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Abstract
Benzo[a]pyrene (B(a)P) is a major cancer-causing contaminant present in food such as cooked meats and cereals, and is 
ubiquitous in the environment in smoke derived from the combustion of organic material. Exposure to B(a)P is epidemio-
logically linked with the incidence of breast cancer. Although B(a)P is recognized as a complete genotoxic carcinogen, 
thought to act primarily via CYP-mediated metabolic activation to DNA-damaging species, there is also evidence that B(a)
P exposure elicits other biological responses that promote development of the cancer phenotype. Here in mechanistic studies 
using human mammary cells MCF-7 and MDA-MB-231, we have explored mechanisms whereby B(a)P (10− 8 to 10− 5M) 
promotes inflammation pathways via TNF-α and NFκB leading to IL-6 upregulation, microRNA (Let7a, miR21 and miR29b) 
dysregulation and activation of VEGF. The miRNA dysregulation is associated with altered expression of inflammation 
mediators and increased migration and invasive potential of human mammary cancer cells. Our data suggest that mammary 
cell exposure to B(a)P results in perturbation of inflammation mediators and dysregulation of tumorigenic miRNAs, leading 
to an inflammation microenvironment that facilitates migration and invasion of mammary epithelial cells. These properties 
of B(a)P, together with its well-established metabolic activation to DNA-damaging species, offer mechanistic insights into 
its carcinogenic mode of action.
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Introduction

Cigarette smoke, of which benzo[a]pyrene (B(a)P) is a 
constituent, has been shown to stimulate the production 
of inflammation cytokines particularly in lungs (Lee et al. 
2012; Lin et al. 2010; van der Vaart et al. 2004) and smok-
ing is linked with increased risk of breast cancer (Cui et al. 
2006). Moreover, intake of processed meat, known to be 
contaminated with B(a)P, increases circulating inflammation 
biomarkers in women (Ley et al. 2014) and consumption of 
a pro-inflammation diet can elevate the risk of breast cancer 
(Shivappa et al. 2015). This epidemiological and clinical 

evidence strongly implicate cigarette smoke and consump-
tion of processed meat being linked with the increased inci-
dence of breast cancer. Furthermore, extensive mechanistic 
and animal studies on the carcinogenic potential of B(a)P 
have led to IARC reporting that B(a)P, cigarette smoking 
and processed meat are all Class 1 category carcinogens 
(carcinogenic in humans) (http://monog​raphs​.iarc.fr/ENG/
Monog​raphs​/vol10​0F/index​.php).

Exposure to DNA-damaging environmental chemicals 
such as polycyclic aromatic hydrocarbons and food-derived 
carcinogens such as heterocyclic amines is strongly linked 
with the incidence of breast cancer (Armstrong and Doll 
1975; McPherson et al. 2000), yet the mechanisms involved 
are only partially understood. B(a)P is a well-studied poly-
cyclic aromatic hydrocarbon carcinogen that is a ubiquitous 
environmental contaminant with a well-understood ability 
to damage DNA (Courter et al. 2007). However, reports on 
the role of B(a)P in later stages of cancer, especially metas-
tasis, are limited (Guo et al. 2015). Metastasis and inva-
sion are the life-threatening oncogenic events in terminal 
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cancer (Stracke and Liotta 1992). Metastasis is a multistage 
process with primary cancer cells invading the surround-
ing tissues, entering the blood circulation and establishing 
metastatic disease at distal sites (Stracke and Liotta 1992).

The role of inflammation in the incidence of cancer has 
long been known. Virchow hypothesized that cancer origi-
nates at the site of chronic inflammation that triggers cancer 
by increasing proliferation (Balkwill and Mantovani 2001; 
Coussens and Werb 2002). Tumor cells are dependent on 
the microenvironment for nourishment and growth, and 
the surrounding stroma comprises non-cancer cells (fibro-
blast, endothelial cells and various immune cells such as 
macrophages, neutrophils, mast cells and lymphocytes) 
and extracellular matrix (Li et  al. 2007; Mbeunkui and 
Johann 2009). The secretion of various signaling molecules 
(cytokines, growth factors, and chemokines) by non-cancer 
cells surrounding the tumor promotes the survival of cancer 
cells by increasing angiogenesis. Cyclooxygenase-2 (COX-
2) (Miller et al. 2005; Ristimaki et al. 2002; Singh et al. 
2007), tumor necrosis factor-alpha (TNF-α) (Danforth and 
Sgagias 1996), vascular endothelial growth factor (VEGF) 
(Byrne et al. 2007) and IL-6 (Lin et al. 2015) are all inflam-
mation mediators that play critical roles in metastasis and 
progression of breast cancer. Whether exposure to B(a)P has 
a role in the regulation of these inflammation mediators and 
contributes to these non-genotoxic events that can aggravate 
the metastatic potential of breast cancer cells is not clear.

Detection of DNA mutations in response to chemicals has 
facilitated risk assessment and improvement of environmen-
tal health (Pufulete et al. 2004); additionally, recent studies 
have shown that environmental chemicals can mediate epi-
genetic changes that can influence the status of various dis-
eases (Baccarelli and Bollati 2009). It has also been shown 
that environmental agents such as pollution, cigarette smoke 
and food-derived carcinogens can influence the expression 
of miRNAs (Sonkoly and Pivarcsi 2011) associated with 
phenotype dysregulation and pathology. The use of miRNA 
profiles as an indicator of response to carcinogenic toxicants 
has been investigated (Gooderham and Koufaris 2014; Kou-
faris et al. 2012; Papaioannou et al. 2014).

In the present mechanistic study, we have examined the 
potential of B(a)P to regulate inflammation pathways and 
cancer-associated miRNA expression in mammary cells to 
understand the mechanisms behind BaP-mediated pheno-
type dysregulation and in particular the development of an 
inflammation environment.

We report that mammary cell exposure to B(a)P leads 
to altered expression of COX-2, TNF-α, VEGF, IL-6, and 
oncogenic miRNAs and collectively these interrelated events 
are consistent with B(a)P promoting an inflammation envi-
ronment. Since inflammation is known to play critical roles 
in metastasis and progression of breast cancer, we sug-
gest that this complement of B(a)P-mediated phenotypic 

responses promote and enhance the established genotoxic 
effects of B(a)P to thereby contribute to the potent carcino-
genic potential of the compound.

Methods

Cell culture

The human breast adenocarcinoma MCF-7 (estrogen recep-
tor α positive, ERα+) and MDA-MB-231 (estrogen receptor 
α negative, ERα−) cell lines were purchased from ATCC 
(LGC Prochem, Middlesex,UK) and were grown in mini-
mum essential medium (MEM) (GIBO, Life technologies, 
Paisley, UK) supplemented with 10% fetal bovine serum 
(FBS), 100 units/ml of penicillin and streptomycin 100 µg 
and 2 mM l-glutamine. Cells were cultured routinely in 
75-cm2 flasks in a humidified incubator at 37 °C, 5% CO2.

Treatment

Prior to treatment, cells (MCF-7 and MDA-MB-231) plated 
at a density of 25,000 cells/well in 24-well plates were sup-
plemented with 5% dextran-coated charcoal-stripped FBS 
(stripped media) for 72 h. Cells were treated with various 
concentrations of B(a)P (10− 9–10− 6 M) (Sigma-Aldrich) 
dissolved in dimethyl sulphoxide (DMSO) to give a concen-
tration of 0.1% DMSO in the final incubate. In some experi-
ments, cells were treated with NFkappaB (NFκB) inhibitor 
(25 µM, sc-3060) (Santa Cruz Biotechnology Inc) dissolved 
in RNAase/DNAase-free water. Treatment-induced cytotox-
icity was determined by counting cells in a haemocytom-
eter and assessing cell viability by TrypanBlue exclusion 
(GIBCO, Life technologies).

Reverse transcription‑quantitative‑polymerase 
chain reaction (RT‑qPCR)

Following treatment, cells were lysed using TRIzol reagent, 
chloroform (0.2 ml) added and samples centrifuged 12,000xg 
(10 min, 2–8 °C). The upper aqueous phase was transferred 
to a fresh tube and 5 µg of RNase-free glycogen (as carrier 
to aqueous phase) and 0.5 ml isopropyl alcohol was added 
and incubated (37 °C, 10 min) to precipitate RNA. Follow-
ing incubation, cells were centrifuged at 12,000xg (10 min 
2–8 °C). The gel-like pellet was washed with ethanol and 
re-dissolved in RNase-free water with heating (55–60 °C). 
Extracted RNA was quantified by UV spectroscopy (UV–Vis 
Nano-spectrophotometer, Implen, Essex, UK) and purity was 
assessed from 260/280 nm and 260/230 nm ratios. Reverse 
transcription (RT) of the extracted RNA (100–500 ng) was 
according to manufacturer protocol (Invitrogen). QPCR was 
performed using predesigned Taqman gene expression assays 
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and FAST PCR master mix (Taqman, Applied Biosystems, 
Life technologies) using a StepOnePlus fast real-time PCR 
system (Applied Biosystems, Life technologies) according 
to the manufacturer’s protocol. Target gene expression was 
normalized to GAPDH expression and quantified using the 
delta-Ct method.

Transfection with miRNA mimic

Transfection of cells with miRNA mimics was as previ-
ously described (Patel and Gooderham 2015). Briefly, 
cells (1 × 105 cells/well) were seeded in 24-well plates and 
allowed to settle overnight in 10% FBS MEM medium 
(no penicillin/streptomycin). After overnight incuba-
tion, medium was replaced with 400 µl/well opti-MEM 
media (Gibco, Life Technologies), followed by the addi-
tion of 150  µl/well of Opti-MEM containing 2.5  µl of 
Lipofectamine 2000 reagent and 2.5 µl of 20 µM stock of 
miRNA mimic or miRNA negative control (Thermo Fisher 
Scientific, Cramlington, UK). Transfected MCF-7 and 
MDA-MB-231 cells were incubated at 37 °C, 5% CO2 for 
24 h and 48 h, respectively, before harvesting RNA with 
TRIzol reagent (Invitrogen). Transfection efficiency was 
determined by co-transfection with FAM-labelled oligonu-
cleotide and fluorimetric assessment of cellular internaliza-
tion. Successful transfection of intact miRNA species was 
confirmed by qPCR after RNA isolation. The transfection 
procedure was optimized for MCF-7 and MDA-MB-231 as 
24 and 48 h, respectively.

Cell proliferation assay

Quantification of the viable cells was assessed with Alamar-
Blue (Invitrogen, Life technologies) according to the manu-
facturer’s protocol. Cells (5 × 104 cells/well) were seeded 
in a 24-well plate. Healthy viable cells maintain a reducing 
potential within their cytosol. This cellular enzymic reduc-
ing activity converts AlamarBlue reagent into a detectable 
fluorescent product “resorufin”, which can be measured in 
a spectrofluorimeter. The fluorescence intensity using the 
AlamarBlue reagent was directly proportional to cell number. 
Briefly, Alamar Blue reagent (10% of final volume) was added 
to cells and incubated for 1 h at 37 °C, then fluorescence (exci-
tation 560 nm/emission 590 nm) was read in a Fluostar plate 
reader (BMG Labtech). Results are expressed as fluorescence 
intensity of the test sample compared to the vehicle control.

Wound‑healing assay

MCF-7 and MDA-MB-231 cells were plated in 24-well plates 
(105 cells/well) and were grown in 1 ml of 10% FBS media 
until confluent (72 h). Confluent cell sheets were then wounded 
in the shape of cross using a sterile tip, washed three times 

with PBS, and 1 ml of culture medium supplemented with 5% 
dextran-coated charcoal-stripped FBS was added to each well. 
Cells were then treated with B(a)P and digital pictures of the 
cell sheets were taken at 0, 24 and 72 h (10× magnification), a 
minimum of three pictures per wound channel. Wound width 
(channel) measurements were assessed in Image J program. 
The percentage migration was calculated as follows:

Results are presented as fold change compared to the vehi-
cle control.

Transwell migration and invasion assays

30,000 cells contained in 100 µl of culture media supplemented 
with 1% dextran-coated charcoal-stripped FBS media were 
added to the upper chamber of a 96-transwell insert system 
with 8-µm pores (BD Falcon, Oxford, UK). In the lower cham-
ber, 100 µl of culture media supplemented with 10% FBS was 
added as chemoattractant. Cells were treated in the upper cham-
ber and cultured for up to 72 h to encourage migration. Follow-
ing culture, cells that had migrated to the lower chamber were 
isolated and viable cell number estimated by the Alamar Blue 
assay (see above) using addition of 10% AlamarBlue (Invitro-
gen, Life technologies) for 2 h at 37 °C. Results are expressed 
as fold change compared to the vehicle control. For the inva-
sion assay, the upper chamber insert was coated with 20 µl of 
matrigel and allowed to settle at room temperature prior to addi-
tion of the cells. In this assay, migration to the lower chamber 
requires cells to digest their way through the matrigel layer. 
Migration of invasive viable cells was estimated using Alamar 
Blue assay as described above.

Statistical analysis

To assess the statistical significance between different treat-
ments, one-way analysis of variance (ANOVA) with Dunnet 
post-test was performed. Data were obtained from measure-
ments made in at least three independent cultures and pre-
sented as a mean ± standard error (SEM) (GraphPad Prism 5, 
GraphPad Software Inc., La Jolla, CA, USA).

Results

Can B(a)P regulate the expression of inflammation 
mediators?

Treatment of cells with B(a)P for 48 h did not induce 
excessive cytotoxicity (see Table 1) in either cell line. A 

%migration = Average ofwoundwidth at 0 h

− average ofwoundwidth at t h∕

average ofwoundwidth at 0 h × 100.
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statistically significant cytotoxic effect was only noted at 
the highest dose of B(a)P used (10 µM), this being a 6.5% 
and 6% reduction in cell viability in MCF-7 and MDA-
MB-231 cells, respectively. This very low level of cyto-
toxicity is unlikely to contribute to downstream phenotypic 
responses. A dose-dependent increase in both COX-2 and 
TNF-α expression was seen following B(a)P treatment in 
both cell lines (Fig. 1a–d). The response to B(a)P was 
less pronounced in MCF-7 cells and statistical significance 
was only achieved at the highest concentration of B(a)P 
employed; however, there was a statistically significant 
trend detected for both COX-2 and TNF-α (Fig. 1a, c). 
Additionally, VEGF-A mRNA expression was increased 
in a dose-dependent manner in both cell lines (Fig. 1e, 
f). However, upregulation of IL-6 mRNA expression was 
only observed in MDA-MB-231 cells and not in MCF-7 
cells (Fig. 1g, h).

TNF-α is a known inducer of COX-2 (Bansal et  al. 
2009; Lin et al. 2004; Mark et al. 2001) while VEGF is 
a downstream target of COX-2 (Toomey et al. 2009; Wu 
et al. 2006), suggesting that B(a)P can activate TNF-α 
leading to upregulation of COX-2 and subsequently VEGF. 
Consistent with this, a statistically significant level of cor-
relation was found between TNF- α and COX-2 mRNA 
expression in B(a)P-treated MCF-7 and MDA-MB-231 
cells (Fig. 2a, b). Additionally, a highly significant corre-
lation was found between COX-2 and VEGF-A in both cell 
lines (Fig. 2c, d). Since production of pro-inflammation 
cytokines (IL-6, IL-1) has been shown to be responsi-
ble for the upregulation of COX-2 in tissue and various 
cell lines (Maihofner et al. 2003; Samad et al. 2001), the 
relationship between COX-2 and IL-6 was examined and 
found to be highly correlated in MDA-MB-231 cells but 
not in MCF-7 cells (Fig. 2e, f), suggesting IL-6 is involved 
in COX-2 upregulation in MDA-MB-231 cells but not 
MCF-7 cells (Fig. 2e, f).

IL-6 is a downstream target of NFκB (Brasier 2010; 
Domingo-Domenech et al. 2006; Liu et al. 2005), suggest-
ing that NFκB pathway could be involved in IL-6 induction. 
Therefore, MCF-7 and MDA-MB-231 cells were treated 
with NFκB inhibitor (25 µM) for 24 h then with B(a)P for 
6 h and assayed for IL-6 expression. In the presence of 
NFκB inhibitor, there was a significant down-regulation of 
B(a)P-induced IL-6 induction (Fig. 3b) in MDA-MB-231 
cells. There was no significant effect of NFκB inhibitor on 
IL-6 mRNA expression in MCF-7 cells (Fig. 3a) nor was 
B(a)P exposure able to induce IL-6 expression, consistent 
with our data shown in Fig. 1g.

Previous studies have shown that NFκB mediates COX-2 
expression (Charalambous et al. 2003, 2009; Chen et al. 
2000; Lin et al. 2004; Maihofner et al. 2003); here we show 
that NFκB inhibitor (25 µM) substantially blocked the induc-
tion of COX-2 mRNA expression in MDA-MB-231 cells but 
not in MCF-7 cells (Fig. 3c, d), suggesting a selective role 
for NFκB in COX-2 induction in MDA-MB-231 cells. Over-
all, the results suggests that B(a)P exposure leads to activa-
tion of a TNF-α → COX-2 → VEGFA signaling pathway in 
both cell lines and selective involvement of NFκB and IL-6 
only in MDA-MB-231 cells.

STAT-3 is a known downstream target of IL-6 (Patel 
et al. 2014); therefore, we considered the possibility that 
B(a)P could up-regulate STAT-3. MDA-MB-231 cells 

Fig. 1   Regulation of inflammatory mediators by B(a)P in breast cells; 
MCF-7 (a, c, e, g) and MDA-MB-231 (b, d, f, h) cells. Inflamma-
tion modulators were measured by RT-qPCR; COX-2 (a, b); TNF-α 
(c, d); VEGFA (e, f); IL-6 (g, h). Cells were treated with B(a)P for 
6  h. DMSO (0.1%) was used as a negative control. Data were nor-
malized to mRNA expression of GAPDH and are shown relative to 
DMSO control. Statistically significant differences were calculated 
using one-way ANOVA with a Dunnett post-test (GraphPad Prism 5) 
(***p < 0.001, **p < 0.01, *p < 0.05). Data are presented as a mean 
of at least three independent cultures. Error bars represent the S.E.M.

▸

Table 1   Cytotoxicity, proliferation and migration data following treatment with different concentrations of B(a)P

Data are presented as the mean of three independent cultures (mean ± SEM, n = 3). Statistically significant differences between B(a)P vs control 
were calculated using one-way ANOVA with a Dunnett post-test (GraphPad Prism 5) (***p < 0.001, **p < 0.01, *p < 0.05)
a % viable cells after 48 h of culture
b % increase in proliferation after 96 h of culture
c % migration after 72 h of culture using a wound assay

Treatment Cytotoxicitya Proliferationb Migrationc

MCF-7 MDA-MB-231 MCF-7 MDA-MB-231 MCF-7 MDA-MB-231

DMSO control 90 ± 2.7 88.3 ± 1.2 40.0 ± 13.3 123.5 ± 34.6 20.7 ± 3.5 33.2 ± 2.8
B(a)P 10 nM 90.1 ± 2.3 87.3 ± 1.7 106.6 ± 74.4 189.3 ± 82.9 30.6 ± 6.5 40.5 ± 9.5
B(a)P 100 nM 87.2 ± 3.9 87.3 ± 2.3 101.6 ± 26.2 283.7 ± 69.1* 40.7 ± 9.5** 51.0 ± 3.4*
B(a)P 1 µM 85.9 ± 2.3 86.1 ± 4.9 137.3 ± 29.5* 342.9 ± 43.9** 50.6 ± 3.6*** 68.2 ± 6.6***
B(a)P 10 µM 83.5 ± 1.0* 82.4 ± 0.7* 185.8 ± 13.3** 306.3 ± 27.4** 68.0 ± 6.5*** 83.0 ± 1.4***



3227Archives of Toxicology (2018) 92:3223–3239	

1 3

A B

DC

E F

HG



3228	 Archives of Toxicology (2018) 92:3223–3239

1 3

were, therefore, treated with B(a)P (6  h) and STAT-3 
mRNA expression was examined by qPCR. Treatments 
with B(a)P significantly (p < 0.0001) up-regulated STAT3 

mRNA expression in a dose-dependent manner (Fig. 3e) 
and a statistically significant correlation (p = 0.0109) 
was found between IL-6 and STAT-3 mRNA expression 
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(Fig. 3f), supporting the observation that in MDA-MB-231 
cells IL-6 can increase the expression of its downstream 
target STAT3.

Can B(a)P increase the metastatic potential of breast 
cancer cells?

Metastatic potential is dependent on cell proliferation, 
migration and invasion. As COX-2, TNF-α, VEGF-A and 
IL-6 are pro-metastatic and B(a)P upregulates these media-
tors, it is possible that B(a)P can increase breast cancer cell 
metastasis. We determined that B(a)P dose-dependently 
increased proliferation of both MCF-7 and MDA-BA-231 
cells, with a more potent proliferative effect on the latter (see 
Table 1). We then used a wound assay to assess the effect 
of B(a)P treatment on cell migration and found a consistent 
dose-dependent trend for increased cell migration in both 
cell lines (see Table 1). Migration induced by B(a)P-treated 
MCF-7 and MDA-MB-231 cells was also determined by 
transwell migration assay. Consistent with the results of the 
wound assay, a statistically significant level of induction 
(p < 0.001) in migration was observed following B(a)P treat-
ment in both cell lines, with a stronger response in the MDA-
MB-231 cells (Fig. 4a, b). Additionally, we examined the 
effect of B(a)P treatment using an invasion assay with the 
transwell insert coated with matrigel and cells must digest 
through the matrigel to migrate to the lower chamber. B(a)
P induced invasion in both cell lines in a dose-dependent 
manner (Fig. 4c, d).

Since the expression of VEGFA and STAT-3 is thought 
to be involved in activation of the migratory and invasive 
potential of tumorigenic cells, we examined correlations 
between expression of these genes and invasive activity in 
response to B(a)P treatment. In the case of MCF-7 cells, 
there was a good correlation between VEGF expression and 
invasion, and with MDA-MB-231 cells expression of both 
VEGFA and STAT-3 strongly correlated with cell invasion 
(Fig. 4e–g, respectively).

Can B(a)P regulate miRNAs via IL‑6 upregulation 
in MDA‑MB‑231 cells?

Having shown that B(a)P can induce IL-6 expression, we 
hypothesized that the IL-6-mediated microRNAs let7a, 
miR21 and miR29b (Patel and Gooderham 2015) would 
be affected. B(a)P down-regulated let7a expression in a 
dose-dependent manner in MDA-MB-231 cells but not in 
MCF-7 (Fig. 5a, b). In contrast, a dose-related increase in 
tumor-promoting miR21 was observed after treatment with 
B(a)P in MDA-MB-231 cells but had little effect on MCF-7 
cells (Fig. 5c, d). Like its effect on let7a expression, B(a)
P treatment led to significant down-regulation of miR29b 

expression in MDA-MB-231 cells, but not in MCF-7 cells 
(Fig. 5e, f). Overall, B(a)P treatment altered expression of 
these three miRNAs in MDA-MB-231 but no significant 
changes were noted in the MCF-7 cells.

Since let7a, miR21 and miR29b are all IL-6 regulated 
(Patel and Gooderham 2015), we determined whether the 
altered expression of miRNAs by B(a)P in MDA-MB-231 
cells can be attributed to the ability of B(a)P to induce IL-6 
expression in these cells. To confirm this, expression of 
these miRNAs was probed after blocking IL-6 upregula-
tion using the NFκB inhibitor. MDA-MB-231 cells were 
treated for 24 h with NFκB inhibitor (25 µM) and subse-
quently with B(a)P (10 µM, 6 h) or NFκB inhibitor alone 
or B(a)P alone. As expected, B(a)P (10 µM) alone signifi-
cantly reduced the let7a and miR29b expression; however, 
pre-treatment with NFκB inhibitor attenuated the B(a)
P-mediated suppression (Fig. 6a, c). Treatment with NFκB 
alone did not alter basal expression of let7a and miR29b. 
In contrast, B(a)P alone significantly induced expression 
of miR21, but this induction was reduced to basal levels of 
expression by pre-treatment of cells with NFκB inhibitor 
(Fig. 6b). Collectively, these results support a role for NFκB 
in the regulation of the miRNA response in MDA-MB-231 
cells treated with B(a)P.

Can B(a)P‑mediated let7a, miR29b and miR21 
expression influence oncogenic targets 
in MDA‑MB‑231 cells?

As shown in Fig. 3e, B(a)P upregulates STAT3 in MDA-
MB-231 cell line; STAT3 plays an important role in sup-
porting tumor growth. We have also shown that B(a)
P down-regulates Let7a (Fig. 5a) and it is reported that 
STAT3 is a target for let7a (Meng et al. 2007); therefore, 
regulation of STAT3 by let7a was investigated in our MDA-
MB-231 cell model. Cells were transfected with let7a mimic 
and STAT3 mRNA expression was examined (Fig. 6d). 
Overexpression of let7a (30-fold compared to basal expres-
sion as determined by qPCR) significantly (p < 0.0001) 
decreased STAT3 mRNA expression (Fig. 6d), confirming 
the let7a regulation of pro-metastatic STAT3 expression in 
our MDA-MB-231 cell model. This is consistent with B(a)
P regulating STAT3 expression via NFκB, IL-6 and let7a 
pathways.

The microRNA miR21 is reported to affect cell motil-
ity and stimulate epithelial–mesenchymal transition (EMT) 
(Cao et al. 2016). We, therefore, considered the possibility 
that upregulation of miR21 by B(a)P in our MDA-MB-231 
cell model could down-regulate E-cadherin to potentiate the 
invasiveness of MDA-MB-231 cells. MDA-MB-231 cells 
transfected with miR21 mimic for 48 h (51-fold increase in 
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miR21 expression compared to basal expression, confirmed 
by qPCR) significantly decreased E-cadherin mRNA expres-
sion (p = 0.0365) (Fig. 6e).

Our studies further show that B(a)P can down-
regulate miR29b expression (Fig.  5e) and upregulate 
VEGFA (Fig. 1f). VEGF mRNA is a reputed target for 
miR29b (Zhang et al. 2014); therefore, we investigated 
the effect of miR29b overexpression on VEGF levels. 
Using a miR29b mimic, we achieved ~ 20-fold induction 
of miR29b expression compared to basal levels (con-
firmed by qPCR) in our MDA-MB-231 cell model and 
a corresponding reduction in VEGFA mRNA expression 
(Fig. 6f), consistent with the inverse relationship between 
miR29b and VEGFA.

Effect of let7a, miR21 and miR29b expression 
on breast cancer cell metastatic behavior

We have shown that B(a)P can alter the expression of 
let7a, miR21 and miR29b and these three miRNAs in turn 
can regulate various tumor-promoting oncogenic targets. 
Therefore, we investigated the effect of these miRNAs on 
the metastatic behavior of breast cancer cells using miRNA 
mimics (overexpression) and transwell migration/invasion 
assays.

Cell migration/invasion was quantified 72  h post-
treatment using the AlamarBlue assay. MCF-7 cells were 
transfected with let7a/miR29b/miR21 mimics for 24 h and 
intracellular expression confirmed by qPCR quantifica-
tion as 75-, 28- and 40-fold induction over basal levels, 
respectively. Let7a overexpression reduced both migration 
and invasion of MCF-7 cells (Fig. 7a, b). No significant 
changes in the migration or invasion of MCF-7 cells was 
observed following treatment with miR29b and miR21 
mimics (Fig. 7a, b), despite a 28- and 40-fold overexpres-
sion compared to basal levels, respectively (measured by 
qPCR) in the MCF-7 cells.

Using the MDA-MB-231 cell model, transfection of the 
Let7a, miRNA21 and miRNA29 mimics increased expres-
sion 25-, 50- and 22-fold, respectively (determined by 
qPCR) over the basal levels after 48 h. As with the MCF-7 
model, Let7a significantly decreased the migration (p < 0.05) 
and invasion (p < 0.01) of MDA-MB-231 cells (Fig. 7c, d). 
Unlike the MCF-7 model, MiR29b mimic significantly 
decreased (p < 0.01) invasion but the effect was less pro-
nounced and not significantly different from the control for 
the migration assay (Fig. 7c, d). In contrast, overexpression 
of miR21 increased the migration and invasion of MDA-
MB-231 cells (Fig. 7c, d), consistent with a pro-metastatic 
potential in this cell line.

Discussion

Exposure to environmental carcinogens is an established 
contributor to the incidence of breast cancers (David and 
Gooderham 2016; DeBruin and Josephy 2002; McPherson 
et al. 2000). The powerful mammary environmental car-
cinogen B(a)P is thought to primarily act as a genotoxic 
carcinogen, leading to DNA damage (Brooks et al. 1999; 
David et al. 2016; David and Gooderham 2016). However, 
exposure to B(a)P, in addition to the metabolic activation of 
DNA-damaging species, is known to invoke a wide range of 
biological responses, including nuclear receptor activation 
(primarily the Ah receptor), which can lead to gene expres-
sion changes (Zhu and Gooderham 2002; Zhu et al. 2005). 
Many of these biological responses initiate, promote, and 
support carcinogenesis.

Inflammation is one of these key drivers of the carcino-
genic process. In this study, we have examined a number of 
genes known to be involved in the inflammation response 
and breast cancer metastasis following treatment with B(a)
P. We have used two human mammary cell lines, MCF-7 
and MDA-MB-231 cells, which differ in their estrogen 
receptor (ER) status being ER-α positive and ER-α nega-
tive, respectively.

COX-2, TNF-α, VEGF-A and IL-6 are tumorigenic 
genes that are elevated in breast cancer. COX-2 is an inflam-
mation cytokine expressed in 40% of invasive breast tumors 
and has been linked with the increased metastasis and poor 
prognosis of breast cancer (Miller et al. 2005; Ristimaki 
et al. 2002; Singh et al. 2007). Tumor necrosis factor-alpha 
(TNF-α) is an inflammation cytokine and has been shown 
to increase the growth of breast cancer cells (Danforth and 
Sgagias 1996). VEGFA, a signal protein involved in angi-
ogenesis, is a metastatic marker and elevated levels were 
detected in the serum of breast cancer patients (Byrne et al. 
2007). IL-6 is a pro-inflammation cytokine and elevated 
levels are linked with poor prognosis of breast cancer (Lin 
et al. 2015).

Fig. 3   Effect of B(a)P and NFκB inhibition on IL-6, COX-2 and 
STAT3 expression. Cells were pretreated with 25 µM NFκB inhibitor 
for 24 h followed by 6 h B(a)P treatment and IL-6 and COX-2 mRNA 
expression was determined by qPCR in MCF-7 (a, c) and MDA-
MB-231 (b, d). The effect of B(a)P on STAT3 expression in MDA-
MB-231 cells (e) was assessed after 6  h of B(a)P treatment. Data 
were normalized to mRNA expression of GAPDH and are shown 
relative to control (0.1% DMSO). Statistical difference between two 
groups (B(a)P vs B(a)P + NFκB inhibitor) was determined by stu-
dent t test. Statistically significant differences were calculated using 
one-way ANOVA with a Dunnett post-test (GraphPad Prism 5) 
(***p < 0.001, **p < 0.01, *p < 0.05). Data are presented as a mean 
of at least three independent cultures. Error bars represent the S.E.M. 
f Correlation between STAT3 and IL-6 mRNA expression in B(a)
P-treated MDA-MB-231 cells. Pearson correlation coefficient test was 
used for correlation analysis (*p < 0.05)
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Fig. 4   Effect of B(a)P on the migration and invasion of breast 
cells. Cells were treated with B(a)P and migration and invasion 
was observed after 72 h in MCF-7 (a, c) and MDA-MB-231 (b, d) 
cells. Migration and invasion was determined by transwell migra-
tion assay. Vehicle control was 0.1% DMSO. Statistically significant 
differences were calculated using one-way ANOVA with a Dunnett 
post-test (GraphPad Prism 5) (***p < 0.001, **p < 0.01, *p < 0.05). 

Data are presented as a mean of at least three biological replicates. 
Error bars represent the SEM for independent cultures (n = 3). Cor-
relation between VEGFA and rate of invasion in MCF-7 (e) and 
MDA-MB-231 (f), STAT3 and rate of invasion in MDA-MB-231 (g). 
Pearson correlation coefficient test was used for correlation analysis. 
(0.0001–0.001 = ***p)
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In this study, we show that B(a)P can activate an inflam-
mation pathway involving TNF-α, COX-2 and VEGFA 
in two mammary cell lines; however, the details of the 

pathway are cell dependent. TNF-α has been shown to 
increase the activity of protein kinase C (PKC-alpha) 
and protein tyrosine kinase to activate NFκB, which is a 

A B

DC

E F

Fig. 5   B(a)P effect on miRNA expression. Cells were treated with 
B(a)P for 6  h and miRNA expression was determined by qPCR in 
MDA-MB-231 (a, c, e) and MCF-7 (b, d, f). Vehicle control was 
0.1% DMSO. Statistically significant differences were calculated 

using one-way ANOVA with a Dunnett post-test (GraphPad Prism 5) 
(***p < 0.001, **p < 0.01, *p < 0.05). Data are presented as a mean of 
at least three biological replicates. Error bars represent the SEM for 
independent cultures (n = 3)
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Fig. 6   MiRNA expression and 
regulation of oncogenic targets: 
MDA-MB-231 cells were 
pretreated with NFκB inhibitor 
for 24 h followed by 6 h B(a)
P treatment. MiRNA expres-
sion was determined by qPCR 
(a–c). Data were normalized to 
expression of U6 and is shown 
relative to vehicle control 
(0.1% DMSO). MDA-MB-231 
cells were transfected with 
let7a, miR21, miR29b and the 
corresponding targets STAT3, 
e-cadherin and VEGFA were 
assessed, respectively (d–f). 
Statistically significant differ-
ence between mimic control 
and let7a/miR21/miR29b 
mimic target was determined by 
student t test. (GraphPad Prism 
5) (***p < 0.001, **p < 0.01, 
*p < 0.05). Data are presented 
as a mean of at least three 
independent cultures. Error bars 
represent the SEM (n = 3)
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COX-2 promoter (Chen et al. 2000). COX-2 expression 
is an indicator of aggressiveness and poor prognosis of 
breast cancer (Ashrafian et al. 2011; Jana et al. 2014; Nas-
sar et al. 2007). We report that an NFκB inhibitor partially 
suppressed COX-2 mRNA expression in MDA-MB-231 
cells but not in MCF-7 cells. This cell-specific divergence 
suggests that in MCF-7 cells TNF-α can regulate COX-2 
mRNA expression by pathways independent of NFκB. 
This cell-specific pathway divergence is summarized in 
Fig. 8. We further show that B(a)P activation of NFκB also 
results in upregulation of IL-6. The mechanism whereby 
B(a)P selectively regulates IL-6 in MDA-MB-231 cells is, 
therefore, important to understand.

IL-6 upregulation by B(a)P was shown to be driven by 
NFκB yet only in MDA-MB-231 cells and not in MCF-7 
cells. Significantly, we found that IL-6 is constitutively 
detectable in MDA-MB-231 cells but expression is very low 
in MCF-7 cells, consistent with a previous report (Faggioli 
et al. 1996), suggesting that expression of IL-6 in MDA-
MB-231 cells is primed for induction. IL-6 increases the 
metastatic potential of cancer cells and its overexpression is 
linked with poor prognosis of breast cancer (Lin et al. 2015).

The difference in response between MCF-7 cells and 
MDA-MB-231 cells to B(a)P-mediated IL-6 upregulation 
is striking. The reason behind this differential cell response 
could be associated with ER-α status. It is also notable that 
MCF-7 cells are ER-α positive, whereas MDA-MB-231 cells 
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Fig. 7   Effect of let7a, miR29b and miR21 expression on migra-
tion and invasion of MCF-7 and MDA-MB-231 cells. Let7a, miR21 
and miR29b mimics were transfected into MCF-7 (a, b) and MDA-
MB-231 (c, d) cells. Transwell migration (a, c) and invasion (b, d) 
assays were performed over 72  h. Migrated cells were quantified 

using AlamarBlue. Significant differences were calculated using one-
way ANOVA followed by a Dunnet post-test (GraphPad Prism 5, 
***p < 0.001, **p < 0.01, *p < 0.05). Error bars represent the SEM 
for independent cultures (n = 3)
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are ER-α negative, and it has been shown that the estrogen 
receptor can interact with the NFκB receptor to inhibit the 
production of IL-6 in a hormone-dependent manner (Liu 
et al. 2005).

We are not aware of any published report of upregula-
tion of IL-6 by B(a)P although previously B(a)P has been 
shown to increase the production of pro-inflammation IL-8 
via NFκB activation in lung cancer A549 cell line (Pei et al. 
2002). Like IL-6, IL-8 is up-regulated in breast cancer tis-
sues compared to normal breast cells and is associated with 
poor prognosis (Lin et al. 2015; Singh et al. 2013).

COX-2 is a known downstream target of IL-6 (Anderson 
et al. 1996; Moon and Pestka 2003) and IL-6 can induce 
COX-2 leading to upregulation of matrix metalloprotein-
ase-9 (MMP9), an endopeptidase that participates in various 
pathologic processes (Kothari et al. 2014). MMPs are known 
to be involved in cell invasion, through their proteolytic 
digestion of basement membrane thereby facilitating cell 
movement. This activity is key in metastasis, a multistage 
process that involves cell detachment, migration, invasion, 
proliferation and extravasation to distant sites (Stracke and 
Liotta 1992). Our mechanistic study shows that B(a)P can 
increase the metastatic potential of breast cancer cells by 
upregulating proliferation, migration and invasion in our 
cell-based model.

The ability of B(a)P to induce upregulation of inflamma-
tion pathways in mammary cancer cells and the associated 
proliferative, migration and invasion phenotype is consist-
ent with B(a)P’s ability to initiate and promote mammary 

carcinogenesis. Phenotypic changes associated with the 
development of an inflammation environment, and particu-
larly the involvement of IL-6, have been reported to involve 
dysregulation of microRNA (miRNA) (Patel and Gooder-
ham 2015). Furthermore, dysregulation of miRNA is a com-
mon feature of many cancers including breast cancer (van 
Schooneveld et al. 2015).

The ability of B(a)P to induce IL-6 prompted our focus on 
microRNAs Let7a, miR21 and miR29b, all of which are IL-
6-regulated (Patel and Gooderham 2015). We show that B(a)
P can regulate let7a, miR29b and miR21 in MDA-MB-231 
cells but less effectively in MCF-7 cells (Fig. 5) which may 
be attributable to the absence of IL-6 upregulation by B(a)P 
in these cells. This was confirmed by treatment with NFκB 
inhibitor that blocks B(a)P-mediated IL-6 increase. In line 
with this, an epigenetic feedback loop has been shown to 
exist between IL-6, NFκB and let7a (Iliopoulos et al. 2009).

Significantly, the dose-dependent decrease in miR29b 
expression detected in response to B(a)P was also associ-
ated with the decrease in the metastatic (invasion) poten-
tial of MDA-MB-231 cells, while no significant changes 
were seen in MCF-7 cells. Previous studies have shown that 
MiR29b negatively regulates migration by downregulating 
the expression of VEGF (Amodio et al. 2013; Zhang et al. 
2014) and IL-8 mRNA expression (Amodio et al. 2013), 
and clinical studies have shown that miR29b exhibits tumor-
suppressive effects in breast cancer (Qin et al. 2015; Shinden 
et al. 2015).

In the current study, B(a)P up-regulated miR21 expres-
sion and miR21 overexpression up-regulated the migration 
of MDA-MB-231 cells. Consistent with this observation, 
miR21 is an oncogenic miRNA that targets pro-apoptotic 
PTEN (phosphatase and tensin homolog) and PDCD4 (pro-
grammed cell death 4 gene) expression (Iliopoulos et al. 
2010) and increases the migratory potential of a human 
keratinocyte cell line (Lu et al. 2015), nasopharyngeal car-
cinoma (Qiu et al. 2015), and colorectal cancer (Ferraro 
et al. 2014).

Activation of epithelial–mesenchymal transition (EMT) 
is a hallmark of metastatic cells (Thiery 2002; Voulgari 
and Pintzas 2009). E-Cadherin is a key adhesion mol-
ecule and its down-regulation is a classic marker of EMT 
(Thiery 2002). We have shown that B(a)P increased the 
migration and invasion of breast cells, up-regulated the 
expression of miR21, and down-regulated E-cadherin (in 
our MDA-MB-231 cell model). This is consistent with the 
recent reports that overexpression of miR21 can decrease 
E-cadherin expression and EMT (Ferraro et al. 2014; Liu 
et al. 2015) and the observation that cigarette smoke (a 
source of B(a)P) is shown to increase the EMT by the loss 
of E-cadherin in lung (Nagathihalli et al. 2012). Clinically, 
miR21 expression has been directly related to breast can-
cer metastasis and poor prognosis of breast cancer (Yan 
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Fig. 8   Regulation of inflammation mediators and miRNAs in breast 
cells. In MDA-MB-231 cells, B(a)P leads to the upregulation of 
IL-6 via TNF-α-NFκB, which further increases COX-2 and VEGFA 
expression to promote metastasis. B(a)P-mediated upregulation of 
IL-6 deregulates let7a, miR29b and miR21. In MCF-7 cells, B(a)P 
upregulates TNF-α and COX-2 to increase VEGFA expression to pro-
mote migration and invasion of MCF-7 cells
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et al. 2008). Significantly, the B(a)P upregulation of miR21 
expression and increased invasive propensity noted in ERα-
negative mammary MDA-MB-231cells were not evident in 
the ERα-positive MCF-7 cells which potentially has clinical 
relevance.

Our finding that B(a)P can upregulate IL-6 and STAT3 
expression and downregulate let7a expression is consist-
ent with previous reports that Let7a expression is altered 
in response to IL-6 expression both in vivo and in vitro in 
cholangiocytes, and let7a can contribute to the phospho-
rylation of STAT3 via neurofibromatosis 2 (NF2) gene 
resulting in upregulation of STAT3 expression (Meng 
et al. 2007). This proposes that B(a)P increases IL-6 to 
decrease let7a expression, which leads to phosphorylation 
of STAT3. Furthermore, IL-6-mediated STAT3 upregula-
tion leads to deregulation of miR21 with an inverse cor-
relation between miR21 and E-cadherin. These pathways 
are summarized in Fig. 8.

Toxicological studies for safety assessment of com-
pounds have traditionally focused on genotoxic responses 
leading to phenotypic change (Lizarraga et  al. 2012); 
however, more recently, miRNAs have gained attention as 
negative regulators of mRNA expression (Lizarraga et al. 
2012) bringing about phenotypic change via epigenetic 
mechanisms. Here, we show that traditional genotoxic 
agents such as B(a)P can also influence mRNA expression 
through non-genotoxic mechanisms involving microRNAs 
and these effects offer mechanistic insights into BaP-medi-
ated chemical carcinogenesis.

Altered miRNA expression in response to B(a)P 
suggests that non-genotoxic events in addition to the 
well-established DNA-damaging abilities of B(a)P are 
important in B(a)P-driven phenotype changes leading to 
tumorigenicity. Furthermore, the regulation of miRNAs 
by B(a)P in MDA-MB-231 cells indicates cell selectiv-
ity in the response. Potentially, targeting these pathways 
can be of therapeutic value in a cell/tissue-specific man-
ner. Overall, these data offer mechanistic support for 
the diverse biological properties of the environmental 
carcinogen B(a)P and reinforce the notion that the car-
cinogenicity of B(a)P is more than just its genotoxic 
potential. These data highlight the fact that environmen-
tal carcinogens can not only initiate the neoplastic pro-
cess through mutation but can modulate the progression 
of cancer by regulating other biological events such as 
miRNA expression.
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