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Luteolin reduces the invasive potential of malighant
melanoma cells by targeting 3 integrin and the
epithelial-mesenchymal transition
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Aim: To investigate whether luteolin, a highly prevalent flavonoid, reverses the effects of epithelial-mesenchymal transition (EMT) in
vitro and in vivo and to determine the mechanisms underlying this reversal.

Methods: Murine malignant melanoma B16F10 cells were exposed to 1% O, for 24 h. Cellular mobility and adhesion were assessed
using Boyden chamber transwell assay and cell adhesion assay, respectively. EMT-related proteins, such as E-cadherin and N-cad-
herin, were examined using Western blotting. Female C57BL/6 mice (6 to 8 weeks old) were injected with B16F10 cells (1x10° cells
in 0.2 mL per mouse) via the lateral tail vein. The mice were treated with luteolin (10 or 20 mg/kg, ip) daily for 23 d. On the 23rd
day after tumor injection, the mice were sacrificed, and the lungs were collected, and metastatic foci in the lung surfaces were photo-
graphed. Tissue sections were analyzed with immunohistochemistry and HE staining.

Results: Hypoxia changed the morphology of B16F10 cells in vitro from the cobblestone-like to mesenchymal-like strips, which was
accompanied by increased cellular adhesion and invasion. Luteolin (5-50 umol/L) suppressed the hypoxia-induced changes in the
cells in a dose-dependent manner. Hypoxia significantly decreased the expression of E-cadherin while increased the expression of
N-cadherin in the cells (indicating the occurrence of EMT-like transformation), which was reversed by luteolin (5 pmol/L). In B16F10
cells, luteolin up-regulated E-cadherin at least partly via inhibiting the B3 integrin/FAK signal pathway. In experimental metastasis
model mice, treatment with luteolin (10 or 20 mg/kg) reduced metastatic colonization in the lungs by 50%. Furthermore, the treat-
ment increased the expression of E-cadherin while reduced the expression of vimentin and 33 integrin in the tumor tissues.
Conclusion: Luteolin inhibits the hypoxia-induced EMT in malignant melanoma cells both in vitro and in vivo via the regulation of B3
integrin, suggesting that luteolin may be applied as a potential anticancer chemopreventative and chemotherapeutic agent.
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Introduction

Skin cancers, including basal cell carcinoma, squamous-cell
carcinoma and melanoma, are common human cancers. The
gradual increase of skin cancers has recently attracted world-
wide attentionl. Despite the relatively low incidence of
melanoma, its mortality rates are the highest among all skin
cancers” . The incidence of melanoma has increased steadily
in Western countries and have doubled worldwide during the
last two decades. Metastatic melanoma patients exhibit only
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an average 6- to 9-month survival period after diagnosis* .

Epithelial-mesenchymal transition (EMT) refers to the tran-
sition from an epithelial to a mesenchymal cell state under
physiological and pathological conditions, which is character-
ized by altered cell morphology and gene expression®. Recent
studies have demonstrated that the EMT processes in primary
and secondary colon, liver, and breast cancer are strongly
associated with infiltration transfer in tumor cells™ .

EMT in melanoma not only induces the morphological
changes of cancer cells, but also play an essential role in can-
cer progression”.. The increased invasive ability of melanoma
cells is associated with increased expression levels of EMT-
related genes such as snail, MMP?9, twist and vimentin. Addi-
tionally, the expression of cell-cell adhesion protein E-cadherin
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and metastasis suppressor gene Kiss1 were downregulated in
these cells™ ",

Moreover, clinical studies have shown that melanoma
metastasis occurs during EMT and that the biomarkers of EMT
can be utilized for the clinical diagnosis and prognosis of pro-

89 Furthermore, these studies

gressive melanoma metastasis
also suggested that EMT-related genes promoted a metastatic
phenotype in primary cutaneous malignant melanoma (CMM)
by conferring specific adhesive, invasive, and migratory prop-
erties, which further clarified the biological activity of aggres-
sive tumors, providing new diagnostic and prognostic mark-
ers, as well as potential therapeutic targets for patients. There-
fore, effectively blocking or abrogating EMT will facilitate the
treatment of melanoma'™.

Recently, EMT has been verified as a new therapeutic target
for the treatment of skin ulcers, fibrosing alopecia, and malig-
nant cutaneous cancers including squamous cell carcinoma
and melanoma'", and the regulatory mechanisms of EMT
have also been extensively elucidated.

Furthermore, as a highly prevalent flavonoid in plants,
luteolin exhibits favorable biological activity and potential
anti-tumor capacity™ and has also been reported to induce
the apoptosis of tumor cells and to inhibit EMT in PC3 cells"”,
In this study, the reversal of EMT was investigated in B16F10
malignant melanoma cells in both in vitro and in vivo animal
experiments.

Materials and methods

Cell culture

Murine malignant melanoma B16F10 cells were obtained
from the American Type Culture Collection and cultivated
in DMEM medium (Invitrogen) supplemented with 10% FBS
(Life Technologies, Grand Island, NY,USA) and 100 units/
mL each of penicillin and streptomycin at 37°C in a 5% CO,
incubator. The hypoxia-induced model was established by
exposing the cells to 1% O, for 24 h according to a previously
described method™.
stances for cell culture were purchased from Life Technolo-
gies.

All the culture media and other sub-

Reagents and antibodies

Luteolin, which was purchased from Helin Biological Engi-
neering Co, Ltd (Xi’an, China), was dissolved at indicated con-
centrations in dimethylsulfoxide (DMSO). The concentration
of DMSO was maintained below 0.1% by adding the medium.
The antibodies against N-cadherin, E-cadherin, 33 integrin,
and GAPDH were purchased from BioWorld Technology (St
Louis Park, MN, USA); vimentin, snail, slug, and ZEB1 anti-
bodies were purchased from Cell Signaling Technology (USA);
and the antibodies against FAK and p-FAK were purchased
from Signalway Antibody (Pearland, TX, USA).

Cell migration assay

In vitro cell migration assays were performed using 24-well
transwell plates (Corning Incorporated Costar, Lindfield,
NSW, Australia)". B16F10 cells were grown to a confluence
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of 80% and incubated with different concentrations of luteolin
and 1% O, for 24 h. After trypsinization, and resuspension
in serum-free DMEM, the cell concentration was adjusted to
1x10° before seeding into 24-well transwell plates. Two hun-
dred microliters containing cells (5x10°) in serum-free medium
were added to the upper and the lower wells, which contained
DMEM medium with 10% FBS. Two hundred microliters
of the cell suspension was added to the transwell upper and
lower chambers containing DMEM medium with 10% FBS.
After incubation for 8 h, the remaining cells in the upper
chamber were removed with a cotton swab, the cell membrane
surface was wiped, and the lower side of the filter harboring
migrated B16F10 cells was fixed with 4% paraformaldehyde
for 30 min. The migrating cells were then stained with 0.5%
Coomassie brilliant blue for 10 min and counted by micros-
copy. Six fields per filter were randomly selected for calcula-
tion and analysis

Cell adhesion assay

B16F10 cells were seeded into 6-well plates in normal medium
for 24 h and then incubated in 1% O, for 24 h, and the control
cells were treated with vehicle (0.1% DMSO) or luteolin (5,
10, 25, and 50 pmol/L) and incubated at 37°C for 24 h. The
attached cells were trypsinized, counted and seeded into
gelatin-coated 96-well plates at approximately 2.5x10 * cells
per well in normal medium for 1 h. Then, the medium was
discarded, and the cells were washed twice with phosphate-
buffered saline (PBS) to remove the non-adherent cells. The
cells that had been subjected to Rose Bengal staining were
then photographed to assess the adhesion activities. Finally,
the cells were fixed, stained, and solubilized for absorbance
measurements at 570 nm using a VersaMax microplate reader
(Molecular Devices) and Softmax Pro Software.

Western blot analysis

After stimulation, all the cells were washed with cold PBS
and lysed in RIPA buffer. Cell extracts were transferred to
microcentrifuge tubes, mixed, and incubated on ice for 10
min. After one freeze/thaw cycle, the samples were centri-
fuged at 12000xg at 4°C for 5 min. Supernatant samples were
subjected to SDS-PAGE and then electrotransferred to PVDEF.
The blots were incubated with primary antibodies overnight.
After serial washes with Tris-buffered saline-Tween-20, the
membranes were incubated with the secondary antibody.
Immunoreactive bands were visualized using a peroxidase-
conjugated secondary horseradish antibody and subsequent
ECL detection (Amersham Pharmacia Biotech, Bucks, UK).

Experimental lung metastasis models

C57BL/6 mice (female, approximately 6 to 8 weeks old, 20 g)
were purchased from Slac Animal Inc (Shanghai, China). The
mice were housed under specific pathogen-free conditions and
handled in a laminar flow air cabinet. The experiments were
approved by the Animal Ethics Committees of Nanjing Uni-
versity of Chinese Medicine and performed strictly according
to the NIH guide for the Care and Use of Laboratory Animals.
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The experimental metastasis model was established by the
methods described previously™ .. B16F10 cells (1x10° cells
in 0.2 mL per mouse) were injected into C57BL/6] mice via
the lateral tail vein, following which the mice were randomly
divided into different groups. Then, the mice were intraperi-
toneally injected with luteolin at the doses of 10 or 20 mg/kg
mouse body weight, and the control animals were injected
with saline daily. The animals were weighed every 3 days.
All the mice were sacrificed on the 23rd day after tumor injec-
tion. Their lungs were then removed and fixed, and the meta-
static foci at the lung surfaces were photographed.

Immunohistochemical analysis

Immunohistochemistry was performed as described previ-
ously"®.
body at 4°C overnight, and the tissue sections were incubated

The slides were incubated with an appropriate anti-

in the blocking buffer containing the corresponding secondary
antibody at room temperature for 15 min the following day.
After washing with PBS, the immunohistoreactivity was visu-
alized using diaminobenzidine (DAB) under a light micro-
scope at the indicated magnification.

Hematoxylin/eosin (HE) staining analysis
Hematoxylin/eosin staining analysis was performed as pre-
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Figure 1.

viously described™. Specimens were examined and photo-
graphed under a microscope after staining. Ten immunoreac-
tive areas were randomly selected, and the lung tissue sections
for each animal were measured using the Optimas image ana-
lyzer (Optimas Corporation USA). Three animals per group
were examined.

Statistical analysis

Each experiment was conducted in triplicate, and the data
were expressed as the mean+SD. Data were analyzed using
a one-way analysis of variance and a protected Fisher’s least
significant difference test for multiple comparisons (SPSS 10.0,
SPSS Inc, USA). P<0.05 was considered to be statistically sig-
nificant.

Results

Inhibition of hypoxia-induced cell adhesion and motility by
luteolin in B16F10 cells

Hypoxia is an important feature of the tumor microenviron-
ment™. The established hypoxia tumor cell model shows that
hypoxia induced morphological changes of tumor cells from
the original cobblestone-like to mesenchymal-like strips (Fig-
ure 1B). This process was accompanied by increased cellular
adhesion and invasion, which were inhibited dramatically by
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Inhibition of hypoxia-induced cell adhesion and motility by luteolin in B16F10 cells. (A) Molecular structure of luteolin, 3',4',5,7-tetra-

hydroxyflavone, CAS 491-70-3. (B) B16F10 cells were incubated at atmospheric or 1% 0, in a 37 °C incubator for 24 h and then treated with 25 pmol/L
luteolin or 0.1% DMSO and stained with 0.5% Coomassie Brilliant Blue for 10 min. Phenotypic changes of the cells were then monitored. The B16F10
cells, which typically exhibit an epithelial phenotype with well-developed cell junctions, acquired a spindle shape and lost cell contacts under hypoxic
conditions. Luteolin blocked the transformation of cell morphology induced by hypoxia. (C) The cells were cultured in atmospheric or 1% O, for 24 h
and then treated with vehicle (0.1% DMSO) or luteolin (5-50 pymol/L) for 24 h. The cells were trypsinized and seeded into a gelatin-coated 96-well plate
in normal growth medium. After incubation for 1 h, the cells were subjected to a cell adhesion assay. Quantitative results are shown as the mean+SD.
n=3. °P<0.01 vs control. P<0.01 vs the hypoxia control group. (D) The cells were cultured in atmospheric or 1% O, for 24 h and then treated with
vehicle (0.1% DMSO) or luteolin (5-50 pmol/L) for 24 h. Next, cells were subjected to Boyden chamber transwell assays. The migrated cells were
visualized and counted from six randomly selected fields (200xmagnification) using an inverted microscope. Quantitative results are shown as the
mean values+SD. n=3. °P<0.01 vs control. ‘P<0.01 vs the hypoxia control group.
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luteolin in a dose-dependent manner (Figure 1C, 1D).

Hypoxia-induced EMT blocked by luteolin

E-cadherin (epithelial marker) and N-cadherin (mesenchymal
marker) are the most important EMT markers™. In this study,
E-cadherin and N-cadherin were discovered to be expressed
in hypoxic microenvironments, and hypoxia could signifi-
cantly inhibit the expression of E-cadherin while inducing
that of N-cadherin in tumor cells, indicating the occurrence of

EMT-like transformation. Western blot analysis revealed that
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Figure 2. Luteolin blocks hypoxia-induced EMT. B16F10 cells were
cultured in atmospheric or 1% O, for 24 h and then treated with vehicle
(0.1% DMSO) or luteolin (5-50 umol/L) for 24 h. Next, the cells were
subjected to Western blotting with the indicated antibodies. GAPDH was
used as a loading control.
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5 pmol/L luteolin could inhibit the expression of N-cadherin
and boost the expression of E-cadherin (Figure 2A).

Moreover, the possible mechanisms of luteolin-regulated
EMT were also determined by first examining the expression
levels of E-cadherin-regulating transcription factors such as
snail, slug, ZEB1, and vimentin after the treatment of luteo-
lin. The results verified that the expression of ZEB1 could be
inhibited by 10 pmol/L luteolin. Snail and vimentin could be
regulated by doses of luteolin above 25 pmol/L, whereas slug
was not significantly affected by luteolin (Figure 2B). In con-
trast, 5 pmol/L luteolin was sufficient to regulate the expres-
sion of E-cadherin, suggesting that luteolin might control EMT
by other pathways.

Inhibitory effects of luteolin on EMT by regulation of B3 integrin
The integrin/FAK signal pathway was recently reported to
regulate EMT® *\. In the present study, luteolin inhibited the
expression of integrins in B16F10 cells, and the down-regu-
lation of integrin was accompanied by the up-regulation of
E-cadherin. Figure 2A and 2C suggest that luteolin inhibited
the expression of integrin beta3 and the phosphorylation of
FAK, but it did not affect the regulation of the phosphoryla-
tion of SRC.

In vivo reversal of melanoma EMT by luteolin

The above in vitro experiments confirmed that luteolin could
reverse EMT in tumor cells. As EMT is closely related to
tumor metastasis”!, we hypothesized that luteolin would
inhibit the lung metastasis of melanoma and validated this
notion by the experimental metastasis model (Figure 3A).

As shown in Figure 3B, melanoma metastatic nodules are
widely distributed in the lungs of the control mice, whereas
fewer nodes were detected in the other two groups. Consis-
tently, further statistical analysis revealed a significant 50%
reduction of the metastatic colonization of the lungs of the
mice that were treated with 10 or 20 mg/kg luteolin for 23
days (Figure 3C).

Furthermore, consistent with the in vitro data, immuno-
histochemical staining results revealed that luteolin could
increase the expression of E-cadherin while reducing the
expression of vimentin and integrin (Figure 4).

Discussion
EMT drives the invasion and metastasis of epithelial-derived

CanCG‘I‘S[ZL 2] .

Luteolin (3’,4’,5,7-tetrahydroxyflavone), which
is a common active flavonoid that is abundant in Lonicera
japonica and Hedyotis diffusa, as well as in a vast and diverse
array of other plants, has been widely used in the treatment

al”> %l The antitumor effects of luteolin have been

of melanom
well documented in several different human cancers®2; fur-
thermore, luteolin has been reported to elicit anti-EMT effects
in cancer cell lines such as PC3 and A431% %!

ies investigating the impact of luteolin on the invasion and

. However, stud-

migration of melanoma cells undergoing EMT and the signal-
ing pathways associated with luteolin remain limited.
Generally, EMT requires a variety of complex signaling
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Figure 3. Luteolin inhibits the lung metastasis in B16F10 melanoma
tumor. In the experimental metastasis model, all the mice were sacrificed
on the 23rd day after tumor injection (A). Their lungs were then removed
and fixed, metastatic foci at lung surfaces were photographed (B) and
the number of lung metastases foci in each group were detected (C).
Mean+SEM. n=5. °P<0.01 vs control.

systems, which have been indicated to be closely related to

the hypoxic tumor microenvironment!"®.

In this study, we
demonstrated that hypoxia induced EMT in melanoma cancer
cells, a phenomenon that has been previously demonstrated
in breast cells, ovarian carcinoma cells and renal cell carci-

[29-31]

noma Cadherin switching, which is also a key factor in

the EMT process, plays a crucial role in cellular phenotype and

biological behaviors™

. The down-regulation of E-cadherin
and the up-regulation of N-cadherin cause the cancer cells to
be more invasive. The co-treatment of B16F10 cells with 1% O,
and luteolin reduced the hypoxia-induced switching of E-cad-
herin to N-cadherin, supporting the hypothesis that Iuteolin is
able to reverse EMT.

Moreover, we elucidated the possible mechanism underly-
ing the control of EMT by luteolin. A variety of cell growth
factors, such as HGF, FGF, EGF, IGF, VEGF, TGF, regulate

the expression of E-cadherin and N-cadherin to enable EMT
via nuclear transcription factors such as snail, slug, and
ZEB11'% 193334 First, the expression levels of E-cadherin
regulation transcription factors such as snail, slug, ZEB1 and
vimentin after the treatment of luteolin were determined.
Whereas the expression of ZEB1 was inhibited by 10 pmol/
L luteolin, snail and vimentin expression was regulated only
by doses of luteolin that were higher than 25 pmol/L, luteolin
did not significantly affect slug expression (Figure 2B). The
expression of E-cadherin could be regulated by 5 pmol/L lute-
olin. Thus, luteolin likely controls EMT via other pathways.

Numerous studies have shown that the expression and func-
tion of integrins are involved in cancer metastasis™. Integrins
affects cellular behaviors by both providing a docking space
for ECM proteins on the cell surface and relaying molecular
cues in the cellular environment, which affect morphology,
growth, survival and the migration of the cells®*). This study
verified that integrins could directly regulate the effect of EMT
on the expression of FAK without requiring transcription fac-
tors. The down-regulation of 33 integrin that was induced by
luteolin was accompanied by an up-regulation of E-cadherin
(Figure 2A). The results suggest that luteolin inhibits hypoxia-
induced EMT, at least in part by inhibiting the expression of
3 integrin. Consistently, the animal experiments also verified
that luteolin was able to regulate the expression of 33 integrin
and E-cadherin.

EMT was previously demonstrated to be closely associated
with tumor metastasis. We confirmed the anti-metastatic
effects of luteolin in melanoma cells by using an experimental
metastasis model. Immunohistochemical assessment of lung
tissues further validates the above in vitro results.

In conclusion, we have demonstrated that the biological
function and activities of luteolin are sufficient to block the
tumor progression in B16F10 cell line. In general, luteolin
reversed cadherin switching, down-regulated EMT markers,
moderated the expunging of cell-cell interactions, suppressed
the invasiveness of B16F10 cells and inhibited the EMT pro-
cess. Thus, luteolin might represent a potential chemopreven-
tative and anticancer chemotherapeutic agent that can block
the progression of tumors, specifically by reversing EMT in
cancer cells.
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