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Abstract

Background/Aims: This study aims to investigate the effect of Luteolin on breast cancer
in vitro and in vivo and the interaction between miRNAs and Notch signaling after Luteolin
intervention, and illustrates the possible underlying mechanism and regulation loop. Methods:
Cell growth/survival assays and cell cycle analyses were performed to evaluate cell survival
in vitro. Scratch tests, cell invasion assays and tube formation assays were carried out to
analyze cell viability and identify the impact of Luteolin on angiogenesis. Critical components
in the Notch pathway including proteins and mRNAs were detected by Western blotting
analyses, ELISA assays and real-time reverse transcription-polymerase chain reaction. Matrix
metalloproteinases activity was evaluated by gelatin zymography analyses. MiRNAs were
analyzed by miRNA expression assays. After MDA-MB-231 cells were separately transfected
with Notch-1 siRNA/cDNA and miRNA mimics, the above assays were also carried out to
examine potential tumor cell changes. Xenograft models were applied to evaluate the treatment
potency of Luteolin in breast cancer. Results: Luteolin significantly inhibited breast cancer cell
survival, cell cycle, tube formation and the expression of Notch signaling-related proteins
and mRNAs, and regulated miRNAs. After introducing Notch-1 siRNA and miRNA mimics,
MDA-MB-231 cells presented with changes in miRNA levels, reduced Notch signaling-related
proteins, and decreased tumor survival, invasion and angiogenesis. Conclusion: Luteolin
inhibits Notch signaling by regulating miRNAs. However, the effect of miRNAs on the Notch
pathway could be either Luteolin-dependent or Luteolin-independent. Furthermore, Notch-1
alteration may inversely change miRNAs levels. Our data demonstrates that Luteolin, miRNAs

and the Notch pathway are critical in breast cancer development and prognosis.
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Introduction

Breast cancer is the most prevalent cancer in females in the United States, and it was
the leading cause of cancer death in women aged 20 to 59 years old, according to Cancer
Statistics, 2014 [1]. In the past decades, developments in cancer treatment have significantly
changed the life spectrum and improved the quality of life of breast cancer patients.
However, a respectable number of patients diagnosed with metastatic disease at the time
of initial visit continue to suffer from poor clinical outcomes. Therefore, these patients
require more efficient and specific treatments to achieve better cancer control and improve
survival. Among all strategies, therapeutic options that target critical components in cancer
evolvement and metastasis signaling have great potentials.

Notch signaling plays a pivotal role in cell-fate determination processes including cell
maintenance, differentiation, proliferation and apoptosis; thus, it is important in breast
cancer development. A previous publication reported that the combination of Notch ligands
and receptors in adjacent cells could activate proteolysis of the former, which is mediated by
y-secretase. This process releases the Notch intracellular domain (ICD) into the nucleus, and
therefore, causes the activation of HES/HEY; which maintains stem cells by inhibiting cell
differentiation [2]. A few other studies have also revealed an uncontrollable Notch receptor
expression in human solid tumors such as hepatocellular carcinoma, prostate cancer, cervical
cancer, non-small cell lung cancer, and osteosarcoma [3-8]. All above evidences suggest that
Notch signaling could potentially contribute to the development and progression of breast
cancer, and the inhibition of the Notch pathway could possibly be a valuable treatment
strategy.

Recently, there has been increasing interest in microRNAs (miRNAs), which are short
non-coding single-stranded RNAs that suppress target homologous mRNA translation by
base pair binding to their 3’ untranslated region and inhibit protein synthesis [9]. MiRNAs
are implicated in various cellular processes such as cell metabolism and immunoregulation,
and have been revealed to be abnormally expressed in different kinds of tumors. Therefore,
they are commonly applied in cancer diagnosis, treatment and prognosis [10]. Wang et
al. reported that cross-talk between miRNAs and Notch signaling contributed to tumor
development [11]. Meanwhile, other studies have also provided evidence that miR-34a was
involved in regulating the p53 and Notch pathway [12, 13]. The above results suggests a
possible mechanism in Notch signaling regulation through miRNAs, and provides justification
in investigating new therapeutic targets that aim at Notch signaling and the downregulation
of miRNAs for breast cancer.

Luteolin was first extracted from leaves and stems of mignonette, and is classified as
a non-toxic flavonoid compound. Cardiovascular protection, immune system stimulation,
anti-oxidant, anti-inflammatory and anti-carcinogenesis capacities of Luteolin have been
identified in previous publications [14, 15]. Selvendiran et al. [15] reported that Luteolin
significantly altered the expression of key components in tumor cell metabolism pathways,
introducing cell cycle inhibition and apoptosis in vitro; and thus, achieving anticancer
effects. Other studies have also addressed that Luteolin could suppress vascular formation
by downregulating vascular endothelial growth factor (VEGF) mRNA levels and inhibiting
extracellular matrix remodeling by inactivating matrix metalloproteinases (MMPs) [16, 17].
Our preliminary data revealed that Luteolin has a potential of inhibiting breast cancer cells
by altering the expression of Notch-1 and miR-34a. Thus, we propose that a cross-talk among
Luteolin, the Notch pathway and miRNAs could exist; and that this network contributes
to the regulation of breast cancer development and prognosis. In the present study, we
evaluated the ability of Luteolin in modulating breast cancer cell survival, migration, invasion
and vascular formation. Furthermore, we investigated the interaction between miRNAs
and Notch signaling after Luteolin intervention, and illustrated their possible underlying
mechanism and regulation loop.
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Materials and Methods

Cell culture and experimental reagents

MDA-MB-231 and MCF-7 human breast cancer cells (both preserved in our laboratory, Shanghai cell
bank of Chinese Academy of Science) and human umbilical vein endothelium cells (HUVEC, ATCC) were
cultured in Dulbecco’s modified Eagle’s medium-high glucose (DMEM-high glucose; KeyGen BioTECH,
Nanjing, China) with 10% fetal bovine serum (FBS; Gibco, New Zealand) and 5% CO, at 37°C. The following
materials were applied in this study: Luteolin (Xi'an Helin Bio-technique Co. Ltd., Xian, China); dimethyl
sulfoxide (DMSO; Sigma, St. Louise, USA); Cell Counting Kit-8 (CCK8; Dojindo Molecular Technologies
Inc., Japan); TRIzol reagent (catalog number: 15596-026, Invitrogen, Carlsbad, USA); real-time reverse
transcription-polymerase chain reaction (RT-PCR) kit (Takara Bio Inc., Japan); anti-Notch-1 intracellular
domain (ICD), anti-Hes-1, anti-Hey-1, anti-Hey-2 and Cyclin D1 primary antibodies (Santa Cruz, CA, USA);
anti-VEGF, anti-MMP-2 and anti-MMP-9 primary antibodies (Cell Signaling Technology, Beverly, USA);
anti-Notch-1 secondary antibody (Abcam, Cambridge, MA, USA); anti-Hes-1, anti-Hey-1 and anti-Hey-2
secondary antibodies (Santa Cruz, CA, USA); Cyclin D1, anti-VEGE anti-MMP-2 and anti-MMP-9 secondary
antibodies (RayBiotech, Atlanta, USA). All reagents not mentioned above were purchased from Sigma, St.
Louise, USA.

Cell growth and survival assays

Logarithmic phase MDA-MB-231 and MCF-7 cells were seeded in 96-well plates (5,000-7,000 cells/
well) and treated with Luteolin (25, 50 and 100 pmol/L) for 24 or 48 hours [18]. Then, the media was
discarded, 10 uL of CCK8 was submitted into each well, incubated with 5% CO, at 37°C for another two
hours, and light absorbance was measured at 450 nm. Negative control cells were cultured in DMEM-high
glucose with 0.1% DMSO and underwent the same assay protocols as mentioned above.

Cell cycle analyses

Logarithmic phase MDA-MB-231 and MCF-7 cells cultured with Luteolin (25, 50 and 100 umol/L)
were separately collected (1 x 10°cells/mL), washed twice using phosphate-buffered saline (PBS), and fixed
in 70% ethanol at 4°C for 30 minutes. Then, cells were washed with precooled PBS, and suspended in 1 mL
of PBS and 40 ng of propidium iodide (PI) at 37°C for 30 minutes. FACS Calibur flow cytometry (Becton,
Dickinson and Company, CA, USA) was applied for DNA analyses.

Wound-healing and cell invasion assays

Wound-healing assay (scratch test) was described in a previous publication by Bao et al. [19]. In
brief, MDA-MB-231 and MCF-7 cells were separately seeded in 6-well plates (1 x 10° cells/well). Once a
single layer of cells was formed, one scratch was placed with a sterilized tip at the bottom of each well.
Each sample was performed in triplicate. The above cells were then cultured in DMEM-high glucose with
or without Luteolin (50 pumol/L) for 24 hours. The location of cells at zero and 24 hours in the scratch area
was monitored with a Carl Zeiss optical microscope (Carl Zeiss Microscopy GmbH, Gottingen, Germany), and
the percentage of open space covered by migrated cells was calculated [20]. Cell invasion assay was carried
out using a BD BioCoat Matrigel Invasion Chamber (BD Biosciences, MA, USA) according to manufacturer’s
protocol [21]. MDA-MB-231 and MCF-7 cells were first cultured with Luteolin (25, 50 and 100 pmol/L)
for 24 hours. Living cells were selected (identified by trypan blue staining) and seeded in the serum-free
upper chamber of the invasion system at a density of 2 x 10° cells/200 pL, while 500 pL of DMEM-high
glucose media containing 20% FBS was added into the lower chamber. After 24 hours of incubation, cells
in the upper chamber were gently removed; and cells that migrated to the lower chamber were fixed with
4% Formaldehyde solution (Xilong Chemical Co., Guangdong, China) for 30 minutes and stained with 0.2%
crystal violet for 15 minutes. The ability of invasion was evaluated by cell counting in six random fields (100
x) in the lower chamber. Transwell assay was performed in triplicate and the average number of migrating
cells was recorded.

In vitro HUVEC tube formation assay
In order to detect the impact of Luteolin on angiogenesis, the following studies were carried out. Serum-
free DMEM-high glucose was the basic medium in this part, and all cells were cultured in basic medium
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unless otherwise indicated. MDA-MB-231 and MCF-7 cells were pretreated with 50 pmol/L of Luteolin and
incubated in basic medium for 24 hours. Then, the supernatant (conditional medium) was collected and
stored at -20°C for further use. Meanwhile, HUVECs were seeded in the Matrigel Angiogenesis System (BD
Biosciences, MA, USA) at a density of 5 x 10° cells/well for 24 hours until approximately confluent. Then,
the following five media were introduced to HUVECs separately: (1) conditional medium, (2) conditional
medium with Luteolin (50 pmol/L), (3) basic medium with a low dose of VEGF165 (50 ng/mL) and Luteolin
(50 pmol/L), (4) positive controls: basic medium with VEGF165 (50 ng/mL) and DMSO, (5) negative
controls: basic medium and DMSO. All combinations were incubated for eight hours before analyzing the
impact of the supernatant and/or Luteolin on HUVEC tube formations. Five random areas in each well were
imaged using a Carl Zeiss Optical microscope (Carl Zeiss Microscopy GmbH, Gottingen, Germany) and was
automatically analyzed with Image-Pro Plus Software (Media Cybernetics, Inc., Rockville, MD, USA) [22].

Western blotting analyses

MDA-MB-231 and MCF-7 cells treated with Luteolin at different concentrations (25, 50 and 100
pmol/L) were lysed with RIPA buffer, and proteins were extracted for Western blotting analyses according to
the following protocol. In brief, purified proteins were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. The membranes were
blocked in 5% non-fat milk for 60-120 minutes at room temperature, and incubated overnight at 4°C
with primary antibodies against Notch-1 ICD, Hes-1, Hey-1, Hey-2, Cyclin D1, VEGF, MMP-2 and MMP-9
(dilution at 1:2,000). After incubating with the corresponding secondary antibodies (dilution at 1:5,000),
membranes were washed three times with TBS-Tween (50 mM of Tris, 150 nM of NacCl, 0.05% Tween); and
proteins were visualized using chemiluminescence reagents. Western blotting results were quantified using
Quantity One Software (Bio-Rad Laboratories, Inc., CA, USA).

Enzyme-linked immunosorbent assay (ELISA)

MDA-MB-231 and MCF-7 cells were seeded in 6-well plates (1x10° cells/well) and treated with
Luteolin (25 or 50 mol/L) for 48 hours. Then, the supernatant was collected and centrifuged to remove cell
debris. Samples were stored at -20°C for later VEGF detection using an ELISA kit (R&D Systems, Inc., USA).
Briefly, 10 uL of sample and 40 pL of calibrator diluent (dilution at 1:5) were added into a pre-coated 96-
well microplate, alongside with a VEGF standard reference (50 pL) and calibrator diluent (50 pL), which
served as standard and blank controls, respectively. Then, the microplate was cultured at room temperature
for 30 minutes and washed four times (100 pL, wash buffer). Color reagent A (50 pL) and B (50 pL) were
added into each well and incubated for 15 minutes at 37°C, protected from light. The above samples were
then submitted to a microplate reader (Synergy 2, BioTek Instruments, Winooski, USA) to determine optical
density at 450 nm.

Gelatin zymography analyses

Gelatin zymography assay was performed to evaluate the effect of Luteotin on MMP-2 and MMP-9
activity [23]. MDA-MB-231 and MCF-7 cells were cultured in serum-free DMEM-high glucose with 50
pmol/L of Luteotin for 48 hours. Then, the supernatant was collected and centrifuged to remove cell debris,
25 uL of the supernatant was mixed with 25 pL of SDS sample buffer, and loaded onto the SDS-PAGE in
running gel (10% polyacrylamide) containing 0.1% gelatin. After electrophoresis, the gel was washed twice
with 2.5% Triton X-100 and incubated in buffer with 50 mmol/L of Tris-HCI, 5 mmol/L of CaCl, and 0.02%
Brij-35 (pH 7.6) at 37°C for 18 hours. Finally, clear brands suggesting proteolytic activities were revealed
by staining with 0.05% Coomassie brilliant blue (KeyGen BioTech, Nanjing, China) for four hours, and de-
staining with 30% methanol and 10% acetic acid for 1-2 hours. Brands were qualified using G: BOX Chemi
XR5 system (Syngene, MD, USA).

Real-time reverse transcription-polymerase chain reaction (real-time RT-PCR)

In order to detect Notch-1, Hes-1, Hey-1, Hey-2, VEGFE, MMP-2 and MMP-9 mRNA levels before and after
Luteolin treatment, we isolated total RNA from MDA-MB-231 and MCF-7 cells using a TRIzol reagent. cDNA
corresponding to each protein was prepared using a real-time RT-PCR kit according to manufacturer’s
instructions. All sequences of primers are listed in Table 1. As an internal control, GAPDH was also amplified.
The reaction system was subjected to the following cycle for 35 times with a final elongation at 72°C for
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seven minutes: 95°C denaturation for five minutes, Table 1. Primer sequences employed in real-time
94°C melting for 30 seconds, 60°C annealing for RT-PCR analysis

60 seconds, 72°C extension for 30 seconds. PCR —
products were separated by electrophoresis in 1% Genes Frimer (531

agarose gels, visualized using ethidium bromide, and GAPDH  F:GCACCGTCAAGGCTGAGAAC

analyzed with an ABI Prism 7500 Sequence Detector R:TGGTGAAGACGCCAGTGGA
(Applied Biosystems, Life Technologies, USA). Notch-1  F:TCAGCGGGATCCACTGTGAG
R:ACACAGGCAGGTGAACGAGTTG

Hes-1 F:GAGCACAGAAAGTCATCAAAGC

MIRNA expression analyses R:ATTTCCAGAATGTCCGCCTTC
Quantitative analyses of mature miRNAs (miR- Hey-1 F:CGGAGAGGAATAATTGAGAAGCG
155, miR-34a, miR-181a, miR-139-5p, miR-224 and R:CTTTCCCTCCTGCCGTATGC
miR-246) in MDA-MB-231 cells were evaluated Hey-2 F:TTCAAGGCAGCTCGGTAACT
using an All-in-One miRNA ¢qRT-PCR reagent Kit R:GGGCATTTTACTTCCCCAAT
(GeneCopoeia, Inc, MD, USA). Briefly, poly-A tails MMP-2  F:CAGGGAATGAATACTGGATCTACT
were first added to the 3’ end of miRNAs. Then, a R:GCTCCAGTTAAAGGCGGCATCCAC

unique Oligo-dT Adaptor primer and M-MLV RTase MMP-9  F:GCCTGCAACGTGAACATCT

reverse transcribed the poly-A miRNA. Finally, R:TCAAAGACCGAGTCCAGCTT

miRNAs within the above products were specifically detected and quantified by SYBR Green [24].

Transfection of Notch-1 siRNA and cDNA

The siRNA applied in this study included NS 1#, 5’-UAC AGU ACU GAC CUG UCC ACU CUGG-3’ and
NS 2#, 5’-CCG CCU UUG UGC UUC UGU UCU UCGU-3" The plasmid containing Notch-1 ICD cDNA was
purchased from KeyGen BioTech, Nanjing, China. MDA-MB-231 cells were seeded in 6-well plates (2 x 10°
cells/well) and incubated overnight. Notch-1 siRNA was then transfected into tumor cells, and cells with
only the Lipofectamine 2000 reagent served as negative controls. MDA-MB-231 cells were also separately
transfected with plasmid containing Notch-1 ICD or vector alone, and obtained with G418 selection [25, 26].
Forty-eight hours after transfection, tumor cells were collected and submitted to the following analyses:
cell survival and migration assays, tube formation assays, ELISA, Gelatin zymography, Western blotting and
real-time RT-PCR.

Transfection of miR-34a and miR-224 mimics

MDA-MB-231 cells were seeded in 6-well plates (5 x 10° cells/well) and incubated overnight. Then,
miR-34a and miR-224 mimics (Ambion, Life Technologies, USA) were transfected into the above tumor cells
using Lipofectamine 2000 reagent and incubated for 48 hours [27]. Real-time RT-PCR and Western blotting
were carried out to analyze miRNA and downstream protein expression.

Animal experiments

Female BALB/c nude mice were purchased from the Experimental Animal Center of the Academy
of Military Medical Sciences, China (Serial number: 0027549). All animal experiments were approved by
the Institutional Review Board of Nanjing University of Chinese Medicine. BALB/c nude mice (6-8 weeks)
were separately caged in a standard environment, keeping ambient temperature at 20-25°C with 40-70%
humidity and circadian rhythm. All mice were raised with complete feed and free access to water.

Human breast cancer MDA-MB-231 cells (0.1 mL, 1x107/mL) were subcutaneously implanted into
the right axilla of 6-8 week-old female BALC/c nude mice. Maximal diameter of the tumor was evaluated
with a vernier caliper. When tumors reached 50 to 70 mm, all animals were randomly assigned into four
groups with six mice in each group. Tail vein injections were performed for 14 consecutive days with the
following schedule: blank control group, PBS; standard treatment group, Paclitaxel at 20 mg/kg/d; high
dose group, Luteolin at 40 mg/kg/d; low dose group, Luteolin at 20 mg/kg/d. Diameter of the long/short
axis and animal daily activity were recorded. Individual tumors were weighted at the 15" day after all mice
were scarified. Tumor growth inhibition rate (%) = (average tumor weight of treatment group - average
tumor weight of control group) / average tumor weight of control group x 100%. Tumor volume (TV) = %
ab?; where, a represents the long axis and b represents the short axis. Relative tumor volume (RTV) =V, /
V,; where, V_represents the TV measured on a daily basis and V represents the TV measured at the day of
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assigning groups. RTV inhibition rate (T/C, %) = T, / C.,, * 100%; where, T, represents the RTV of the
treatment group and C,,, represents the RTV of the control group.

Statistical analyses

Continuous variables were recorded as mean + standard deviation. Student’s t-test was carried out for
comparison among groups by GraphPad StatMate (GraphPad Software Inc., CA, USA). A P-value <0.05 was
considered statistically significant.

Results

Luteolin inhibited breast cancer cell survival

Luteolin suppressed the growth of both MDA-MB-231 and MCF-7 cells with a time-
effect and dose-effect relationship (Fig. 1A). Tumor cells treated with 100 umol/L of Luteolin
exhibited the most significant inhibition effect when compared to those treated with lower
doses or with controlled DMSO. Furthermore, both MDA-MB-231 and MCF-7 cells were
blocked in S phases after Luteolin treatment (Fig. 1B), demonstrating that this drug could
remarkably alter tumor cell survival.

Luteolin decreased breast cancer cell migration

Wound-healing tests revealed that scratches in cells treated with Luteolin remained
virtually unchanged after 24 hours, whereas cells (DMSO) in the control group almost healed
from the damage (Fig. 2A). Similar results were also found in cell invasion tests; wherein, a
larger number of cells migrated to the lower chamber in the control group compared with
the experimental groups (Luteolin, Fig. 2B). Cell invasion tests also revealed a dose-effect
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Fig. 1. (A) Cell survival analyses reveal that Luteolin inhibits breast cancer cell growth with a time-effect
and dose-effect relationship; *P < 0.05. (B) MDA-MB-231 and MCF-7 cells are blocked in S phases after
Luteolin treatment for 48 hours. Two strains of tumor cells were employed in the experiment in triplicates.
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Fig. 2. Luteolin significantly suppresses recovery (A) and invasion (B) ability. *P < 0.05, **P < 0.01.
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Fig. 3. (A and B) Luteolin significantly suppresses the tube formation ability of HUVECs.

relationship; wherein, cells treated with 100 umol/L of Luteolin exhibited the smallest
number of migrations.

Reduced HUVEC tube formations induced by decline in VEGF expression in Luteolin-treated

breast cancer cells

Visible HUVEC tube formations were introduced after they were cultured in conditional
medium (Fig. 3A) or treated with VEGF and DMSO, which served as positive control (Fig. 3B).
However, this tube formation effect was reversed when Luteolin was applied in conditional
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Fig. 4. (A) Luteolin significantly decreases Notch-1, Hes-1, Cyclin D1, VEGF, MMP-2 and MMP-9 protein
levels. (B) VEGE, MMP-2 and MMP-9 protein activities decline. (C). Secreted VEGF was significantly lower in
cells cultured with Luteolin, presenting a dose-effect relationship. *P < 0.05, **P < 0.01.

medium (Fig. 34, 50 umol/L). In order to clarify whether Luteolin could directly cause tube
formations without the impact of breast cancer cells, 50 pmol/L of Luteolin with low dose
VEGF were applied for HUVEC incubation. No significant change was detected after eight
hours compared to HUVECs cultured with DMSO alone, which served as a negative control
(Fig. 2B, Luteolin plus VEGF vs. DMSO). These results suggest that tube formation could only
be achieved with the impact of breast cancer cells (conditional medium). We also detected
decreased VEGF secretions in MDA-MB-231 and MCF-7 cells treated with 50 pmol/L of
Luteolin, compared to cells treated with DMSO (P < 0.05, Fig. 4C), illustrating that reduced
tube formations were induced by the decline in VEGF expression in Luteolin-treated breast
cancer cells.

Luteolin reduced Notch-1, Hes-1, Hey, VEGF, Cyclin D1 and MMP expression in breast

cancer cells

Both MDA-MB-231 and MCF-7 cells treated with 50 umol/L of Luteolin for 48 hours
presented decreasing expression levels of Notch-1 mRNAs, as well as its downstream genes
Hes-1, Hey-1 and Hey-2; indicating that Luteolin significantly inactivated the transcription
effect in the Notch pathway (P < 0.05, Fig. 5). Similar results were also detected in Western
blotting; wherein, Notch-1, Hes-1 and Cyclin D1 protein levels were lower in cells treated
with Luteolin, suggesting that Luteolin may also alter protein expression in Notch signaling
(Fig. 4A).

Real-time RT-PCR and Western blotting revealed a remarkable decline in VEGE MMP-
2 and MMP-9 mRNAs (P < 0.05), as well as in VEGE, MMP-2 and MMP-9 proteins in cancer
cells; indicating that Luteolin plays an important role in both tumor cell growth and matrix
invasion (Fig. 5 and 4A). Luteolin helped to decrease MMP-2 and MMP-9 protein activity,
as indicated in the gelatin zymography assay; wherein, Luteolin-treated cells presented a
lower gray scale (Fig. 4B). Secreted VEGF in the supernatant was also lower in cells cultured
with Luteolin, presenting a dose-effect relationship in ELISA assays (P < 0.05, Fig. 4C).

MiRNA expression in Luteolin-treated breast cancer cells

MiR-181a, miR-139-5p, miR-224 and miR-246 expression levels in both MDA-MB-231
and MCF-7 cells were significantly enhanced after Luteolin treatment, while miR-155 level
decreased (P < 0.05, Fig. 6). MiR-34a expression only increased in Luteolin-treated MDA-
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Fig. 5. Luteolin
inhibits Notch-1,
Hes-1, Hey-1, Hey-
2, VEGE MMP-2
and MMP-9 mRNA
expression levels.
*P < 0.05, **P <
0.01.

-
o
1
—
w
i

[r—
1.01 —

0.54

Relative expression of
Notch-1/GAPDH mRNA
o
T

Relative expression of
Hes-1/GAPDH mRNA

-

0UM  50uM  OuM  50uM ~  O0uM  50uM  OuM  50uM
MDA-MB-231 MGF-7 MDA-MB-231 MCF-7

1.5

L

*% o

.|.

Hey-2/GAPDH mRNA
2

INCIALIYT TARI SI3VIE W

Relative expression of
Hey-1/GAPDH mRNA
&
1
=]
< i e

0.0

ouM  50uM  OuM  50uM “~ ouM  50uM  OuM  50uM
MDA-MB-231 MCF-7 MDA-MB-231 MCF-7

-
w
]
-
3.3
]

e

=k

e

-
o
1

|

=
w
1

Relative expression of
=
i

Relative expression of
VEGF/GAPDH mRNA
MMP2/GAPDH mRNA

=
o
o
o

OuM  50UM  OuM  50uM " DuM S0UM QUM 50uM
MDA-MB-231 MCF-7 MDA-MB-231 MCF-7

1.59

3

-
=]
1

Relative expression of
MMP9/GAPDH mRNA
o
wn

OuM  50uM  OuM  50uM
MDA-MB-231 MCF-7

MB-231 cells (P < 0.05, Fig. 6). The above results suggest that Luteolin distinctively altered
miRNA levels in breast cancer cells.

Effect of Notch-1 silence on miRNA levels in breast cancer cells

After Notch-1 siRNA transfection, MDA-MB-231 cells presented increased miR-34a,
miR-181a, miR-139-5p, miR-224 and miR-246 expression levels, while exhibiting decreased
miR-155 levels (Fig. 7). The above results were similar to MDA-MB-231 cells treated with
Luteolin (Fig. 6).
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Effect of Notch-1 silence and overexpression on breast cancer cell survival, invasion and

angiogenesis

After Notch-1 siRNA transfection, Notch-1, Hes-1, Cyclin D1, VEGF, MMP-2 and MMP-
9 protein expression levels decreased in MDA-MB-231 cells (Fig. 8). Cancer cell survival,
migration ability and HUVEC tube formations were also inhibited with the downregulation
of Notch-1 introduced by siRNA transfection (Fig. 8, B-D). Moreover, these suppressive
effects increased when 25 umol/L of Luteolin was added to Notch-1-silenced MDA-MB-231
cells (P <0.01; Fig. 8, B-D). Western blotting also presented similar results; wherein, Notch-1
silencing together with Luteolin could more effectively inactivate proteins in Notch signaling
(Fig. 9A). Notch-1 downregulation triggered by siRNA promoted Luteolin-induced MMP-2
and MMP-9 inactivation and low VEGF secretion (Fig. 9B).

Notch-1 ICD cDNA was successfully transfected to MDA-MB-231 cells, and these cells
presented an overexpression of Notch-1 (Fig. 10A), promoting cell survival and invasion
(P<0.05; Fig.10, B-C). Notch-1 upregulation could also suppress a Luteolin-induced inhibiting
effect on cell growth and migration (Fig. 10, B-C).

MiR-34a and miR-224 regulated Notch signaling and inhibited breast cancer cell survival,

migration and angiogenesis

MiR-34a and miR-224 mimics were successfully transfected into MDA-MB-231 cells,
and high miRNA expression levels were detected compared to blank control (P<0.05, Fig.
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Fig. 7. After transfecting with Notch-1 siRNA, MDA-MB-231 cells present increased miR-34a, miR-181a,
miR-139-5p, miR-224 and miR-246 expression levels, while exhibiting decreased miR-155 levels. *P < 0.05,
**P<0.01.

11A). Transfected miRNAs presented inhibiting effects on Notch-1, VEGE, MMP-2 and MMP-
9 protein expression levels (Fig. 11A), reduced MMP-2 and MMP-9 activity, and decreased
VEGF secretion in MDA-MB-231 cells (Fig. 11B). Cancer cell viability, invasion/migration
ability, and HUVEC tube formations were also significantly suppressed after miR-34a or miR-
224 mimics were transfected into MDA-MB-231 cells (Fig. 11C).

Luteolin inhibited breast cancer xenograft growth in vivo

A subcutaneous breast cancer mouse model was successfully established. All animals
were randomly assigned in four groups and were treated with PBS, Paclitaxel and different
doses of Luteolin, respectively. Our results revealed that high Luteolin doses effectively
inhibited tumor growth in vivo, as compared to both blank control and standard therapy
groups, given that significant tumor weight and volume reduction were detected in the former
(Fig. 12). High dose (40 mg/kg/d) and low dose (20 mg/kg/d) Luteolin groups presented
RTV inhibition rates of 28.31% and 40.50%, respectively; and tumor growth inhibition rates
of 54.28% and 40.38%, respectively. All data were statistically different from those in the
blank control group (P<0.05, Fig. 12). In addition, none of the mice in the Luteolin groups
suffered from toxic side effects such as weight loss or activity reduction, demonstrating that
Luteolin could significantly change the growth profile of breast cancer in a xenograft model
with no negative effect on daily animal activity.
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Fig. 8. Notch-1 siRNA remarkably decreases Notch-1, Hes-1, Cyclin D1, VEGF, MMP-2 and MMP-9 protein
levels (A), cell survival (B), invasion (C) and tube formation (D) in MDA-MB-231 cells. Notch-1 siRNA
silencing together with Luteolin significantly inhibit cell survival (B), invasion (C) and tube formation (D);
CS, control siRNA; NS, Notch-1 siRNA; Luteolin, 25 pmol/L of Luteotin; NS + Luteolin, Notch-1 siRNA + 25
pmol/L of Luteotin; *P < 0.05, **P < 0.01.

Discussion

In the past decades, researchers have revealed the anticancer effect of Luteolin in
various kinds of tumors such as hepatocellular carcinoma, melanoma and gastric, ovarian,
colorectal and breast cancers [28-31]. However, the mechanism underlying these positive
results remains to be completely determined. In this study, we presented several innovative
findings, supporting facts that Luteolin inhibits breast cancer cells in vitro and in vivo through
Notch-1 signaling; and this suppressing effect is also regulated by miRNAs. The above results
provide potential targets and new strategies for breast cancer treatment.

Abnormal activation of Notch signaling has long been recognized as a pivotal explanation
for cancer survival, proliferation, invasion, migration and angiogenesis [7, 32]. Furthermore,
it has been revealed that this pathway inhibits apoptosis by cross-talk with growth factor-
induced cell survival in different malignancies including breast cancer [2-8, 11]. Our study
is the first to demonstrate that Luteolin effectively reduced the expression and translation
of Notch-1 mRNA, a key component in Notch signaling, and several downstream genes in the
same pathway such as Hes-1, Hey-1, Hey-2 and Cyclin D1 mRNAs in breast cancer cells. This
suppressing effect further led to decreased tumor survival, migration/invasion and HUVEC
tube formation in vitro, as well as tumor inhibition in vivo. In the present study, we mainly
focused on Notch-1 ICD, which has been previously identified as an active domain in the
Notch-1 protein; and chose ICD specific primary antibody in Western blotting analyses to
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Fig. 10. (A) Notch-1 ICD cDNA was successfully transfected into MDA-MB-231 cells, and Notch-1 and Hes-1
were found to be overexpressed in these cells. Notch-1 overexpression promotes cell survival and invasion
(B and C); C, control; N, Notch-1 cDNA; Luteolin, 50 umol/L of Luteolin; N+Luteolin, Notch-1 cDNA+50
pmol/L of Luteolin. *P < 0.05, **P < 0.01.

better describe the interaction between Notch-1 and other components in the Notch pathway.
Results were positive and highly suggest that Luteolin inhibits tumor activity by Notch-1
ICD suppression, leading to Notch pathway blockage. Moreover, we identified that Notch-1
silencing together with Luteolin could further enhance the efficacy of tumor inhibition, as
well as key component suppression (Notch-1 and Hes-1), suggesting a better strategy for
breast cancer control and treatment.

Prior publications have reported that Notch-1 activation relates to some critical factors
that contribute to cell migration and regulation including VEGF, MMP-2 and MMP-9 [11, 33,
34]. These factors were also found to directly cause tissue remodeling and angiogenesis [35,
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Fig. 12. In vivo study shows that a high dose of Luteolin significantly inhibited tumor weight and volume,
while none of the mice suffered from weight loss. *P < 0.05, **P < 0.01.

36]. Li et al. suggested that the suppressing effect introduced by Curcumin in Notch signaling
could downregulate MMP-2 and MMP-9, leading to the inhibition of osteosarcoma [26]. In
this study, we not only found that Luteolin decreased VEGF, MMP-2 and MMP-9 expression
levels, but also found that MMP-2 and MMP-9 activity decreased in MDA-MB-231 cells.
These suppressing effects helped to reduce angiogenesis, presenting as a decline in HUVEC
tube formation in our study; and therefore, decreased the possibility of tumor invasion
and migration. Notch-1 silencing provided similar results with the application of Luteolin;
wherein, VEGF, MMP-2 and MMP-9 expression levels were significantly inhibited, and
tumor cell survival, invasion and angiogenesis were suppressed; while the overexpression
of Notch-1 induced by Notch-1 ICD cDNA transfection could lead to opposite outcomes in
MDA-MB-231 cells. These evidences clearly illustrate the fact that Luteolin inhibits essential
components (Notch-1, Hes-1, Hey-1, Hey-2 and Cyclin D1) in Notch signaling, resulting in
VEGF and MMP downregulation; and therefore, induce decreased breast cancer cell survival,
invasion, migration and angiogenesis.

MiRNA has been acknowledged to be an endogenous transcriptional regulatory factor,
and is crucial in the regulation of protein synthesis and stability of mRNAs [9, 37]. Several
studies have shown that miRNAs control tumor development and progression by regulating
the expression and transcription of tumor-associated genes and various tumor cells that
present abnormal miRNA expression [37, 38]. MiR-155 was found to be closely related to
many solid tumors, and was responsible for tumor progression, compromised treatment
effect and decreased survival rate [39-41]. These miRNAs also presented suppressing effects
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47]. In addition, miR-181 has been reported [
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that regulates tumor progression is miR- Fig. 13. The complex interaction loop among
34a. Previous data have demonstrated that Luteolin, miRNAs and the Notch pathway is shown.

this miRNA was not identified or was barely detected in different malignancies including
neuroblastoma and prostate, bladder and cervical cancers [48-51]. It was also found that
Notch-1 and Notch-2 proteins were significantly reduced after miR-34a was introduced in
neuroglia cells and pancreatic cancer cells, illustrating that components in the Notch pathway
could be downstream factors of miR-34a [12, 52].

Interesting findings in miRNA analyses provided further details in Luteolin and Notch
signaling interaction (Fig. 13). Our preliminary data identified increased miR-34a and
decreased Notch-1 levels simultaneously after applying Luteolin; thus, further experiments
were carried out to illustrate the inhibiting effect of Luteolin on other components in the
Notch pathway and miRNAs, as well as their corresponding mechanism. Furthermore, we
sought to find out the expression profile of miRNAs in different Luteolin and Notch-1 levels.
Our results revealed an increased expression of several barely seen miRNAs in breast cancer
cells such as miR-34a, miR-181a, miR-139-5p, miR-224 and miR-246 after the application
of Luteolin; while, at the same time, miR-155 levels significantly decreased with the same
treatment. Moreover, transfected miR-34a or miR-224 mimics directly led to reduced Notch-1
levels, illustrating that Luteolin inhibited Notch signaling by regulating miRNAs. Nonetheless,
according to our study, the interaction between miRNA and Notch-1 is not monodirectional.
Notch-1 silencing could also cause decreased miR-155 levels and increased miR-34a, miR-
181a, miR-139-5p, miR-224 and miR-246 levels, suggesting that downregulated Notch-1
provided inverse signal feedback, and thus, bidirectionally interacted with miRNAs. The
introduction of miR-34a or miR-224 mimics also presented negative effects on VEGF, MMP-
2 and MMP-9 expression levels, which lead to decreased tumor survival, invasion and
angiogenesis; indicating that miRNAs could be independent from both Luteolin and Notch
signaling, and directly alters cancer development and progression.

In conclusion, this study strongly indicate the fact that Luteolin could significantly
inhibit Notch signaling (decreased key components such as Notch-1, Hes-1, VEGF, and MMPs)
by regulating miRNAs associated with tumor development and progression (upregulated
miR-34a, miR-181a, miR-139-5p, miR-224 and miR-246, as well as downregulated miR-
155). We have also illustrated the complex interaction loop among Luteolin, miRNAs and
the Notch pathway. The effect of miRNAs on Notch-1 could be introduced by Luteolin.
However, it may also be Luteolin-independent. MiRNAs led to tumor suppression through
Notch signaling, while reduced VEGF and MMPs directly introduced by miRNAs could be
alternative explanations. Finally, Notch-1 alteration may inversely change miRNA levels. All
above evidences demonstrate the critical status of Luteolin, miRNAs and the Notch pathway,
suggesting that any components within the network could be a potential target for future
treatment and drug delivery.
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