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Breast cancer is the most commonly diagnosed cancer in females worldwide. Estimates
from the World Health Organization (WHO) International Agency for Research on Cancer,
suggest that globally, there were around 2.1 million new breast cancer cases and
627,000 deaths due to breast cancer in 2018. Among the subtypes of breast cancer,
triple negative breast cancer (TNBC) is the most aggressive and carries the poorest
prognosis, largest recurrence, and lowest survival rate. Major treatment options for TNBC
patients are mainly constrained to chemotherapy, which can be accompanied by severe
side effects. Therefore, development of novel and effective anti-cancer drugs for the
treatment of TNBC are urgently required. Centipeda minima is a well-known traditional
Chinese herbal medicine that has historically been used to treat rhinitis, sinusitis, relieve
pain, and reduce swelling. Recent studies have shown that Centipeda minima exhibited
efficacy against certain cancers, however, to date, no studies have been conducted
on its effects in breast cancer. Here, we aimed to investigate the anti-cancer activity
of the total extract of Centipeda minima (CME), and its underlying mechanism, in
TNBC. In MDA-MB-231, we found that CME could significantly reduce cell viability and
proliferation, induce apoptosis and inhibit cancer cell migration and invasion, in a dose
and time-dependent manner. We showed that CME may potentially act via inhibition of
multiple signaling pathways, including the EGFR, PIBK/AKT/mTOR, NF-«kB, and STAT3
pathways. Treatment with CME also led to in vitro downregulation of MMP-9 activity and
inhibition of metastasis. Further, we demonstrated that CME could significantly reduce
tumor burden in MDA-MB-231 xenograft mice, without any appreciable side effects.
Based on our findings, CME is a promising candidate for development as a therapeutic
with high efficacy against TNBC.

Keywords: Centipeda minima, natural compounds, breast cancer, triple negative breast cancer (TNBC),
anti-cancer
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INTRODUCTION

Breast cancer is the most commonly diagnosed cancer and
primary cause of cancer death in females. Estimates from the
World Health Organization International (WHO) Agency for
Research on Cancer, suggest that in 2018 there were around
2.1 million new breast cancer cases and 627,000 deaths due to
breast cancer, worldwide (1). Breast cancer is a heterogenous
disease, and can be divided into several subtypes based on
receptor status and molecular classes. Triple negative breast
cancer (TNBC) accounts for 5-25% of all breast cancers, and
is classified as tumors that are clinically negative for estrogen
receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 [HER2; (2, 3)]. Compared to other
types of breast cancer, TNBC is highly invasive and metastatic,
and rapidly progressive. TNBC has a high rate of recurrence,
poor prognosis, low survival rate, and is more common among
young and pre-menopausal women (3-5). The above factors
have led to increasing levels of attention amongst clinicians and
scientists, and as such, TNBC has become a major topic in breast
cancer research.

The ER, PR, and HER?2 receptors all serve as molecular targets
for therapeutic agents, however, the lack of these receptors in
TNBC limits available treatment options mainly to cytotoxic
chemotherapy-centered approaches (6). Though chemotherapy
has been shown to be relatively effective in early stage TNBC,
more than 30% of TNBC patients develop metastatic disease,
and for these patients, median overall survival is only 13-18
months (7, 8). In addition, patients treated with chemotherapy
suffer from numerous side effects, including hair loss, headaches
and muscle pains, fatigue, nausea, vomiting, loss of appetite, and
weight loss. Thus, there is a pressing need for novel alternative
approaches with improved efficacy and reduced toxicity for the
treatment of TNBC.

Herbal medicines, especially traditional Chinese medicine
(TCM), have been commonly used in the prevention and
treatment of disease for thousands of years. They are considered
as natural therapies, with advantages including potent efficacy,
minimal-to-no side effects, affordability, and a wide and
abundant variety. Over the past several decades, the worldwide
populace has become more receptive and welcoming to the use
of TCM as a complementary or alternative medicine, and natural
products have been viewed as a source of potential compounds in
the search for novel drugs (9, 10).

Centipeda minima (L.) A. Braun & Asch. (CM), also known
in Chinese as Ebushicao, is an annual herbaceous plant of
Asteraceae family widely distributed in China and eastern
tropical Asia. The whole plant has been employed as a TCM
for millennia and is commonly treatment for indications such
as rhinitis, sinusitis, cough, headache, swelling, and allergy (11).
Phytochemical research has demonstrated CM mainly contain
phenolic acids (e.g., isochlorogenic acid A and isochlorogenic
acid C), flavonoids, and sesquiterpene lactones [e.g., Brevilin A,
Arnicolide D; (12-16)]. Reports suggest that Centipeda minima
extracts (CME) possess anti-inflammatory (17), anti-bacterial
(18, 19), and anti-allergic (20) effects. Previous studies have
demonstrated the anti-cancer effects of CME, and compounds

extracted from CM, in various cancers including nasopharyngeal
carcinoma (13, 14, 21, 22), leukemia (23), glioblastoma (24), lung
cancer (25), and colon cancer (26), however, the effects of CME
on breast cancer have to date, not been demonstrated.

In this study, we investigated the anti-cancer effects and
molecular mechanisms of CME in TNBC. We provide the first
evidence of the anti-TNBC effect of CME, and its potential for
further study and development as a treatment for TNBC.

MATERIALS AND METHODS

Plant Materials and Sample Preparation

As previously described (22, 27), Centipeda minima was collected
in August 2010 in Xiangfan, Hubei Province, China (latitude,
32°04' N; longitude, 112°05" E), and authenticated by Prof. Sibao
Chen based on morphological features. A voucher specimen
(EBSC-016-09) was deposited at the herbarium of the State Key
Laboratory of Chinese Medicine and Molecular Pharmacology,
Department of Applied Biology and Chemical Technology, The
Hong Kong Polytechnic University. The whole plant was air-
dried and ground to coarse powder. Extraction procedures were
conducted at room temperature. 0.3 g powdered sample was
weighed in a 50 mL centrifuge tube and sonicated (540 W)
at room temperature with 10mL, 50% ethanol for 30 min.
The mixture was then centrifuged at ~3,000g for 5min and
then filtrated into a 25mL volumetric flask. The extraction
procedure was then repeated once more. Afterward, the residue
was washed with 3mL, 50% ethanol, and the solution was
transferred to a volumetric flask. Finally, the sample solution
was marked up to 25mL and was filtrated through a 0.45 M
syringe filter before high performance liquid chromatography
(HPLC) analysis. The authentication and chemical profiling of
CME was conducted according to Chan et al. (27). In brief, the
content of CME was determined by high performance liquid
chromatography coupled with quadrupole time-of-flight mass
spectrometry (HPLC-QTOF-MS) and high-performance liquid
chromatography-diode array detection (HPLC-DAD) in our
laboratory. A HPLC profile was generated to establish the most
common constituents of CME, then, using HPLC-DAD, each
batch of CME was compared to a HPLC profile established with
10 common components for quality control.

For all in vitro assays, CME was prepared in dimethyl
sulfoxide (DMSO; Sigma Chemical Co., St. Louis, MO, USA) at a
stock concentration of 100 mg/ml and stored at —80°C until use.
It was diluted in culture medium for cell culture studies. For in
vivo studies, CME was dissolved in 0.5% carboxymethylcellulose
(CMC; Sigma Chemical Co., St. Louis, MO, USA) solution for
oral administration to mice.

Cell Lines and Reagents

MDA-MB-231 and MCF-7 human breast cancer cells were
purchased from the American Type Culture Collection
(Manassas, USA). All cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM; Life Technologies, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and penicillin/streptomycin (50 U/mL), at 37°C and
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5% CQO;. Cell lines were tested and confirmed to be free of
mycoplasma contamination.

Cell Viability

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to determine cell viability of
MDA-MB-231 and MCF-7 cancer cells treated with CME. Cells
were seeded in a 96-well-plate at a density of 5 x 10% cells/well.
After 24h, cells were treated with various concentrations of
CME for another 24, 48, or 72 h. Cells were then treated with 0.5
mg/mL MTT (Sigma, St. Louis, MO, USA) at 37°C for 4 h. Media
was removed after incubation, and DMSO (Duksan, Korea)
was added to each well. Absorbance at 570 nm in each well was
measured using a Clariostar Monochromator Microplate Reader
(BMG LABTECH, Germany). Three independent experiments
were carried out. The IC59 of CME in the cell lines were
calculated using Prism 7 (GraphPad Software, CA, USA).

Cell Proliferation Assay

6 x 10° MDA-MB-231 cells were seeded in 60 mm plates for
24h. Cells were then treated with various concentrations (0,
2.5, 5, 10, or 20 ug/ml) of CME for 24, 48, and 72h. The
number of viable cells at each time point were counted with
a cell counting hemocytometer using the trypan blue exclusion
method, according to the manufacturer’s protocol (Thermo
Fisher Scientific, USA). Three independent experiments were
carried out.

Colony Formation Assay

MDA-MB-231 cells were seeded in triplicate at a density of 1
x 10° cells per well in six-well plates. After 24h incubation,
cells were treated with various concentrations (0, 0.31, 0.63,
1.25, 2.5, or 5 pg/ml) of CME for 14-days. On day 7, cells were
refreshed with medium containing the specific concentrations
of CME. At the end of the experiment, cells were fixed
with 4% paraformaldehyde for 4h, stained with 2% Giemsa
blue solution overnight, and rinsed with MilliQ water before
imaging for quantification. Colony counts were quantified using
Image] software.

AnnexinV-7-AAD/PE Double Staining Assay
6 x 10° MDA-MB-231 cells were incubated in 60 mm
culture plates for 24h. Cells were then treated with various
concentrations (0, 2.5, 5, 10, or 20 pg/ml) of CME for another 24
or 48 h. Cells were harvested and suspended in annexin-binding
buffer, and apoptosis levels were determined via flow cytometry
using a BD Accuri C6 Flow Cytometer (BD, San Jose, CA, USA)
and the PE Annexin V Apoptosis Detection Kit (BD), according
to manufacturer’s instructions.

Wound Healing Assay

MDA-MB-231 cells were examined for their mobility via wound
healing assay using ibidi culture inserts (ibidi, Gréfelfing,
Germany), according to the manufacturer’s instructions. MDA-
MB-231 cells were seeded at a concentration of 4 x 10* cells per
compartment of the culture inserts, overnight. Inserts were then
removed to create a wound, and cells were treated with different
concentrations of CME (0, 2.5, 5, 7.5, or 10 pg/ml) for 48h.
Images were captured at 0, 4, 10, 24, and 48 h using an imaging

microscope. The images were analyzed using the Automated
Cellular Analysis System (ACAS; ibidi) to assess the migration
characteristics of the cultured cells. The speed of wound closure
was determined by the area of cell coverage against time.

Invasion Assay

The invasiveness of MDA-MB-231 cells were examined using
an invasion assay with BD BioCoat Growth Factor Reduced
Matrigel invasion chambers (BD Biosciences, San Jose, CA,
USA), according to the manufacturer’s instructions. MDA-MB-
231 cells were seeded in serum free medium in the upper
chambers, at a density of 8 x 10* cells/chamber. Complete
medium was placed in the lower chamber. After 48 h incubation
at 37°C, the remaining cells on the upper surface of the filter
were removed using a cotton swab. Cells that invaded to the
lower surface of the filter were fixed with methanol, stained with
2% Giemsa blue solution, rinsed with MilliQ water and counted
under a light microscope (three fields, 100x magnification).
Figures obtained were calculated by averaging the total number of
cells from three fields. Experiments were conducted in triplicate.

qPCR Assessment

The expression of MMP-9 in MDA-MB-231 cells was determined
by quantitative RT-PCR. Total RNA was isolated from cells
and colon samples using the E.ZN.A.® Total RNA Kit I
(Omega Bio-tek, USA), and quantified using a Nanodrop One
spectrophotometer (Thermo Scientific, USA). First strand cDNA
synthesis was carried out from 1 jLg RNA using SuperScript®
VILO™ MasterMix (ThermoFisher Scientific). PCR reaction
mixtures contained 10 pl of 2X SYBR Green Master Mix
(Applied Biosystems, USA), 10 .M of forward and reverse
primers, and 1 pl sample cDNA. The sequences of primers
used for RT-PCR were 5-GGGACGCAGACATCGTCATC-
3 and 5-TCGTCATCGTCGAAATGGGC-3' for
MMP-9; 5'-ATCTGGCACCACACCTTC-3 and 5'-
AGCCAGGTCCAGACGCA-3' for B-actin. Amplification was
performed using the QuantStudio? system (Applied Biosystems)
at the following conditions: 2min at 50°C, 10 min at 95°C,
followed by 45 cycles of 15 s at 95°C, and 1 min at 60°C. Relative
gene expression was calculated using the 2~44€T method.

Gelatin Zymography

Gelatin zymography was performed according to standard
protocols. 6 x 10° MDA-MB-231 cells were seeded overnight
in 60mm culture plates. Cells were treated with different
concentrations of CME (0, 2.5, 5, 7.5, or 10 pg/ml) for 48 h, and
the conditioned media were collected, concentrations equalized,
and subjected to gel electrophoresis on Novex 10% Zymogram
Plus gels (Invitrogen, USA) with a fixed concentration of 10%
gelatin. After electrophoresis, gelatinase in gels was activated by
first incubating in renaturing buffer (Thermo Fisher Scientific,
USA) for 30 m, washing with MilliQ water and then incubating
in developing buffer (Thermo Fisher Scientific, USA) for another
30 m. Gels were stained with 0.25% Coomassie blue solution
and destained in 5% methanol and 10% acetic acid. Enzymatic
activity appears as cleared bands on a dark background. Images
of gels were taken using a Chemidoc Imaging System (Bio-Rad
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Laboratories, Hercules, CA, USA) and quantified using Image
Lab software (Bio-Rad, USA).

Western Blot Analysis

MDA-MB-231 cells treated with various concentrations (0,
2.5, 5, 10, or 20pug/ml) of CME were harvested after 15,
30, 45m, 1,2, 8, 16, 24, or 48h. Cell pellets were lysed
in RIPA buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl,
1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-
100, 1% sodium deoxycholate, and 0.1% SDS). Detergent
compatible (DC) Protein Assay (Bio-Rad, Hercules, CA, USA)
was used to determine protein concentrations. Equal amounts
of cell lysates were electrophoresed through sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and
transferred onto polyvinylidene fluoride (PVDF) membranes
(Bio-Rad). The blots were then blocked in 5% non-fat skim milk
and probed with diluted primary antibodies overnight: cleaved-
poly(ADP-ribose) polymerase (PARP), PARP, cleaved caspase
3, caspase 3, cleaved caspase 9, caspase 9, caspase 8, phospho-
IKKo/B, IKKa, IKKB, phospho-IkBa, IkBa, phospho-NF-kB,
NEF-kB, phospho-mTOR, mTOR, phospho-AKT, AKT, phospho-
STAT3, and STAT3 (Cell Signaling Technology, USA), EGFR
(BD Transduction Laboratories, USA), and B-actin (Santa Cruz
Biotechnology, USA) as a control. Blots were then incubated
with the corresponding goat anti-rabbit or goat anti-mouse (Life
Technologies, USA) horseradish peroxidase (HRP)-conjugated
secondary antibodies. Protein bands were visualized using Clarity
enhanced chemiluminescence (ECL) or Clarity Max Western
blotting substrates (Bio-Rad, USA). Images were obtained using
a ChemiDoc Imaging System (Bio-Rad, USA) and protein
expression was quantified using Image Lab software (Bio-
Rad, USA).

MDA-MB-231 Xenograft Mouse Model

MDA-MB-231 cells were injected subcutaneously (5 x 10°
cells/injection, 50:50 v/v medium:matrigel) into the flanks of
female BALB/c nude mice. When tumor volumes reached ~100
mm?, animals were randomly assigned to treatment groups
(n = 4 per group). CME (25 mg/kg, low dose or 50 mg/kg,
high dose), or an equal volume of vehicle (0.5% CMC) was
administered daily via oral gavage. Tumor size, body weight,
food, and water consumption were measured three times a week.
Tumor sizes were calculated using the formula, volume = (length
x width?)/2 mm?>. At the end of the 28-days treatment period,
mice were sacrificed, and tumors and vital organs excised for
further analysis. All animal experiments were approved by the
Hong Kong Polytechnic University Animal Subjects Ethics Sub-
committee and conducted in accordance with the Institutional
Guidelines and Animal Ordinance of the Department of Health.

Statistical Analyses

Statistical analyses were performed using one-way ANOVA with
the Least Significant Difference (LSD) post-hoc test. Data are
presented as mean =+ standard deviation (SD) or standard
error of the mean (SEM) of three independent experiments.
*P < 0.05, **P < 0.01, and **P < 0.001 were considered as
significant differences.

RESULTS

CME Exhibited Cytotoxicity in Breast

Cancer Cell Lines

To assess the direct cytotoxicity of CME in breast cancer cells,
MCEF-7, and MDA-MB-231 were treated with CME and analyzed
using the MTT assay. We found that CME exerted dose- and
time-dependent cytotoxic effects on both cell lines. In MCF-
7 cells, the half inhibitory concentrations (ICs59) of CME were
27.17, 8.90, and 5.23 ug/ml for 24, 48, and 72h treatments,
respectively (Figure 1A). The ICsy values of CME in MDA-MB-
231 were 19.96, 12.01, and 5.55 pug/ml, respectively for 24, 48,
and 72 h treatments (Figure 1B). Notably, the inhibitory effect of
CME in MDA-MB-231 was comparable to or greater than that in
MCEF-7, indicating that CME may be an effective cytotoxic agent
against TNBC.

CME Inhibited TNBC Cell Proliferation and

Colony Formation

To further confirm the inhibitory effect of CME on TNBC,
cell proliferation, and colony formation assays were performed.
MDA-MB-231 cells were treated with various doses of CME
and the number of viable cells were counted at 24, 48, and
72h after treatment. Results showed that after CME-treatment,
viable cell counts dropped significantly, in a dose- and time-
dependent manner. At doses of CME >5 pg/ml, a declining trend
was seen in the number of viable cells, with a greater effect seen
with longer treatment durations (Figure 1C). To evaluate the
long-term inhibitory effects of CME in TNBC cells, a 14-days
colony formation assay was carried out. We found that CME
could significantly reduce the clonogenic ability of MDA-MB-231
at non-toxic concentrations, from doses as low as 0.313 pLg/ml.
In addition, no colonies were formed at doses higher than
1.25 pg/ml (Figure 1D).

CME Induced Apoptosis in TNBC Cells

Treatment with CME induced morphological changes in MDA-
MB-231 cells, in a dose-dependent manner (Figure 2A). Cells
shrank from a rigid and spindle-like shape to a rounded shape
starting at 10g/ml CME, and at 20 pg/ml almost all cells
exhibited a rounded morphology. As cell shrinkage and rounding
is a characteristic morphological change of cells undergoing
apoptosis, we then examined if CME could induce apoptosis
in TNBC cells. MDA-MB-231 cells were treated with various
concentrations of CME and then assessed via annexin V-
PE/7-AAD flow cytometric analysis. Our results showed that
CME could significantly increase the proportion of apoptotic
(annexin V-positive) cells, in a dose- and time-dependent
manner (Figures 2B,C). At 48h, the percentage of apoptotic
cells increased slightly from a baseline of 3-5% with 5 pg/ml
CME treatment, and then rose sharply to 15 and 44% with 10
and 20 pg/ml CME treatment, respectively. Western blotting
results showed that CME could effectively induce cleavage of
PARP, caspase-9, 7, and 3, and also downregulate the expression
of total forms of PARP and the aforementioned caspases, in
a dose-dependent manner (Figure 2D). These results indicated
that CME could indeed induce apoptosis in TNBC cells.

Frontiers in Oncology | www.frontiersin.org

April 2020 | Volume 10 | Article 491


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Lee et al.

Centipeda minima Extract in TNBC

A MCF-7 B MDA-MB-231
1251 125
Hl 24hr = 24hr
. il (100 . = 48hr
z = e 2 i 03 72hr
% =75
a ois
2 . S
= = 50
3 3 sae
25 whn haigiad -
Q A D N 9 9 8O H» & 0
RN af S P P S PP VP 9SS
CME Concentration (ug/ml) CME Concentration (pg/ml)
C
Control
ug 2.5ug/ml CME
X 5.0ug/ml CME
5 10ug/ml CME
-g 20pg/ml CME
=
e
]
o
D
CME
Control 0.313pg/ml
= i | i1l
| 4% \ b 1507
Plate 1
>
e
o
°
o
k3
Plate 2 @
]
£
3
2
Fkdk dkk
Plate 3
0 032 063 125 25 5
CME (ug/ml)
FIGURE 1 | CME time- and dose-dependently reduced cell viability, inhibited cell proliferation, and colony formation in breast cancer cells. Cell viability assay of (A)
MCF-7 and (B) MDA-MB-231 cells. Cells were treated with CME at the indicated concentrations for 24, 48, and 72 h. Cell viability was measured by MTT assay. (C)
Cell proliferation assay of CME in MDA-MB-231 cells. Cells were treated with CME at the indicated concentrations for 24, 48, and 72 h, after which viable cells were
counted. (D) Clonogenic assay showing colony formation of MDA-MB-231 cells treated with the indicated concentrations of CME for 14-days. Data are presented as
the means + SD from three independent experiments. *P < 0.05, **P < 0.01, and **P < 0.001 vs. control.

CME Inhibited Cell Migration in TNBC Cells

TNBC possesses an increased potential for invasion and
metastasis compared to other types of breast cancers and cell
motility is a key indicator of the metastatic capability of cancer

cells. Therefore, we assessed the inhibitory effect of CME on
the motility of MDA-MB-231 cells using a wound healing
assay. Scratch wounds of a fixed size were formed in confluent
monolayers of cells, and then cells were incubated in the presence
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FIGURE 2 | CME induced apoptosis in MDA-MB-231 cells. Cells were treated with CME at the indicated concentrations for 24 and 48 h. (A) Morphology of
MDA-MB-231 cells was dramatically altered after 24 h of treatment with CME. (B) Flow cytometry analysis of apoptosis in annexin V stained, CME-treated
MDA-MB-231 cells. (C) Proportion of annexin V-positive MDA-MB-231 cells. (D) Western blot analysis of apoptosis related proteins. g-Actin was probed as the
loading control. Data are presented as the means + SD from three independent experiments. *P < 0.05 and **P < 0.01 vs. control.
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FIGURE 3 | CME inhibited cell migration and invasion in MDA-MB-231. MDA-MB-231 cells were treated with various concentrations of CME (2.5, 5, 7.5, and

10 pg/ml) for the indicated durations. (A,B) Cell migration was assessed via wound-healing assay and quantified. (C,D) Cell invasion was assessed by the transwell
invasion assay, and the number of invasive cells quantified. Data are presented as the means + SD from three independent experiments. *P < 0.05, **P < 0.01, and
**P < 0.001 vs. control.

of various concentrations of CME for 48 h. Cells migrated to the 7.5, and 10 pug/ml) inhibited cell migration by 55.5, 56.5, and
cleared zone and the scratch open area was analyzed. Results  63.9%, respectively. After 48 h, trends in the inhibitory effect of
showed that CME could suppress MDA-MB-231 cell migration =~ CME were maintained, with an 18.1, 22.4, and 48.6% scratch
in a dose-dependent manner. At 24 h, treatment with CME (5,  wound open area after treatment with 5, 7.5, and 10 pg/ml CME,
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respectively, while wounds in the control group were completely
closed (Figures 3A,B).

CME Inhibited Cell Invasion in TNBC Cells

To further examine the effect of CME on the invasive capacity
of treated cells, a transwell invasion assay was employed. Our
results demonstrated that the invasion of MDA-MB-231 cells into
the lower chamber was significantly reduced by CME, and a 23.7,
74.6,93.4, and 98.9% reduction in cell invasion was observed after
48 h of treatment with 2.5, 5, 7.5, and 10 pg/ml CME, respectively
(Figures 3C,D). These results suggest that CME could effectively
inhibit the metastatic potential of TNBC, in vitro.

CME Downregulated the Protein
Expression Levels and Enzymatic Activity
of MMP-9

MMPs play critical functions in cancer progression and in
particular, MMP-9 has been shown to play a major role in cancer
cell migration and invasion (28). Thus, we investigated the effect
of CME on the protein expression of MMP-9, and its activity.
qPCR analysis identified a dose-dependent inhibition of MMP-9
gene expression and protein expression by CME (Figures 4A,B).
Further, using a zymographic method, we showed that CME
treatment could reduce the gelatinase activity of MMP-9 in a
dose-dependent manner (Figure 4C).

CME Downregulated Expression of EGFR
in TNBC Cells

As previous reports have shown that epidermal growth factor
receptor (EGFR) expression is upregulated in TNBC and could
be a potential therapeutic target (29, 30), we investigated if CME
could mediate the protein expression of EGFR. Western blot
results showed that CME could significantly downregulate the
protein expression of EGFR, in a dose- and time-dependent
manner (Figures 5A, 6A), providing some initial insight into
its potential mechanistic activity. Further, as studies have
demonstrated that EGFR could affect numerous downstream
carcinogenic pathways, including the AKT/mTOR, NF-kB, and
STAT3 pathways (31-34), we next investigated the effects of CME
on expression of key players in these pathways.

CME Downregulated PISK/AKT/mTOR

Signaling in TNBC Cells

The PI3K/AKT/mTOR pathway is one of the most important
cancer-promoting pathways, and affects a host of key factors
that can trigger a series of events favoring cancer cell growth
and metastasis, including activation of NF-kB and MMP-9 (35).
Therefore, we also examined if CME could downregulate key
proteins of PI3K/AKT/mTOR signaling pathway in MBA-MB-
231 cells. Our Western blot results confirmed that CME could
significantly reduce the protein expression of phospho-mTOR
and AKT in a dose- and time-dependent manner (Figures 5A,
6A). These results further demonstrated that CME could inhibit
important pro-cancer pathways in TNBC.
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FIGURE 4 | Effect of CME on the expression and activity of MMP-9 in
MDA-MB-231 cells. Cells were treated with various concentrations (0, 2.5, 5,
10, and 20 g/ml) of CME for 48 h. Cell pellets and the conditioned serum-free
medium were collected. (A) gPCR assessment of the mRNA expression of
MMP-9. (B) Western blot assessment of the protein expression of MMP-9. (C)
Gelatin zymography was employed to analyze the activity of MMP-9. Activity of
MMP-9 was quantified by densitometric analysis. Results are presented as
the means + SD from three independent experiments. *P < 0.05 and

***P < 0.001 vs. control.

CME Downregulated NF-«B Signaling in
TNBC Cells

Previous studies have shown that the NF-kB signaling pathway is
an important player in the development and progression of breast
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FIGURE 5 | CME suppressed NF-kB, STAT3, and PI3K/AKT/mTOR signaling
in MDA-MB-231 cells. MDA-MB-231 cells were treated with CME at the
indicated concentrations for 24 or 48 h. Cell pellets were collected for Western
blot analysis. The expression of key proteins in the (A) PISK/AKT/mTOR, (B)
NF-kB, and (C) STATS signaling pathways. B-Actin was probed as a loading
control. Protein expression is indicated, as fold of control. Three independent
experiments were conducted and representative blots are shown.

cancer (36). Therefore, we investigated whether CME could
suppress NF-kB signaling. Our results showed that treatment of
MDA-MB-231 cells with CME could dose- and time-dependently
decrease the protein expression of key markers in the NF-kB
signaling pathway, including phospho-NF-kB, IxBa, and IKKa/p.
These findings indicated that CME-induced anti-cancer activity
may potentially occur by blocking the NF-«B signaling pathway
(Figures 5B, 6B).

CME Downregulated STAT3 Signaling in
TNBC Celis

It has been demonstrated that aberrant STAT3 activation in
cancer plays a key role in invasion and metastasis (37).
In addition, researchers have found that ~70% of breast
cancers exhibit constitutive activation of STAT3, and STAT3 has
been strongly associated with TNBC (32, 38). Therefore, we
investigated whether CME treatment could downregulate the
STATS3 signaling pathway. Our results demonstrated that CME
could significantly downregulate the expression of phospho-
STAT3 in a dose- and time-dependent manner (Figures 5C, 6C),
suggesting that the anti-metastatic activity of CME in TNBC cells
may potentially involve the downregulation of STAT3 signaling.

CME Inhibited Tumor Growth in the
MDA-MB-231 Subcutaneous Tumor
Xenograft Mouse Model

To investigate the anti-cancer effect of CME in vivo, we subjected
MDA-MB-231 xenograft mice to daily treatment with CME
at low (25 mg/kg) or high (50 mg/kg) doses. These doses
were selected based on conversion of the human dose of 0.1-
0.2 g/day (~2-4 mg/kg in a human of 50kg) to the mouse
equivalent dose, using the body surface area normalization
method as detailed previously (39). After 4 weeks treatment,
mice were euthanized, and tumors and organs were removed
for assessment. Compared to vehicle control, CME treatment
significantly and dose dependently suppressed tumor growth.
Endpoint tumor weight was also decreased by CME, although
this effect did not reach statistical significance. At day 28,
average tumor volumes were reduced by 21.1% (CME low dose)
and 49.9% (CME high dose) when compared to mice treated
with vehicle. Average tumor weights were reduced by 9.6%
(CME low dose) and 32.6% (CME high dose) when compared
to control (Figures 7A-C). Notably, body weight, food, and
water consumption of mice were unaffected by CME treatment
(Figures 7D,E), and CME treatment did not cause any significant
changes in vital organ weights (Figure 7F). Together, these
results suggest that CME possesses in vivo anti-cancer efficacy
without causing appreciable toxicity.

DISCUSSION

Centipeda minima (L.) A. Braun & Asch. is an annual small
herb commonly found in Asia for alleviating headaches,
infection, and respiratory discomfort. In previous studies,
its extract (CME) has been found to be possess anti-
inflammatory (40), anti-angiogenic (41), and anti-cancer (13,
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FIGURE 6 | CME suppressed NF-kB, STAT3, and PIBK/AKT/mTOR signaling in MDA-MB-231 cells. MDA-MB-231 cells were treated with CME at 10 or 20 pug/ml for
the indicated time points, from 15min to 16 h. Cell pellets were collected for Western blot analysis. The expression of key proteins in the (A) PISBK/AKT/mTOR, (B)
NF-kB, and (C) STATS signaling pathways. g-Actin was probed as a loading control. Protein expression is indicated, as fold of control. Three independent experiments
were conducted and representative blots are shown.
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FIGURE 7 | CME inhibited the growth of TNBC in vivo. A xenograft breast cancer model was established by subcutaneous injection of MDA-MB-231 cells into
BALB/c nude mice. Upon development of tumors to a palpable size, mice were randomized into different groups and received daily treatment with vehicle (0.5%
CMC), CME-LD (25 mg/kg), or CME-HD (50 mg/kg) via oral gavage. The experimental period lasted for 28-days, after which mice were sacrificed, and their tumors
and organs excised for further analysis. (A) Longitudinal assessment of tumor volume. (B) Tumor weight at experimental endpoint. (C) Representative photographs of
tumors at experimental endpoint. Scale bar, 10 mm. (D) Mouse body weight, and (E) food and water consumption throughout the 28-days experimental period. (F)
Mean organ weights normalized to body weights. Error bars represent means + SEM. *P < 0.05 compared to control.

17) effects, through by inhibition of NF-kB and activation
of Nrf2 (42), however its effects on TNBC had yet to
be investigated.

In our initial results, we showed that CME could exhibit
cytotoxicity in both MCF-7 (ER positive) and MDA-MB-231
(triple negative) breast cancer cell lines. However, as the
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inhibitory effect of CME in MDA-MB-231 was comparable to or
greater than that in MCF-7, we focused on the effects of CME
in TNBC.

In TNBC, CME could induce apoptotic cell death via
activation of both intrinsic and extrinsic apoptosis pathways.
CME significantly downregulated cleavage of PARP, caspase 3,
caspase 8, and caspase 9, key markers of the extrinsic and intrinsic
apoptosis pathways, in a dose- and time-dependent manner. The
intrinsic pathway, also referred to as the mitochondrial pathway,
is activated by intracellular stress events including DNA damage,
deprivation of growth factors, and release of reactive oxygen
species (ROS). In the extrinsic pathway, apoptosis is triggered
by the binding of extracellular death ligands to their associated
death receptors on the cell surface (43). As, previous studies have
shown, the co-activation of both intrinsic and extrinsic apoptotic
pathways can lead to a synergistic amplification of apoptosis and
increased efficacy of cancer cell killing (44).

MMP-9 is a type IV collagenase which is commonly
overexpressed and upregulated in the epithelium of cancer
cells. The role of MMP-9 in metastasis and invasion in
cancers including prostate cancer (45, 46), colorectal cancer
(47), and breast cancer (48, 49) is well-known, and previous
publications have shown that MMP-9 directly contributes to
cancer metastasis and invasion. When MMP-9 is translated and
activated, enzymatic activity digests type IV collagen in the
extracellular matrix (ECM), which favors cancer cell metastasis
to nearby tissues, and eventually invasion to other organs
by disrupting local cell basement membranes. CME was also
shown to suppress cancer cell migration and invasion, and
activity of MMP-9. Suppression of MMP-9 not only inhibits
the invasiveness and metastasis of tumor cells, but can also
affect angiogenesis and cell growth. MMP-9 expression and
activity has been linked to AKT/mTOR, NF-kB, and STAT3
pathways. Previous in vitro studies in breast cancer cell lines
have shown that PI3K/AKT signaling can activate MMP-9 (50,
51), the MMP-9 promoter contains an NF-kB binding site (52),
and siRNA inhibition of STAT3 in breast cancer cells could
suppress MMP-9 (53). Thus, inhibition of these pathways by
CME could potentially result in the decreased MMP-9 activity
and suppression of the metastatic phenotype demonstrated in
our results.

While it may be sufficient to target a single entity for single
gene disorders, diseases are often the result of a multitude of
different factors, both internal and external. Therefore, treatment
of complex disorders, such as cancer, may be rendered more
effective by addressing multiple targets at once. One major
advantage of TCM and herbal medicines over conventional
single-entity drugs are that they comprise multiple active
ingredients, and can potentially produce additive or synergistic
effects by interacting with multiple targets simultaneously (54).
Additionally, inhibition of a single oncogene or oncogenic
driver may more readily induce development of resistance
through compensatory mutations or activation of alternative
signaling pathways. Thus, it may be advantageous to employ
therapeutic strategies which target multiple pathways at once,
and accordingly, such strategies are increasingly finding credence
in cancer therapy (55). In our investigation, we found that

CME could inhibit multiple signaling pathways, including
the PI3K/AKT/mTOR, NF-kB, and STAT3 pathways. Previous
studies have implicated these three pathways as important players
in TNBC, and they have already been selected as targets in a
number of anti-cancer investigations and clinical studies.

The Cancer Genome Atlas has identified PI3K activating
mutations as the most common activating mutations in TNBC
(present in 10.2% of cases), and in addition, other researchers
have found that 9.6% of TNBCs exhibit a loss of PTEN, a
negative regulator of the PI3K pathway (56, 57). Supporting the
importance of this pathway in TNBC, in another study it was
found that ~36% (36/99) of TNBC patients had PI3K pathway-
activated tumors (58). Due to the above, PI3K/AKT/mTOR has
been identified as a major actionable pathway in TNBC. In a
phase II clinical trial, Ipatasertib, a highly selective AKT inhibitor,
was tested in combination with paclitaxel as a first-line therapy
for metastatic TNBC. In the intention to treat population,
ipatasertib improved median progression-free survival (PES)
when compared to placebo (6.2 vs. 4.9 months), and in an
subpopulation of patients with PIK3CA/AKT1/PTEN-altered
tumors, median PFS was improved in placebo vs. ipataertib,
from 4.9 to 9.0 months (59). In another phase II clinical trial,
on the efficacy of novel drugs in combination with standard
chemotherapy vs. standard therapy alone, paclitaxel with MK-
2206, an allosteric AKT inhibitor, improved the pathological
complete response (here defined as the absence of invasive cancer
in breast and nodes) rate when compared to paclitaxel alone (40.2
vs. 22.4%). The predicted probability of success for MK-2206 in
phase III trials was calculated to be 75.9% (60).

NF-kB is commonly found upregulated in breast cancers, and
plays key roles in areas including cell survival, proliferation,
inflammation, and immunity (61). In a previous study, the
NFKBIA gene (encoding the NF-kB inhibitor IxBa) was found
to be deleted in 10.8% of breast cancer cases, and NFKBIA
deletions were shown to be significantly associated with TNBC
(present in 32.8% of cases). In in vitro investigations, restoration
of NFKBIA expression or pharmacologic NF-kB inhibition was
shown to attenuate the malignant phenotype of NFKBIA-null
TNBC cells (62).

Studies have shown that JAK/STAT signaling can promote
tumor cell proliferation, survival, invasiveness, and metastasis,
and also inhibit the anti-tumor immune response (63).
Furthermore, the IL-6/JAK/STAT3 pathway has been shown to be
important for the proliferation of CD44TCD24™~ stem cell-like
breast cancer cells. These cells are enriched in basal-like tumors,
which share a large overlap with TNBC (A study by Bertucci et al.
(64) found that 71% of TNBCs could be categorized as basal-
like, while 77% of basal-like cancers could be classified as TNBC).
Additionally, in a study of patients with metastatic TNBC, IHC
staining of tumors showed that 40.4% of patients possessed
moderate- or high-levels of pSTAT3 (65). In another study,
treatment with a pan-JAK inhibitor was shown to inhibit the
viability of basal-like cell lines, and a JAK2 inhibitor was shown
to reduce tumor growth in murine cell line and primary breast
cancer xenograft models (66). In further pre-clinical studies, co-
treatment of cells with paclitaxel and a JAK2 inhibitor, NVP-
BSK805, could significantly reduce STAT3 phosphorylation, and
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in vivo tumor growth, when compared with paclitaxel alone (67).
However, in a phase II trial of metastatic TNBC patients treated
with ruxolitinib, a JAK1/2 inhibitor, though on-target inhibition
and decreased levels of pSTAT3 were seen, the primary endpoint
of objective responses was not met (65).

Taking together the above work demonstrating the value of
PI3K/AKT/mTOR, NF-kB, and STAT3 pathway inhibition in
breast cancer, and the failure of some single pathway inhibitors
in clinical trials, a strong basis is provided to support the
simultaneous targeting of multiple pathways by CME for the
treatment of TNBC.

In addition, in our in vivo experiments in the TNBC
subcutaneous xenograft model, we found that at high doses,
CME significantly and effectively reduced tumor volumes by
~50%. Treatment with commonly used chemotherapeutics can
often lead to significant side effects, for example, treatment with
cisplatin led to body weight losses of up 10% in TNBC xenograft
mice (68), whereas in our study, treatment with the herbal extract
CME did not affect body weight or vital organs. Thus our in vivo
results provide additional support for CME as an effective and
non-toxic therapeutic for TNBC.

CONCLUSION

In this study, we showed that CME could induce intrinsic and
extrinsic pathways of apoptotic cell death, and suppress MMP-9
and metastasis in the MDA-MB-231 TNBC breast cancer cell line.
These anti-cancer effects may potentially result from inhibition of
EGFR and downregulation of the PI3K/AKT/mTOR, NF-kB, and
STATS3 signaling pathways (Figure 8). The in vivo anti-cancer
efficacy of CME was also investigated, and it was shown to
exhibit anti-tumorigenic effects, without inducing toxicity. These
findings provide strong evidence for the potential development of
CME as a novel therapeutic agent with multi-pathway-inhibitory
activity and high efficacy against TNBC.
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