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Luteolin, an aryl hydrocarbon receptor ligand,
suppresses tumor metastasis in vitro and in vivo
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Abstract. Estrogen receptor (ER)-negative breast tumors are
associated with low survival rates, which is related to their
ability to grow and metastasize into distal organs. The aryl
hydrocarbon receptor (AhR), a ligand-activated transcription
factor that is involved in several biological processes, is a prom-
ising anti-metastatic target. Luteolin, a non-toxic naturally
occurring plant flavonoid with diverse biological activities,
has been demonstrated to be effective against certain types of
cancer, and has also been described as a ligand of AhR. In the
present study, various cancer cell lines were first investigated
following treatment with luteolin, and luteolin exhibited the
lowest IC5, in MDA-MB-231 cells. Then, the efficiency of lute-
olin in suppressing the metastasis of ER-negative breast cancer
in vitro was assessed. MDA-MB-231 cells were treated with
luteolin in vitro. Subsequently, MTT assay and flow cytometry
were used to detect cell viability, the cell cycle and apoptosis,
and a Transwell assay was used to evaluate cell invasion. In
addition, reverse transcription-semi-quantitative PCR and
western blot were performed to detect the mRNA and protein
expression levels of matrix metalloproteinase (MMP)-2 and
MMP-9. In addition, the number of surface tumor nodules was
measured in vivo, in mice bearing B16-F10 tumors, following
treatment with luteolin. Luteolin inhibited the viability and
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induced the apoptosis of MDA-MB-231 cells, which was
accompanied by cell cycle arrest. This was associated with a
decrease in the expression of the pro-metastatic markers C-X-C
chemokine receptor type 4 (CXCR4), MMP-2 and MMP-9,
which was reversed by AhR inhibition. Furthermore, it was
identified that luteolin could inhibit the metastasis in a BI6F10
mouse xenograft model, and the levels of MMP-9, MMP-2
and CXCR4 were significantly decreased in the lung tissues
isolated from tumor-bearing nude mice following luteolin
treatment. In conclusion, luteolin is a potential molecule for
inhibiting breast cancer invasion and metastasis, which could
have promising clinical applications.

Introduction

Breast cancer is the most commonly diagnosed form of
cancer and is a main cause of cancer-associated mortality
worldwide (1). Compared with estrogen receptor (ER)-positive
breast cancers, which can be treated with estrogen and aroma-
tase inhibitors, ER-negative breast tumors are associated with
poorer clinical outcomes, exhibiting low survival rates and a
high probability of metastasis into multiple distal organs (2).
Treatment options for patients with ER-negative breast cancer
with metastases include surgical resection, radiotherapy and
chemotherapy, and these treatment modalities have improved
over the past decade (3). Despite these advances, ER-negative
breast cancer cases continue to account for a large propor-
tion of breast cancer-associated deaths (4). Therefore, safe
and effective molecules of natural origin for the treatment of
ER-negative breast cancer are urgently required.

The aryl hydrocarbon receptor (AhR) is a ligand acti-
vated transcription factor that is ubiquitously expressed in
mammalian cells and tissues (5). AhR was first reported as a
high affinity receptor of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD; also termed dioxin), which is involved in a number of
toxicological outcomes (6). Since then, studies have focused
on the endogenous role of AhR in human cancer, including its
tumor-specific pro-oncogenic and tumor-suppressor functions
that can be targeted by AhR antagonists and agonists, respec-
tively (7-9). Notably, several AhR ligands have been identified
as potential antitumor agents by enhancing apoptosis, as
monitored by analyses of DNA fragmentation and caspase
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activation (10,11). Cytochrome P450 family 1 subfamily A
member 1 (CYP1AI) has been reported as a prototypical
marker of the AhR-mediated cellular response to TCDD and
other AhR agonists (12).

In addition to binding exogenous molecules, AhR can
also bind endogenous biochemical or pharmaceutical
molecules (13). However, only few AhR-targeting drugs
have been clinically used, such as laquinimod and aminofla-
vone (NSC686288), which have been used in the treatment
of multiple sclerosis and breast cancer, respectively (14).
Therefore, discovering novel natural AhR ligands would be a
great clinical asset.

The present study examined the effects of luteolin
(3'4',5,7-tetrahydroxyflavone), a non-toxic naturally occurring
plant flavonoid with diverse biological activities (15,16), on
MDA-MB-231 breast cancer cells in vitro and in vivo. The
results indicated that Iuteolin can suppress the viability of
MDA-MB-231 breast cancer cells and reduce their metastatic
capability in vitro and in vivo. Notably, luteolin exhibited a
marked anti-metastatic effect in a xenograft mouse model.

Materials and methods

Cell culture and MTT assay. Human cell lines with known
invasive ability, including HCT116 human colon carcinoma
cells, MDA-MB-231 human breast carcinoma cells, A549
human lung carcinoma cells, PC-3 human prostatic carcinoma
cells and ES-2 human ovarian clear cell adenocarcinoma cells,
and B16-F10 murine melanoma cells were purchased from the
Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences. B16-F10 cells were cultured in DMEM-high
glucose (Gibco; Thermo Fisher Scientific, Inc.) and all other
cells were cultured in RPMI-1640 medium (Gibco; Thermo
Fisher Scientific, Inc.). All cell cultures were supplemented
with 10% (v/v) fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and 2 mM L-glutamine, and cells were incu-
bated in a humidified incubator with 5% CO, at 37°C.

Cell viability was assessed using a MTT assay. Briefly,
5,000 HCT116, MDA-MB-231, A549, PC-3 or ES-2 cells/well
were plated in a 96-well plate and incubated in a humidified
incubator with 5% CO, at 37°C, allowed to adhere for 4 h, then
treated with different concentrations of luteolin (1.562, 3.125,
6.25,12.5, 25, 50, 100, 250 an 500 mM) (Shanghai Aladdin
Bio-Chem Technology Co., Ltd.). Suberoylanilide hydroxamic
acid (SAHA) (catalog no. S1047; Selleck Chemicals) was used
as a positive control. After 48 h,0.5% MTT solution was added
to each well and incubated for 4 h. DMSO was then added to
dissolve the formazan, and the optical density was measured
at 570 nm using an EnSpire plate reader (PerkinElmer, Inc.).

Cell cycle analysis. MDA-MB-231 cells were seeded in
6-well plates at a density of 4x10%/well. Following incubation
overnight, cells were treated with 3, 10 or 30 xM Luteolin
dissolved in DMSO solution in a humidified incubator with 5%
CO, at 37°C. Control wells were treated with equal volumes of
DMSO. Following 48 h of treatment, cells were harvested and
fixed with 70% (v/v) ethanol/phosphate buffer at 4°C overnight.
The cells were washed with PBS twice and incubated with
DNase-free RNase A (Beijing Solarbio Science & Technology,
Co.,Ltd.) at a concentration of 1 mg/ml for 30 min, then stained
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with propidium iodide (PI; 50 ug/ml; Beijing Solarbio Science
& Technology, Co., Ltd.) for 30 min at room temperature in the
dark. The DNA content was measured using a flow cytometer
(FACS Aria III; BD Biosciences) and analyzed using FlowJo
V10 software (FlowJo LLC).

Apoptosis analysis. Apoptosis analysis was performed by
Annexin V-FITC staining, according to the manufacturer's
protocol of FITC Annexin V Apoptosis Detection Kit I (BD
Biosciences). Cells were treated as described for the cell cycle
analysis. Following treatment for 48 h, cells were harvested
and washed twice with PBS, then resuspended with binding
buffer (0.01 M HEPES, pH 7.4; 0.14 M NaCl; 2.5 mM CacCl,),
and incubated with Annexin V-FITC and PI in the dark at
room temperature for 30 min. Samples were analyzed using a
flow cytometer and FlowJo V10 software (FlowJo LLC).

Cell invasion assay. The in vitro invasion assay was performed
as described previously (17). Briefly, 50 ul Matrigel (BD
Biosciences) diluted in serum-free RPMI-1640 medium (1:19)
was used to coat each Transwell invasion chamber (8-ym
pore size; Corning Inc.) for 2 h at 37°C. A total of 1x10°
MDA-MB-231 cells supplemented with different concentra-
tions of luteolin (0, 3, 10 or 30 M), with or without 1 uM
StemRegenin 1 (SR1; AhR inhibitor; Selleck Chemicals), were
added to the upper chamber. The lower chamber was filled with
RPMI-1640 medium containing 10% fetal calf serum (Gibco;
Thermo Fisher Scientific, Inc.). The Matrigel on the upper side
of the filter was removed after 20 h of incubation, and the cells
on the bottom of the membrane were fixed with methanol and
stained with 1 mg/ml crystal violet dye for 10 min at room
temperature. Images of invaded cells were obtained using a
fluorescence microscope (Nikon; magnification, x200). The
membrane was washed with 33% acetic acid, and the eluent
absorbance was measured at 590 nm using a plate reader
(EnSpire; Perkin Elmer Corporation). The data were then
analyzed with GraphPad Prism 7 (GraphPad Software, Inc.).

In vivo tumor growth assay. A total of 32 C57BL/6 mice
(male; 6-8-weeks-old; 20+1 g) were purchased from Beijing
HFK Bio-Technology Co., Ltd. The animals were housed at an
ambient temperature of 23+1°C, relative humidity of 45+5%,
under a 12 h light/dark cycle and provided access to water and
food ad libitum. The animals were housed under pathogen-free
conditions and were acclimated for 1 week prior to tumor
implantation. The research procedures were in accordance
with the institutional guidelines of the Animal Care and Use
Committee at Shandong Analysis and Test Center, Shandong
Academy of Sciences, (Jinan, China). Previously, cultured
B16-F10 melanoma cells were harvested with trypsin and
resuspended in PBS to reach the desired concentration. A total
of 5x10* cells were injected via the tail vein into C57BL/6 mice.
The mice were randomized into four groups, with 8 mice per
group: i) DMSO group, melanoma cell-injected mice treated
with DMSO; ii) SAHA group, melanoma cell-injected mice
treated with 40 mg/kg SAHA,; iii) luteolin-20 mg/kg group,
melanoma cell-injected mice treated with 20 mg/kg luteolin;
and iv) luteolin-40 mg/kg group, melanoma cell-injected mice
treated with 40 mg/kg luteolin. Mice were treated with the
desired dose of DMSO, SAHA or luteolin by intraperitoneal
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injection 1 day after B16-F10 cell injection. Animals were
weighed every day throughout the study.

The mice were sacrificed at day 14, and the lungs were
extracted and washed with PBS as previously described (18).
Endpoints of the animal experiments were discussed in the
approved protocol, including maximum tumor burden, body
weight loss, major organs failure and other severe pathological
and cachexia conditions. None of the experimental mice were
identified to reach these endpoints. In addition, a large volume
of solid tumor was not established, and the maximum tumor
volume observed in the study was ~12 mm?. Briefly, mice were
sacrificed by CO,; the flow of CO, from the gas cylinder was
at a rate that displaced 10-30% of the chamber volume/min,
which was maintained for =3 min. Subsequently, death was
verified by checking for no heartbeat, and cervical dislocation
was performed to ensure death. Following extraction of lungs,
the number of surface tumor nodules was counted under a
dissecting microscope (magnification, x6.7). Sections of the
lungs were also used for western blot analysis and reverse
transcription (RT)-semi-quantitative PCR (qPCR). The
animal experiments were approved by the Research Ethics
Committee of Shandong Analysis and Test Center (approval
no. ECAESDATC-2016-011).

RT-semi-qPCR. MDA-MB-231 cells were seeded in a 6-well
plate (4x10° cells/well) and incubated overnight prior to
treatment with different concentrations of luteolin (0, 3, 10
or 30 uM) for 48 h at 37°C. Cells were collected by trypsin-
ization and washed with PBS. In addition, mouse lung tissue
samples were homogenized using a tissue homogenizer.
Total RNA was isolated from cells and tissue samples using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
and 5 mg extracted RNA was used for cDNA synthesis using
M-MLV enzyme (Invitrogen; Fisher Scientific, Inc.). gPCR
was performed with SYBR Green Master (Roche Diagnostics)
in a Roche LightCycler480 II using the following thermocy-
cling conditions: 95°C for 10 min; 45 cycles of 95°C for 10 sec
and 60°C for 15 sec (with single detection mode); and a final
extension at 72°C for 10 min. GAPDH and (-actin were used
as reference genes. The primer sequences are presented in
Table I. The qPCR products were separated on 1% agarose
gel and detected using SYBRGreen staining (Thermo
Fisher Scientific, Inc.). Densitometric analysis of bands was
performed with BandScan 5.0 software (ProZyme, Inc.).

Western blot analysis. MDA-MB-231 cells were treated with
luteolin (3, 10 or 30 mM) or luteolin and SR1 (1 mM) for 24 h at
37°C, and mouse lung tissues from different treatment groups
(DMSO, SAHA, Lut-20 and Lut-40) were collected and lysed
with lysis buffer (Beijing Solarbio Science & Technology, Co.,
Ltd.) for 30 min. The lysates were centrifuged at 12,000 x g for
15 min at 4°C, and the supernatant containing protein extracts
was transferred to a new tube. The protein concentration
was determined using a bicinchoninic acid assay (Beyotime
Institute of Biotechnology). A total of 30 ug total protein was
loaded per lane and resolved by 12% SDS-PAGE (a 10% gel
was used for AhR) and transferred onto PVDF membranes
(catalog no. IPVH00010; EMD Millipore). The membranes
were blocked with 5% milk in PBST buffer (PBS with 0.1%
Tween-20) for 1 h at room temperature, then incubated
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overnight at 4°C with 1:1,000 dilutions of primary antibodies.
Primary antibodies against the following were used: MMP-2
(catalog no. sc-10736; Santa Cruz Biotechnology, Inc.), MMP-9
(catalog no. sc-10737; Santa Cruz Biotechnology, Inc.), C-X-C
chemokine receptor type 4 (CXCR4; sc-9046, Santa Cruz
Biotechnology, Inc.), B-actin (catalog no. ab8227; Abcam),
GAPDH (catalog no; KM9002T, Tianjin Sungene Biotech Co.,
Lt) and AhR (catalog no. 13790S' Cell Signaling Technology,
Inc.). The membrane was then washed three times with PBST,
then incubated with goat-HRP-conjugated anti-mouse (catalog
no. GB23301; Wuhan Servicebio Technology Co., Ltd.)
or anti-rabbit secondary antibodies (catalog no. GB23303;
Wuhan Servicebio Technology Co., Ltd.) (both 1:2,000) for 2 h
at room temperature. Following three washes with PBST, the
membrane was developed with enhanced chemiluminescence
reagent (catalog no. WBKLS0050; EMD Millipore) and the
results were analyzed using BandScan 5.0 software (ProZyme,
Inc.).

Statistical analysis. Three biological replicates were
performed for each condition, and the results are presented as
the mean + standard deviation. The data was analyzed with
GraphPad Prism 7 (GraphPad Software, Inc.). One-way anal-
ysis of variance followed by Tukey's post hoc test was used for
comparisons among multiple groups. P<0.05 was considered
to indicate a statistically significant difference.

Results

Luteolin inhibits the viability of MDA-MB-231 cells. Previous
studies have demonstrated that luteolin exhibits anti-prolifer-
ation effects with an ICs, range of 15-50 M in several cell
lines, including 3T3-L1 and HL-60 cells (19,20). In the present
study, the effect of luteolin on cell viability was evaluated using
a MTT assay in other cancer cell lines, including HCT116
(colorectal cancer), MDA-MB-231 (breast cancer), A549 (lung
cancer), PC-3 (prostatic carcinoma), ES-2 (ovarian carcinoma)
cells. SAHA was used as positive control. As presented in
Table II, luteolin exerted a moderate anti-proliferation effect
on different cell lines, among which MDA-MB-231 cells
showed the highest sensitivity (IC5,=27.54 uM). Therefore,
MDA-MB-231 cells were selected for further experiments
to further characterize the effects of luteolin on ER-negative
breast cancer cells.

As demonstrated in Fig. 1A, increasing concentrations of
luteolin inhibited the viability of MDA-MB-231 cells after 24
and 48 h. In addition, luteolin increased MDA-MB-231 cell
cycle arrest at the G1 phase and reduced the cell population in
the S phase following treatment with different of concentra-
tions of luteolin (Fig. 1B and C). These results demonstrated
that luteolin can inhibit the growth of breast cancer cells
through the induction of cell cycle arrest in vitro.

Subsequently, the pro-apoptotic effects of luteolin on breast
cancer cells were examined using an Annexin V/PI staining
assay. As presented in Fig. 2A, compared with the DMSO
control group, MDA-MB-231 cells treated with luteolin for
24 h exhibited a dose-dependent increase in apoptosis. A
significant increase in total apoptosis was demonstrated at
=10 uM (P<0.05; Fig. 2B). These results indicated that luteolin
can promote apoptosis of breast cancer cells.



2234

Table I. Primers used for reverse transcription-semi-quantitative PCR.
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Species Gene Forward sequence (5'-3") Reverse sequence (5'-3")

Human CYP1A1 CCATGTCGGCCACGGAGTT ACAGTGCCAGGTGCGGGTT
MMP-2 GTTCATTTGGCGGACTGT AGGGTGCTGGCTGAGTAG
MMP-9 AATCTCACCGACAGGCAGCT CCAAACTGGATGACGATGTC
B-actin TCATGAAGTGTGACGTGGACATC CAGGAGGAGCAATGATCTTGATC
CXCR4 TTCTACCCCAATGACTTGTG ATGTAGTAAGGCAGCCAACA
GAPDH GAAGGTGAAGGTCGGAGT CATGGGTGGAATCATATTGGAA
AhR ACTCCACTTCAGCCACCATC ATGGGACTCGGCACAATAAA

Mouse MMP-2 GATAACCTGGATGCCGTCGTG CTTCACGCTCTTGAGACTTTGGTT
MMP-9 GCCCTGGAACTCACACGACA TTGGAAACTCACACGCCAGAAG
CXCR4 ACCTCTACAGCAGCGTTCTCA GGTGGCGTGGACAATAG
MITF CCCGTCTCTGGAAACTTGATCG CTGTACTCTGAGCAGCAGGTG
TYR CCAGAAGCCAATGCACCTAT ATAACAGCTCCCACCAGTGC
[-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT

CYP1A1, cytochrome P450 family 1 subfamily A member 1; CXCR4, C-X-C chemokine receptor type 4; MMP, matrix metalloproteinase;
MITF, microphthalmia-associated transcription factor; TYR, tyrosinase; AhR, aryl hydrocarbon receptor.

Table II. ICs, of luteolin and SAHA in various human cultured cell lines determined by MTT assay.

ICsp. uM
Drug Structure HCT116 MDA-MB-231 A549 PC-3 ES-2
Luteolin :.m;((liii 43.92+3.54 27.54+2.05 122.1£10.0 230.0+16.7 >500
SAHA G Sk 27.68+1.25 1.38+0.09 1.69+0.03 8.95+0.19 5.58+0.41

Data are presented as mean + standard error (n=3). SAHA, suberoylanilide hydroxamic acid.
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Figure 1. Lut inhibits the viability and cell cycle of MDA-MB-231 cells. (A) Viability of MDA-MB-231 cells was determined using a MTT assay after treat-
ment with different concentrations of lut for 24 and 48 h. (B) Quantitative analysis of cell cycle flow cytometry results. (C) Representative images of cell cycle
phase distribution analyzed by flow cytometry after MDA-MB cells were incubated with lut for 48 h. Data are presented as mean + standard deviation from at
least three independent experiments. "P<0.05 vs. DMSO-treated group. lut, luteolin.
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Figure 4. Lut inhibits MDA-MB-231 cell metastasis in an AhR-dependent manner. (A) Representative images of cell invasion assay, in which Transwell chambers
coated with Matrigel were used. Cells were treated for 24 h during the assay with 0, 3, 10 or 30 xM of lut, with or without SR1. (B) Quantitative results of the
invasion assay. Cancer cell invasion is presented relative to the untreated control cells. Expression levels of (C) CXCR4, (D) MMP-2 and MMP-9 were measured
by reverse transcription-semi-quantitative PCR and western blotting. MDA-MB-231 cells were treated with or without with SR1, then treated with lut for 24 h.
Data are presented as mean =+ standard deviation of at least three independent experiments. ‘P<0.05. ns, not significant compared with DMSO-treated cells; SR1,
StemRegenin 1; AhR, aryl hydrocarbon receptor; lut, luteolin; CXCR4, C-X-C chemokine receptor type 4; MMP, matrix metalloproteinase.

Luteolin-induced tumor inhibition is mediated via AhR in
MDA-MB-231 cells. CYP1ALI is a prototypical marker of
AhR-mediated cellular response to TCDD and other AhR
agonists (12). Thus, the expression of CYP1A1l and AhR
in luteolin-treated MDA-MB-231 cells was examined to
investigate the implication of AhR signaling in the effects
of luteolin. Compared with control cells, treatment of
MDA-MB-231 cells with luteolin significantly increased the
mRNA expression of CYP1A1 in a dose-dependent manner
after 24 h (P<0.05). This effect was significantly reversed by
treatment with the AhR antagonist SR1 (Fig. 3A). Notably, it
was observed that the AhR protein level was not significantly
affected by luteolin in MDA-MB cells, in the presence or
absence of SR1 (Fig. 3B). Furthermore, SR1 treatment did not
reverse luteolin-mediated growth inhibition of MDA-MB-231
cells, according to MTT assay (Fig. 3C), which indicates that

the effect of luteolin on the proliferation of these cells is
AhR-independent.

Luteolin inhibits MDA-MB-231 cell migration and inva-
sion in an AhR-dependent manner. AhR overexpression
has previously been shown to increase the migration and
invasion of immortalized mammary epithelial cells (12).
Therefore, a Transwell assay was performed to investigate
the effect of luteolin on invasion of breast cancer cells.
Indeed, cell invasion deceased significantly after 24 h of
luteolin treatment compared with control cells (Fig. 4A
and B; P<0.05). In addition, the antagonist SR1 signifi-
cantly reversed the effects of 10 and 30 M luteolin on the
invasion of MDA-MB-231 cells, which indicates that the
luteolin-induced inhibition of invasion is AhR-dependent in
breast cancer cells.
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Figure 5. Lut inhibits the metastasis of B16-F10 melanoma cells in vivo. (A) Lut treatment protocol and experimental design. Male C57BL/6 mice were
inoculated intravenously via tail vein with B16-F10 melanoma cells on day 0. Lut (20 or 40 mg/kg), SAHA (40 mg/kg) or DMSO alone were injected intraperi-
toneal every day until termination of the experiment (day 14). Animals were sacrificed at the end of the experiment, and the lungs were removed for analysis.
(B) Measurements of the body weight of mice after lut or SAHA treatment. (C) Lut inhibited lung metastasis by B16-F10 melanoma cells. The number of
surface tumor nodules was counted under a dissecting microscope. (D) Representative images of lung metastasis nodules were shown, black arrows indicated
enlarged image of lung metastasis from different groups. Sections of the lungs were removed, (E) the mRNA levels of MITF and TYR were measured by
reverse transcription-semi-quantitative PCR and (F) quantitatively analyzed. Data are presented as mean + standard deviation of at least three independent
experiments. 'P<0.05 vs. DMSO-treated group. lut, luteolin; SAHA, suberoylanilide hydroxamic acid; MITF, microphthalmia-associated transcription factor;

TYR, tyrosinase.

Subsequently, the effect of luteolin on the expression of the
chemokine receptor CXCR4 was examined, which has been
reported as a molecular marker of metastasis in several cancer
types, including breast cancer (21). Significant decreases in the
mRNA and protein expression levels of CXCR4 were observed
in MDA-MB-231 cells following treatment with 10 and 30 M
luteolin (Fig. 4C). While co-treatment with the antagonist
SR1 significantly reversed these effects of luteolin on CXCR4
expression at the protein level; and the mRNA level of CXCR4
was moderately reversed by SR1 treatment (Fig. 4C).

It has been reported that MMP-2 and MMP-9 promote
metastasis in several cancer types (22). As presented in Fig. 4D,
significant decreases in MMP-2 and MMP-9 protein expres-
sion levels were observed in MDA-MB-231 cells following
treatment with 10 and 30 M luteolin, which was reversed by

the antagonist SR1. However, the decrease in MMP-9 expres-
sion following treatment with 3 M luteolin was not reversed
by the antagonist SR1.

Luteolin inhibits metastasis of BI16-FI10 cells in vivo. As
reported previously, luteolin exerts its effect via AhR engage-
ment (23,24). To investigate the effects of targeting AhR on
metastasis in vivo, luteolin was administered to nude mice that
were subcutaneously injected with 5x10* B16-F10 melanoma
cells. The metastatic load in the lung was determined 2 weeks
after treatment. SAHA, a widely used anticancer drug, was
used as a positive control for comparison (Fig. 5A). Mice
injected intraperitoneally with 40 mg/kg luteolin exhibited a
significant reduction in the number of lung metastatic nodules,
while no significant differences in body weight were observed
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Figure 6. Lut suppresses metastasis-related genes in vivo. Sections of the lungs were removed, and the mRNA levels of CXCR4, MMP-2 and MMP-9 were
assayed by (A) reverse transcription-semi-quantitative PCR and (B) western blotting. The data are presented as mean + standard deviation of three independent
experiments. "P<0.05 vs. DMSO-treated group. lut, luteolin; SAHA, suberoylanilide hydroxamic acid; CXCR4, C-X-C chemokine receptor type 4; MMP,

matrix metalloproteinase.

between groups (Fig. 5B and C). Notably, the reduction was
more significant in the luteolin-treated mice compared with
the SAHA-treated mice (Fig. 5C and D). The representative
images of lung metastatic nodules (Fig. 5D) demonstrated that
the number of lung metastatic nodules from luteolin-treated
mice was fewer than that in the DMSO group. The microph-
thalmia-associated transcription factor (MITF) is essential for
melanoblast survival and for the expression of melanogenic
enzymes (25). Thus, as a target of MITF, tyrosinase (TYR) (26)
was measured in response to luteolin treatment in lung tissues.
Compared with SAHA, luteolin treatment exhibited a stronger
inhibitory effect on MITF and TYP mRNA expression, which
suggests the mechanism of how luteolin inhibits B16-F10
metastasis (Fig. 5SE and F).

To investigate the effects of luteolin on metastasis-related
genes, the lung tissues were isolated from tumor-bearing nude
mice following luteolin treatment, and the mRNA and protein
levels of MMP-2, MMP-9 and CXCR4 were detected. It was
identified that 40 xM luteolin treatment significantly decreased
the expression levels of MMP-9, MMP-2 and CXCR4 in the
lung tissues, and the inhibition of these genes was comparable
to the group treated with the positive control SAHA. While
20 uM luteolin inhibited mRNA levels of MMP-9, MMP-2
and CXCR4, which exhibited a weaker effect compared with
SAHA, also the protein level of CXCR4 was decreased, while
the protein levels of MMP-2 and MMP-9 were not affected
by 20 uM luteolin treatment (Fig. 6A and B). These results
suggest that luteolin efficiently inhibits the expression of
metastasis-related genes in vivo.

Discussion

The present study demonstrated that luteolin-mediated AhR
activation exerted anti-metastatic effects via downregulation
of CXCR4 and MMP-9 in vitro in the ER-negative breast
cancer cell line MDA-MB-231. Notably, these results were
highly consistent with those obtained by the xenograft experi-
ments in nude mice.

A number of studies have demonstrated that the AhR is
a promising target for the treatment of ER-negative breast
cancer (27,28). It has reported that an AhR agonist, SAhRM
MCDF, can inhibit the ER-induced growth and/or metastasis of
ER-negative breast cancer in animal models (29). In addition,
structurally diverse AhR ligands demonstrated AhR-mediated
inhibition of cell invasion in ER-negative breast cancer cells,
along with a downregulation of the pro-metastatic genes
CXCR4 and MMP-9 (30-32). Nevertheless, AhR-targeting
drugs have been rarely used in clinical applications. In this
regard, several studies have demonstrated that certain natural
products, especially flavonoids, exhibit the capability of activa-
tion and/or inactivation of AhR and AhR-dependent signaling
pathways. While most of these natural products exhibit an
antagonistic and completive activity, some of them have been
reported to activate AhR (33-35). Given the urgent need for
a safer and more effective treatment of ER-negative breast
cancers, the present study investigated luteolin as a potential
molecule that can block ER-negative breast tumor growth and
metastasis. Luteolin is a flavone that exists in numerous types
of plants, including fruits, vegetables and medicinal herbs (36).
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Due to their low toxicity, such compounds confer significant
promising advantages over currently used drugs.

It has been reported that luteolin exerts multiple beneficial
effects, including cardiovascular protection, anti-inflammatory
activity and anticancer activity (37-39). Luteolin has been
reported to block lung metastasis in vivo and cell migration
in vitro (18). In addition, previous studies have demonstrated that
luteolin can inhibit AhR transformation and CYP1A1 expres-
sion, while inducing heme oxygenase-1 expression in hepatic
cells (23). However, to the best of our knowledge, the relationship
between luteolin and AhR in human cancer cell lines has not
been fully clarified. The present study used a well-established
xenograft model of lung metastasis and examined the effects of
luteolin on the lung-metastatic MDA-MB-231 cell line.

Primarily, the antiproliferative effects of luteolin were exam-
ined in five human tumor cell lines (HCT116, MDA-MB-231,
A549, PC-3 and ES-2). Notably, it was observed that the ICs,
of luteolin was relatively low, ~30 uM, in the breast cancer
MDA-MB-231 cell line, which exhibits high basal rates of migra-
tion and invasion. Although luteolin was observed to promote
apoptosis in a dose-dependent manner, SR1 treatment did not
reverse luteolin-mediated growth inhibition in MDA-MB-231
cells, which indicates the complex apoptosis pathways regulated
by AhR. Notably, while AhR expression was not affected by
luteolin, the luteolin-mediated inhibition of MDA-MB-231 cell
invasion were reversed by co-treatment with the AhR antago-
nist SR1. Based on the association between invasion and AhR,
this could be related to the function of luteolin as a potential
natural ligand of AhR. This is further supported by the results
demonstrating that the luteolin-mediated downregulation of the
pro-metastatic genes CXCR4 and MMP-9 was attenuated by
co-treatment with the AhR antagonist SR1.

These in vitro assays were further supported in vivo by the
inhibition of lung metastasis of B16-F10 melanoma cells in mice
treated with luteolin. Previous studies have reported that luteolin
inhibits metastasis via downregulation of -catenin or suppres-
sion of Notch4 signaling in human TNBC cells, colorectal
cancer and glioblastoma in mouse models in vivo (18,40-42).
The present study demonstrated that luteolin potentially inhibits
the metastasis of B16-F10 melanoma cells in a well-established
xenograft model. Indeed, luteolin reduced the number of lung
colonies at a dose of 40 mg/kg, compared with the DMSO-treated
control mice. In addition, MITF and TYR mRNA levels in the
lung tissues of luteolin-treated mice were significantly lower
compared with the control group, and the inhibition effect was
more marked compared with that in SAHA-treated mice at the
same dose. Similar results were also observed regarding MMP-9
and CXCR-4 expression. However, the effect of luteolin on other
genes and nuclear cofactors required for AhR-mediated signaling
were not investigated in cancer cells. Nevertheless, the present
results suggest that the anticancer activities of luteolin are at least
partly mediated in an AhR-independent manner.

In summary, the present results indicate that luteolin-medi-
ated AhR activation can efficiently inhibit the growth and
metastasis of cancer in vitro and in vivo by inducing apoptotic
cell death and cell cycle arrest. In addition, the inhibition of
AhR reduced the sensitivity of breast cancer to luteolin, which
further supports the role of AhR in mediating the effects of
luteolin on cancer cells. Notably, luteolin administration
resulted in a potent anti-metastatic effect in a xenograft mouse
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model, which indicates that luteolin could be a potential
compound for cancer chemotherapy.
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