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Abstract

Objectives

Calcium independent group VIA phospholipase A2 (iPLA2β) and Matrix Metalloproteinase-9

(MMP-9) are upregulated in many disease states; their involvement with cancer cell migra-

tion has been a recent subject for study. Further, the molecular mechanisms mediating nico-

tine-induced breast cancer cell progression have not been fully investigated. This study

aims to investigate whether iPLA2βmediates nicotine-induced breast cancer cell prolifera-

tion and migration through both in-vitro and in-vivo techniques. Subsequently, the ability of

Bromoenol Lactone (BEL) to attenuate the severity of nicotine-induced breast cancer was

examined.

Method and Results

We found that BEL significantly attenuated both basal and nicotine-induced 4T1 breast can-

cer cell proliferation, via an MTT proliferation assay. Breast cancer cell migration was exam-

ined by both a scratch and transwell assay, in which, BEL was found to significantly

decrease both basal and nicotine-induced migration. Additionally, nicotine-induced MMP-9

expression was found to be mediated in an iPLA2β dependent manner. These results sug-

gest that iPLA2β plays a critical role in mediating both basal and nicotine-induced breast

cancer cell proliferation and migration in-vitro. In an in-vivomouse breast cancer model,

BEL treatment was found to significantly reduce both basal (p<0.05) and nicotine-induced

tumor growth (p<0.01). Immunohistochemical analysis showed BEL decreased nicotine-

induced MMP-9, HIF-1alpha, and CD31 tumor tissue expression. Subsequently, BEL was

observed to reduce nicotine-induced lung metastasis.

Conclusion

The present study indicates that nicotine-induced migration is mediated by MMP-9 produc-

tion in an iPLA2β dependent manner. Our data suggests that BEL is a possible
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chemotherapeutic agent as it was found to reduce both nicotine-induced breast cancer

tumor growth and lung metastasis.

Introduction
According to the American Cancer Society, Cancer Facts & Figures 2015, there are an esti-
mated 1,658,370 new cancer cases diagnosed in the United States, of which 231,840 are attrib-
uted to breast cancer with 40,290 deaths. Breast carcinomas are at the forefront of cancer cases
among women (41%) followed by uterine corpus (8%), and colon and rectum cancer (8%) [1].
Additionally, in the United States breast cancer afflicts 1 in 8 women during their lifetime; this
high prevalence provides evidence for the need to foster therapeutic interventional research
[2].

Of utmost concern is the malignant characteristics of breast cancer, in which, the major
cause of mortality in breast cancer patients is metastasis to distant sites rather than the growth
of the primary tumor [3]. 10–15% of breast cancer patients develop distant metastases within 3
years after the identification of a primary tumor, and remain at risk for metastatic disease dur-
ing their entire lifespan [4]. Metastasis is a multi-step process involving local tumor cell inva-
sion, intravasation, survival in the vasculature, extravasation, and colonization at a distant
secondary site; all of which are consequently reliant on mechanisms of cell migration and
movement [5].

A major risk factor for the development and exacerbation of breast cancer metastasis is ciga-
rette smoke [6,7]. Smoke exposure has been found to increase anchorage-independent growth,
motility, and invasiveness of breast cancer cells leading to higher rates of cell survival, coloniza-
tion [8] and metastasis. Moreover, nicotine a known component in cigarette smoke has been
shown to promote cancer development, cancer cell migration, and more recently apoptotic
resistance in breast cancer cells [9,10,11]. Additionally, several epidemiological studies have
indicated a strong link between smoke exposure and an increased risk of breast cancer
[12,13,14]. Specifically, cigarette smoke was found to significantly increase breast cancer mor-
tality by 60% and the probability of recurrence by 41% [15]. Supporting this association is the
presence of tobacco carcinogens in the breast tissue of smokers [16]. In particular, nicotine is a
known toxicant found in smoke that is linked to breast cancer apoptosis resistance, tumor
growth, and migration, along with, facilitating angiogenic metastasis [9,17,18,19,20]. The exact
cellular mechanisms promoting nicotine-induced breast cancer cell proliferation and migra-
tion remain undetermined.

In recent years, the enzyme iPLA2β (calcium-independent phospholipase A2 Beta) has
emerged as an important cell membrane regulator and a contributor to various types of cancers
including: survival signaling in prostate cancer, along with, proliferation, migration and tumor-
igenicity in ovarian cancer [21,22,23,24]. iPLA2β is a member of the PLA2 superfamily and is
found both in the cytosol and bound to membranes; upon activation it translocates to the
membrane in a calcium-independent process [25]. The other PLA2 family members are secre-
tory PLA2 (sPLA2) and cytosolic (cPLA2), which are characteristically different based on their
cellular locations and their calcium requirement for enzymatic activation. The primary cata-
lytic function of iPLA2β is to cleave glycerophospholipids at the sn-2 position to release free
fatty acids including arachidonic acid and 2-lysophospholipid [26]. Early on because of its cata-
lytic activity, iPLA2β was classified as a housekeeping protein solely responsible for dynami-
cally regulating membrane homeostasis/remodeling by altering the phospholipid composition
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of the membrane [27,28]. Currently, studies have now implicated iPLA2β as an important sig-
naling molecule mediating various cellular functions and the progression of many disease
states including hypertension, diabetes, alzheimer’s, and aneurysm formation [29,30,31,32].
Sequentially, iPLA2β has been found to regulate numerous membrane functions including vac-
uole formation, membrane transport, surface adhesion, cellular spreading, and proliferation
[33,34].

Current research indicates Bromoenol Lactone (BEL), a suicide inhibitor of iPLA2β attenu-
ates cigarette smoke induced-breast cancer cell mobility [7]. However, whether iPLA2β is
involved in breast cancer tumor growth and metastasis remain unreported. BEL, irreversibly
inhibits the enzymatic activity of iPLA2β by covalently binding to the lipase motif, rendering it
inactive. The sPLA2s and cPLA2α isoforms, contain an enzymatic lipase domain similar to
iPLA2; however, BEL has been shown to specifically inhibit iPLA2β [35]. Additionally, BEL has
been indicated to have a 1000-fold more specificity towards iPLA2 than cPLA2 [36].

Our in-vitro and in-vivo studies introduce the novel idea that nicotine from cigarette smoke
could enhance iPLA2β expression in breast cancer cells leading to enhanced tumor growth,
along with, migration and metastatic ability. Here we present the effects of nicotine on cell pro-
liferation and mobility in the 4T1 breast cancer cell line. The 4T1 is a mouse stage IV breast
cancer cell line which is transplantable, highly tumorigenic and invasive, and has been charac-
terized to spontaneously metastasize from the primary tumor in the mammary gland to multi-
ple distant sites, imitating human clinical disease [37]. Thus far, the involvement of iPLA2β in
mediating nicotine-induced breast cancer tumor growth and metastasis remains relatively
unstudied and the exact signaling mechanisms regulated by iPLA2β in breast cancer could pro-
vide a critically needed new target for therapeutic intervention.

Methods

Cell Culture
The 4T1 mouse mammary tumor cell line (original commercially obtained from ATCC) was a
gracious gift from Dr. Shu Liu and Dr. Kai Su from and stably transfected with GFP (Green
Fluorescent Protein). The 4T1 cell line was cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (vol/vol) Fetal Bovine Serum, 100U/ml penicillin, and
100μg/ml streptomycin. Cultures were maintained in a 37°C tissue culture incubator with a
humidified atmosphere of 95% air and 5% CO2.

Animals
Female BALB/c mice, 10 weeks old, were purchased from Jackson Laboratory (BarHarbor,
ME). The animals were allowed to acclimate for 1 week before experimentation and were main-
tained on a 12 hr light and dark cycle, and fed standard rodent chow (Prolab ISOPRO RMH
3000 Irradiated Lab Diet; Purina Mills International). Animal protocols were approved by the
committee on animal research care and use at Eastern Kentucky University.

Nicotine Treatment In-Vivo and In-Vitro
An average cigarette contains 10-14mg of nicotine and approximately 1–1.5mg of nicotine is
absorbed systemically during smoking [38]. Daily exposure to nicotine in cigarette smokers
was found to range from 14.9 to 35.4 mg per day [39]. With rapid absorption and distribution
in the body once the smoke reaches the alveolar lining, average human smokers have a peak
plasma nicotine levels of 10–50 mg/ml (~60–310 nM). Thus, the nicotine levels of (5mg/kg/
day) used in our study are well within the range of the plasma of human smokers. For
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comparison, mice treated with nicotine 13mg/kg/day were found to have plasma nicotine levels
of ~49ng/ml or ~300nM [40]. Numerous studies have used a similar range of nicotine in-vivo
treatment in mouse models [41,42,43,44]. Subsequently, human autopsy samples from human
smokers indicated a high affinity for nicotine in body tissues in which skeletal muscle was
found to have comparable nicotine levels to whole blood and distribution to the liver, kidney,
spleen and lung where found to be high [38]. Additionally, nicotine is found to accumulate in
breast milk of female smokers [12,38]. Moreover, for the in-vitro experiments 10μM concen-
tration of nicotine was added to the cell cultures, similar to other studies [41,45].

In Vivo Xenograft Model of Breast Cancer and Drug Delivery
4T1-GFP cells (1X105) were suspended in 100μl of DMEM not supplemented with FBS and
injected into the right second mammary fat pad of female BALB/c mice as previously described
in literature [37]. Mini-osmotic pumps (Alzet model 2004, 28-day release, Alza Co., Palo Alto,
CA) containing either Nicotine (Sigma-Aldrich [5mg/kg/day]) or Saline (50% DMSO) were
subcutaneously implanted on the right flank via an incision in the scapular region. During the
procedure the mice were anesthetized by inhalation of isoflurane mixed with O2 (3–5% isoflur-
ane/97% O2) and maintained by inhalation of isoflurane missed with O2 (1–2% isoflurane/97%
O2) throughout the procedure using a Drager 19.1 model isoflurane machine (Highland Medi-
cal Equipment). Daily administration of Bromoenol Lactone (BEL), [Cayman Chemical Com-
pany, lot 70700; (10ug/g/day)] or saline was delivered by intraperitoneal injection throughout
the experiment. Treatment administration and scheduling during tumor growth was concur-
rent with previous studies [46,47,48].

Tumor growth was monitored daily and tumor volumes (mm3) were calculated using the
formula: (width)2 × length/2, where width is the smaller of the two measurements. At 2 weeks
the mice were sacrificed and tumor volume and weight were measured. Isolated tissues were
either formalin fixed or mounted in Optimal Cutting Temperature compound (OCT; Tissue-
Tek, Torrance, CA).

Histological and Immunohistochemical Staining
Additionally, paraffin-embedded sections (5μm thick) were deparaffinized using xylene, rehy-
drated, and immunohistochemistry conducted as previously described [49]. Slides were incu-
bated with the following primary antibodies overnight at 4°C antibodies iPLA2β (1:100,
gracious gift from Dr. Guo University of Kentucky, MMP-9 (1:500, Cell Signaling), MMP-2
(1:500, IHCWorld), GFP (1:500, Cell Signaling). Followed by counterstaining with hematoxy-
lin and mounted on slides with paramount. Additionally, lung and liver sections were stained
with Hematoxylin & Eosin (Surgipath). Representative images were taken under 20 to 40x
magnification by Olympus IX70 microscope equipped with Olympus DP70 digital camera.
Lung tumor area was analyzed using an Olympus digital camera with Olympus MicroSuit-B3
Software

Tissue mounted in Optimal Cutting Temperature compound (OCT; Tissue-Tek, Torrance,
CA) was sectioned (5-μm), incubated in 4% paraformaldehyde, and blocked with normal goat
serum (Vectastain ABC kit). Slides were incubated with CD31 antibody (1:200,Abcam) and
counterstained with DAPI and mounted with glycerol gelatin (Sigma). Images were taken with
an Olympus IX70 microscope equipped with Olympus DP70 digital camera.

Cell Proliferation
To determine the lowest nicotine concentration to significantly induce cell proliferation a cell
count assay was conducted. Cells were seeded 1x104 in 6 well plates in media containing 10%
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FBS and treated with DMSO (control) or Nicotine (1uM, 5μM, or 10μM). Specifically, S-BEL
(Cayman Chemical Company, 10006801) was used for all in-vitro experiments. Cells were
allowed to expand for 24, 48, and 72 hours. To assess cell proliferation, the cells were trypsi-
nized, suspended with typhan blue, and viable cells counted using a hemocytometer.

To assess the ability of BEL to attenuate nicotine-induced proliferation a MTT Assay was
utilized. Cells were seeded 500 cells/100μl in a 96-well plate. The wells were treated with
DMSO (control), 10μmNicotine, 3μm BEL or both BEL and Nicotine; with retreatment after
24 hours. After 48 hours, cells were incubated at 37°C for 4 hours in 10μl MTT Solution
obtained from Vbrant MTT Cell proliferation assay kit (Life Technologies). Cells were solubi-
lized and mixed with SDS (sodium dodecyl sulfate). And the absorbance read at 595 nm on a
Phenix Genios Tecon 96 well plate reader.

Cell Migration
Cell migration was examined using a scratch/wound healing assay and a transwell assay. For
the scratch assay, cells were cultured in a 6-well plate until a confluent monolayer was formed.
A 20μl pipet tip was used to scratch the wells. The wells were sequentially rinsed with PBS and
cultured in DMEM supplemented with 10% FBS. The wells were treated with DMSO (control),
10μmNicotine, 3μm BEL or both BEL and Nicotine. Four representative 10x images were
taken at 0, 6, and 24 hours and the gap width was quantified using an average of three leading
edge measurements for each image.

To further cell migration a transwell assay was conducted. For the transwell assay, 1X105

cells were treated with 3μm BEL (30 minutes pretreatment), 10μmNicotine, both BEL and Nic-
otine, or DMSO (control). The cells were seeded in the upper insert (8-μm pore; corning) using
DMEM containing 0.1% FBS and the fitted culture dishes contained 10% FBS. After 4 hours
the chambers were removed from the plates, fixed, and the migrated cells were DAPI stained.
For each well four representative 20x images were quantified.

Gel Zymography
To identify which MMP (matrix metalloproteinase) is the major player secreted by the Nico-
tine stimulation, a serial of parallel gel zymography experiments were performed. The gelatin
zymography experiments were conducted without serum in the culture medium; all the treat-
ments occurred 24 hours after starvation. There were no MMPs in the culture medium. The
cells (1x106) were treated as described above for 24 hours and 10μl of culture medium was
tested. The samples were ran with native Tris-Glycine containing 0.15% gelatin, incubated
with reaction buffer, and stained with GelCode Blue Phalloidin (Life Technologies, Grand
Island, NY). The bands were scanned and band density analyzed with ImageJ software.

In situ Zymography
To investigate nicotine-induced MMP-9 production 4T1 cells were seeded (1X104) on cover
slides, serum starved for 24 hours then treated for 24 hours as mentioned above. The procedure
was conducted as previously described [49] with cells incubated with MMP-9 (1:500, Cell Sig-
naling) and counterstained by DAPI.

Statistics
Data were pooled prior to analyses. Data are illustrated as mean ± SEM and statistical analyses
were carried out using GraphPad, Prism 6 (San Diego, CA). T-tests along with one- and two-
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way ANOVAs were used where appropriate. For study data used in the statistical analysis and
figures refer to S1 Table.

Results

BEL Attenuates Nicotine-Induced Proliferation and Migration of Cultured
Breast Cancer Cells
To examine the effects of nicotine on cell growth, 4T1 breast cancer cells were treated with
varying concentrations of nicotine (1, 5, 10 μM). At both 48 and 24 hours nicotine 10μMwas
found to significantly exacerbate breast cancer cell proliferation (Fig 1A); the use of this dose in
cell culture has been previously documented [9]. Additionally, an MTT assay found BEL signif-
icantly attenuated both basal and nicotine-induced breast cancer proliferation (Fig 1B).

Furthermore, BEL was found to attenuate nicotine-induced breast cancer cell migration.
Specifically BEL was found to attenuate gap closure promoted by nicotine at 6 and 24 hours
(Fig 2A and 2B). The rate of gap closure can be facilitated by migration mechanisms and prolif-
eration, hence, a short time point of 6 hours was investigated to show a reduction in cell migra-
tion ability. To further verify BEL attenuates nicotine-induced breast cancer migration a
transwell assay was assessed at 4 hours (Fig 2C and 2D). Interestingly, for both migration
experiments BEL was found to reduce basal breast cancer cell migration. Taken together this
data suggests that iPLA2β is a main regulator of both basal and nicotine-induced breast cancer
cell proliferation and migration.

BEL Decreases Nicotine-induced MMP-9 Expression and Secretion
iPLA2β regulation of MMPs in breast cancer cells was investigated to determine if the role
iPLA2β could lead to a substantial impact on overall metastasis progression. To identify which
MMP is secreted by the Nicotine stimulation, a series of parallel gel zymography experiments
were performed. Our findings suggests nicotine increases MMP-9 expression (Fig 3A) and
secretion (Fig 3B and 3C), which is attenuated by BEL. Subsequently, MMP-2 was not found to
be highly secreted by basal breast cancer cells or during nicotine stimulation which is consistent
with others showing a major pro-MMP-9 band, the molecular weight around 92kDa [50].
Interestingly, BEL showed a significant attenuation of basal MMP-9 expression but not secre-
tion (Fig 3A, 3B and 3C).

Furthermore, in breast tumor tissue iPLA2β was found overexpressed compared to normal
mammary tissue (Fig 4). Subsequently, MMP-9 was found overexpressed in the tumor tissue
(identified by GFP staining) and not MMP-2 (data not shown). This data provides strong evi-
dence that iPLA2βmay promote MMP-9 production and expression in breast cancer tumor tis-
sue and suggests that iPLA2βmay be a major mediator of metastasis in highly invasive stage IV
breast cancer.

BEL Attenuates Nicotine-Induced Breast Cancer Tumor Growth
To examine the role of iPLA2β on nicotine-induced tumor growth, we administered BEL
(10ug/g/day) to mice with tumors grown in the presence or absence of nicotine (5mg/kg/day).
This dose of BEL is indicated to attenuate ovarian cancer development through reducing the
adhesion, migration and invasion of epithelial ovarian cancer cells [51]. Subsequently, delivery
of 5mg/kg/day of nicotine has been reported as an appropriate dose and is consistent with
physiological range of blood nicotine levels in regular smokers [44,52]. Our data suggests that
BEL significantly attenuated nicotine-induced tumor volume, along with decreasing normal
tumor growth (Fig 5A). A decrease in basal tumor growth by BEL treatment was also found.
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Fig 1. Nicotine-induced Cell Proliferation is attenuated by BEL. Promotion of 4T1 cell proliferation by nicotine dose dependently (1, 5, 10μM) was
analyzed by cell count analysis for time intervals indicated above. Control wells were treated with DMSO (A).Cells were treated with nicotine (10μM) in the
presence or absence of BEL (3μM) and proliferation measured by MTT assay (B). (n = 6–7). *, p<0.05 **, p<0.01 ***, p<0.00; two and one-way ANOVA.

doi:10.1371/journal.pone.0143277.g001

Attenuation Nicotine-Induced Breast Cancer Proliferation & Migration

PLOS ONE | DOI:10.1371/journal.pone.0143277 November 20, 2015 7 / 21



Fig 2. Nicotine-induced Cell Migration is decreased by BEL.Cultured 4T1 cells were scratched under normal conditions (DMSO) and nicotine (10μM) in
the presence or absence of BEL (3μM). Representative 10x images of scratch migration assay, indicating BEL treatment attenuated nicotine induced
migration (A). Cell migration was quantitatively evaluated by measuring the distance between the scratch edges after 6, 24, and 48 hr (B). Representative
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Additionally, no physiological side effects from BEL were visible, subsequently, was no alter-
ation in liver weight (Fig 5B) or liver cytotoxicity (Fig 5C).

Nicotine-Induced Metastatic Tumor Environment and Progression Is
Decreased by BEL
To determine the ability of nicotine to promote breast cancer metastasis, tissue immunohis-
tochemistry was utilized. Nicotine was found to upregulate iPLA2β expression in the tumor tis-
sue, which was attenuated by BEL along with basal iPLA2β expression (Fig 6). Subsequently, to
elucidate the mechanism via which iPLA2β enhances nicotine-induced breast cancer metastasis
we investigated MMP expression. We found that nicotine enhanced MMP-9 expression in the
tumor tissue and both nicotine-induced and basal MMP-9 expression was decreased by BEL
(Fig 6). Additionally, no difference was found in MMP-2 expression during nicotine or BEL
treatment (Fig 6), representative images from four mice groups were imaged (S1 Fig). This data
suggests that nicotine could promote metastasis through upregulating MMP-9 in an iPLA2β
dependent manner.

Furthermore, tumor angiogenesis plays a major role in tumor cell intravasation and metas-
tasis. Our preliminary data suggests that nicotine increases both HIF-1alpha (Fig 6) and CD31
expression (Fig 7) in breast cancer tumor tissue, which is attenuated by BEL treatment. Hyp-
oxic tumor tissue produces an environment which promotes angiolytic factor production and
blood vessel formation. In Fig 6 we found that nicotine exacerbates tumor hypoxia conditions
as an increase in HIF-1alpha was found. Subsequently, there was an increase in endothelial
cells in the nicotine-induced tumor tissue, suggesting an increase in blood vessel presence and
formation within the tumor tissue. This suggests that nicotine increase the accessibility of the
breast cancer cells to blood vessels, hence, facilitating metastasis.

From our investigation of the tumor tissue we found that nicotine induces an environment
highly suitable for promoting metastasis. To further examine metastasis we isolated the lung
tissue and found a visible increase in breast cancer tumor colonization within the lungs from
mice treated with nicotine (Fig 8). Moreover, BEL treatment decreased both nicotine-induced
and basal lung metastasis. Subsequently, lung tissue sections stained with HE and GFP showed
nicotine-induced tumor colonization was attenuated by BEL treatment (Fig 8). Area analysis
conduction on the HE stained lung sections showed nicotine significantly enhanced tumor col-
onization in the lung tissue which was attenuated by BEL (Fig 9).

Discussion
The exact cellular mechanisms regulating nicotine-induced breast cancer development remain
unclear. However, cigarette smoke has been shown to enhance breast cancer cell mobility,
along with, metastasis and adherence to lung endothelium in an iPLA2β dependent manner
[7,53,54]. Recently, iPLA2β has emerged as a main regulator of cancer development and pro-
gression including prostate cancer cell growth, lung cancer cell invasion, and ovarian cancer
cell proliferation [21,22] [23,55,56]. More importantly, iPLA2β has been shown to mediate cig-
arette smoke-induced cell proliferation and migration. Subsequently, our study provides the
first research indicating that nicotine-induced breast cancer cell proliferation and migration
occurs in an iPLA2β dependent manner.

images of Boyden chamber migration assay, cells were treated with nicotine (10M) in the presence or absence of BEL (3μM, 30 minute pretreatment) for 4 hr
(C). Cell migration was quantitatively evaluated by counting the number of cells migrated (D). (n = 3–5). *, p<0.05 **,p<0.01; one-way ANOVA.

doi:10.1371/journal.pone.0143277.g002
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Fig 3. BEL decreases Nicotine-inducedMMP-9 Expression and Secretion. An In-situ zymography was conducted with cells treated dose dependently
with nicotine (1, 5, 10μM) in the presence or absence of BEL (3μM) for 24 hr. Cells were stained with MMP-9, phalloidin, and DAPI (A). Cell culture media was
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The data presented in this study lays a preliminary foundation that targeting iPLA2β is a
promising new strategy against nicotine-induced stage IV metastatic breast cancer. Inhibition
of iPLA2β with BEL strongly attenuated nicotine-induced breast cancer proliferation and
migration in-vitro and showed a decrease in both tumor growth and metastasis in -vivo. In
women, adverse outcome from metastatic breast cancer is the leading cause of death among
cancer cases, suggesting the critical need for novel pharmacological strategies to maintain and
combat tumor progression and metastasis.

Previous work indicates that breast cancer tumors grown in genetically suppressed iPLA2β
knockout mice showed no reduction in tumor size, however, an 11-fold attenuation in lung
metastasis was found [53]. Importantly, our study shows that iPLA2β expression is upregulated
in 4T1 tumors compared to normal mammary tissue, and furthermore, direct intraperitoneal
administration of BEL attenuated both control and nicotine-induced tumor size and metasta-
sis. This leads to an important observation that inhibition of iPLA2β in the tumors environ-
ment alone is not sufficient to influence tumor size and that direct suppression of iPLA2β in
the cancer cells is needed to attenuate tumor development along with metastasis.

Additionally, our data suggests BEL is an effective treatment for early-stage breast cancer as
it will interfere with the critical steps of cellular proliferation, migration, and metastasis. Fur-
thermore, our study found a significant effect of BEL on short term exposure of nicotine on
aggressive stage IV 4T1 cells. This provides evidence along with others that BEL will be effec-
tive during long term exposure in patients and potentially in less invasive breast cancer cells
lines [7]. Moreover, studies using low doses of BEL in mice show toxicity tolerance and no liver
toxicity as was similarly found in our study [51,57]. Additionally, supporting the limited toxic-
ity and side effects that would occur in women from BEL treatments, is our results showing
increase iPLA2β expression in the tumor tissue, while others have found that iPLA2β is not an
essential gene in normal tissue in female mice [58]. Pharmacological drug design is progressing
into tumor-specific treatments; in which BEL should be considered. To determine the mecha-
nism promoting nicotine-induced breast cancer migration and metastasis, both MMP-2 and
MMP-9 production and secretion were assessed. The production of MMP-2 and MMP-9 are
considered by many publications as tumor markers, in which, they promote the development
and progression of tumor cells, along with facilitating migration, invasion and metastasis [59].
High levels of MMP-9 are known to promote breast cancer invasion and migration to distant
tissue sites [59] and downregulation of MMP-9 has been shown to be an effective mechanism
to attenuate metastasis [60]. Furthermore, overexpression of MMP-9 in breast cancer has been
shown to facilitate tumor cell invasiveness [61]. Our results supports the role that iPLA2β regu-
lates 4T1 breast cancer cell production of MMP-9, which is amplified by nicotine. Moreover,
BEL significantly reduced MMP-9 production, secretion and sequentially, lead to a decrease in
both basal and nicotine-induced metastasis and colonization in lung tissue.

Future Directions
The nicotinic acetylcholine receptors (nAChR) form either heteropentamers, consisting of a
combination of α (α1-α6) and β (β2-β4) subunits or homopentamers derived from α7-α10
subunits [41]. To date, analysis of nAchRs expressed on mouse 4T1 breast cancer cells has not
been thoroughly conducted. However, the expression of nAchRs on various human breast can-
cer cell lines have been examined including α9-nAChR and α7-nAChR which are found to

isolated from cells treated as previously described and a gel zymography was performed; the gel molecular weight standard from top to bottom is 103kDa,
77kDa, 49kDa, 34kDa, and 28kDa. A representative image of gel zymography shows a band corresponding to the molecular weight of proMMP-9 (92kDa)
(B) and the area of gelatin dissolved was quantified (C). n = 3, *,p<0.05. ***, p<0.001; one-way ANOVA.

doi:10.1371/journal.pone.0143277.g003

Attenuation Nicotine-Induced Breast Cancer Proliferation & Migration

PLOS ONE | DOI:10.1371/journal.pone.0143277 November 20, 2015 11 / 21



Fig 4. iPLA2β and MMP-9 Expression is upregulated in 4T1 tumor tissue. Normal mammary or 4T1 tumor tissue grown for 2wks in 12wk old Female
BALB/c mice were isolated and embedded in paraffin. Tissue sections were stained with anti-GFP (green-fluorescent protein), iPLA2β, or MMP-9 antibodies.
Positive staining is indicated by dark brown coloration and representative images shown.

doi:10.1371/journal.pone.0143277.g004
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Fig 5. Nicotine-induced Tumor Growth is decreased by BEL. Female BALB/c mice were implanted with 4T1 cells (1X105) in the right second mammary
fat pad. Tumors were grown for 2wks in mice infused either with nicotine (5mg/kg/day) or saline (50% DMSO) and in the presence or absence of BEL (10ug/
g/day). Tumors were isolated and final tumor volume (A) and liver weight (B)measured. Liver cytotoxicity was analyzed by HE staining with representative
10x and 20x images shown (C) (n = 8). *, p<0.05 **, p<0.01; unpaired t-test.

doi:10.1371/journal.pone.0143277.g005
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Fig 6. Nicotine-induced iPLA2β and MMP-9 Expression in Tumor Tissue is decreased by BEL.Control versus BEL and Nicotine versus Nicotine plus
BE (n = 4): 4T1 tumor tissue grown for 2wks in 12wk old Female BALB/c mice were isolated and embedded in paraffin. Tissue sections were stained with
anti-iPLA2β, MMP-9, MMP-2, and HIF-1alpha antibodies. Positive staining is indicated by dark brown coloration and representative images shown.

doi:10.1371/journal.pone.0143277.g006
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promote human breast cancer cell proliferation and invasion [41,45,62]. Further experiments
investigating the expression levels of the nAChR subtypes on 4T1 cells should be conducted
along with determining with the nAChR potentially involved with nicotine-induced 4T1 cell
proliferation and migration. Subsequently, further research needs to be conducted to determine
the exact cellular role of iPLA2β in mediating both basal and nicotine-induced MMP-9 expres-
sion and secretion in-vivo.

Fig 7. Nicotine-induced CD31 is decreased by BEL. Isolated tumor tissue was embedded in OCT and stained with CD31 and counterstained with DAPI.
Representative images are shown. n = 4.

doi:10.1371/journal.pone.0143277.g007
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Fig 8. Nicotine-induced breast cancer metastasis in lung tissue was attenuated by BEL. Lungs were isolated and representative 10x images of tumor
colonization shown by HE and GFP staining.

doi:10.1371/journal.pone.0143277.g008
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Conclusion
Taken together our research suggests that nicotine exacerbates the severity of breast cancer
through facilitating metastasis by enhancing MMP-9 production in an iPLA2β dependent man-
ner. Furthermore, our study indicates that BEL treatment could attenuate nicotine-induced
and (non-nicotine induced) breast cancer growth and metastasis.

Supporting Information
S1 Fig. MMP-2 staining of the primary tumor. Representative 20x images are shown from
primary breast tumors stained with MMP-2. n = 4.
(EPS)

Fig 9. Nicotine-induced breast cancer metastasis in lung tissue was attenuated by BEL. Tumor area (μm2) was quantified in the lung sections stained
with HE. n = 4, **, p<0.01; one-way ANOVA.

doi:10.1371/journal.pone.0143277.g009
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