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Abstract

Tetrabromobisphenol A (TBBPA), the most common industrial brominated flame retardant, acts as a cytotoxic,

neurotoxic, and immunotoxicant, causing inflammation and tumors. However, the mechanism of TBBPA-induced

matrix metalloproteinase-9 (MMP-9) expression in human breast cancer cells is not clear. In human breast cancer

MCF-7 cells, treatment with TBBPA significantly induced the expression and promoter activity of MMP-9. Tran-

sient transfection with MMP-9 mutation promoter constructs verified that NF-κB and AP-1 response elements are

responsible for the effects of TBBPA. Furthermore, TBBPA-induced MMP-9 expression was mediated by NF-κB

and AP-1 transcription activation as a result of the phosphorylation of the Akt and MAPK signaling pathways. More-

over, TBBPA-induced activation of Akt/MAPK pathways and MMP-9 expression were attenuated by a specific

NADPH oxidase inhibitor, and the ROS scavenger. These results suggest that TBBPA can induce cancer cell

metastasis by releasing MMP-9 via ROS-dependent MAPK, and Akt pathways in MCF-7 cells.
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INTRODUCTION

Tetrabromobisphenol A (TBBPA) is the most important

industrial brominated flame retardant (BFR) (1). BFRs are

organobromine compounds that exert an inhibitory effect

on combustion chemistry and tend to reduce the flamma-

bility of polymeric materials. BFRs are emitted through

local sewage treatment systems that spread to homes,

industries, or the environment, such that humans are read-

ily exposed to BFRs in underwater environments. TBBPA

and its derivatives have been detected in human blood

samples and in eggs from predatory bird species (2,3).

Additionally, their presence in sediment and mussels indi-

cates that TBBPA may impact on aquatic organisms (4,5).

Previous studies on the toxicity of BFRs have mainly

focused on polybrominated diphenyl ethers (3,6). How-

ever, previous studies reported that TBBPA plays role as a

cytotoxicant, neurotoxicant, and thyroid hormone agonist,

and shows weak estrogenic activity in mammalian cells

(3,7). Moreover, TBBPA was recently reported for its

immunotoxic potential (8,9).

The regulation of matrix metalloproteinase-9 (MMP-9)

plays a key role in the inflammatory response, angiogene-

sis, wound healing, and the differentiation of human

embryonic stem cells (10,11). However, high expression

of MMP-9 increases tumorigenesis and metastasis (12,13).

In particular, an elevated level of MMP-9 induces the

metastasis and invasion of breast cancer, leading to death

in patients with breast cancer (14). Overexpression of

MMP-9 has been implicated in breast cancer development,

angiogenesis, invasion, and metastasis (15,16). Accumu-

lating evidence has shown the critical role of both mito-

gen-activated protein kinase (MAPK) and PI3-K/Akt

pathways in the regulation of MMP-9 production (17,18).

Activated MAPKs and Akt induce transcription factors,

including nuclear factor-kappaB (NF-κB) and activator

protein-1 (AP-1), which regulate MMP-9 expression by an
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interaction with transcription factor-binding sites in MMP

promoters (19). These transcription factors also regulate

the expression of various genes, which are involved in

tumorigenesis (20).

Reactive oxygen species (ROS) have emerged as an

important proinflammatory mediator in various inflamma-

tory diseases. For the activation of MMP-9 by ROS, vari-

ous intracellular signaling pathways have been identified

(21,22). The main sources of ROS in cells, beside the

respiratory chain, are NADPH oxidases (NOX). NOX is

an important cellular source of ROS production under

many pathologic conditions involved in superoxide gener-

ation from NADPH (23). The physiological functions of

NOX play various roles in cell signaling, gene expression

regulation, cell growth, differentiation, and death (24).

NOX-derived ROS have been reported to activate various

signaling pathways, such as Akt and MAPK (25), and the

activation of transcription factors, such as NF-κB and AP-

1 (26,27). However, scant information on the regulation of

MMP-9 expression by TBBPA is available. In this study,

we investigated the effect of TBBPA on the regulatory

mechanism of MMP-9 expression in human breast cancer

MCF-7 cells.

MATERIALS AND METHODS

Materials. The TBBPA (97%) was obtained from

Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640, fetal

bovine serum (FBS), and penicillin-streptomycin were

obtained from Gibco BRL (Grand Island, NY, USA).

Lipofectamine 2000TM was obtained from Life Technolo-

gies, Inc (Carlsbad, CA, USA). A dual-luciferase assay

system was obtained from Promega (Madison, WI, USA).

Inhibitors against LY294002, PD98059, SB203580, and

SP600125 were obtained from Calbiochem (La Jolla, CA,

USA). Primary antibodies against phospho-Akt, phospho-

ERKl/2, phospho-p38 MAPK, phospho-JNK1/2, ERKl/2,

p38 MAPK, JNK1/2, and secondary antibodies against

horseradish peroxidase (HRP)-linked anti-mouse or anti-

rabbit IgG were obtained from Cell Signaling Technolo-

gies (Beverly, MA, USA). Primary antibodies against β-

actin, Lamin B1, NF-κB p65, c-Fos, c-Jun, Akt, and PKCα

were obtained from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Polymerase chain reaction (PCR) oligo-

nucleotide primers were custom synthesized by Bioneer

Co. (Daejeon, Korea). Polyvinylidene fluoride (PVDF)

membranes and enhanced chemiluminescence (ECL) sys-

tem were obtained from Amersham Pharmacia Biotech

(Piscataway, NJ, USA).

Cell cultures. The human breast carcinoma MCF-7

cell line was obtained from the American Type Culture

Collection (Manassas, VA, USA). The MCF-7 cells were

cultured in RPMI 1640 supplemented with 10% FBS, 100

μg/mL streptomycin, and 100 U/mL penicillin in a humid-

ified atmosphere of 5% CO2 at 37
oC. To avoid the interfer-

ence of growth factors in serum, MCF-7 cells were serum-

starved for 24 hr and then stimulated with TBBPA.

Measurement of cell viability. Conventional MTT

reduction and lactate dehydrogenase (LDH) leakage assays

were used to determine MCF-7 cell viability following

treatment with TBBPA. To measure cell viability, cells were

seeded onto 48-well plates and treated with TBBPA (1-

50 μM) for 24 hr. After incubation, MTT solution (0.5

mg/mL) was added to the 48-well plates for 1 hr, and for-

mazan crystals were solubilized with dimethylsulfoxide.

The absorbance was measured at 550 nm in a BioTek Syn-

ergy HT microplate reader (BioTek Instruments, Win-

ooski, VT, USA). The media were measured using an

LDH kit (Cayman, Ann Arbor, MI, USA) at 490 nm on a

BioTek Synergy HT microplate reader (BioTek Instru-

ments).

RNA preparation and real-time PCR (qRT-PCR). Total

RNA was isolated from untreated and TBBPA-treated

MCF-7 cells with RNAiso-plus Reagent (Takara, Tokyo,

Japan). RNA was converted to cDNA using a reverse tran-

scription kit (Promega). qRT-PCR was performed as MMP-

9 gene expression analysis by monitoring increases in

SYBR reporter dye fluorescence. Primer sequences were

as follows: MMP-9 forward, 5'-GTCATCCAGTTTGGT-

GTCGC-3'; MMP-9 reverse, 5'-GGACCACAACTCGT-

CATCGT-3'; GAPDH forward, 5'-CCCTTCATTGACCT-

CAACTA-3' and GAPDH reverse, 5'-CCAAAGTTGT-

CATGGATGAC-3'. Expression values were normalized

with GAPDH.

Transient transfection and luciferase activity assay.
Promoter activity was determined using a dual-luciferase

reporter assay system (Promega). MCF-7 cells were seeded

onto 48-well plates overnight and transiently transfected

with the MMP-9 promoter vector, the NF-κB or the AP-1

vector reporter vector, and the Renilla luciferase reporter

vector using Lipofectamine. Renilla luciferase expression

was used to normalized the luciferase activity.

Gelatin zymography. MCF-7 cells were seeded and

incubated for 24 hr and were then maintained in serum-

free medium. After 24 hr cell culture supernatants were

collected, and loaded onto a 10% polyacrylamide gel con-

taining 0.1% gelatin. Gels were washed with wash buffer

(50 mM Tris-HCl pH 7.5, and 2.5% Triton X-100) and

incubated with zymography reaction buffer (50 mM Tris-

HCl pH 7.5, 1 mM ZnCl2, 5 mM CaCl2, 150 mM NaCl,

and 40 mM NaN3) at 37
oC for 24 hr. The gel was then

stained with Coomassie brilliant blue in a solution of 45%

methanol and 1% acetic acid, and then destained for 1 hr.
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Area of MMP-9 activity appeared as transparent bands

against the black background.

Westernblot analysis. After treatment, cell lysates

were loaded onto sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE). The gel was electropho-

retically transferred to PVDF membranes, and blocked

with 5% skim milk. The PVDF membranes were incu-

bated with overnight at 4oC with primary antibodies and

then incubated with HRP-conjugated anti-IgG secondary

antibodies at room temperature for 2 hr. Membranes were

then visualized using an ECL detection kit.

ROS production. The production of ROS by TBBPA

in MCF-7 cells was using the redox-sensitive fluorescent

dye H2DCFDA. After treatment with TBBPA or vehicle,

cells were probed with 2 μM H2DCFDA at 37
oC for 20 min

and washed with PBS. The fluorescence intensity was meas-

ured using a BioTek Synergy HT microplate reader (BioTek

Instruments; excitation, 490 nm; emission, 530 nm).

Determination of NADPH oxidase activity. The

activity of NADPH oxidase by TBBPA in MCF-7 cells

was determined using the lucigenin chemiluminescence

method. After treatment with TBBPA or vehicle for the

Fig. 1. Effects of TBBPA on MMP-9 expression and transcriptional activity. Cell viability was estimated by the (A) MTT and (B) LDH
release assays. (C) Cells were treated with 1, 5, or 10μM TBBPA for 24 hr. Cells were then lysed and total RNA was prepared to ana-
lyze MMP-9 gene expression. (D) Cells were transfected with MMP-9-Luc for 4 hr and then treated with 1, 5, or 10μM TBBPA for
24 hr. Cells were then harvested and assayed for luciferase activity. (E) Effect of TBBPA on MMP-9 activity levels in MCF-7 cells. Cells
were treated with 1, 5, or 10μM TBBPA for 24 hr. MMP-9 activity in MCF-7 cells was determined by gelatin zymography and West-
ern blot analysis. Each bar represents the mean ± SD calculated from three independent experiments. *Significantly different from
the control at p < 0.01.
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indicated period of time, cells were gently scraped and

centrifuged for 10 min at 4oC. The cell pellets were then

incubated with pre-warmed medium containing either

20 μM lucigenin or 1 μM NADPH, to initiate the reac-

tion, followed by immediate measurement of chemilumi-

nescence using a luminometer (Thermo Scientific, Waltham,

MA, USA).

Statistical analysis. All data were demonstrated as

means ± SD from at least three representative tests. Statis-

tical significance was assessed by one-way analysis of

variance (ANOVA) followed by the Tukey-Kramer test. A

value of p < 0.01 was considered significantly different.

RESULTS

Induction of MMP-9 expression and activity by
TBBPA in MCF-7 cells. We first measured the cytotoxic-

ity of TBBPA by treating MCF-7 cells with the indicated

concentrations of TBBPA for 24 hr followed by the MTT

and LDH assays. TBBPA (at concentrations ranging from

1 to 10 μM) had no cytotoxic effect on MCF-7 cells (Fig.

1A, 1B). To determine the effect of TBBPA on MMP-9

expression in MCF-7 cells, cells were treated with TBBPA

at the indicated concentrations. As shown in Fig. 1C,

MMP-9 mRNA expression was significantly increased by

TBBPA treatment in a concentration-dependent manner.

Next, the effect of TBBPA on MMP-9 promoter activity

was examined. MCF-7 cells were transiently transfected

with the luciferase reporter gene and treated with TBBPA

for 24 hr. TBBPA significantly increased MMP-9 lucifer-

ase activity in a concentration-dependent manner (Fig.

1D). TBBPA also concentration-dependently increased

MMP-9 protein expression, as well as enzyme activity in

MCF-7 cells (Fig. 1E). These results indicate that TBBPA

increases MMP-9 expression and activity in MCF-7 cells

at nontoxic concentrations.

Involvement of Akt and MAPKs in TBBPA-induced
MMP-9 expression. Several studies have reported that

Akt and MAPKs are upstream modulators of NF-κB or

AP-1, which regulates MMP-9 expression in cells (10,28).

Fig. 2. Effect of TBBPA on the activation of Akt and MAPK signaling pathways in human breast cancer MCF-7 cells. (A) Cells were
transfected with MMP-9-Luc and then pretreated with the indicated inhibitor for 60 min followed by 10μM TBBPA 24 hr. Cells were
then harvested and assayed for luciferase activity. (B) Cells were treated with 10μM TBBPA for 10, 15, 30, 45, or 60 min or (C) 1, 5,
or 10μM TBBPA for 30 min, and the phosphorylation levels of Akt, ERK1/2, JNK, and p38 MAPK were measured by Western blot
analysis. Each bar represents the mean ± SD calculated from three independent experiments. *Significantly different from the con-
trol at p < 0.01. #Significantly different from the TBBPA at p < 0.01.
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We examined whether the activation of Akt, ERK1/2,

JNK1/2, and/or p38 MAPK is involved in TBBPA-

increased MMP-9 promoter activity using each upstream

inhibitor (LY, PD, SP, and SB). MCF-7 cells were tran-

siently transfected with the luciferase reporter gene, pre-

treated with the upstream inhibitor for 1 hr, and then

stimulated with TBBPA for 24 hr. As shown in Fig. 2A,

TBBPA-increased MMP-9 luciferase activity was sup-

pressed by pretreatment with LY, PD, SP, and SB in MCF-

7 cells. To examine these upstream pathways of NF-κB or

AP-1, cells were treated with TBBPA for 1 hr, and then

upstream proteins were analyzed by Western blot. The

phosphorylation of Akt, ERK1/2, JNK1/2, and p38 MAPK

increased significantly following TBBPA treatment in a

concentration- and time-dependent manner (Fig. 2B, 2C).

These results indicate that TBBPA-increased MMP-9

expression is mediated by the activation of Akt and

MAPKs in MCF-7 cells.

Fig. 3. Effect of TBBPA on the activity and expression of MMP-9 via NF-κB and AP-1 pathways in human breast cancer MCF-7 cells.
(A) Mutations were introduced into the NF-κB- or AP-1-binding sites of pGL2-MMP-9WT. Cells were transfected with wild-type, Δ
NF-κB, or Δ AP-1 of MMP-9-Luc, and then treated with TBBPA (1-10μM) for 24 hr. Cells were then harvested and assayed for lucifer-
ase activity. (B, C) Cells were transfected with NF-κB or AP-1-Luc and then treated with TBBPA (1-10μM) for 24 hr. Cells were har-
vested and assayed for luciferase activity. (D) Effects of TBBPA on NF-κB or AP-1 translocation. Cells were treated with TBBPA (1-
10μM) for 6 hr. Cytosolic or nuclear extracts were subjected to SDS-PAGE followed by Western blot analysis with anti-NF-κB, anti-c-
Jun, anti-c-Fos, and anti-Lamin B antibodies. Each bar represents the mean ± SD calculated from three independent experiments.
*Significantly different from the control at p < 0.01.
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Activation of transcription factors NF-κB and AP-1 in
TBBPA-induced MMP-9 expression. NF-κB and AP-1

are transcription factors of MMP-9 that play a central role

in the regulation of MMP-9 mRNA expression in differ-

ent cell types (29). To investigate which of these transcrip-

tion factors regulates MMP-9 expression in MCF-7 cells,

cells were transiently transfected with reporter genes that

contain the wild-type MMP-9 promoter, an NF-κB site-

mutated promoter, or an AP-1 site-mutated promoter. Cells

were treated with TBBPA (1, 5, or 10 μM), and MMP-9

transcriptional activity was analyzed according to lucifer-

ase activity. Treatment with TBBPA induced the transcrip-

tional activity of the wild-type MMP-9 promoter, but had

no effect on the site-mutated promoter of NF-κB or AP-1

Fig. 4. Effects of NOX-derived ROS generation on TBBPA-induced MMP-9 expression. (A) Cells were treated with 1, 5, or 10μM
TBBPA. Cells were lysed and total RNA was prepared for MMP-9 analysis. (B) Cells were transfected with MMP9-Luc and then pre-
treated with inhibitors (NAC or DPI) for 30 min followed by TBBPA for 24 hr. Cells were then harvested and assayed for luciferase
activity. (C) Cells were pre-treated with DPI for 30 min and TBBPA was added for an additional 10 min. Cells were harvested to mea-
sure NADPH activity as described above. (D) Cells were pre-treated with NAC or DPI for 30 min, and TBBPA was added for an addi-
tional 20 min, followed by H2DCFDA for 30 min. Each bar represents the mean ± SD calculated from three independent
experiments. (E) Cells were pre-treated with NAC or DPI for 30 min and TBBPA was added. The extracts were analyzed for Akt and
MAPK activation using antibodies against phosphorylated Akt, ERK1/2, JNK, and p38 MAPK by Western blot analysis. *Significantly
different from the control at p < 0.01. #Significantly different from the TBBPA at p < 0.01.



TBBPA Induces MMP Expression 99

plSSN: 1976-8257 eISSN: 2234-2753

(Fig. 3A). To further determine the transcription factor

involved in MMP-9 promoter activity induced by TBBPA,

MCF-7 cells were transiently transfected with the respec-

tive reporter vector containing tandem repeats of the NF-

κB- or AP-1-binding sites. TBBPA significantly increased

NF-κB- or AP-1-responsive luciferase activity in a con-

centration-dependent manner (Fig. 3B, 3C). To examine

which of these transcription factors is involved in the acti-

vation of MMP-9 transcription by TBBPA, we examined

the effect of TBBPA on the nuclear translocation of NF-

κB p65 (a major subunit of NF-κB) or c-Jun and c-Fos

(major subunits of AP-1), which are required for their

respective transcriptional activities. The nuclear transloca-

tion of NF-κB p65, c-Jun, and c-Fos was significantly

increased by TBBPA treatment in a concentration-depen-

dent manner (Fig. 3D). These results demonstrate that

TBBPA-stimulated MMP-9 induction is mediated by the

transcriptional activation of both NF-κB and AP-1 in

MCF-7 cells.

NADPH oxidase-derived reactive oxygen species
induced by TBBPA control the activation of Akt and
MAPK signaling pathways. ROS have been demon-

strated to induce the expression of inflammatory proteins

in various cell types and stimulate Akt and MAPKs (25).

The regulation of ROS activation is involved in NADPH

oxidase (NOX) under various pathological conditions (30).

Thus, we investigated whether TBBPA-induced MMP-9

expression is involved in NOX-dependent ROS genera-

tion. As shown in Fig. 4A, 4B, a NOX inhibitor (DPI) or

an ROS scavenger (NAC) significantly suppressed TBBPA-

induced MMP-9 gene expression and promoter activity.

Additionally, TBBPA-induced NOX activity and ROS

generation were inhibited by pre-treatment with NAC or

DPI (Fig. 4C, 4D). These results indicate that NOX-depen-

dent ROS generation plays a critical role in TBBPA-induced

MMP-9 expression. Further, we determined whether

TBBPA-induced phosphorylation of Akt and MAPKs was

mediated through ROS generation. As shown in Fig. 4E,

NAC or DPI significantly decreased the phosphorylation

of Akt and MAPKs stimulated by TBBPA. These results

indicate that NOX-derived ROS play a key role in TBBPA-

induced MMP-9 expression in MCF-7 cells.

DISCUSSION

Our findings establish that TBBPA increases MMP-9

expression via NF-κB and AP-1 activation through ROS-

dependent Akt/MAPK signaling pathways in human breast

cancer MCF-7 cells.

The activation of transcription factors, such as NF-κB

and AP-1, is a necessary step in MMP-9 expression, lead-

ing to remodeling of the extracellular matrix, as well as

membrane degradation and the induction of angiogenesis

(19). In the present study, TBBPA increased the transcrip-

tional activation of the MMP-9 promoter. Moreover, pro-

moter mutation analysis indicated that the major targets of

TBBPA were the binding sites of both NF-κB and AP-1.

These results are consistent with our pervious study, in

which TBBPA increased NF-κB- or AP-1-responsive lucif-

erase activity in Raw 264.7 cells (31). NF-κB is a tran-

scriptional activator of MMP-9 and is combined with

inhibitory molecules, such as the IκB family, and are

sequestered in the cytosol. Stimulation of cells via various

signaling pathway triggers the phosphorylation of IκB,

leading to its proteasome-mediated degradation and trans-

location into the nuclei (32). AP-1 is a transcriptional acti-

vator of MMP-9 that is composed of a dimer of c-Jun and

c-Fos protein families (33,34). AP-1 is activated by modu-

lation with other transcriptional regulators and is further

regulated by upstream kinases, such as MAPKs, to induce

various signal transduction pathways (35). In the present

study, TBBPA increased the nuclear translocation of NF-

κB p65, c-Jun, and c-Fos. These results indicate that

TBBPA increases MMP-9 expression in MCF-7 cells by

enhancing the activity of the transcription factors NF-κB

and AP-1. Several studies have shown that activation of

NF-κB and AP-1 is triggered by Akt and MAPK signal-

ing pathways (36). In the present study, TBBPA increased

the phosphorylation of Akt, ERK1/2, JNK1/2, and p38

MAPK. Additionally, treatment with LY (Akt inhibitor),

PD (ERK1/2 inhibitor), SP (JNK1/2 inhibitor), or SB (p38

inhibitor) reduced the TBBPA-increased promoter activity

of MMP-9. These results suggest that TBBPA increases

MMP-9 expression in MCF-7 cells by enhancing the acti-

vation of Akt and MAPKs.

Recent studies have reported that ROS generation can

activate various signaling pathways, such as Akt and

MAPK (25). Additionally, Akt and MAPK signaling path-

ways are activated in response to oxidant injury. Therefore,

we further examined the mechanism of MMP-9 signal

transduction by TBBPA-induced ROS generation in MCF-7

cells. In the present study, TBBPA-induced MMP-9 expres-

sion was attenuated by the NOX inhibitor, DPI, and the

ROS scavenger, NAC. Additionally, our data also showed

that the TBBPA-increased phosphorylation of Akt and

MAPK was inhibited by treatment with DPI and NAC.

These results suggest that ROS generation by TBBPA-

induced NOX plays an important role in MMP-9 expres-

sion. However, whether TBBPA-induced ROS production

is mediated by other sources remains an interesting topic

to be addressed in future studies.

TBBPA is toxic to a variety of mammalian cell lines, as

well as primary cells including cerebellar granule cells,

splenocytes, and hepatocytes (37,38). However, the effect

of TBBPA on MMP-9 expression in breast cancer cells is

unknown, which served as the basis for the present study.

In conclusion, our study demonstrated that TBBPA induced
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MMP-9 expression via ROS-dependent Akt/MAPK sig-

naling pathways, which was mediated via increased NF-

κB and AP-1 activation in MCF-7 cells. Our findings indi-

cate that TBBPA may affect cancer development, inva-

sion, and metastasis in spite of the lack of toxicity data for

TBBPA in MCF-7 cells.
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