors), and GF109203X (nonselective PKC inhibitor) to identify the contributions of the individual signaling pathways. No cell toxicity was caused by the dosage of the individual kinase inhibitors used (data not shown). TPA-induced MMP-9 protein expression and enzyme activity were significantly inhibited by specific inhibitors of ERK, PI3K/Akt, and PKC, respectively (Fig. 3D).
DHA and LA inhibit TPA-induced DNA-binding activities of NF-κB and AP-1
It is reported that activation of NF-κB and AP-1 is involved in the induction of MMP-9 gene expression (Hwang et al. 2010). We used EMSA to confirm whether attenuation of NF-κB and AP-1 DNA-binding activities by DHA and LA was associated with the inhibition of TPA-induced MMP-9 gene expression. As shown in Fig. 4A, the DNA binding complex formation of NF-κB and AP-1 appeared 1 h after TPA treatment and reached a peak after 4 h. Pretreatment with both DHA and LA dramatically abolished the TPA-induced formation of the NF-κB and AP-1 DNA binding complexes at 4 h in MCF-7 cells (Fig. 4B). To clarify the possible signaling pathways involved in the attenuation of NF-κB and AP-1 DNA-binding activities, we used respective inhibitors of the ERK and PI3K/Akt signaling pathways. As shown in Fig. 4C, PD98059 and wortmannin significantly decreased TPA-induced NF-κB as well as AP-1 DNA-binding activities in MCF-7 cells.
DHA induces HO-1 gene expression and HO-1 siRNA alleviates DHA inhibition of TPA-induced MMP-9 protein expression and enzyme activity
HO-1, a stress response gene, has been shown to suppress MMP-9 gene expression and subsequently to decrease tumor metastasis (Lin et al. 2008). To determine whether HO-1 plays a role in the inhibition of TPA-induced MMP-9 expression by DHA or LA, we investigated the effect of 50, 100, and 200 μM DHA and LA on HO-1 expression in the presence of TPA. As shown in Fig. 5A, DHA dose-dependently increased HO-1 protein expression in the presence of TPA; however, the induction effect was not observed for LA. The induction of HO-1 protein expression by DHA occurred as early as 8 h after treatment, and the effect was sustained until 24 h (Fig. 5B). To clarify whether HO-1 was involved in the effects of DHA, the HO-1 siRNA SMARTpool system was used. The efficiency of knockdown of the HO-1 gene was assayed by Western blotting. HO-1 siRNA alleviated the inhibition by DHA of MMP-9 protein expression and enzyme activity in the presence of TPA (Fig. 5C).
HO-1 silencing alleviates DHA suppression of TPA-induced migration of MCF-7 cells
To further clarify the role of HO-1, an HO-1 silencing experiment was performed with VSV-G pseudotyped lentivirus-shRNA system. In comparison with MCF-7 shLuc cells, cells transfected with shHO-1(2) and shHO-1(1) showed a 58% and 61% reduction in HO-1 mRNA expression (Fig. 6A). As shown in Fig. 6B, cell migration was significantly induced by TPA in shLuc and shHO-1 cells. Furthermore, the TPA-induced cell migration was suppressed by either 100 or 200 μM DHA in MCF-7 shLuc cells. However, the suppression of TPA-induced cell migration by DHA was alleviated in cells transfected with shHO-1(1) and shHO-1(2) (Fig. 6B). 
Discussion
Breast cancer is the second leading cause of cancer deaths in Western women, and the majority of breast cancer deaths result from metastases (Culhane and Quackenbush 2009). High dietary fat consumption has long been recognized to play a role in the development of breast cancer, but the relation between intake of dietary fat and breast cancer mortality is still in contention. A previous study suggested that the differences in breast cancer growth and metastasis are partly ascribed to dietary fat intake and especially to the quality and quantity of fatty acid consumed (Fay et al. 1997). Experimental evidence indicates that n-3 PUFAs may have anti-tumor activity (Blanckaert et al. 2010), whereas total fat, saturated fatty acids, and n-6 PUFAs may stimulate mammary tumor growth and metastasis (Rose 1997). In this study, we demonstrated that both DHA and LA effectively inhibited TPA-induced MMP-9 expression and MCF-7 cell migration and invasion and that this inhibition was associated with an up-regulation of HO-1 expression by DHA but not by LA. Both DHA and LA suppressed TPA-induced ERK1 activation, and DHA showed an additional inhibition of Akt activation.

Although MCF-7 breast cancer cells are recognized to have weak invasiveness, their invasive potential is significantly increased by TPA (Liu et al. 2002). In the present study, the MMP-9 activity associated with cancer cell invasion and migration was induced by TPA in a dose-dependent manner (Fig. 2A), and both mRNA and protein levels were dramatically increased after treatment with 100 ng/ml of TPA for 24 h (Fig. 2B), which agrees with the results of a previous study (Lin et al. 2008).
Siddiqui and colleagues (2005) demonstrated that low concentrations of DHA or EPA (25 μM) alone have a minimal inhibitory effect on cell migration against serum but that relatively high concentrations of 100 μM or 152 μM DHA significantly inhibit cell migration and invasion in MDA-MB-231 breast cancer cells (Blanckaert et al. 2010; Mandal et al. 2010). Although 100 μM PUFAs have been shown to cause rat primary hepatocyte damage (Li et al. 2006) and treatment with 200 μM DHA for 72 h predominantly inhibits MCF-7 cell viability and induced apoptosis (Kang et al. 2010), treatment of MCF-7 cells with 200 μM DHA or LA for 24 h had no cytotoxic effect. Both 200 μM DHA and LA significantly suppressed TPA-induced cell migration and invasion (Figs. 1A,B). Pharmacokinetic study has shown that the human plasma concentration of DHA is 120 mg/l (about 315 μM) after daily administration of 3 g fish oil for 2 weeks (Rusca et al. 2009). The mean concentration of plasma phospholipid-esterified LA is about 824 μM (Huang et al. 1994). Thus, the dosages of DHA and LA used in the present study are physiologically achievable.

It is well established that tumor cell migration and invasion depend on the expression and enzyme activities of MMP-2 and MMP-9. Current studies have shown that medicinal herbs such as kalopanaxsaponin A and flavonoid quercetin inhibit TPA-induced cell invasion by inhibiting MMP-9 expression in MCF-7 cells (Lin et al. 2008; Park et al. 2009). Harris and coworkers (2001) demonstrated that dietary DHA and CLA can reduce MMP-2 and MMP-9 production in reproductive tissues of pregnant rats. In addition, it was shown that n-3 PUFAs decrease MMP2 and/or MMP9 level or activity in rat vascular smooth muscle cells (Delbosc et al., 2008) and dyslipidemic patients (Derosa et al., 2009). An early study showed that high intake of n-6 PUFAs and saturated fat is more likely to increase the risk of breast cancer (Rose 1997); however, 300 μM LA was shown to suppress colorectal cancer cell growth by inducing oxidant stress and mitochondrial dysfunction (Lu et al. 2010b). In the present study, MMP-9 expression and enzyme activity were significantly suppressed by 200 μM LA (Fig. 2C), which suggests that the suppression of MMP-9 expression contributes at least in part to the inhibition of migration and invasion of MCF-7 cells by LA.
TPA increases the migration and invasion of various cancer cells by activating MMP-9 via the PKC, MAPK, and PI3K/Akt signaling pathways and related transcription factors (Park et al. 2009; Hwang et al. 2010). In the present study, TPA-induced MMP-9 expression and enzyme activity were significantly inhibited by ERK inhibitor (PD98059), PI3K inhibitors such as wortmannin and LY294002, and a nonselective PKC inhibitor (GF109203X) (Fig. 3D). Several studies have indicated that the PKCs, including the α, β, δ, and ε isoforms, play crucial roles in TPA-induced MMP-9 production in different cell types (Lin et al. 2008; Lin et al. 2010; Chen 1993). Moreover, a recent study showed that TPA-induced MMP-9 activation is mainly via the PKCδ/ERK pathways in MCF-7 cells (Park et al. 2009). DHA has been shown to significantly inhibit TPA-induced translocation of two PKC isoforms, PKCα and PKCε, from the cytosol to the plasma membrane but to fail to inhibit the TPA-induced translocation of the PKCδ isoform in NIH/3T3 cells (Denys et al. 2001). In the present study, DHA inhibited the TPA-induced translocation of PKCδ from the cytosol to the plasma membrane (Fig. 3B), which suggests that PKCδ and its downstream pathway may be associated with the down-regulation of TPA-induced MMP-9 expression by DHA. Our findings that DHA inhibited the TPA-induced ERK1, PI3K/Akt, and PKC( signaling pathways but that LA suppressed only the ERK1 signaling pathway suggest that the two PUFAs act via both similar and divergent signaling pathways.
TPA-induced MMP-9 expression was mediated by activating transcription factors such as NF-κB and AP-1 through the PKC, PI3K, and MAPK signaling pathways (Blumberg 1988; Jang et al. 2007). These results support the notion that modulation of IκBα/p65 may be involved in TPA-induced MMP-9 activation. Our EMSA results showed that the DNA-binding activities of NF-κB and AP-1 began 1 h after TPA treatment and were sustained until 4 h (Fig. 4A). Treatment with both DHA and LA attenuated the TPA-induced DNA-binding activities of NF-κB and AP-1 (Fig. 4B), and these results are consistent with those of a recent study (Noh et al. 2010). Inhibition of the TPA-induced DNA-binding activities of NF-κB and AP-1 by wortmannin and PD98059 (Figs. 4C,D) suggests that the TPA-induced MMP-9 expression and enzyme activity may be via the PI3K/Akt/NF-κB, PKC/ERK/NF-κB, PI3K/Akt/AP-1, and PKC/ERK/AP-1 pathways.

HO-1 is induced by a wide variety of stimuli, including hydrogen peroxide, ultraviolet A radiation, heavy metals, endotoxin, and cytokines (Ryter et al. 2006),
Taken together, these results suggest that DHA and LA down-regulate TPA-induced MMP-9 gene expression and MCF-7 breast cancer cell migration and invasion at least in part through the inhibition of the PKC/ERK1 and/or PI3K/Akt signaling pathways and a reduction of NF-κB and AP-1 transcriptional activation. In addition to the signaling pathways mentioned above, DHA inhibition of TPA-induced MMP-9 activation in MCF-7 cells is via the induction of HO-1 activity. Our findings suggest that DHA and LA have both similar and divergent signaling pathways in the suppression of TPA-induced MCF-7 metastasis.
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Legends
Fig. 1. DHA and LA inhibit TPA-induced (A) cell migration and (B) invasion in MCF-7 cells. MCF-7 cells were pretreated with or without 200 μM of DHA or LA for 20 h followed by incubation with 100 ng/ml of TPA for an additional 24 h. Results are presented as mean ± SD of three independent experiments. Results not sharing the same letter are significantly different (P <.05).
Fig. 2. DHA and LA inhibit TPA-induced MMP-9 expression in MCF-7 cells. (A) MCF-7 cells were treated with various concentrations of TPA for 24 h. (B) MCF-7 cells were treated with 100 ng/ml of TPA for 0-24 h. (C) Cells were pretreated with 50, 100, or 200 (M LA or DHA for 20 h followed by incubation with 100 ng/ml of TPA for another 24 h. MMP-9 mRNA, protein, and enzyme activity were measured by RT-PCR, immunoblotting (WB), and gelatin zymography assay (Zym), respectively. Results are presented as mean ± SD of three independent experiments. Results not sharing the same letter are significantly different (P <.05). One representative experiment out of three independent experiments is shown. 
Fig. 3. Effect of LA or DHA on TPA-induced MAPK, Akt, and PKC( activation. (A) Cells were pretreated with 200 μM LA or DHA for 20 h followed by incubation with 100 ng/ml of TPA for the indicated time periods. (B) Cells were treated with various concentrations of TPA for 30 min. In addition, cells were pretreated with 200 (M DHA for 20 h followed by treatment with 100 ng/ml of TPA for 30 min. The level of PKCδ protein in the membrane and cytosolic fraction was analyzed by Western blotting. (C) Cells were pretreated with 0.5 (M GF109203X (GF) for 24 h followed by incubation with or without 100 ng/ml of TPA for 15 min. The phosphorylation of ERK1/2 was measured by Western blotting. (D) Effects of protein kinase inhibitors on TPA-induced MMP-9 protein expression and enzyme activity. Cells were pretreated with PD98059 (PD), SB203580 (SB), wortmannin (Wt), LY294002 (LY), or GF109203X (GF) for 24 h followed by incubation with 100 ng/ml of TPA for another 24 h. One representative experiment out of three independent experiments is shown.
Fig. 4. LA and DHA inhibit TPA-induced NF-κB and AP-1 DNA-binding activity. (A) Cells were treated with 100 ng/ml of TPA for various time periods. (B) Pretreatment with 200 μM LA or DHA for 20 h inhibited TPA-induced NF-κB and AP-1 DNA-binding activity after 4 h. (C) Cells were pretreated with 10 (M PD98059 (PD) or wortmannin (Wt) for 24 h followed by incubation with 100 ng/ml of TPA for 4 h. PD98059 or wortmannin abolished the TPA-induced NF-κB and AP-1 DNA-binding activity in MCF-7 cells. Aliquots of nuclear extracts (10 μg) were used for EMSA.
Fig. 5. Effect of siHO-1 on the inhibition of TPA-induced MMP-9 protein expression and enzyme activity by DHA in MCF-7 cells. (A) DHA induced HO-1 protein expression in a dose-dependent manner. MCF-7 cells were pretreated with various concentrations of LA or DHA for 20 h, followed by treatment with 100 ng/ml of TPA for another 24 h. (B) DHA induced HO-1 protein expression 8 h after treatment, which was sustained until 24 h. Aliquots of cell lysates (20 μg) were used for Western blotting. (C) An HO-1 siRNA system was used to silence HO-1 mRNA and to create an siRNA knock-down model in MCF-7 cells. Aliquots of cell lysates (20 μg) were used for Western blotting. MMP-9 enzyme activity was measured by gelatin zymography assay. Results are presented as mean ± SD of three independent experiments. Results not sharing the same letter are significantly different (P <.05). One representative experiment out of three independent experiments is shown.
Fig. 6. Effect of HO-1 silencing on the suppression of TPA-induced cell migration by DHA. (A) MCF-7 cells infected with the indicated shRNA lentivirus were treated with 100 (M DHA for 20 h, and total RNA was harvested for measurement of the HO-1 knockdown efficiency by using real-time PCR analysis. (B) MCF-7 cells stably expressing the indicated shRNAs were pretreated with or without 100 or 200 μM DHA for 20 h followed by incubation with 100 ng/ml of TPA for an additional 24 h. The migration assay was performed. Results are presented as mean ± SD of three independent experiments. Results not sharing the same letter are significantly different (P <.05). One representative experiment out of three independent experiments is shown.
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