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A B S T R A C T

Triple-negative breast cancer (TNBC) tends to recur and metastasize following initial chemotherapy, which
presents a treatment challenge. Here, we detail the anti-metastatic activity of phloridzin docosahexaenoate (PZ-
DHA), synthesized from the natural polyphenol, phloridzin, and the ω-3 fatty acid, docosahexaenoic acid. Sub-
cytotoxic PZ-DHA suppressed the migration of MDA-MB-231, SUM149, and 4T1 cells, as well as invasion by
MDA-MB-231 and 4T1 cells. Sub-cytotoxic PZ-DHA also inhibited MDA-MB-231 expression of matrix metallo-
proteinase 2, and expression of epithelial-to-mesenchymal transition-associated transcription factors by MDA-
MB-231 and SUM149 cells. Transforming growth factor-β-induced Rho GTPase signaling in MDA-MB-231 cells
and non-malignant MCF-10A mammary epithelial cells was suppressed by sub-cytotoxic PZ-DHA, which also
inhibited Akt/phosphoinositide 3-kinase and extracellular signal-regulated kinase 1 and 2 signaling in MDA-MB-
231 cells. Finally, intraperitoneal administration of PZ-DHA suppressed the metastasis of 4T1 and GFP-trans-
fected MDA-MB-231 cells from the mammary fat pad to the lungs of BALB/c and NOD-SCID female mice, re-
spectively, which was unrelated to any inhibition of primary tumor growth. There was no evidence of toxicity as
PZ-DHA treatment did not affect liver or kidney function. We conclude that PZ-DHA might prevent or inhibit the
progression of TNBC.

1. Introduction

Triple-negative breast cancer (TNBC) is associated with tumor re-
currence, metastasis and poor clinical prognosis; therefore, this disease
remains a major cause of cancer-related deaths among women world-
wide [1]. TNBC cells lack estrogen receptors or human epidermal
growth factor receptor 2, and are thus refractory to targeted breast
cancer therapies, leading to a demand for novel drugs to treat the dis-
ease more effectively with minimal adverse side effects. The metastatic
cascade of TNBC and other breast cancers consists of growth, migration,
invasion and establishment of micrometastases by disseminated tumor
cells at a distant site [2]. Hematogenic or lymphogenic spread of neo-
plastic cells from a primary breast tumor leads to the establishment of
secondary metastatic lesions; preferentially, in bones, lungs, liver and/
or brain [3,4]. Aberrant activation of signaling pathways including
those that involve Akt/phosphatidylinositol 3-kinase (PI3K), mitogen-
activated protein kinases (MAPK) and small molecular Rho GTPase,

promotes survival and migration of breast cancer cells [5–7]. Rho
GTPase signaling-induced cytoskeletal changes, together with activa-
tion of the epithelial-to-mesenchymal transition (EMT), leads to the
acquisition of a mesenchymal-like phenotype by breast cancer cells [8].
The accompanying loss of epithelial characteristics is associated with
decreased expression of epithelial-like markers such as E-cadherin. The
subsequent dissemination of breast cancer cells from a primary tumor
involves transforming growth factor (TGF)-β, which is a potent stimu-
lator of cell migration [9–12]. The metastatic spread of breast cancer
cells is also dependent on the degradation of extracellular matrix (ECM)
proteins by matrix metalloproteinases (MMPs), which facilitates tumor
cell intravasation and extravasation [2].

Plant polyphenols are a group of naturally-occurring phytochem-
icals that possess anti-proliferative and anti-metastatic activities against
breast cancer cells [13–15]. Flavonoids, a sub-group of plant poly-
phenols possess a wide-range of disease-fighting properties, including
anti-cancer activities [16–19]. Flavonoids that inhibit breast cancer cell

https://doi.org/10.1016/j.canlet.2019.08.015
Received 22 May 2019; Received in revised form 17 August 2019; Accepted 26 August 2019

∗ Corresponding author. Department of Pathology, Faculty of Medicine, Dalhousie University, Halifax, NS, Canada.
E-mail address: d.w.hoskin@dal.ca (D.W. Hoskin).

Cancer Letters 465 (2019) 68–81

0304-3835/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03043835
https://www.elsevier.com/locate/canlet
https://doi.org/10.1016/j.canlet.2019.08.015
https://doi.org/10.1016/j.canlet.2019.08.015
mailto:d.w.hoskin@dal.ca
https://doi.org/10.1016/j.canlet.2019.08.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2019.08.015&domain=pdf


invasion and metastasis are of particular interest [20–22]. However, the
clinical application of flavonoids is restricted by their poor cellular
uptake and bioavailability; therefore, attempts have been made to
synthesize flavonoid derivatives that are free of these limitations. For
example, novel flavonoids derived from myricetin exert in vitro and pre-
clinical anti-cancer activity through mitochondrial targeted-redox ac-
tive mechanisms [23]. VI-14, another novel flavonoid derivative, in-
terferes with migration and invasion of MDA-MB-231 and MDA-MB-435
breast cancer cells by inhibiting ECM degradation-associated proteins
[24]. A series of flavone analogs that selectively bind to eukaryotic
elongation factor 2A of breast cancer cells exert imidazole ring-in-
dependent anti-proliferative activity [25].

Phloridzin docosahexaenoate (PZ-DHA; see Fig. 1A for structure)
combines, via an acylation reaction, phloridzin (PZ), a flavonoid pre-
cursor that is abundant in apple peels, and docosahexaenoic acid
(DHA), an ω-3-fatty acid, in order to improve stability of DHA and
cellular uptake of PZ [26]. Earlier studies have established that PZ-DHA
inhibits the in vitro growth of human hepatocellular carcinoma
(HepG2), acute monocytic leukemia (THP1), chronic myelogenous
leukemia (K562) and acute T cell leukemia (Jurkat) cells [27,28], as
well as suppressing lipopolysaccharide-induced pro-inflammatory re-
sponses by THP-1 macrophages [29]. In addition, we previously re-
ported that PZ-DHA exerts selective cytotoxic activity against mam-
mary carcinoma cells (MDA-MB-231, MDA-MB-468, 4T1, MCF-7 and T-
47D) in comparison to non-malignant cells (human mammary epithelial
cells, MCF-10A and human dermal fibroblasts), as well as inhibiting the
growth of MDA-MB-231 tumor xenografts in non-obese diabetic severe
combined-immunodeficient (NOD-SCID) mice [30]. In the current
study, we explored the anti-metastatic activity of PZ-DHA and, for the
first time, show that sub-cytotoxic PZ-DHA interfered with metastasis-
associated signaling pathways and suppressed the migration, invasion
and epithelial-to-mesenchymal transition of TNBC cells, as well as re-
ducing lung metastases in 2 different mouse models of metastatic TNBC.

2. Materials and methods

2.1. Reagents and chemicals

Dulbecco's Modified Eagle's Medium (DMEM), F12/DMEM, F12
medium, fetal bovine serum (FBS), horse serum, N-2-hydro-
xyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), L-glutamine, pe-
nicillin–streptomycin, trypsin (0.25% with 1×EDTA), TryPLE Express,
and fibronectin were purchased from Life Technologies Inc.
(Burlington, ON). DHA and 7-aminoactinomycin (7-AAD) cell viability
staining solution was purchased from Nu-Chek Prep Inc. (Elysian, MN)
and eBioscience Inc. (San Diego, CA), respectively. Human epidermal
growth factor (EGF), and TGF-β were purchased from PeproTech
(Rocky Hill, NJ). PZ, bovine insulin, human insulin, hydrocortisone,
mitomycin C, gelatin, 6-thioguanine, puromycin, and dimethyl sulf-
oxide (DMSO) were purchased from Sigma-Aldrich Canada (Oakville,
ON). Matrigel was obtained from Corning Life Sciences (Tewkbury,
MA). Diff-Quik staining kit was purchased from Siemens Healthcare
Diagnostics (Los Angeles, CA). Rodent M block, mouse-on-mouse horse
radish peroxidase (HRP)-polymer, MACH 4MR AP polymer and Vulcan
Fast red chromogen kit were purchased from Biocare Medical
(Markham, ON) and the HRP/DAB detection system was obtained from
Agilent Technologies (Mississauga, ON).

2.2. Antibodies

Anti-phospho-phosphatase and tensin homolog (PTEN; Ser380),
anti-phospho-phosphoinositide-dependent kinase 1 (PDK1; Ser241),
anti-phospho-mammalian target of rapamycin (mTOR, Ser2448), anti-
phospho-glycogen synthase kinase 3β (GSK3β, Ser9), anti-phospho-c-
RAF (Ser259), anti-phospho-p44 (ERK1, Thr202)/p42 (ERK2,Tyr204),
anti-PTEN, antil-PDK1, anti-mTOR, anti-GSK3β, anti-c-RAF, anti-p44/
p42, anti-TCF8/ZEB-1, anti-β-catenin, anti-Slug-1, anti-vimentin, anti-
pan-cadherin, anti-RhoA, anti-Cdc42, anti-Rac1/2/3, anti-α-tubulin,
HRP-conjugated rabbit anti-actin, HRP-conjugated donkey anti-rabbit
and goat anti-mouse IgG antibodies (Ab) were purchased from Cell
Signaling Technology Inc. (Danvers, MA). Anti-Ki67, anti-MMP-2 and
anti-CD31 Abs were purchased from Abcam Inc. (Toronto, ON). Anti-
phospho-GSK3β (Tyr216) Ab was purchased from Sigma Aldrich
Canada.

2.3. Cell culture

MDA-MB-231 cells were from Dr. S. Drover (Memorial University of

Fig. 1. Structure of PZ-DHA and its concentration-dependent impact on
mammary carcinoma cell viability. (A) Chemical structure of PZ-DHA. (B)
MDA-MB-231, (C) SUM149, or (D) 4T1 mammary carcinoma cells were treated
with the indicated concentrations of PZ, DHA, PZ-DHA or the vehicle alone,
cultured for 72 h and stained with 7-AAD for analysis by flow cytometry.
Percentage of dead cells was determined and data expressed as mean ± SEM of
3 independent experiments. Differences between the means were compared by
ANOVA and Tukey's multiple comparisons test; ns: not significant, *P < 0.05.
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Newfoundland, St. John's, NL). 4T1 mouse mammary carcinoma cells
were from Dr. D. Waisman (Dalhousie University, Halifax, NS).
SUM149 cells were from the American Type Culture Collection (ATCC;
Manassas, VA). Mammary carcinoma cell lines were authenticated by
short tandem repeat analysis conducted by ATCC and DDC Medical
DNA Diagnostic Center (Fairfield, OH). MDA-MB-231 and 4T1 mam-
mary carcinoma cells were maintained in DMEM supplemented with
10% v/v heat-inactivated FBS, 5mM HEPES (pH 7.4), 2 mM L-gluta-
mine, 100 U/ml penicillin and 100 μg/ml streptomycin (complete
DMEM). GFP-transfected MDA-MB-231 cells were maintained in com-
plete DMEM plus 0.25 μg/ml puromycin. SUM149 cells were grown in
F-12 medium supplemented with 5% v/v heat-inactivated FBS, 5mM
HEPES, 5 μg/ml human insulin, and 0.05 μg/ml hydrocortisone. MCF-
10A cells were purchased from ATCC and grown in F12/DMEM (1:1)
supplemented with 10% horse serum, 0.02 μg/ml EGF, 0.05 μg/ml hy-
drocortisone, 10 μg/ml bovine insulin, 100 U/ml penicillin and 100 μg/
ml streptomycin. Cell lines were maintained at 37 °C in a humidified
10% (MDA-MB-231 and 4T1 cells) or a 5% (SUM149 and MCF-10A
cells) CO2 atmosphere.

2.4. 7-AAD staining

Cytotoxicity was measured by 7-AAD staining of MDA-MB-231,
SUM149, and 4T1 cells following culture for 72 h in the absence or
presence of the indicated concentrations of PZ, DHA, or PZ-DHA. Cells
were harvested and treated with 5 μl 7-AAD solution (eBioscience Inc.
San Diego, CA, USA) at room temperature for 5min. Cells were then
washed and analyzed using a FACSCalibur flow cytometer (BD
Bioscience, Mississauga, ON).

2.5. Gap-closure assays

MDA-MB-231 (10,000 cells in 100 μl), SUM149 (10,000 cells in
100 μl) or 4T1 (8000 cells in 100 μl) cells were seeded into 2-well cul-
ture inserts and cultured overnight. Adherent cells were treated with
10 μg/ml (MDA-MB-231, SUM149) or 20 μg/ml (4T1) of mitomycin C
in serum-free medium for 2 h at 37 °C. Cells were allowed to recover for
12 h in complete medium and then cultured in the absence or presence
of 10 μM PZ, DHA, or PZ-DHA for 24 h. Culture inserts were removed
and the gaps were photographed to establish a baseline, then periodi-
cally photographed until the gap was closed in control cultures.

2.6. Trans-well cell migration and chemo-invasion assays

MDA-MB-231, SUM149 or 4T1 cells were cultured for 24 h in the
absence or presence of 20 μM PZ, DHA, or PZ-DHA. In other experi-
ments, MDA-MB-231 or MCF-10A cells were pretreated with or without
TGF-β (10 ng/ml followed by 5 ng/ml) and then cultured for 24 h
(migration) or 72 h (TGF-β-induced migration) in the absence or pre-
sence of 20 μM PZ, DHA, or PZ-DHA. Cells were then serum-starved for
6 h (MDA-MB-231, SUM149, 4T1) or 12 h (MCF-10A) and harvested.
Aliquots of 5×104 cells in 50 μl serum-free DMEM were placed into
wells of the upper chamber of the trans-well cell migration apparatus.
Bottom chamber wells contained DMEM plus 10% FBS. Migration of
cells through an 8 μm porous membrane coated with or without ECM
proteins was detected by Diff-Quik staining of the membrane followed
by imaging under a light microscope.

2.7. Western blot analysis

MDA-MB-231, SUM149, or MCF-10A cells were cultured for 72 h in
the absence or presence of 20 μM PZ, DHA, or PZ-DHA. Cells were then
harvested and incubated in ice-cold lysis buffer (50mM Tris at pH 7.5,
150mM NaCl, 50mM Na2HPO4, 0.25% sodium deoxycholate (w/v),
0.1% Nonidet P-40 (v/v), 5 mM ethylenediaminetetraacetic acid and
5mM EGTA) containing freshly added protease inhibitors (1 mM

phenylmethylsulfonylfluoride, 10 μg/ml aprotinin, 5 μg/ml leupeptin,
10 μM phenylarsine oxide, 1 mM dithiothreitol and 5 μg/ml pepstatin)
in 100 μM Na3VO4, 10mM NaF for 15min. Protein-rich cell lysates
were separated by centrifugation at 14,000 g for 10min at 4 °C and total
protein concentration was determined by Bradford protein assay. Equal
amounts protein in denaturing buffer were loaded onto 7.5, 10, 12 or
15% SDS-polyacrylamide gels and electrophoresed. Proteins were
transferred to nitrocellulose membranes and blots were blocked for 1 h
with 5% non-fat milk or bovine serum albumin in Tween-TBS (250mM
Tris at pH 7.5, 150mM NaCl and 0.2% Tween-20). Blots were probed
overnight at 4 °C with the indicated primary Abs at the supplier-re-
commended concentrations, then blots were washed thoroughly with
Tween-TBS and probed with the appropriate HRP-conjugated sec-
ondary Ab for 1 h at room temperature. Even protein loading was
confirmed by probing the blots with HRP-conjugated anti-actin Ab or
primary Ab against α-tubulin followed with HRP-conjugated secondary
Ab. Protein bands were visualized using a ChemidocTouch™ imaging
system (Bio-Rad Laboratories, Mississauga, ON).

2.8. Mouse models of metastasis

Six-to-eight-week old BALB/c and NOD-SCID female mice were
purchased from Charles River (Lasalle, QC). BALB/c mice were fed a
regular rodent diet and water supplied ad libitum. NOD-SCID mice were
housed under sterile conditions, fed a sterile rodent diet and sterile
water supplied ad libitum. Mammary carcinoma cells were confirmed to
be free of mycoplasma contamination the day before implantation into
mice. As depicted in Supplementary Fig. 1A, 4T1 cells (1× 105) in 50 μl
sterile PBS were implanted into the left inguinal mammary fat pad of
BALB/c mice (designated day 0). On day 8, mice were randomly as-
signed into two groups and saline or PZ-DHA (100mg/kg body weight)
was administered by intraperitoneal injection every second day for 9
days. Mice were euthanized on day 17. Primary tumors were fixed in
10% (v/v) acetate-buffered formalin. Lungs were harvested and
homogenized in digestion buffer. The resulting cell homogenate was
cultured for 14 days in complete DMEM supplemented with 60 μM 6-
thioguanine, after which 4T1 colonies were visualized by staining with
0.4% (w/v) crystal violet. GFP-MDA-MB-231 cells were generated as
follows. pGipZ-EGFP lentivirus was assembled in HEK293T cells using a
second-generation packaging system (pMD2.G, pSPAX2). Lentiviral
supernatants were collected and filtered (0.45 μm) prior to being ap-
plied to MDA-MB-231 cells, which were then cultured in the presence of
lentiviral supernatant for 4 h before replacing with complete DMEM.
Cells were selected with 1.5 μg/ml puromycin and maintained by cul-
ture in the presence of 0.25 μg/ml puromycin. As shown in
Supplementary Fig. 1B, GFP-MDA-MB-231 cells (2× 106) in 50 μl PBS
were mixed with 50 μl Matrigel and injected into the left inguinal
mammary fat pad of NOD-SCID mice (designated day 0). On day 21,
mice were randomly divided into two groups and saline or PZ-DHA
(100mg/kg) was administered by intraperitoneal injection every
second day for 39 days. Mice were euthanized on day 60. Lungs were
harvested and a single-cell suspension was generated. Erythrocytes
were lysed and following a PBS wash, cells were resuspended in PBS
containing 0.5% (w/v) bovine serum albumin. GFP-MDA-MB-231 cells
in lung cell preparations were detected by flow cytometry. The volume
of 4T1 and GFP-MDA-MB-231 tumors was calculated according to the
equation, L× P2, where L is the longest tumor diameter and P is dia-
meter perpendicular to the longest diameter measured using a digital
caliper. Ethics approval for animal use was obtained from the Dalhousie
University Committee on Laboratory Animals, and was in accordance
with Canadian Council on Animal Care guidelines.

2.9. Histology and immunohistochemistry

Formalin-fixed 4T1 and MDA-MB-231 primary tumors were em-
bedded in paraffin and 5 μm thick sections were generated. Tumor
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sections were mounted on glass slides and stained with hematoxylin
and eosin for detection of tumor necrosis and tumor-associated blood
vessels. Immunohistochemistry was performed to detect the expression
of Ki67, MMP-2 and CD31.

2.10. Alanine aminotransaminase (ALT) assay

The liver function of PZ-DHA- and saline-treated 8-week-old female
BALB/c mice was assessed using a kit to measure serum ALT (Cayman
Chemical, Ann Arbor, MI). Crystalline L-alanine and porcine heart ALT
were used as the ALT substrate and the ALT positive control, respec-
tively. Both substances were dissolved in assay buffer (100mM Tris-
HCl, 10mM sodium bicarbonate, 0.1 mM pyridoxal-5-phosphate and
0.01% sodium azide). NADH and LDH dissolved in assay buffer were
used as co-factors for the reaction. The assay was performed in a 96-
well plate. L-alanine (150 μl), co-factor mixture (20 μl), porcine heart
ALT or serum samples (20 μl) were added to wells and the plate was
incubated at 37 °C for 15min. The reaction was initiated by adding
20 μl of 150mM α-ketoglutarate, and absorbance was measured at
340 nm using an Asys Expert microplate reader (Biochrom Ltd.,
Cambridge, UK) once every minute over 5min. The rate of change in
absorbance at 340 nm (ΔA340) was determined using a calibration curve
(R2=0.99), and ALT enzyme activity in serum samples was de-
termined using the formula below, where, ε is the extinction coefficient
of NADH.

⎛
⎝

⎞
⎠

= ×
×− −

ΔA ml
ε mM cm ml

ALT activity U
ml

/min 0.21
0.02

340
1 1

2.11. Creatinine assay

The kidney function of PZ-DHA- and saline-treated 8-week-old fe-
male BALB/c mice was assessed using a kit to measure serum creatinine
(Cayman Chemical). A calibration curve (R2 = 0.98)for creatinine was
generated using a 0.2 mg/ml creatinine stock made in water. Creatinine
standard or serum samples (15 μl) were diluted in 100 μl of reaction
buffer (sodium borate, creatinine surfactant, and 1M sodium hydroxide
solution) in a 96-well plate. Timing was begun immediately after
adding 1.2% picric acid (100 μl), and absorbance was measured at
492 nm using an Asys Expert microplate reader after 1min and 7min.
Adjusted ΔOD was determined according to formula below. A creati-
nine calibration curve was generated and creatinine concentration in
serum samples was determined.

= −ΔOD A Amin min492 (7 ) 492 (1 )

2.12. Key resources table

Resource Source Identifier

Antibodies

anti- phospho-c-RAF
anti- Slug-1
anti-a-tubulin, HRP-conjugated rabbit anti-actin, HRP-

conjugated donkey anti-rabbit
anti-CD31
anti-Cdc42
anti-c-RAF
anti-GSK3ß
Anti-Ki67
anti-MMP-2
anti-mTOR
anti-p44 (ERK1)/p42 (ERK2)
anti-pan-cadherin
Anti-phospho- GSK3ß
anti-phospho- phosphoinositide-dependent kinase 1
anti-phospho-glycogen synthase kinase 3β (GSK3ß, Se-

r9)

anti-phospho-mammalian target of rapamycin
Anti-phospho-PTEN
anti-PTEN
anti-Rac1/2/3
anti-RhoA
anti-ß-catenin
anti-TCF8/ZEB-1
anti-vimentin
goat anti-mouse IgG
HRP-conjugated anti-actin
Cell line

4T1
MCF-10A
MDA-MB-231
SUM149

Chemical

7- aminoactinomycin
a-ketoglutarate
creatinine
crystal violet
dithiothreitol
DMSO
EDTA
ethylenediaminetetraacetic acid
HEPES
hydrocortisone
L- alanine
L- glutamine
leupeptin
mitomycin C
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid
Na3VO4

NADH
penicillin
pepstatin
phenylarsine oxide
phenylmethylsulfonylfluoride
picric acid
puromycin
sodium azide
sodium bicarbonate
sodium deoxycholate
sodium hydroxide
streptomycin
Tris-HCl

ProteinPeptide

fibronectin
protease
serum albumin
TBS

3. Results

3.1. Determination of a sub-cytotoxic concentration of PZ-DHA

Flow cytometric analysis of 7-AAD-stained MDA-MB-231, SUM149,
and 4T1 triple-negative mammary carcinoma cells was used to de-
termine sub-cytotoxic concentrations of PZ-DHA for use in subsequent
experiments. In line with our earlier findings [30], Fig. 1B shows that
72 h exposure to DHA alone and PZ-DHA, but not PZ alone, at 40 and
50 μM, killed MDA-MB-231 cells. SUM149 cells were slightly more
sensitive to DHA and PZ-DHA (Fig. 1C). In contrast, Fig. 1D shows that
the viability of 4T1 cells was not affected by PZ, DHA, or PZ-DHA at any
of the tested concentrations. We therefore applied sub-cytotoxic con-
centrations (≤20 μM) of PZ, DHA, and PZ-DHA to determine whether
these phytochemicals affected the metastatic properties of MDA-MB-
231, SUM149, and 4T1 cells in the absence of cytotoxicity.

W. Fernando, et al. Cancer Letters 465 (2019) 68–81

71



3.2. PZ-DHA inhibits triple-negative mammary carcinoma cell migration
and invasion

A gap-closure assay was used to determine the impact of sub-cyto-
toxic PZ-DHA on the motility of mammary carcinoma cells. As shown in
Fig. 2, sub-cytotoxic PZ-DHA (10 μM) inhibited the migration of triple-
negative MDA-MB-231 (Fig. 2A), SUM149 (Figs. 2B), and 4T1 (Fig. 2C)
mammary carcinoma cells, as indicated by a reduction in gap closure
relative to the untreated control. Treatment with PZ or DHA alone

appeared also to reduce migration; however, the effect was not statis-
tically significant with the exception of DHA-treated SUM149 cells.
Sub-cytotoxic PZ-DHA had a dramatic inhibitory effect on chemoat-
tractant-induced migration of MDA-MB-231 and SUM149 cells across a
transwell membrane (Fig. 2D and E, respectively). DHA alone had a
slight but statistically significant inhibitory effect on MDA-MB-231 cells
in this assay. Chemoattractant-induced migration of MDA-MB-231 cells
across fibronectin-coated (Fig. 2F) and gelatin-coated (Fig. 2G) trans-
well membranes was also inhibited by sub-cytotoxic PZ-DHA.

Fig. 2. PZ-DHA inhibits triple-negative mammary carcinoma cell migration and invasion. (A) MDA-MB-231, (B) SUM149, or (C) 4T1 cells were seeded in cell
culture inserts and incubated with mitomycin C (MDA-MB-231 and SUM149, 10 μg/ml; 4T1, 20 μg/ml) to prevent proliferation. The cells were treated with PZ, DHA,
PZ-DHA (10 μM), vehicle or medium alone for 24 h, then inserts were removed and images were captured until the gap was closed by control cells. Data shown are
mean % migration ± SEM of 3 independent experiments. (D) MDA-MB-231 and (E) SUM149 cells were seeded and treated with PZ, DHA, PZ-DHA (20 μM) or
vehicle alone for 24 h, then serum-starved and resuspended in serum-free medium to determine their chemoattractant-induced migration. Images were analyzed
using ImageJ software and % migration was calculated. Data shown are mean % migration ± SEM of 3 independent experiments. (F, G) MDA-MB-231 cells were
seeded and treated with PZ, DHA, PZ-DHA (20 μM) or vehicle alone for 24 h. Treated cells were serum- starved and resuspended in serum-free medium and their
chemoattractant-induced migration through membranes coated with (F) 10 μg/ml fibronectin or (G) 10 μg/ml gelatin was determined. Images were analyzed using
ImageJ software and % invasion was calculated. Data shown are representative images and mean % invasion ± SEM of 3 independent experiments. (H) MDA-MB-
231 cells were treated for 72 h with PZ, DHA, PZ-DHA (20 μM) or vehicle alone. Cells were harvested, lysed and relative expression (± SEM of 3 independent
experiments) of MMP-2 was determined by Western blot analysis. Equal protein loading was confirmed by β-actin expression. Differences between the means were
compared by ANOVA and Tukey's multiple comparisons test; *P < 0.05, **P < 0.01, and ***P < 0.001.

W. Fernando, et al. Cancer Letters 465 (2019) 68–81

72



Moreover, expression of MMP-2, which degrades gelatin and fi-
bronectin of the ECM [31], was diminished when MDA-MB-231 cells
were cultured for 72 h in the presence of sub-cytotoxic PZ-DHA
(Fig. 2H). DHA alone had a weaker but statistically significant in-
hibitory effect on MDA-MB-231 invasion through gelatin and MMP-2
expression, which was not seen with PZ alone. Taken together, these
findings suggest a potent inhibitory effect of sub-cytotoxic PZ-DHA on
the invasive capacity of TNBC cells, possibly via decreased expression
of MMP-2.

Since RhoA, Cdc42, and Rac expression is associated with cell mi-
gration via the formation of lamellipodia and filopodia [32], we next
tested the effect of PZ-DHA on the TGF-β-induced expression of these
small GTPase proteins by MCF-10A mammary epithelial cells and MDA-
MB-231 TNBC cells. As expected, TGF-β stimulated the migration of
MCF-10A and MDA-MB-231 cells, which was inhibited by PZ, DHA, and
PZ-DHA, with PZ-DHA having the greatest inhibitory effect (Fig. 3A).
TGF-β also induced the expression of RhoA and Cdc42 by MCF-10A and
MDA-MB-231 cells; however, there was a significant reduction in TGF-
β-induced RhoA (Fig. 3B) and Cdc42 (Fig. 3C) expression relative to the
vehicle control after 72 h culture in the presence of PZ-DHA. TGF-β-
induced Rac1/2/3 expression was decreased in MDA-MB-231 cells but
not MCF-10A cells following PZ-DHA treatment (Fig. 3D). In MDA-MB-
231 cell cultures, PZ-DHA had a greater effect than either PZ or DHA
alone whereas this was not always the case in MCF-10A cell cultures.

Treatment with PZ-DHA or DHA alone also caused a reduction in basal
expression of RhoA and Cdc42, but not Rac1/2/3 by MDA-MB-231 cells
(see Supplementary Fig. 2).

3.3. PZ-DHA inhibits EMT of MDA-MB-231 and SUM149 cells

EMT, which involves the β-catenin-induced expression of tran-
scription factors belonging to the ZEB, Snail/Slug, and Twist families, as
well as their downstream targets E-cadherin and vimentin, is a con-
tributing factor in carcinoma progression, including metastasis [33].
We therefore determined the impact of PZ-DHA treatment on the ex-
pression of EMT-associated proteins by MDA-MB-231 and SUM149
TNBC cells. As shown in Fig. 4, MDA-MB-231 cells that were cultured in
the presence of PZ-DHA for 72 h exhibited a reduction in the expression
of β-catenin (Fig. 4A), Slug (Fig. 4B) and ZEB-1 (Fig. 4C), as well as
increased the expression of epithelial marker, E-cadherin (Fig. 4G);
however, inhibition of vimentin (Fig. 4D) and N-cadherin (Fig. 4G)
expression by PZ-DHA, although consistent from experiment to ex-
periment, did not achieve statistical significance. PZ-DHA inhibited
SUM149 cell expression of Slug (Fig. 4E) and vimentin (Fig. 4F), as well
as causing increased expression of E-cadherin and decreased N-cadherin
expression (Fig. 4H). Neither PZ nor DHA alone had any significant
effect on the expression of these EMT-associated proteins by MDA-MB-
231 cells; however, DHA alone showed some inhibition of Slug and

Fig. 3. PZ-DHA inhibits the expression of small GTPase proteins associated with TGF-β-induced cell migration. (A) MCF-10A or MDA-MB-231 cells were pre-
treated with 10 ng/mL TGF-β and then exposed to PZ, DHA, PZ-DHA (20 μM) or vehicle alone for 24 h in the presence or absence of 5 ng/mL TGF-β. Treated cells
were serum-starved and resuspended in serum-free F12/DMEM or DMEM and their chemoattractant-induced migration was determined. (B, C, D) MCF-10A and
MDA-MB-231 cells that were treated with or without 10 ng/mL TGF-β were then exposed to PZ, DHA, PZ-DHA (20 μM) or vehicle alone in the presence or absence of
5 ng/mL TGF- β for 72 h. Relative expression ± SEM of 3 independent experiments of TGF-β-induced (B) RhoA, (C) Cdc42 and (D) Rac1/2/3 was determined using
Western blot analysis. Equal protein loading was confirmed by β-actin expression. Differences between means were compared by ANOVA with Tukey's multiple
comparisons test; *P < 0.05, **P < 0.01 and ***P < 0.001.
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vimentin expression by SUM149 cells.

3.4. PZ-DHA inhibits Akt/PI3K and MAPK signaling pathways of MDA-
MB-231 cells

We next tested the effect of sub-cytotoxic PZ-DHA on Akt/PI3K and
MAPK signaling pathways, both of which have been implicated in EMT
and, by association, metastasis of TNBC cells [34,35]. Fig. 5 shows that
72 h culture of MDA-MB-231 TNBC cells in the presence of sub-cyto-
toxic PZ-DHA resulted in upregulation of PTEN phosphorylation
(Fig. 5A), which is an upstream inhibitor of Akt/PI3K signaling [36],
whereas the phosphorylation of PDK1 (Fig. 5B), which is an upstream
inducer of Akt/PI3K signaling, was downregulated. Furthermore,

reduced Akt/PI3K signaling was evident by decreased phosphorylation
of the downstream effector molecule, mTOR (Fig. 2C). PZ and DHA
alone inhibited PDK1 phosphorylation but not PTEN or mTOR phos-
phorylation. PZ-DHA also inhibited the phosphorylation of c-RAF and
p44/p42 (ERK1/2) components of the MAPK signaling cascade (Fig. 5D
and E, respectively), activation of which has been implicated in breast
cancer progression [37]. DHA alone inhibited the phosphorylation of
cRAF. Phosphorylation of p44/p42 was inhibited by both PZ and DHA
alone, although not to the extent seen with PZ-DHA. We also examined
the effect of PZ-DHA on the activation status of GSK3β, which can
impact cancer progression and is regulated by several kinases including
Akt and ERKs [38]. Consistent with our other findings, inhibitory
phosphorylation of GSK3β at Ser9 was increased in the presence of PZ-

Fig. 4. PZ-DHA inhibits EMT-associated protein expression in TNBC cells. MDA-MB-231 or SUM149 cells were cultured for 72 h in the presence of PZ, DHA, PZ-
DHA (20 μM) or vehicle alone. EMT-associated protein expression was then determined by western blotting. MDA-MB-231 expression of (A) β-catenin (B) Slug, (C)
ZEB-1, (D) vimentin, and (G) E-cadherin/N-cadherin, and SUM149 expression of (E) Slug, (F) vimentin, and (H) E-cadherin/N-cadherin were determined. Equal
protein loading was confirmed by β-actin expression. Data shown are mean relative expression± SEM of 3–4 independent experiments. Differences between means
were compared by ANOVA with Tukey's multiple comparisons test; *P < 0.05, and **P < 0.01.
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Fig. 5. PZ-DHA inhibits Akt/PI3K and MAPK signaling in TNBC cells. MDA-MB-231 cells were cultured for 72 h in the presence of PZ, DHA, PZ-DHA (20 μM) or
vehicle alone. At the end of culture protein-rich cell lysates were prepared. Equal amounts of protein (20 μg) were loaded onto SDS-polyacrylamide gels and
electrophoresed. Proteins were transferred to nitrocellulose membranes and blots probed for (A) phospho (p)-PTEN (Ser380)/total-PTEN, (B) p-PDK1 (Ser241)/total-
PDK1, (C) p-mTOR (Ser2448)/total-mTOR, (D) p-cRAF (Ser259)/total-cRAF, (E) p-p44 (Thr202)/p42 (Tyr204)/total-p44/p42, (F) p-GSK3β (Ser9)/total-GSK3β, and
(G) p-GSK3β (Tyr216)/total-GSK3β. Equal protein loading was confirmed by β-actin or α-tubulin expression. Data shown are mean relative expression± SEM of 3
independent experiments. Statistical significance was determined by ANOVA and the Tukey post-test; *P < 0.05, **P < 0.01 and ***P < 0.001.
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DHA, as well as DHA alone (Fig. 5F), whereas there was no change in
phosphorylation at Tyr216 (Fig. 5G), indicating inhibition of GSK3β
activity.

3.5. PZ-DHA suppresses 4T1 and MDA-MB-231 tumor growth and
metastasis in mice

To determine whether the in vitro inhibition of metastatic activities
and metastasis-associated signaling pathways extended to the tumor
microenvironment, we implanted 4T1 mammary carcinoma cells into
immune-competent BALB/c female mice and MDA-MB-231 breast

Fig. 6. PZ-DHA suppresses 4T1 tumor growth and metastasis in immune-competent mice. 4T1 mouse mammary carcinoma cells were injected into the left
inguinal mammary fat pad of syngeneic female BALB/c mice and saline or PZ-DHA (100mg/kg) were administered by intraperitoneal injection every second day
beginning at day 8 after implantation. On day 17, mice were euthanized and primary tumors were removed. (A) Tumor volumes were determined by caliper
measurements every second day and are shown as mean (mm3) ± SEM. (B) Tumor weights (wet) at day 17 are shown as mean (mg) ± SEM. (C) Lungs were
harvested, minced and the number of lung metastases at day 17 were determined by colony-forming assay. Data are shown as mean # metastases ± SEM. (D)
Correlation of primary tumor weight to number of 4T1 cells metastasized into lungs was determined using the Pearson correlation statistical method. (E) Blood
vessels (indicated by arrows) in the primary tumors were counted on a hematoxylin and eosin stained section (see representative sections). Data are shown as mean #
blood vessels ± SEM. (F) Correlation of primary tumor volume to number of tumor associated-blood vessels was determined using the Pearson correlation statistical
method. Statistical differences between means were compared by Student's t-test; *P < 0.05.
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cancer cells into immune-deficient NOD-SCID mice. Both groups of
mice subsequently received saline or PZ-DHA by intraperitoneal injec-
tion. As shown in Figs. 6 and 7, PZ-DHA-treated mice experienced a
reduction in primary tumor volume (4T1, Fig. 6A; MDA-MB-231,
Fig. 7A). PZ-DHA treatment also reduced MDA-MB-231 tumor weight
(Fig. 7B); however, 4T1 tumor weight was not affected (Fig. 6B).

Importantly, mice that were treated with PZ-DHA experienced a sig-
nificant reduction in metastasis of 4T1 (Fig. 6C) and MDA-MB-231
(Fig. 7C) mammary carcinoma cells into the lungs. Inhibition of lung
metastases development did not correlate with the effect of PZ-DHA on
primary tumor growth (4T1, Fig. 6D; MDA-MB-231, Fig. 7D), sug-
gesting that suppression of primary tumor growth was not the cause of

Fig. 7. PZ-DHA suppresses MDA-MB-231 tumor xenograft growth and metastasis in immune-deficient mice. GFP-tagged MDA-MB 231 breast cancer cells were
mixed with Matrigel and injected into the left inguinal mammary fat pad of female NOD-SCID mice and saline or PZ-DHA (100mg/kg) were administered by
intraperitoneal injection every second day beginning at day 21. On day 59, mice were euthanized and primary tumors were removed. (A) Tumor volumes were
determined by caliper measurements every second day and are shown as mean (mm3) ± SEM. (B) Tumor weights (wet) at day 59 are shown as mean (mg) ± SEM.
Tumor weights were recorded and data are shown as mean (mg) ± SEM. (C) Lungs were harvested, minced and the resulting single cell suspensions were analyzed
by flow cytometry to determine % lung metastasis, denoted as mean ± SEM. (D) Correlation of primary tumor weight to MDA-MB-231 metastases in the lungs was
determined using the Pearson correlation statistical method. (E) Blood vessels (indicated by arrows) in the primary tumors were counted on a hematoxylin and eosin
stained section (see representative sections). Data are shown as mean # blood vessels ± SEM. (F) Correlation of primary tumor volume to number of tumor
associated-blood vessels was determined using the Pearson correlation statistical method. Statistical differences between means were compared by Student's t-test;
*P < 0.05.
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reduced metastasis to the lungs. In addition, treatment with PZ-DHA
caused a significant decrease in the number of blood vessels in the
primary tumor (4T1, Fig. 6E; MDA-MB-231, Fig. 7E), which was also
independent of primary tumor growth. As shown in Fig. 8, im-
munohistochemical analysis of fixed 4T1 and MDA-MB-231 tumor
sections from PZ-DHA-treated mice showed a decrease in Ki67, MMP-2
and CD31 expression, which was consistent with PZ-DHA-induced
suppression of tumor growth (Ki67), metastatic activity (MMP-2), and
development of tumor-associated blood vessels (CD31). There was no
evidence of toxicity due to PZ-DHA treatment since both liver and
kidney function remained normal, as assessed by serum ALT and
creatinine levels (Table 1). Moreover, the behavior of the tumor-
bearing mice was not altered by PZ-DHA treatment and necropsies did
not reveal any gross anatomical differences between saline- and PZ-

DHA-treated animals.

4. Discussion

Although recent advances in anticancer drug development have
improved the initial treatment of cancer, metastasis remains the cause
of nearly 90% of cancer-related deaths [39]. One approach to the de-
velopment of new and more effective treatments for metastatic disease
has been the investigation of plant-derived polyphenols for anti-meta-
static properties; however, reports on pre-clinical or clinical applica-
tions are limited due to the in general poor bioavailability of these
natural compounds. We have previously shown that PZ-DHA, a novel
fatty acid ester derivative of a plant polyphenol, is selectively cytotoxic
for TNBC cells [30]. In the present investigation, we establish, for the
first time, that sub-cytotoxic PZ-DHA (≤20 μM) inhibited the in vitro
and in vivo metastatic activity of TNBCs.

Invasion of adjacent tissues by tumor cells and their subsequent
hematogenic and/or lymphogenic spread to distant sites involves tumor
cell locomotion and the degradation of ECM components by proteolytic
enzymes secreted by cancer cells and other cells in the tumor micro-
environment [40]. PZ-DHA, at a concentration that was not cytotoxic
for of triple-negative MDA-MB-231, SUM149, and 4T1 mammary car-
cinoma cells, inhibited the migration of these highly metastatic tumor
cells in gap closure and transwell migration assays. Chemoattractant-
directed migration of MDA-MB-231 TNBC cells across transwell

Fig. 8. PZ-DHA decreases Ki67, MMP-2
and CD31 expression in primary 4T1 and
MDA-MB-231 tumors. Fixed tumor sec-
tions from saline- and PZ-DHA-treated mice
were stained with hematoxylin and eosin to
identify regions of necrosis and tumor-as-
sociated blood vessels, L: live tissue and N:
necrotic tissue. Deparaffinized tumor sec-
tions were also stained with mouse mono-
clonal anti-Ki67, mouse monoclonal anti-
MMP-2, or rabbit monoclonal anti-CD31
Abs. MMP-2 and CD31-staining was visua-
lized with mouse-on-mouse HRP-polymer
and the HRP/DAB detection system. Ki67-
staining was visualized with MACH 4MR
AP polymer and a Vulcan fast red chro-
mogen kit 2. Representative tumor sections
photographed at× 200 and×400 magni-
fication are shown. (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the Web
version of this article.)

Table 1
PZ-DHA does not cause liver or kidney toxicitya.

Serum parameter Saline PZ-DHA

ALT (U/ml) 0.013 ± 0.002 0.012 ± 0.002*
Creatinine (μM) 61.7 ± 3.3 62.3 ± 3.8*

a
Serum levels of ALT and creatinine were determined following treatment of

female BALB/c mice with saline or 100 mg/kg PZ-DHA, every second day for 9
days (5 doses). Data are shown as the average value± SEM. Statistical sig-
nificance was determined by Student's t-test; *P>0.05, i.e. not significant.
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membranes coated with extracellular matrix proteins (gelatin or fi-
bronectin) was also inhibited by sub-cytotoxic PZ-DHA, suggesting a
suppressive effect on the invasion component of the metastatic process.
Diminished tumor cell locomotion in the presence of PZ-DHA can be
attributed to a concomitant reduction in RhoA and Cdc42 expression,
which are GTPases that signal for actin polymerization during cell
migration [32]. Moreover, Rho GTPase signaling is dysregulated in
many cancers [41]. PZ-DHA also inhibited TGF-β-induced expression of
RhoA and Cdc42 by MCF-10A normal mammary epithelial cells, as well
as MDA-MB-231 TNBC cells, suggesting an effect at the level of TGF-β
signaling, which is a key regulator of tumor progression [42,43]. In-
terestingly, exposure to PZ-DHA caused a reduction in TGF-β-induced
Rac1/2/3 expression by MDA-MB-231 cells, but not MCF-10A cells,
indicating a possible selective effect on neoplastic cells. It is noteworthy
that MMP-2 expression by MDA-MB-231 cells was diminished following
treatment with sub-cytotoxic PZ-DHA. This finding was consistent with
reduced chemoattractant-directed migration of PZ-DHA-treated MDA-
MB-231 cells across gelatin- or fibronectin-coated membranes since
MMP-2 degrades both gelatin and fibronectin components of the ECM
[31]. Moreover, MMP-2 is frequently overexpressed in breast tumor
tissue and has been implicated in breast cancer metastasis [44];
therefore, MMP-2 inhibition by PZ-DHA has potential clinical implica-
tions.

The acquisition of migratory and invasive properties by carcinoma
cells during tumor progression has been linked to EMT and the acti-
vation of EMT-associated signaling pathways [45]. Central to EMT is
the β-catenin-induced expression of ZEB, Snail/Slug, and Twist family
transcription factors, as well as their downstream targets E-cadherin
and vimentin [33]. Activation of EMT-associated transcription factors
in malignant epithelial cells, including mammary carcinoma cells,
causes the loss of epithelial markers and stabilization of the mesench-
ymal phenotype [46]. Exposure of MDA-MB-231 TNBC cells to sub-
cytotoxic PZ-DHA resulted in reduced expression of Slug and ZEB-1
transcription factors, as well as the reversal of EMT-induced depletion
of E-cadherin. Sub-cytotoxic PZ-DHA had similar effects on Slug and E-
cadherin expression by SUM149 cells. Reduced expression of vimentin
and N-cadherin was also seen in PZ-DHA-treated SUM149 cells, and a
consistent, although not statistically significant, reduction in MDA-MB-
231 expression of vimentin and N-cadherin was noted in the presence of
PZ-DHA. These findings are in line with decreased expression of β-ca-
tenin and EMT-associated transcription factors. PZ-DHA-mediated in-
hibition of Slug and ZEB-1 expression can be attributed to the con-
comitant β-catenin inhibition since β-catenin is a known inducer of
these EMT-associated transcription factors [33].

Sub-cytotoxic PZ-DHA inhibited Akt/PI3K and MAPK signaling
pathways that are involved in EMT and promote metastasis [34,35].
Treatment of MDA-MB-231 TNBC cells with PZ-DHA impacted up-
stream regulators of Akt/PI3K signaling [36], as evidenced by increased
phosphorylation of inhibitory PTEN at Ser380 and decreased phos-
phorylation of stimulatory PDK1 at Ser241. Moreover, mTOR phos-
phorylation, which occurs downstream of Akt/PI3K signaling, was re-
duced in PZ-DHA-treated cells. Activation of c-RAF and ERK1/2
components of the MAPK signaling cascade was also inhibited in the
presence of PZ-DHA, which is an important finding in light of the role of
MAPK in breast cancer progression [37]. Moreover, an overall reduc-
tion in GSK3β kinase activity, which is regulated by several kinases
including Akt and ERKs [38], was evident in PZ-DHA-treated MDA-MB-
231 cells since there was increased phosphorylation of GSK3β at Ser9
(inhibits GSK3β) but no change in GSK3β phosphorylation at Tyr216
(activates GSK3β). There are at least two distinct pools of GSK3β pre-
sent in a cell, one being resistant to phosphorylation by Akt and the
other being regulated by Akt-induced kinase activity [47]. However, at
this time it is not clear whether PZ-DHA-induced phosphorylation of
GSK3β at Ser9 in MDA-MB-231 cells was responsible for reduced ex-
pression of β-catenin, which would, in turn, inhibit the expression of
EMT-associated genes, as described in MCF-7 breast cancer cells [48].

Nevertheless, taken together, our data suggest that the Akt/PI3K and
ERK1/2 signal transduction pathways are important targets for PZ-
DHA. In agreement with earlier studies [49,50], DHA by itself inhibited
Akt/PI3K and MAPK signaling, as did PZ, albeit to a lesser extent than
PZ-DHA.

Although we have evidence that PZ-DHA is taken up by both ma-
lignant and normal cells, at this time the precise intracellular target of
PZ-DHA is not known. Indeed, the intracellular targets in cancer cells
for most, if not all, bioactive phytochemicals that suppress the growth
of cancer cells have not yet been identified. It has been suggested that
dietary ω-3-fatty acids such as DHA inhibit breast cancer cell pro-
liferation by acting at the level of G protein-coupled receptors (GPR40
and GPR120) in the free fatty acid receptor family [51]. However,
GPR120 activation in breast cancer cells has recently been reported to
promote metastasis via Akt/PI3K signaling [52], which argues against a
role for GPR120 in mediating the anti-metastatic activity of PZ-DHA.
Interestingly, PZ is a glycoside of phloretin, which functions as an es-
trogen receptor α antagonist [53]. However, any action of PZ-DHA via
estrogen receptor α is ruled out by the fact that this receptor is not
expressed by the TNBC cells used in our study [54]. The nature of the
intracellular target for PZ-DHA therefore remains an important ques-
tion for future study.

Consistent with our in vitro findings, systemic administration of PZ-
DHA via intraperitoneal injections suppressed the growth of two ag-
gressive types of mammary carcinoma cells and their metastasis to the
lungs, without any evidence of adverse effects or acute toxicity in PZ-
DHA-treated mice. Preliminary pharmacokinetic experiments suggest
that PZ-DHA administered by intraperitoneal injections is absorbed
directly into the circulation, after which PZ-DHA undergoes phase 1
and phase 2 metabolism. Immunohistochemical staining of sections
from primary tumors revealed that expression of the proliferation
marker Ki67 and metastasis-promoting MMP-2 was decreased as a re-
sult of PZ-DHA treatment, providing further evidence of in vivo antic-
ancer activity by PZ-DHA. In addition, the reduced number of blood
vessels and decreased expression of the endothelial cell marker CD31
expression in primary tumor sections from PZ-DHA-treated mice sug-
gested an anti-angiogenic effect, which could impact both tumor
growth and metastasis. However, neither the inhibition of metastasis
nor the suppression of tumor-associated blood vessel development
correlated with the growth of the primary tumor, suggesting that these
effects were not the result of primary tumor growth inhibition by PZ-
DHA. Taken together, our in vivo findings suggest that reduced ECM
degradation and/or hematogenic dissemination of mammary carci-
noma cells in PZ-DHA-treated mice contributed to the observed re-
duction in lung metastasis.

In conclusion, as depicted in Fig. 9, the current study reveals that
sub-cytotoxic PZ-DHA inhibited multiple metastatic activities (migra-
tion, invasion, EMT) and metastasis-associated signaling pathways
(TGFβ, Akt/PI3K, MAPK) in TNBC cells. Furthermore, a reduction in
TGFβ, Akt/PI3K, and/or MAPK signaling following PZ-DHA treatment
of TNBC cells may represent the molecular basis of the anti-metastatic
effect of PZ-DHA. In light of the resistance of advanced metastatic TNBC
to current chemotherapeutic regimens [1], our in vitro and in vivo
findings suggest that PZ-DHA warrants further investigation as a po-
tential drug candidate for the prevention and treatment of TNBC pro-
gression and metastasis.
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Fig. 9. Proposed model for anti-meta-
static activities of sub-cytotoxic PZ-DHA.
PZ-DHA inhibits TNBC cell migration and
invasion, as well as metastasis and the ex-
pression of EMT-associated transcription
factors. The molecular basis for these anti-
metastatic effects of PZ-DHA involve the
suppression of Akt/PI3K signaling by indu-
cing the activation of Akt suppressor, PTEN,
and inhibiting the phosphorylation-medi-
ated activation of PDK1 and mTOR, as well
as the down-stream effector GSK3-β. In ad-
dition, PZ-DHA suppresses MAPK activation
by inhibiting the phosphorylation of RAS, c-
RAF and ERK1/2. PZ-DHA-mediated in-
hibition of the EMT-associated transcription
factor β-catenin results in the reduced ex-
pression of β-catenin-dependent EMT tran-
scription factors such as Slug and ZEB-1,
leading to increased expression of E-cad-
herin and inhibition of the metastatic cas-
cade. PZ-DHA also inhibits TGF-β-induced
expression of Cdc42, Rac1/2/3 and RhoA,
which are also involved in cell migration
and EMT.
Akt: Protein kinase B; AP: Activator pro-
tein; APC: Adenomatous polyposis coli; c-
RAF: Proto-oncogene serine/threonine-pro-
tein kinase; ELK: ETS domain-containing
protein; EMT: Epithelial-to-mesenchymal
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