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Chlorogenic acid induces apoptosis, inhibits metastasis and
improves antitumor immunity in breast cancer via
the NF-xB signaling pathway
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Abstract. Breast cancer which is the most common type of
diagnosed cancer among women worldwide possesses meta-
static potential, multi-drug resistance, and high mortality. The
NF-«B signaling pathway has been revealed to be abnormally
activated in breast cancer cells and closely associated with
high metastasis and poor prognosis. In the present study, it was
reported that chlorogenic acid (CGA), a potent NF-kB inhib-
itor derived from coffee, exerted antitumor activity in breast
cancer. MTT and colony formation assays were conducted
and it was revealed that CGA inhibited viability and prolif-
eration in breast cancer cells. Additionally, CGA significantly
induced apoptosis and suppressed migration and invasion in
breast cancer cells. Notably, immunofluorescence analysis
confirmed that CGA could efficiently suppress nuclear tran-
scription of NF-«xB p65. In addition, results of western blotting
demonstrated that CGA markedly impaired the NF-xB and
EMT signaling pathways. The antitumor effect of CGA was
evaluated in a subcutaneous tumor mouse model of 4T1 cells,
and the results revealed that CGA markedly retarded tumor
growth and prolonged the survival rate of tumor-bearing
mice. Notably, CGA inhibited pulmonary metastasis of
4T1 cells by enhancing the proportion of CD4* and CD8*
T cells in spleens of mice, which indicated an improvement
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of antitumor immunity. In conclusion, the present present
study demonstrated that CGA improved antitumor immunity,
exerting antitumor and anti-metastatic effects by impairing
the NF-«B/EMT signaling pathway, suggesting that CGA may
serve as a potential candidate for therapy of breast cancer.

Introduction

Based on literary data, breast cancer comprises 30% of
all diagnosed carcinomas and is the second leading cause
of cancer-related mortality among women (1). A total of
208,8849 new cases of breast cancer and 626,679 mortalities
due to breast cancer occurred worldwide in 2018 (2), and it
has been reported that there will be 279,100 new breast cancer
cases, as well as 42,690 mortalities due to breast cancer
in 2020 in the United States (3). Despite great progress in
improving the survival rates of patients with breast cancer in
recent years, breast cancer, particularly ‘triple-negative’ breast
cancer (TNBC), remains a threat to the health of women.
TNBC, which is characterized by absent or low expression of
estrogen receptor (ER), progesterone receptor (PR) or human
epidermal growth factor receptor 2 (HER?2), exhibits intensive
invasion, high metastasis and poor prognosis (4). Compared
with patients without TNBC, patients with advanced TNBC
experience an aggressive clinical outcome with a poor prog-
nosis and high metastasis to distant organs including the lung,
liver, brain and lymphatic nodes (5). Distant metastasis, which
has become the leading obstacle to breast cancer therapy,
accounts for the majority of breast cancer-related deaths (6).
However, there are currently few effective methods to treat the
metastasis and recurrence of breast cancer, and thus it is urgent
to develop novel therapeutic agents for breast cancer.

It is well known that various signaling pathways are
involved in breast cancer progression and metastasis, including
NF-«xB (6,7). NF-kB, which was defined as a DNA-binding
protein in 1986, is widely involved in various human disor-
ders including inflammatory diseases, viral infection and
metabolic disorders, as well as cell proliferation and oxida-
tive stress (9-12). With regard to breast cancer, dysregulated
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activation of NF-kB is involved in the regulation of cell
proliferation, differentiation, apoptosis, angiogenesis and
metastasis (13-16). Epithelial-mesenchymal transition (EMT),
which is critical to primary metastasis of breast cancer, is
regulated by the NF-kB signaling pathway (17). Moreover,
previous studies have revealed that blockade of abnormally
activated NF-«xB using inhibitors could induce apoptosis and
suppress metastasis in breast cancer cells (18-20). Thus, inhibi-
tion of NF-«B offers a potential strategy to the therapy of breast
cancer. While increased effort has been made in the discovery
of potent NF-«B inhibitors and numerous inhibitors targeting
NF-«B have been reported, to date, few NF-kB inhibitor drugs
have been approved by the Food and Drug Administration.
Therefore, it is urgent to develop novel NF-«kB inhibitors for
the treatment of breast cancer.

Chlorogenic acid (CGA), a polyphenol compound that is
abundant in the human diet, such as coffee, possesses multiple
biological activities, including anticarcinogenic, antibacterial,
anticancer and antioxidant effects (21-24). CGA has been
reported to be non-toxic and safe in animals and humans (25).
Accumulating evidence has revealed that CGA suppresses
migration and invasion, and induces apoptosis in numerous
cancer cell lines including colon, breast and lung (25, 26). For
instance, Feng et al (27) demonstrated that CGA inhibited lung
cancer cell proliferation by suppressing the NF-xB and MAPK
signaling pathways. Furthermore, Kang et al (28) revealed
that CGA derived from coffee impaired colorectal cancer
cell metastasis by suppressing NF-kB, MEK and T-LAK
cell-originated protein kinase. Additional studies indicated
that CGA could attenuate LPS-induced acute kidney injury,
protect cardiomyocytes and ameliorate lead-induced renal
damage via suppressing the NF-«B signaling pathway (29-31).
Considering the important role of NF-xB in breast cancer,
it was hypothesized that CGA, a potent NF-«kB signaling
inhibitor, may be a potential drug for clinical therapy of breast
cancer.

The present study aimed to investigate the role of CGA
in proliferation, apoptosis, migration and invasion in breast
cancer cell lines. Moreover, two mouse models of breast cancer
were established to further evaluate the therapeutic activity of
CGA. It was hypothesized that CGA could slow tumor growth
and suppress pulmonary metastasis by impairing the NF-kB
signaling pathway.

Materials and methods

Materials and reagents. CGA (Fig. 1A) (purity, >98%, as
measured by high-performance liquid chromatograph analysis;
purchased from J&K Scientific, Ltd.) was made into a stock
solution (40 mM) by dissolving in DMSO, and was stored at
-20°C for further use. The medium containing 0.1% DMSO
served as the control.

MTT and Hoechst 33258 were purchased from
Sigma-Aldrich (Merck KGaA), while the Annexin V-FITC
apoptosis detection kit was obtained from 4A Biotech
Co., Ltd. The mouse monoclonal antibody of Ki-67 (dilu-
tion: 1:500, cat. no. SAB5300423) was purchased from EMD
Millipore. Primary antibodies against cleaved caspase-3
(product no. 9661; dilution 1:1,000), NF-kB p65 (product
no. 8242; dilution 1:1,000), phosphorylated (p)-IxBa (product
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no. 2859; dilution 1:1,000), N-cadherin (product no. 13116;
dilution 1:1,000), E-cadherin (product no. 14472; dilution
1:1,000) and B-actin (product no. 3700; dilution 1:1,000)
used for western blotting were obtained from Cell Signaling
Technology, Inc.

Cell lines and cell culture. The human breast cancer cell
lines MDA-MB-231 and MDA-MB-453, human mammary
epithelial cells MCF-10A and the murine breast cancer cell
line 4T1 were purchased from the American Type Culture
Collection. All cells were cultured in DMEM or RPMI-1640
media (Gibco; Thermo Fisher Scientific, Inc.) containing
10% heat-inactivated FBS (Hyclone; Cytiva) and 1% antibi-
otics (penicillin and streptomycin) in 5% CO, at 37°C.

Cellviability. Cells were seeded into 96-well plates at a density
of 2-6x10° cells/well and cultured for 24 h. Then, cells were
treated with various concentrations (0, 0.625, 1.25, 2.5, 5, 10,
20,40 and 80 uM) of CGA for 24, 48 and 72 h. Subsequently,
20 ul MTT solution (5 mg/ml) was added to each well and
incubated for another 2-4 h at 37°C. The culture medium
was replaced with 150 1 DMSO, which is used to dissolve
formazan secreted by living cells. A Spectra MAX M5 micro-
plate spectrophotometer (Molecular Devices, LLC) was used
to measure absorbance (570 nm) of each well. The data are
obtained from >3 independent experiments.

Colony formation assay. Briefly, cells were seeded at a
determined number (300-500 cells/well) in 6-well plates
and exposed to various concentrations (0, 5, 10 and 20 M)
of CGA for ~12 days. The medium was replaced with fresh
culture medium with or without CGA every 3 days. Cells
were washed gently with cold PBS, fixed with methanol for
20 min and stained with crystal violet solution (0.5%, m/v)
for 25 min at room temperature. Finally, the colonies (number
of cells, >50) were imaged and counted using a florescence
microscope (magnification, x10; Olympus Corporation).

Morphological analysis via Hoechst staining. Cells
(1x10° cells/well) were seeded into 6-well plates and incubated
with various concentrations (0, 5, 10 and 20 uM) of CGA for
24 h, followed by staining with Hoechst 33258 dye solution for
10 min at 25°C based on the manufacturer's instructions. Then,
the nuclear morphologies of treated cells were observed and
imaged with a fluorescence microscope (magnification, x100;
Olympus Corporation).

Cell apoptosis. Cells (1x10° cells/well) were seeded into 6-well
plates and incubated with various concentrations (0, 5, 10 and
20 uM) of CGA for 24 h. Then, cells were harvested, washed
with cold PBS three times and incubated with Annexin V/PI
dual labeling kit (4A Biotech Co., Ltd.) according to the manu-
facturer's instructions. Finally, apoptotic cells were detected
via flow cytometry (BD Biosciences). The data was analyzed
by FlowlJo 7.6 software (Tree Star, Inc.).

Wound-healing assay. Cells (1x10° cells/well) were seeded
into 6-well plates and were scraped with a sterile 100-ul
pipette tip when cell confluence reached 80-90%. Then, the
cultured medium was replaced with fresh medium (0.5% FBS)
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containing determined concentrations (0, 5, 10 and 20 xM)
of CGA. After treatment with CGA for 24 h, the cells were
washed with cold PBS and imaged using a microscope
(Olympus Corporation).

Body chamber invasion assay. Briefly, 1x10° 4T1 or 5x10°
MDA-MB-231 cells, which were suspended in 100 x1 FBS-free
culture medium, were added in the upper chamber that was
precoated with Martrigel. The lower chamber was filled with
600 pul cultured medium that contained 10% FBS. Various
concentrations (0, 5, 10 and 20 yM) of CGA were added in
the upper chamber medium. After 48 h, invasive cells located
on the downside of the filter were washed with cold PBS,
fixed in methanol for 15 min and incubated with crystal violet
(0.5%, m/v) for 20 min at room temperature. Finally, invasive
cells located on the membrane were imaged and counted with
a microscope (Olympus Corporation).

Western blot analysis. Cells with various treatments (0, 5,
10 and 20 uM of CGA) were harvested, washed with cold
PBS for three times and lysed with RIPA buffer (Beyotime
Institute of Biotechnology). Concentration of protein was
determined by BCA method and the OD value of protein
was measured by Spectra MAX M5 microplate spectropho-
tometer (Molecular Devices, LLC). Then, equal amounts
of proteins (30-50 ug) of each sample were separated via
SDS-PAGE (10%, w/v), and the separated proteins on the
gel were transferred onto PVDF membranes. Subsequently,
membranes containing targeted proteins were blocked with
non-fat milk for 1 h at 37°C and treated with specific primary
antibodies overnight at 4°C. After incubation with the corre-
sponding horseradish peroxidase-conjugated secondary
antibodies (cat. no. BA1056; dilution 1:20,000; Wuhan
Boster Biological Technology, Ltd.) for 1 h at 37°C, protein
bands were visualized with an enhanced chemiluminescence
kit (EMD Millipore).

Immunofluorescence analysis. Cells were cultured on circular
glasses in 24-well plates and underwent different treat-
ment regimes. Cells were fixed with 4% paraformaldehyde
at 25°C for 10 min, treated with permeabilization solution
(1% Triton X-100) for 15 min, washed with PBS three times
and blocked with BSA (5%, m/v; Biological Technology Co.,
Ltd.) at room temperature for 1 h. After being treated with
corresponding primary antibodies (NF-kB p65; product
no. 8242; dilution 1:500; Cell Signaling Technology, Inc.)
overnight at 4°C, cells were washed gently with cold PBS three
times and incubated with FITC-conjugated goat anti-rabbit
IgG secondary antibody (product no. A0562; 1:500; Beyotime
Institute of Biotechnology) at room temperature for 1 h. Cells
were stained with DAPI (dilution 1:10,000) at 25°C for 10 min
and imaged via Laser Scanning Confocal Microscopy (Leica
Microsystems GmbH).

In vivo antitumor assessment. Animal experiments in the
present study were approved by the Ethics Committee of
Chengdu University of Traditional Chinese. Mice were kept
in a specific-pathogen-free (SPF) condition facility with
an air-conditioned room at 25+2°C with a relative humidity
of 40-70%, and a 12-h light/dark cycle. Twenty-seven

719

female BALB/c mice (age, 6-8 weeks; weight, 18-20 g)
were purchased from Beijing HFK Bioscience Co., Ltd.
4T1 cells (1x10° cells per mouse) suspended in culture
medium with no FBS and antibodies were subcutaneously
injected into the right flank of every BALB/c mice. When
the tumor volume reached ~100 mm?, tumor-bearing mice
were randomly divided into three groups (control group,
20 and 40 mg/kg; n=9), and intraperitoneally administered
different doses of CGA every 2 days. The tumor volume was
calculated according to the following formula: V = 0.5 x LW?,
where L represents the length of the tumors and L represents
the width of the tumors. At the termination of the experiment
(18 days after CGA treatment), three mice from each group
were euthanized via cervical dislocation, while the remaining
tumor-bearing mice were maintained for an additional time
period to record the survival rate. Tumors isolated from mice
in the various treated groups were imaged, weighed and fixed
with paraformaldehyde (4%, w/v) for 24 h at 25°C for further
immunohistochemistry evaluation. For immunohistochem-
istry, the frozen (-20°C) 4-um-thick sections were incubated
with primary rabbit anti-mouse antibodies Ki-67 (product
no. 9449; dilution 1:500), cleaved caspase-3 (product no. 9661;
dilution 1:500), PD-L1 (product no. 13684; dilution 1:200),
N-cadherin (product no. 13116; dilution 1:500) and p-IxBa
(product no. 2859; dilution 1:200) at 25°C for 1 h, blocked with
goat serum (10% in PBS; Beyotime Institute of Biotechnology)
at 25°C for 15 min, and subsequently treated with biotinylated
goat anti-rabbit immunoglobulin secondary antibody (dilu-
tion 1:1,000; cat. no. ab6721; Abcam) at 37°C for 30 min.
Finally, sections were incubated with streptavidin-peroxidase
and DAB solution (Beijing Solarbio Science & Technology
Co., Ltd.) at 37°C for 20 min to visualize the biotinylated goat
anti-rabbit immunoglobulin. Organs (heart, liver, spleen, lung
and kidney) were isolated from mice in different groups and
were fixed with paraformaldehyde (4%, w/v) for 24 h at 25°C
for further histopathological analysis. Sections (4-pum-thick)
were stained with hematoxylin (1%) and eosin (1%) at 25°C
for 2-5 min. Finally, the sections were visualized by light
microscope.

Anti-pulmonary metastasis evaluation. For anti-pulmonary
metastasis evaluation, 4T1 cells (5x10° cells per mouse)
suspended in culture medium with no FBS and antibodies
were intravenously injected into mice. Then, 2 days after
inoculation, mice were randomly divided into three groups
(control group, 20 and 40 mg/kg; n=3), and intraperitoneally
administered different doses of CGA every 2 days. After
treatment with various doses of CGA for 14 days, the mice
from each group were euthanized via cervical dislocation.
Lung tissues were isolated, weighted and imaged. Metastatic
nodules (>3 and <3 mm?) on lung tissues from each group were
counted. Finally, lung tissues were fixed with paraformalde-
hyde (4%, w/v) for 24 h at 25°C for histopathological analysis.
Sections (4-pm-thick) were stained with hematoxylin (1%) and
eosin (1%) at 25°C for 2-5 min. Finally, sections were visual-
ized by light microscope.

To investigate the effect of CGA on antitumor immunity,
single-cell suspensions of spleens from various treated groups
were prepared and stained with various antibodies CD3 (cat.
no. 100236), CD4 (cat. no. 100406) and CDS (cat. no. 100707,
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Figure 1. CGA suppresses the viability of breast cancer cell lines. (A) Natural sources and chemical structure of CGA. (B-D) Viabilities of breast cancer cells
line of MDA-MB-231, MDA-MB-453 and 4T1 were measured by MTT assay after treatment with various concentrations of CGA (0, 0.625, 1.25,2.5, 5, 10,
20, 40 and 80 uM) for various time-points (24, 48 and 72 h). (E) Viability of human mammary epithelial cells MCF-10A was measured by MTT assay after
treatment with various concentrations of CGA for various time-points. (F) Abilities of colony formation of MDA-MB-231, MDA-MB-453, 4T1 and MCF-10A
cells were measured after treatment with various concentrations of CGA (0, 5, 10 and 20 xM). Bars represent the means + SD of at least three independent

Fes

experiments.

all from BioLegend, Inc.) at 25°C for 30 min to analyze CD4*
T cells and CD8* T cells via flow cytometric analysis (FCM).

Statistical analysis. Data are presented as the mean + SEM of
three independent experiments. GraphPad Prism 5 (GraphPad
Software, Inc.) was used to analyze data in the present study.
One-way ANOVA followed by Dunnett's post hoc test or
Tukey's post hoc test were used for multi-group comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results

CGA inhibits the proliferation of breast cancer cell. In
order to evaluate the cytotoxicity of CGA in breast cancer,
MDA-MB-231, MDA-MB-453 and 4T1 cells were treated with
various concentrations of CGA and cell viability was measured
using an MTT assay. The viabilities of MDA-MB-231,
MDA-MB-453 and 4T1 cells were significantly impaired by
treatment with CGA (Fig. 1B-D). Additionally, CGA exhibited
a notably dose- and time-dependent toxic effect on breast
cancer cells (Fig. 1E). However, CGA had almost no influence
on viability of human mammary epithelial cells (MCF-10A),
suggesting that CGA could selectively cause toxicity in breast
cancer cells.

P<0.001 in comparison with the control group. CGA, chlorogenic acid.

A colony formation assay was conducted to further investi-
gate the anti-proliferation effect of CGA on breast cancer. The
colony formation ability of MDA-MB-231, MDA-MB-453 and
4T1 cells was significantly inhibited after treatment with various
concentrations of CGA (Fig. 2F). Furthermore, the colony
formation ability of MCF-10A cells was unaffected by treatment
of CGA, which was consistent with the results of the MTT assay.

CGA induces breast cancer cells apoptosis. To examine
whether the cytotoxicity of CGA in breast cancer resulted
from cell apoptosis, Hoechst 33258 staining was conducted to
detect the apoptotic induction ability of CGA. Treatment with
CGA significantly changed the morphologies of MDA-MB-231
and 4T1 cells (Fig. 2A). Additionally, bright blue fluorescent
condensed nuclei and nuclear fragmentations were observed in
MDA-MB-231 and 4T1 cells after various treatments with CGA.
To further confirm the apoptotic induction ability of
CGA, an Annexin V/PI dual staining assay was performed
to detect the apoptotic rate in breast cancer cells. Compared
with the control group (1.27+0.98%), the apoptotic rate in
MDA-MB-231 cells increased from 4.74+0.95 to 15.10+1.26%
(P<0.001) when the concentration of CGA was increased from
5 to 20 uM (Fig. 2B). Similarly, treatment with 20 uM CGA
induced significant apoptosis (22.65+1.79%; P<0.001) in 4T1
cells in comparison with the control group (11.00+1.25%).
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Figure 2. CGA induces apoptosis in breast cancer cells. (A) The morphologies of MDA-MB-231 and 4T1 cells were observed by microscope after treatment with
CGA for 24 h. (B) The apoptotic rates of MDA-MB-231 and 4T1 cells were detected by Annexin V/PI dual staining methods after treatment with CGA for 24 h.
Bars represent the means + SD of at least three independent experiments.”P<0.01 and ““P<0.001 in comparison with the control group. CGA, chlorogenic acid.

CGA suppresses the migration and invasion in breast cancer
via the NF-kB/EMT signaling pathway. Migration and
invasion of tumor cells are key processes for the successful
metastasis from primary tumor sites to distant organs (32).
Therefore, a wound-healing assay was performed to evaluate
the anti-migratory effect of CGA in breast cancer cells. The
migratory abilities of MDA-MB-231 and 4T1 cells were
significantly (P<0.001) suppressed by treatment with CGA,
in comparison with the control group (Fig. 3A). Moreover, a
Transwell invasion assay was conducted to assess the anti-inva-
sive ability of CGA in breast cancer cells. Compared with
the control group, CGA significantly (P<0.001) inhibited the
invasive ability in both MDA-MB-231 and 4T1 cells (Fig. 3B),
thereby demonstrating the anti-migration and anti-invasion
effects of CGA in breast cancer cells.

To investigate the intrinsic anti-migration and anti-invasion
mechanism of CGA in breast cancer, the expression levels of
NF-«B signaling pathway-related proteins were detected after
treatment with various concentrations of CGA via western
blotting. The expression levels of NF-kB p65 and p-IkBa in
both MDA-MB-231 and 4T1 cells were significantly down-
regulated after various treatments with of CGA (Fig. 4A),
indicating that the NF-kB signaling pathway participated the
in anti-migration and anti-invasion effects of CGA in breast
cancer cells. Additionally, the expression of N-cadherin was
downregulated, while the expression of E-cadherin in both
MDA-MB-231 and 4T1 cells was upregulated, suggesting an
impairment of the EMT process in breast cancer.

The present study also investigated the translocation of
NF-kB p65 after treatment with CGA in MDA-MB-231 cells.
NF-xB p65 was located in both the cytoplasm and nucleus,
suggesting constitutive activation of NF-xB in MDA-MB-231
cells (Fig.4B). After treatment with TNF-a, NF-kB p65 protein
was markedly transported into nuclei of MDA-MB-231 cells.
CGA could significantly attenuate the nuclear translocation
of NF-kB p65 protein that was triggered by treatment with
TNF-a. Collectively, CGA significantly inhibited breast cancer
cell migration and invasion by impairing the NF-xB/EMT
signaling pathway.

CGA exerts an antitumor effect in a tumor mouse model. To
investigate the antitumor effect of CGA in vivo, a xenograft
tumor mouse model of 4T1 cells was established to assess the
tumor inhibitory effect of CGA. After treatment with 20 or
40 mg/kg of CGA, the tumor growth rate was significantly
slowed in comparison with the control group (Fig. SA). At the
end point of the animal experiment, tumors of each group were
isolated. Treatment with CGA significantly (P<0.001) dimin-
ished the volume and weight of tumors in comparison with
the control group (Fig. 5B and C). Moreover, compared with
the control group, the survival rate of tumor-bearing mice was
significantly prolonged after treatment with various concentra-
tions of CGA (Fig. 5D).

Immunohistochemistry was conducted to further evaluate
the antitumor mechanism of CGA. The number of prolifera-
tive cells, which were defined as Ki67-positive, in the tumor
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sections of the CGA-treated groups were significantly lower
compared with that of the control group, and the expression level

Hhk

P<0.001 in comparison with the control group. CGA, chlorogenic acid.

of cleaved caspase-3 in the CGA-treated tumor sections was
upregulated (Fig. 5E). In addition, CGA could downregulate
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the expression level of PD-L1 in the tumor sections, implying
improvement in the tumor immunosuppressive microenviron-
ment. Furthermore, compared with the control group, the
expression of p-IkBa and N-cadherin, which are important
in the NF-xkB and EMT signaling pathways respectively,
were both significantly downregulated in tumor sections after
treatment with CGA. The major organs of various treated
groups exhibited no pathological changes (Fig. 5F), which
demonstrated that CGA had no organ toxicity. Collectively, it
was indicated that CGA suppressed breast cancer proliferation
and induced tumor cell apoptosis via impairing the NF-xB
signaling pathway.

CGA suppresses the pulmonary metastasis of breast cancer by
enhancing antitumor immunity. To further confirm whether
CGA, which exhibited efficient anti-migration and anti-inva-
sion abilities in breast cancer cells, had an anti-metastasis effect
in vivo, a lung metastatic model of 4T1 cells was used to assess
anti-pulmonary metastasis potency of CGA. As presented in
Fig. 6A, pulmonary metastasis was significantly inhibited in
the CGA-treated groups. The weight of lung tissues isolated
from the CGA-treated groups was lower compared with that of
the control group (Fig. 6B). Furthermore, the number of meta-
static nodules (>3 and <3 mm) of the CGA-treated groups was
decreased compared with that of the control group (Fig. 6C).
Histopathological analysis of sections of isolated lung tissues
identified that lung tissues of CGA treated groups had fewer
metastatic nodules (Fig. 6D).

It has been reported that CGA could activate CD4
T lymphocytes by suppressing Toll-like receptor (TLR) 4
signal molecules, including TLR4, p-IRAK1, p-IxB and
p-p38 (33). Thus, the present study used flow cytometry to
investigate whether CGA could enhance antitumor immu-
nity in the pulmonary metastasis mouse model of 4T1 cells.
As demonstrated in Fig. 6E, the proportion of CD4* and
CD8* T cells in spleens was significantly upregulated after
treatment with CGA in comparison with the control groups.
Collectively, the results demonstrated that CGA exhibited
efficient anti-pulmonary metastasis effects in breast cancer by
enhancing antitumor immunity.

Discussion

Breast cancer is the most common type of diagnosed cancer
among women worldwide and demonstrates consider-
able metastatic potential, multi-drug resistance and high
mortality (34). With developments in medical technology,
early diagnosis of breast cancer in early stage and treatment
with chemoradiation therapy on its own or in combination with
surgery can efficiently suppress cancer progression. However,
patients with breast cancer, especially advanced TNBC, expe-
rience an aggressive clinical outcome with a poor prognosis
and high metastasis, as well as an unsatisfactory overall
survival rate (4). Previous studies have revealed that abnormal
activation of NF-«B is closely associated with the malignance
of breast cancer, and blockade of the aberrantly activated
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NF-«xB could trigger apoptosis and suppress metastasis in
breast cancer cells (18-20). Thus, targeting NF-xB may be a
potential method for therapy of breast cancer. In the present
study, CGA, a potent natural inhibitor derived from cocoa and
coffee, was assessed for its antitumor efficacy in breast cancer
in vitro and in vivo.

The present results firstly demonstrated that CGA exhibited
potent cytotoxicity in breast cancer cells in a concentration-
and time-dependent manner, while significantly inhibited the
breast cancer cell colony formation ability. Furthermore, CGA
could not significantly impair the viability or inhibit colony
formation in human mammary epithelial cells (MCF-10A),
indicating that CGA could selectively impair viability and
inhibit proliferation in breast cancer cells. Next, it was inves-
tigated whether the anti-proliferation effect of CGA on breast
cancer cells was caused by apoptotic induction. Results of
Hoechst and Annexin V/PI dual staining demonstrated that
CGA significantly induced condensed nuclei and nuclear
fragmentations, as well as triggered apoptosis in breast cancer
cells. However, the proportion of apoptosis was low. The cell
viability and colony formation results indicated that CGA
significantly suppressed these abilities of the breast cancer
cells. There may be other antitumor mechanisms of CGA in
cancer therapy. For example, Huang er al (35) reported that
CGA effectively treated cancer types via the induction of
cancer cell differentiation, while Yamagata et al (36) demon-
strated that CGA regulated stem cell marker-related gene
expression in A549 human lung cancer cells. Moreover, CGA
was identified to decrease the abundance of HIF-1a and sphin-
gosine kinase-1 in hypoxia-induced prostate cancer cells, thus
exhibiting antitumor activity (37). Therefore, other antitumor
mechanisms of CGA should be investigated in future studies.

Metastasis of early stage cancer is a huge challenge to
breast cancer therapy and is a major cause of breast cancer
mortality (6). Additionally, the migration and invasion of
cancer cells are key steps in the primary metastasis of various
cancer types (38). Therefore, it is crucial to suppress the
migration and invasion of cancer cells during the treatment of
cancer metastasis. The present results demonstrated that CGA
could significantly inhibit the migration and invasion of breast
cancer cells in a dose-dependent manner. Previous studies
have reported that excessive activation of NF-xB serves a
key role in cancer metastasis (16,39). EMT is important for
movements of cells during embryogenesis. Tumor cells can
reactivate EMT programs, which increases their aggressive-
ness. In addition to motility, EMT is implicated in enhanced
properties of stem cell and multi-drug resistance, thereby
promoting recurrence, distant metastasis and resistance (40).
It has been revealed that microRNA (miR)-1224-5p inhibited
metastasis and EMT in colorectal cancer by targeting the
SP1-mediated NF-kB signaling pathways (41). In addition,
curcumol could inhibit the proliferation and metastasis of
melanoma via the miR-152-3p/PI3K/AKT and ERK/NF-kB
signaling pathways (42). In the present study, mechanism anal-
ysis via western blotting demonstrated that CGA significantly
downregulated the expression levels of NF-kB-associated
proteins and EMT process-associated proteins, indicating that
CGA impaired NF-kB, and then inhibited the EMT signaling
pathway, thereby suppressing breast cancer cell migration and
invasion. In addition, evidence has demonstrated that various
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signaling pathway/proteins are involved in the EMT progres-
sion of numerous cancers. Pallasch and Schumacher revealed
that TGF-f, a known driver of malignancy is also an inducer of
EMT in various cancers (43). It is reported that diphenyl urea
derivative could serve as an inhibitor on human lung cancer
cell migration by disrupting EMT via Wnt/B-catenin and
PI3K/Akt signaling (44). Research from Du et al demonstrated
that chronic stress promotes EMT-mediated metastasis through
activation of the STAT3 signaling pathway by miR-337-3p in
breast cancer (45). The EMT signaling pathway, as an axis
center, has been revealed to largely participate in the regula-
tion of cancer metastasis (46).

The antitumor effect of CGA was evaluated in a subcu-
taneous tumor mouse model of 4T1 cells. In vivo results
demonstrated that CGA significantly slowed tumor growth
and diminished tumor weight by inhibiting tumor cell
proliferation and suppressing the NF-«B signaling pathway.
Moreover, the survival rate of tumor-bearing mice was signifi-
cantly improved after treatment with CGA. In the pulmonary
metastasis model of 4T1, treatment with CGA significantly
decreased metastatic nodules in lung tissues. Tumor immune
escape, which is featured as suppressive antitumor immunity, is
responsible for tumor malignancy and distant metastasis (47).
Based on the efficient anti-metastasis efficacy of CGA, the
present study investigated the effect of CGA on antitumor
immunity. The results indicated that treatment with CGA
significantly upregulated the proportion of CD4* and CDS8*
T cells in the spleens of tumor-bearing mice, indicating that
CGA could improve antitumor immunity. The possible reason
why CGA enhances antitumor immunity may be that CGA
could regulate the tumor immune microenvironment via the
repolarization of macrophages from the M2 to the M1 pheno-
type (48). Further studies should be performed to investigate
the regulatory effect and mechanism of CGA on the tumor
immune microenvironment.

In conclusion, the present study provides important infor-
mation regarding the antitumor activity of CGA in breast
cancer (Fig. 7). The results demonstrated that CGA could
significantly inhibit viability and induce apoptosis in breast
cancer cells. Additionally, CGA suppressed the migration and
invasion of breast cancer cells by impairing the NF-«xB/EMT
signaling pathway. Furthermore, CGA significantly slowed
tumor growth, prolonged the survival rate and inhibited
pulmonary metastasis by increasing the proportion of CD4*
and CD8* T cells in spleens, thus improving antitumor immu-
nity.
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