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Epithelial-to-Mesenchymal Transition of Triple-Negative Mammary
Carcinoma Cells

Leanne M. Delaneya, Nathan Fariasa, Javad Ghassemi Radb, Wasundara Fernandob, Henry Annana, and
David W. Hoskina,b,c

aDepartment of Microbiology and Immunology, Faculty of Medicine, Dalhousie University, Halifax, Nova Scotia, Canada; bDepartment
of Pathology, Faculty of Medicine, Dalhousie University, Halifax, Nova Scotia, Canada; cDepartment of Surgery, Faculty of Medicine,
Dalhousie University, Halifax, Nova Scotia, Canada

ABSTRACT
In this study, we determined the effect of low dose piperlongumine on the motility/invasive
capacity and epithelial-to-mesenchymal transition (EMT) of MDA-MB-231 triple-negative
breast cancer (TNBC) cells and the metastasis of 4T1 mouse mammary carcinoma cells. MTT
assays measured the effect of piperlongumine on TNBC cell growth. Motility/invasiveness
were determined by gap closure/transwell assays. Western blotting assessed ZEB1, Slug, and
matrix metalloproteinase (MMP) 9 expression. Interleukin (IL) 6 was detected by ELISA.
MMP2, E-cadherin, and miR-200c expression was determined by real-time quantitative poly-
merase chain reaction. Reactive oxygen species (ROS) were measured by flow cytometry.
The orthotopic 4T1 mouse model of breast cancer was used to examine metastasis.
Piperlongumine-treated MDA-MB-231 cells showed reduced motility/invasiveness, decreased
MMP2 and MMP9 expression, increased miR-200c expression, reduced IL-6 synthesis,
decreased expression of ZEB1 and Slug, increased E-cadherin expression, and epithelial-like
morphology. Piperlongumine also inhibited transforming growth factor b-induced ZEB1 and
Slug expression. ROS accumulated in piperlongumine-treated cells, while changes in metas-
tasis-associated gene expression were ablated by exogenous glutathione. Metastasis of 4T1
cells to the lungs of BALB/c mice was dramatically reduced in piperlongumine-treated ani-
mals. These findings reveal a previously unknown capacity of low dose piperlongumine to
interfere with TNBC metastasis via an oxidative stress-dependent mechanism.
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Introduction

Triple-negative breast cancer (TNBC), which lacks
receptors for estrogen and progesterone and does not
overexpress human epidermal growth factor receptor
2 (HER2), has a poor prognosis upon recurrence and
is a leading cause of breast cancer-related death in
women (1). The progression to metastatic disease
together with the development of resistance to chemo-
therapy and the lack of targeted therapies are major
contributors to poor patient outcomes. As a result,
new cancer therapeutics are being sought that target
the cellular changes associated with metastasis and
drug resistance. Potential targets include growth factor
signaling pathways, cell-to-cell communication, stro-
mal-cell interactions, and cytokine signals involved in
epithelial-to-mesenchymal transition (EMT) by breast

cancer stem cells that results in new tumor growth at
secondary sites (2,3). EMT involves the loss of epithe-
lial properties such as cellular adhesion junctions and
the acquisition of mesenchymal properties, resulting
in motile and invasive cells that are able to escape the
primary tumor, travel to distant tissues, and reconsti-
tute new tumors with even greater genetic and pheno-
typic heterogeneity than the primary tumor (4). The
transforming growth factor (TGF) b pathway is crit-
ical for the induction of EMT since receptor engage-
ment leads to the nuclear translocation of Smad
protein and the subsequent upregulation of EMT-
inducing transcription factors Twist, Slug, Snail, and
zinc finger E-box binding protein (ZEB) 1 and 2 pro-
teins (5,6). Breast cancer cell EMT activation, invasion
and metastasis are also promoted by the aberrant
expression of matrix metalloproteinases (MMP) (7).
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The pungent fruits of the long pepper plant (Piper
longum) are widely consumed as a spice, as well as
being used in traditional medicine to treat a variety of
ailments (8). Long pepper plant fruits contain piper-
longumine, a bioactive alkaloid that selectively kills
breast cancer cells and other cancer cell types (9–12).
The cytotoxic activity of piperlongumine has been
attributed to oxidative stress caused by increased lev-
els of hydrogen peroxide in piperlongumine-treated
cancer cells (13). Cancer cells typically have a greater
reactive oxygen species (ROS) burden and are there-
fore more sensitive than normal cells to oxidative
stress (14). Piperlongumine also inhibits the JAK2-
STAT3 (15), nuclear factor (NF) jB (16), and phos-
phatidylinositol 3-kinase/Akt/mammalian target of
rapamycin signaling pathways (17), reduces overall
nuclear traffic (18), and activates pro-apoptotic C/EBP
homologous protein (9), mitogen-activated protein
kinase p38 and phospho-c-Jun N-terminal kinase (11).
However, the effect of noncytotoxic low dose piper-
longumine on metastasis-associated molecules and
activities of TNBC cells has not been fully
investigated.

In this study, we investigated the impact of sub-
cytotoxic low dose piperlongumine on the motility
and invasiveness of triple-negative MDA-MB-231
breast cancer cells. We also determined the effect of
piperlongumine treatment on the expression of EMT-
associated proteins by MDA-MB-231 cells and
whether piperlongumine-induced ROS accumulation
was involved. The 4T1 orthotopic mouse mammary
carcinoma model of metastasis was used to assess the
impact of piperlongumine treatment on the metastasis
of 4T1 cells from the mammary fat pad to the lungs.

Materials and Methods

Reagents

Piperlongumine was purchased from EMD Millipore
Corp. (Billerica, MA, USA) and was stored at stock
concentrations of 20mM in dimethyl sulfoxide
(DMSO) at �20 �C. Bovine serum albumin, collage-
nase, fibronectin, DMSO, DNAse I, regular and phe-
nol red-free Dulbecco’s Modified Eagle’s Medium
(DMEM), Hanks’ Balanced Salt Solution (HBSS),
phosphate buffered saline (PBS), elastase, reduced
glutathione (GSH), leupeptin, mitomycin C, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Nonidet P-40, pepstatin A, phenylarsine
oxide, phenylmethylsulfonyl fluoride, sodium deoxy-
cholate, sodium fluoride, 6-thioguanine, and Triton
X-100 were all from Sigma-Aldrich Canada (Oakville,

ON). Invitrogen Canada Inc. (Burlington, ON) sup-
plied 5-(and-6)-chloromethyl-20,70-dichlorodihydrofluores-
cein diacetate, acetyl ester (DCFDA). Acrylamide/bis-
acrylamide (29:1, 30% solution), ammonium persulfate,
ethylene glycol tetraacetic acid, paraformaldehyde, sodium
dodecyl sulfate (SDS), tetramethylethylenediamine, Tris
base, and Tween-20 were from Bio-Shop Canada Inc.
(Burlington, ON). Anti-human ZEB1, Slug and E-cad-
herin rabbit monoclonal antibodies (mAb), and anti-
human b-actin antibody (Ab) were from Cell Signaling
Technology Inc. (Beverly, MA). Rabbit anti-human
MMP9 mAb and horse radish peroxidase (HRP)-conju-
gated donkey anti-rabbit IgG Ab were from Santa Cruz
Biotechnology (Santa Cruz, CA). Human TGFb1 was
from Peprotech (Dollard des Ormeaux, QC).

Cell Lines and Culture

MDA-MB-231 human mammary adenocarcinoma cells
were provided by Dr. S. Drover (Memorial University
of Newfoundland, St. John’s, NL). BT-549 and Hs578T
human mammary carcinoma cells were from ATCC
(Manassas, VA, USA). 4T1 murine mammary carcin-
oma cells were from Dr. D. Waisman (Dalhousie
University, Halifax, NS). Mammary carcinoma cell lines
were authenticated by short tandem repeat analysis
conducted by ATCC and DDC Medical/Division of
DNA Diagnostics Center (Fairfield, OH). Mammary
carcinoma cells were cultured in DMEM supplemented
with 10% heat-inactivated fetal bovine serum (FBS),
5mM HEPES at pH 7.4, 2mM L-glutamine, 100U/ml
penicillin, and 100mg/ml streptomycin (all from
Invitrogen Canada Inc., Burlington, ON), maintained
at 37 �C in a 10% CO2 humidified atmosphere and pas-
saged every 4 days.

MTT Assay

Metabolic activity was measured by colorimetric MTT
assays as an indicator of cell viability. MDA-MB-231,
BT-549, Hs578T or 4T1 cells were seeded into quadru-
plicate wells of a 96-well flat-bottom plate at 5� 103

cells/well and allowed to adhere overnight. Cells were
then treated with medium alone, vehicle (DMSO) or
increasing concentrations of piperlongumine. After cul-
ture for 48h, MTT (final concentration 0.5mg/ml) was
added to each culture and cells were incubated for
another 2 h. Cell-free supernatants were then discarded
and 0.1ml DMSO was added to each well to solubilize
formazan crystals. Absorbance at 570nm was measured
using an ELX800 UV Universal Microplate Reader
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(BIO-TEK Instruments Inc., Winooski, VT). Values
were normalized to the medium control.

Gap Closure Assay

The motility of MDA-MB-231 cells in the absence or
presence of piperlongumine was measured using a gap
closure assay. MDA-MB-231 cells at 1� 106 cells/ml
were seeded into each chamber of a 2-chamber silicone
insert (Ibidi, Munich, Germany) containing a cell-free
gap measuring 500mm, allowed to proliferate for 12h
and then treated with 10mg/ml mitomycin C in com-
plete DMEM for 2h to arrest cell cycle. Mitomycin C
was removed and replaced with complete DMEM. Cells
were cultured for 12h, after which medium alone,
vehicle (DMSO) or 2.5mM piperlongumine was added
and cells were cultured for another 16h to allow gap
closure. Images were taken using a NikonVR Digital Sight
camera connected to a NikonVR Eclipse T5100 micro-
scope (Nikon Canada, Mississauga, ON). Gap closure
efficiency was measured by quantifying pixel density
within the 500mm gap using Image J software (NIH).

Transwell Invasion Assay

MDA-MB-231 cells were seeded into 75mm2 flasks at
1� 106 cells/flask and allowed to adhere for 12 h.
Medium alone, vehicle (DMSO) or 1 mM piperlongu-
mine was then added to flasks and cells were cultured
for 36 h, after which cultures were serum-starved for
12 h. MDA-MB-231 cells were harvested, resuspended
in serum-free DMEM at 1� 106 cells/ml, and added
to the upper chamber of a 48-well transwell plate
(Neuro Prob, Gaithersburg, MD). The upper chamber
was separated from the lower chamber by an 8 mm
porous polycarbonate membrane coated with fibro-
nectin (0.5% w/v). Wells containing serum-free
DMEM in the lower chamber were used as the nega-
tive control. Test wells contained DMEM plus FBS as
a chemoattractant in the lower chamber. Cells were
cultured for 12 h at 37 �C in a 10% CO2 humidified
atmosphere to allow cells to migrate across the fibro-
nectin-coated membrane. Migrated cells on the bot-
tom of the membrane were stained using a Diff-Quik
staining kit (VWR, Radnor, PA). Membranes were
mounted onto slides and migration was quantified
using Image J software to measure pixel density in
pictures of five random fields of view captured using
a NikonVR Digital Sight camera connected to a
NikonVR Eclipse T5100 microscope.

Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR)

MDA-MB-231 cells were seeded into 75mm2 flasks
at 1� 106 cells/flask and allowed to adhere for 12 h.
Medium alone, vehicle (DMSO) or piperlongumine
(1 or 2.5 mM) was then added to flasks and cells
were cultured for 48 or 72 h. RNA was extracted
from cells using a Qiagen RNeasyVR Mini Kit,
according to the manufacturer’s instructions
(Qiagen, Toronto, ON). RNA purity was confirmed
using a Thermo Fisher Scientific Nanodrop 2000
spectrophotometer (Dartmouth, NS). RNA was
stored at �80 �C. The cDNA was generated from
667 ng RNA using the BioRad iScript cDNA
Synthesis Kit, according to the manufacturer’s
instructions (Bio-Rad, Hercules, CA). Real-time PCR
was performed using the Qiagen Quantifast SYBRVR

Green method and a Corbett Research Rotor-Gene
6000 series analyzer (Corbett Life Science, Concorde,
Australia). Cycling conditions were as follows: 5min
initial heat activation at 95 �C, 10 sec denaturation at
95 �C and 30 sec extension at 60 �C. Primer sequen-
ces were as follows:

MMP2 – Forward: 50-TGG CAA GTA CGG CTT
CTG TC-30; Reverse: 50-TTC TTG TCG CGG TCG
TAG TC-30

E-cadherin – Forward:50- CAG CCA CAG ACG
CGG ACG AT-30; Reverse: 50-CTC TCG GTC CAG
CCC AGT GGT �30

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) - Forward: 50-GAG TCA ACG GAT TTG
GTC GT-30; Reverse: 50-TTG ATT TTG GAG GGA
TCT CG-30

Forty cycles were used, and a melt curve analysis
was performed. All PCR reactions were performed in
triplicate. Data was analyzed using the Rotor-Gene
6000 series software program.

miRNA Analysis

The Qiagen miScript miRNA PCR System was used to
measure miR-200c expression by MDA-MB-231 cells
cultured, as described above, for 72 h in the absence
or presence of 2.5 lM piperlongumine. Total RNA,
containing miRNA, was extracted from vehicle- or
piperlongumine-treated MDA-MB-231 cells using the
Qiagen miRNeasyVR Mini Kit. The cDNA was prepared
using the Qiagen miScript II RT Kit, and miR-200c
expression was measured with the Qiagen miScript
Primer Assay.
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Western Blot Analysis

MDA-MB-231 cells were seeded into 75mm2 flasks at
1� 106 cells/flask and allowed to adhere for 12 h.
Medium alone, vehicle (DMSO) or piperlongumine
(0.5, 1, or 2.5mM) was then added to flasks and cells
were cultured for 48 h. Following treatment, cells were
harvested, washed with PBS, and resuspended in ice-
cold lysis buffer (1% Nonidet P-40 (v/v), 0.5% sodium
deoxycholate (w/v), 0.1% SDS (w/v), 20mM Tris,
150mM NaCl, 1mM ethylene diamine tetraacetic
acid, 1mM ethylene glycol tetraacetic acid at pH 7.5)
containing a protease inhibitor cocktail (5 mg/ml leu-
peptin, 5 mg/ml pepstatin A, 10 mg/ml aprotinin,
100 mM sodium orthovanadate, 1mM dithiothreitol,
10mM sodium fluoride, 10mM phenylarsine oxide,
and 1mM phenylmethylsulfonyl fluoride, all from
Sigma-Aldrich Canada) for 15min at 4 �C. Cell lysates
were cleared by centrifugation at 14,000 g for 10min
at 4 �C, supernatant was collected and total protein
was quantified using a Bradford Assay Kit (Bio-Rad).
Cell lysates were then diluted 1:1 in denaturing buffer
(187.5M Tris–HCl, 30% glycerol (v/v), 6% SDS (w/v),
15% b-mercaptoethanol (v/v), 0.015% bromophenol
blue (w/v)) and kept at 95 �C for 5min. Then 40 mg of
protein was loaded into wells of a 10% SDS-polyacryl-
amide gel and electrophoresed at 120V for 1.5 h.
Proteins were transferred to PVDF membranes using
the iBlotVR gel transfer device (Invitrogen) and mem-
branes were then blocked for 1 h at room temperature
in 5% skim milk (w/v) in Tween-20 Tris-buffered
saline (200mM Tris, 1.5M NaCl, pH 7.6, 0.1%
Tween-20 (v/v)). Blots were probed overnight at 4 �C
with primary mAb (1:1000 dilution) in blocking buf-
fer. Membranes were washed thoroughly with Tween-
20 Tris-buffered saline at room temperature and then
probed for 1 h at room temperature with HRP-
conjugated donkey anti-rabbit IgG Ab (1:10,000 dilu-
tion) in blocking buffer. Equal protein loading was
confirmed by probing for b-actin expression. Protein
bands were visualized with chemiluminescent HRP
substrate LuminataTM (Millipore, Darmstadt, Germany)
and Amersham high performance chemiluminescence
film (GE Healthcare, Buckinghamshire, UK). Image
Studio Software was used for densitometric analysis.

Measurement of Intracellular ROS

MDA-MB-231 cells were seeded into 6-well plates at
1� 105 cells/well and cultured overnight to support
cell adhesion. Cells were then stained for 30min at
37 �C with 10mM DCFDA prepared in serum-free and
phenol red-free DMEM. Cells were rinsed with warm

PBS to remove excess stain and treated with 1% FBS-
supplemented and phenol red-free DMEM alone,
vehicle (DMSO) or piperlongumine (0.5, 1.0 and
2.5 mM) for 4 or 6 h. Cells were harvested, washed,
and resuspended in PBS. Fluorescence intensity of
1� 104 events was measured using a FACSCanto flow
cytometer (Becton Dickinson, San Jose, CA).

Interleukin (IL)-6 Enzyme-Linked Immunosorbent
Assay (ELISA)

MDA-MB-231 cells were seeded into a 24-well plate at
2.5� 105 cells/well and allowed to adhere for 12h.
Medium alone, vehicle (DMSO) or 2.5mM piperlongu-
mine) was then added to wells and cells were cultured
for 48h. Cell-free supernatants were harvested and IL-6
was measured by ELISA, according to the manufac-
turer’s instructions (eBioscience, San Diego, CA).
Absorbance at 450nm was determined using an ELX800
UV Universal Microplate Reader and data were plotted
on a standard curve using SOFTmaxVR PRO Software
(Molecular Devices Corp., Sunnyvale, CA).

Immunofluorescence

MDA-MB-231 cells were seeded onto sterile glass
slides, allowed to adhere and cultured for 72 h in the
presence of the vehicle (DMSO) or 2.5 mM piperlon-
gumine. Cell monolayers were washed with PBS and
fixed in 4% paraformaldehyde (w/v) for 15min at
room temperature. Cell monolayers were then thor-
oughly washed with PBS, blocked with 3% (w/v)
bovine serum albumin, and permeabilized for 20min
in Tris-buffered saline containing 3% (w/v) bovine
serum albumin and 0.3% Triton-X-100 (v/v). Cell
monolayers on slides were incubated in the dark with
200 nM phalloidin-Alexafluor 488 (Thermo Fisher
Scientific) for 15min to visualize F-actin. Cells were
then incubated with 100 nM DAPI stain for 5min in
the dark to visualize nuclei. After thorough washing
with PBS and one wash with water, fluorescence
mounting medium (Dako North America Inc.,
Carpinteria, CA) was added to the cell monolayers
followed by coverslips. Images were captured at 40�
magnification with a Zeiss Axio Imager Z2 (Carl Zeiss
Canada Ltd., Toronto, ON).

4T1 Mouse Model of Metastatic Breast Cancer
Orthotopic transplantation of triple-negative 4T1
mouse mammary carcinoma cells into a mammary fat
pad of syngeneic female BALB/c mice results in exten-
sive metastasis of tumor cells from the primary tumor
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to the lungs (19). Six-to-eight-week-old female BALB/
c mice were purchased from Charles River Canada
(Lasalle, QC, Canada) and housed in the Carleton
Animal Care Facility. Ethics approval was obtained
from the Dalhousie University Committee on
Laboratory Animals, in accordance with Canadian
Council of Animal Care guidelines. Mice were injected
with 1� 105 4T1 cells in the left inguinal mammary
fat pad and randomly assigned to control and treat-
ment groups (11 mice/group). Tumor size was meas-
ured every day using digital calipers to determine the
longest diameter (L) and diameter perpendicular to
longest diameter (P); volume was calculated using (L
x P2)/2. Once the tumors reached a volume of
100mm3, typically at 8 day post implantation, mice
received 0.05% (v/v) DMSO in PBS (control group) or
2.5mg/kg piperlongumine in PBS (treatment group)
for 9 days via daily intraperitoneal injection. The dose
of piperlongumine was calculated to be sub-cytotoxic,
assuming systemic distribution. Mice were then
euthanized, and tumors were excised, weighed, photo-
graphed, and fixed in 10% (v/v) acetate-buffered for-
malin. Lungs were harvested and mechanically
homogenized in HBSS. Digestion buffer (0.75mg/ml
collagenase, 0.05mg/ml elastase, 0.05mg/m DNAse I
in HBSS) was then added and the tissue preparation

was incubated at 37 �C for 1 h, after which the
digested tissue was washed and passed through a cell
strainer prior to centrifugation for 5min at 500 g.
Cells were resuspended in complete DMEM contain-
ing 60mM 6-thioguanine to select for 6-thioguanine-
resistant 4T1 cells, and seeded into 10 cm cell culture
dishes in multiple dilutions. Cells were cultured for
2weeks at 37 �C in a 10% CO2 humidified atmos-
phere. At the end of culture, the adherent 4T1 cells
were washed with PBS and stained with 0.4% (w/v)
crystal violet to visualize colonies.

Histology and Immunohistochemistry
Fixed tumors were embedded in paraffin and sec-
tioned into 5mm-thick slices that were mounted onto
glass slides. Some tumor sections were stained with
hematoxylin and eosin to visualize live and necrotic
cells. Other tumor sections were deparaffinized with
xylene and rehydrated with graded ethanol to water
addition. Heat-mediated antigen retrieval with sodium
acetate (pH 6.0) was performed, followed by incuba-
tion in hydrogen peroxide solution. Tumor sections
were blocked with Rodent M Block (Biocare Medical,
Pacheco, CA) and incubated with anti-MMP2 mAb or
anti-Ki67 mAb (both from Abcam, Toronto, ON)
overnight at room temperature. MMP2-stained tumor

Figure 1. Dose-dependent inhibition of triple-negative mammary carcinoma cell growth by piperlongumine. (A) MDA-MB-231, (B)
BT549, (C) Hs578T and (D) 4T1 mammary carcinoma cells were cultured in the presence of medium, vehicle (DMSO) or the indi-
cated concentrations of piperlongumine for 48 h. Cell growth/viability was then measured using an MTT assay. Data shown are the
average of 3 independent experiments ± the standard error of the mean (SEM). Statistical significance relative to the vehicle control
was determined by ANOVA with Dunnett’s post-hoc test; � denotes p< 0.01.
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sections were incubated with mouse-on-mouse HRP-
Polymer (Biocare Medical) and detected using the
HRP/DAB detection system (Dako, Carpinteria, CA).
Ki67-stained tumor sections were incubated with
MACH 4 MR AP Polymer and detected using the
Vulcan Fast Red Chromogen Kit 2 (both from
Biocare Medical).

Statistical Analysis
GraphPad Prism software (GraphPad Software Inc.,
La Jolla, CA, USA) was used to perform Student’s
t-test or ANOVA with Dunnett’s or Tukey’s post-hoc
tests, as appropriate; p< 0.05 was considered statistic-
ally significant.

Results

Piperlongumine Reduces Metastatic Characteristics
of TNBC Cells

MDA-MB-231, BT-549, and Hs578T TNBC cells, as
well as 4T1 mouse triple-negative mammary

carcinoma cells were exposed to increasing concentra-
tions of piperlongumine to determine a sub-cytotoxic
dose. As shown in Figure 1, dose-dependent growth
inhibition was observed in MDA-MB-231, Hs578T,
BT459, and 4T1 cell cultures treated with piperlongu-
mine. Exposure to 10lM piperlongumine caused at
least a 50% decrease in the metabolic activity of all
cell lines tested. MDA-MB-231 cells were relatively
resistant to piperlongumine, exhibiting little or no
growth inhibition in the presence of 1 or 2.5 lM
piperlongumine. All subsequent in vitro experiments
therefore used highly metastatic MDA-MB-231 cells
that were cultured in the absence or presence of a
sub-cytotoxic concentration (1 or 2.5 lM) of
piperlongumine.

To investigate the effect of piperlongumine on the
metastatic potential of TNBC cells, we compared the
motility and invasiveness of MDA-MB-231 cells that
were cultured in the absence or presence of sub-cyto-
toxic piperlongumine. Figure 2A shows that piperlon-
gumine-treated MDA-MB-231 cells experienced a
significant reduction in motility over 16h in a gap

Figure 2. Piperlongumine inhibits TNBC cell motility and invasion. (A) MDA-MB-231 cells were plated in cell culture inserts and
cell cycle was arrested by mitomycin C treatment (10lg/ml). After 24 h culture in the presence of medium, vehicle (DMSO), or
piperlongumine (2.5lM), cell culture inserts were removed, and cells were allowed to close the resulting gap for 16 h. Image J
software was used to measure the final gap width. (B) MDA-MB-231 cells were grown in the presence of medium, vehicle (DMSO),
or piperlongumine (1lM) for 24 h prior to serum-starvation and transfer to the upper wells of a 48-well Boyden chamber at
5� 104 cells/well. A fibronectin-coated 8lm porous polycarbonate membrane separated the upper wells from the lower wells con-
taining DMEM with or without FBS as a chemoattractant. Cells that migrated through this membrane after 16 h of culture were
stained with crystal violet and counted. (A, B) Data shown are the average of 3 independent experiments ± SEM. Statistical signifi-
cance relative to the vehicle control was determined by Student’s t-test; � denotes p< 0.001.
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closure assay. Figure 2B shows that stimulus-induced
directed migration of MDA-MB-231 cells across a
fibronectin-coated membrane was dramatically reduced
in the presence of piperlongumine. Expression of
MMP2 mRNA (Figure 3A) and MMP9 protein (Figure
7B) was inhibited when MDA-MB-231 cells were
treated with the same low dose of piperlongumine. In
contrast, Figure 3B shows increased expression of miR-
200c in piperlongumine-treated MDA-MB-231 cells.
Treatment with low dose piperlongumine also caused a
significant decrease in MDA-MB-231 synthesis of IL-6
(Figure 7C). Collectively, these findings suggest that
piperlongumine reduces the metastatic potential of
breast cancer cells at concentrations that do not sub-
stantially impair cell growth.

Piperlongumine Suppresses EMT
We next determined whether molecular markers of
EMT were altered following the exposure of TNBC

cells to low dose piperlongumine. Western blot ana-
lysis revealed that expression of the EMT-promoting
ZEB1 and Slug transcription factors was significantly
downregulated in piperlongumine-treated MDA-MB-
231 cells (Figure 4A and Figure 4B, respectively). In
contrast, RT-qPCR analysis showed that E-cadherin
mRNA expression was increased in piperlongumine-
treated MDA-MB-231 cells (Figure 4C). Next, F-actin
and the nucleus of MDA-MB-231 cells were stained
with phalloidin-Alexa Fluor 488 and DAPI, respect-
ively, to visualize cell morphology. As shown in
Figure 4D, MDA-MB-231 cells normally exhibit mes-
enchymal-like morphology; however, 72-h culture in
the presence of sub-cytotoxic piperlongumine caused
the cells to acquire an epithelial-like morphology,
which was consistent with the observed alterations in
ZEB1, Slug, and E-cadherin expression.

Piperlongumine Prevents TGFb-Induced
Upregulation of ZEB1 and Slug Expression
We used western blot analysis to determine the
impact of low dose piperlongumine treatment on
TGFb-induced upregulation of ZEB1 and Slug expres-
sion by MDA-MB-231 cells. Figure 5 shows that ZEB1
(Figure 5A) and Slug (Figure 5B) expression was
increased when MDA-MB-231 cells were cultured for
48 h in the presence of 1 ng/ml TGFb, an effect that
was abrogated when low dose piperlongumine was
added to culture at the same time as TGFb.
Piperlongumine therefore interfered with the ability of
TGFb to induce expression of EMT-promoting tran-
scription factors.

ROS Mediate the Effects of Piperlongumine on EMT-
and Metastasis-Related Protein Expression
Flow cytometric analysis of DCFDA-stained MDA-
MB-231 cells following treatment with sub-cytotoxic
piperlongumine revealed a significant increase in
intracellular ROS after only 4 h (Figure 6). To deter-
mine whether piperlongumine-induced ROS were the
cause of altered EMT- and metastasis-related protein
expression, we treated MDA-MB-231 cell cultures
with the antioxidant GSH prior to the addition of
piperlongumine. As shown in Figure 7, GSH reversed
the inhibitory effect of piperlongumine on MMP2
mRNA (Figure 7A) and MMP9 protein (Figure 7B)
expression, as well as IL-6 synthesis by piperlongu-
mine-treated MDA-MB-231 cells (Figure 7C). In add-
ition, GSH restored the expression of ZEB1 and Slug
protein (Figure 8A), as well as E-cadherin mRNA
(Figure 8B), to control levels in MDA-MB-231 cells
that were exposed to piperlongumine. These findings

Figure 3. Piperlongumine inhibits MMP2 mRNA expression and
promotes miR-200c expression by TNBC cells. (A) MDA-MB-231
cells were cultured for 48 h in the presence of medium, vehicle
(DMSO), or 1mM piperlongumine. (B) MDA-MB-231 cells were
cultured for 72 h in the presence of medium, vehicle (DMSO),
or 2.5mM piperlongumine. (A, B) MMP2 mRNA and miR-200c
levels were measured using RT-qPCR. Data shown are the aver-
age of 3 independent experiments± SEM. Statistical significance
relative to the vehicle control was determined by Students t-
test; � denotes p< 0.05.
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suggest that low-dose piperlongumine suppressed the
metastatic activities of MDA-MB-231 cells via
ROS generation.

Piperlongumine Inhibits Mouse Mammary
Carcinoma Cell Metastasis
Finally, we determined whether the in vitro inhibitory
effects of low dose piperlongumine on TNBC motility,
invasion and EMT translated to reduced metastasis
in vivo. We administered vehicle (DMSO) or piper-
longumine (2.5mg/kg) via daily intraperitoneal injec-
tion for 9 days to 4T1 tumor-bearing female BALB/c
mice. At the end of treatment, there was no signifi-
cant difference in primary tumor weight between
vehicle- and piperlongumine-treated animals (Figure
9A), indicating that the concentration of piperlongu-
mine used was not cytotoxic to 4T1 cells in vivo. In
contrast, there was a significant reduction in lung
metastases in piperlongumine-treated mice (Figure
9B), which was independent of the weight of the pri-
mary tumor (Figure 9C). Primary tumors from

vehicle- and piperlongumine-treated animals had
similar areas of live cells and necrotic cells, as well as
expression of the Ki67 proliferation marker; however,
consistent with our in vitro results, MMP2 expression
was reduced in primary tumors from the piperlongu-
mine-treated group. Taken together, these findings
suggest that a sub-cytotoxic dose of piperlongumine
prevented metastasis in a mouse model of TNBC.

Discussion

Piperlongumine shows promise as a selective anti-
cancer compound due to its capacity to induce apop-
tosis in cancer cells while sparing normal cells (11,12).
Our finding that piperlongumine inhibited the growth
of four different triple-negative mammary carcinoma
cell lines is in line with previous reports of piperlon-
gumine-induced apoptosis in TNBC cells (15,17).
Moreover, we show here for the first time that treat-
ment of highly aggressive MDA-MB-231 TNBC cells
with a sub-cytotoxic concentration of piperlongumine

Figure 4. Piperlongumine inhibits EMT and promotes epithelial morphology of TNBC cells. MDA-MB-231 cells were cultured for
48 h in the presence of medium, vehicle (DMSO), or the indicated concentrations of piperlongumine. Cell lysates were prepared
and (A) ZEB1 or (B) Slug protein expression was measured by western blotting and densitometry. b-actin expression was deter-
mined to confirm equal loading of proteins. Representative blots are shown. (C) MDA-MB-231 cells were cultured for 72 h in the
presence of medium, vehicle (DMSO) or the indicated concentrations of piperlongumine. mRNA was isolated and RT-qPCR was
used to measure E-cadherin mRNA expression. (A, B, C) Data shown are the average of 3 independent experiments ± SEM.
Statistical significance relative to the vehicle control was determined by ANOVA with Dunnett’s post-hoc test; � denotes p< 0.05.
(D) MDA-MB-231 cells were cultured in the presence of vehicle (DMSO) or 2.5lM piperlongumine for 72 h. F-actin (green) and the
nucleus (blue) were then stained with phalloidin-Alexa Fluor 488 and DAPI, respectively, and photographed. A representative
image is depicted.
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suppressed the in vitro and in vivo metastatic activity
of these TNBC cells and altered their expression of
EMT- and metastasis-associated proteins in a ROS-
dependent fashion.

Sub-cytotoxic piperlongumine inhibited the migra-
tion of MDA-MB-231 cells in a gap closure assay and
interfered with invasion of MDA-MB-231 cells
through a fibronectin-coated membrane. Low dose
piperlongumine also suppressed the expression of
MMP2 and MMP9, both of which facilitate cancer cell
invasion into surrounding tissues and are associated
with a poor prognosis (20,21). MMP2 and MMP9
expression by breast cancer cells is upregulated by the
TGFb pathway, thereby promoting TGFb-induced

metastasis of malignant breast epithelial cells (22).
These findings suggest that piperlongumine has the
potential to interfere with breast cancer spread to sec-
ondary sites since tumor cell motility/invasion and the
degradation of extracellular matrix components play
essential roles in metastasis.

Although a critical role for EMT in metastasis for-
mation has been questioned (23), numerous studies
using human cancer cell lines, mouse models of can-
cer, and clinical isolates of human cancer tissue sup-
port the importance of transient EMT for effective
metastasis (24). The MDA-MB-231 TNBC cell line is
characterized by a mesenchymal-like phenotype (25);
however, MDA-MB-231 cells became more epithelial-

Figure 5. Piperlongumine inhibits TGFb-induced ZEB1 and Slug expression by TNBC cells. MDA-MB-231 cells were cultured for
48 h in the presence of 1 ng/ml of TGFb treated with or without 2.5lM piperlongumine. Cell lysates were collected and the
expression of (A) ZEB1 and (B) Slug were determined by western blotting and densitometry. b-actin expression was determined to
confirm equal loading of proteins. Representative blots are shown. (A, B) Data shown are the average of 3 independent
experiments ± SEM. Statistical significance was determined by ANOVA with Tukey’s post-hoc test; � denotes p< 0.05 relative to the
vehicle control; # denotes p< 0.05 relative to TGFb-treated cells.

Figure 6. Piperlongumine induces ROS accumulation in TNBC cells. MDA-MB-231 cells were stained with DCFDA and treated with
vehicle (DMSO) or the indicated concentrations of piperlongumine for 4 or 6 h. Cells were then harvested and DCFDA fluorescence
intensity was measured. Data shown are the mean relative fold increase in ROS production ± SEM of 3 independent experiments.
Statistical significance was determined by ANOVA with Tukey’s post-hoc test; � p< 0.05, ��p< 0.001, and ���p< 0.0001 relative
to the vehicle control.
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like following treatment with low dose piperlongu-
mine. This was in line with the finding that expres-
sion of the EMT-promoting transcription factors
ZEB1 and Slug was decreased in piperlongumine-
treated MDA-MB-231 cells. In addition, TGFb-
induced expression of ZEB1 and Slug by MDA-MB-
231 cells was abrogated in the presence of piperlongu-
mine. This suggests that piperlongumine inhibits the
TGFb signaling pathway, which plays a key role in
stimulating EMT, upregulating MMP2 and MMP9
expression, and promoting cancer progression
(5,6,22). In contrast, piperlongumine-treated MDA-
MB-231 cells showed increased expression of mRNA
coding for E-cadherin, which is an adhesion molecule
and epithelial marker (26). Loss or disruption of E-
cadherin is critical for tumor initiation and progres-
sion (27), and dysregulated E-cadherin expression is
associated with poor outcomes in breast cancer
patients (28). Decreased ZEB1 and Slug expression by
piperlongumine-treated MDA-MB-231 cells likely
accounts for increased expression of E-cadherin since
both ZEB1 and Slug are transcriptional repressors of
E-cadherin (29,30).

We also observed that exposure to piperlongumine
caused MDA-MB-231 cells to upregulate their expres-
sion of miR-200c, which is consistent with the

reported upregulation of miR-200c transcription fol-
lowing ZEB1 knockdown in MDA-MB-231 cells (31).
Transcription of miR-200 family members strongly
correlates with E-cadherin expression and an epithelial
phenotype in cancer cells, which is thought to result
from their direct targeting and suppression of ZEB1
and ZEB2 (32). Interestingly, ZEB1 represses miR-
200c transcription in a reciprocal fashion, which is
hypothesized to result in a “feedforward loop” that
stabilizes EMT and an invasive phenotype (31). Since
reverting MDA-MB-231 TNBC cells from mesenchy-
mal to epithelial morphology reduces their ability to
migrate and invade (33), the ability of low dose piper-
longumine to suppress EMT-associated ZEB1 and
Slug expression while promoting an epithelial pheno-
type via increased miR-200c transcription and E-cad-
herin expression suggests that piperlongumine may be
able to reverse EMT in TNBC cells and thereby pre-
vent or reduce metastasis.

Exposure of MDA-MB-231 TNBC cells to sub-cyto-
toxic piperlongumine caused a dramatic reduction in
the synthesis of inflammation-promoting IL-6, which
is a key cytokine in the progression of TNBC (34). In
this regard, IL-6 is important for the aggressive nature
of MDA-MB-231 cells and induces EMT and stemness
in less aggressive MCF-7 breast cancer cells (35). IL-6

Figure 7. GSH prevents piperlongumine-induced inhibition of MMP-2, MMP-9 and IL-6 expression. MDA-MB-231 cells were treated
with 10mM GSH or medium alone for 1 h prior to the addition of medium, vehicle (DMSO), or 1lM (A) or 2.5lM (B, C) piperlon-
gumine. Cells were then cultured for 48 h. (A) MMP2 mRNA was measured using RT-qPCR. (B) Cell lysates were prepared, and
western blotting was used to measure MMP9 protein. (C) Cell culture supernatants were collected and secreted IL-6 was measured
by ELISA. (A, B, C) Data shown are the means of 3 independent experiments ± SEM. Statistical significance relative to the vehicle
control was determined by ANOVA with Tukey’s post-hoc test; � denotes p< 0.05.
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is also among the TNBC cell-elaborated soluble fac-
tors that stimulate metastasis-promoting angiogenesis
and recruit immunosuppressive myeloid cells to the
tumor microenvironment (36). It is no surprise that
high levels of circulating IL-6 are associated with poor
prognosis in TNBC (37). Reduced expression of ZEB1
may account for decreased IL-6 synthesis by piperlon-
gumine-treated MDA-MB-231 cells since ZEB1 is a
key transcriptional regulator of pro-inflammatory IL-
6 (38).

Consistent with our in vitro finding of reduced
metastatic potential following piperlongumine treat-
ment of MDA-MB-231 TNBC cells, we found that
piperlongumine-treated 4T1 mammary carcinoma-
bearing BALB/c mice had significantly fewer lung
metastases than control animals. The orthotopic 4T1
mouse mammary carcinoma model may be a more
accurate representation of human breast cancer metas-
tasis, as more tumors metastasize successfully from
the mammary fat pad in the presence of a functional
immune system (19). Expression of the Ki67

proliferation marker within primary tumors was not
affected by piperlongumine treatment nor was tumor
size significantly reduced in comparison to control
tumors. These findings are consistent with mice
receiving a sub-cytotoxic dose of piperlongumine.
However, MMP2 expression was significantly reduced
in primary tumors from the piperlongumine-treated
group, which was in line with decreased MMP2
expression by MDA-MB-231 cells following treatment
with low dose piperlongumine.

Estrogen receptor-bearing MCF-7 breast cancer cul-
tured in the presence of piperlongumine experience
GSH depletion and ROS accumulation (39). We
observed that MDA-MB-231 TNBC cells treated with
low dose piperlongumine also exhibited ROS accumu-
lation. Moreover, the addition of exogenous GSH to
piperine-treated MDA-MB-231 cells restored MMP2,
MM9, IL-6, ZEB1 and Slug expression to control lev-
els, as well as preventing any increased expression of
E-cadherin. These findings indicated that piperlongu-
mine-induced ROS accumulation was responsible for

Figure 8. GSH prevents piperlongumine-induced modulation of ZEB1, Slug, and E-cadherin expression. MDA-MB-231 cells were
treated with 10mM GSH or medium alone for 1 h prior to the addition of medium, vehicle (DMSO), or 2.5lM piperlongumine,.
Cells were then cultured for (A) 48 h or (B) 72 h. (A) Cell lysates were prepared, and western blotting was used to measure ZEB1
and Slug protein; b-actin expression was determined to confirm equal loading of proteins. (B) E-cadherin mRNA was measured
using RT-qPCR. Data shown are the means of 3 independent experiments ± SEM. Statistical significance relative to the vehicle con-
trol was determined by ANOVA with Tukey’s post-hoc test; � denotes p< 0.05.
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the inhibitory effect of sub-cytotoxic piperlongumine
on EMT-associated metastatic activity of MDA-MB-
231 cells. Although the mechanism by which piperlon-
gumine caused intracellular ROS accumulation is not
clear at this time, it is known that piperlongumine
inhibits the enzymatic activity of detoxifying glutathi-
one S-transferase pi 1 in cancer cells via formation of
a hydrolyzed piperlongumine-GSH conjugate that
blocks the active site of the enzyme (40). The resulting
depletion of ROS-scavenging GSH would be expected
to cause oxidative stress due to the accumulation of
intracellular ROS, which is already present at higher
than normal levels in cancer cells (9).

In conclusion, this study reveals previously unde-
scribed effects of sub-cytotoxic piperlongumine on

EMT-associated molecules and metastatic activities of
TNBC cells. The expression of metastasis-promoting
molecules (IL-6, MMP2, MMP9, ZEB1, Slug) was
downregulated whereas metastasis-suppressing mole-
cules (miR-200c, E-cadherin) showed increased
expression in the presence of piperlongumine. These
effects were dependent on piperlongumine-induced
accumulation of intracellular ROS since they were
largely reversed in the presence of exogenous GSH.
The in vitro and in vivo antimetastatic effects of
piperlongumine on TNBC cells, in combination with
its capacity to increase TNBC sensitivity to chemo-
therapeutic agents and ionizing radiation (41,42), sug-
gest that piperlongumine may be useful in the
treatment of TNBC.

Figure 9. Piperlongumine reduces triple-negative murine mammary carcinoma cell metastasis to the lungs. BALB/c mice received
a subcutaneous injection of 4T1 mammary carcinoma cells in the right flank. Once tumors reached 100mm3, mice received a daily
intraperitoneal injection of vehicle (DMSO) or piperlongumine (2.5mg/kg) for 9 days. (A) Primary tumors were excised from euthan-
ized mice and tumor weights were recorded. (B) Lung tissue was homogenized and digested, then cultured for 14 days in 6-thio-
guanine-containing medium to select for 4T1 cells. At the end of culture, 4T1 colonies were stained with crystal violet and
counted. (C) The correlation coefficient (r) for primary tumor weight and number of lung metastases was calculated. (D) Primary
tumors were fixed in formalin and sectioned. Regions of tumors containing live (L) and necrotic (N) cells were identified by hema-
toxylin and eosin (H&E) staining. MMP2 and Ki67 expression was determined by immunohistochemistry. The control group con-
sisted of 11 mice and the treatment group consisted of 10 mice. Points on the graph represent measurements from each mouse;
error bars represent SEM. Statistical significance was determined using Student’s t-test; � denotes p< 0.05.
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