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Abstract

The HGF/Met signaling pathway is deregulated in majority of cancers and is associated with poor
prognosis in breast cancer. Delphinidin, present in pigmented fruits and vegetables possesses potent
anti-oxidant, anti-inflammatory and anti-angiogenic properties. Here, we assessed the anti-
proliferative and anti-invasive effects of delphinidin on HGF-mediated responses in the immortalized
MCF-10A breast cell line. Treatment of cells with delphinidin prior to exposure to exogenous HGF
resulted in the inhibition of HGF-mediated (i) tyrosyl-phosphorylation and increased expression of
Met receptor, (ii) phosphorylation of downstream regulators such as FAK and Src and (iii) induction
of adaptor proteins including paxillin, Gab-1 and GRB-2. In addition, delphinidin treatment resulted
in significant inhibition of HGF-activated (i) Ras-ERK MAPKs and (ii) PI3K/AKT/mTOR/p70S6K
pathways. Delphinidin was found to repress HGF-activated NF«B transcription with a decrease in
(i) phosphorylation of IKKa/p and IkBa, and (ii) activation and nuclear translocation of NFkB/p65.
Inhibition of HGF-mediated membrane translocation of PKCa as well as decreased phosphorylation
of STAT3 was further observed in delphinidin treated cells. Finally, decreased cell viability of Met
receptor expressing breast cancer cells treated with delphinidin argues for a potential role of the agent
in the prevention of HGF-mediated activation of various signaling pathways implicated in breast
cancer.
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Introduction

The involvement of hepatocyte growth factor (HGF)-Met signaling in breast cancer biology
has been well characterized (Parr et al., 2004). Increased cell proliferation, survival, motility,
and extracellular matrix degradation resulting from the pathway activation contributes to tumor
growth, invasiveness, and metastasis (Parr et al., 2004). In fact, high levels of HGF and Met
expression associated with invasive human breast cancer have been considered as possible
indicators of earlier recurrence and shortened survival in these patients (Lindemann et al.,
2007). On the contrary, HGF expression but not Met is strongly suppressed in normal breast
epithelial cells. HGF and Met are therefore candidate targets for therapeutic intervention for
the treatment of breast cancer (Lindemann et al., 2007).
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HGF is a mesenchymal-derived cytokine, which upon binding to its receptor Met, stimulates
mitogenesis, motogenesis, and morphogenesis in a wide range of cellular targets, thus
contributing to oncogenesis and tumor progression (Peruzzi and Bottaro, 2006). The Met
receptor is a disulfide-linked heterodimeric glycoprotein, in which the transmembranef-chain
contains the kinase domain and a unique multifunctional docking site, which upon tyrosine
phosphorylation, recruits different signal transducers and adaptors, such as Gab-1, SHC and
GRB2. The latter two couple the Met receptor with the Ras-MAPK pathway, while Gab-1
binds PI3K efficiently (Forte et al., 2006). Changes in cell motility, cell shape, adhesion,
resistance to apoptosis, and anchorage independent growth all contribute to the role of Met in
cancer (Sattler and Salgia, 2007). Studies show that NF«B activity, along with ERK1/2 and
p38 MAPK activation is required for HGF-induced proliferation (Hah and Lee, 2003). There
is evidence that HGF activates PKC, ERK1/2 and p38 MAPKSs simultaneously through parallel
pathways and that the activation of the MAPKs does not depend on PKC (Awasthi and King,
2000). In addition, HGF-activated invasion involves kinases PI3K and PKC and results in
stimulation of cell motility and concomitant overproduction of proteases, which permits cell
migration through a degraded extracellular matrix (Kermorgant et al., 2001). A definite role
of Stat3 in transducing survival signals downstream of Met has been identified (Zhang et al.,
2002). Sustained high level of c-Src-Stat3 activation has been shown to induce HGF
transcription and HGF protein expression, resulting in activation of an HGF-Met autocrine
loop promoting mammary tumorigenesis, and metastasis (Elliott et al., 2002).

Dietary factors are widely believed to play an important role in determining the risk of many
cancers, including those of breast. In addition, consumption of fruits and vegetables has been
associated with a decreased risk of developing breast cancer (Trichopoulou et al., 1995).
Interest in anthocyanidins, the flavonoid constituents that provide much of the flavor and color
to these fruits and vegetables has increased immensely during the past decade as
epidemiological evidence hints at their cancer preventive activity. Although biochemical and
biological responses altered by various naturally occurring agents on primary cultured cells or
established cell lines have been extensively studied, little information is presently available on
the effect of the dietary anthocyanidins on HGF/Met signaling. We recently reported that
delphinidin, a major anthocyanidin present in fruits and vegetables, protects against UVB-
mediated oxidative stress and apoptosis in immortalized HaCaT cells (Afaq et al., 2007). In
addition, delphinidin was found to be a potent inhibitor of epidermal growth factor receptor
(EGFR) and its downstream signaling pathways in AU-565 breast cancer cells (Zaman et al.,
2006). Here, we provide evidence of the inter-relationship between the signaling networks
activated by HGF and the anti-invasive, anti-proliferative effect of delphinidin in immortalized
human breast epithelial MCF-10A cells. Our data further show that delphinidin treatment to
breast cancer cells expressing the HGF receptor Met, resulted in decreased cell viability,
signifying a potential role of dietary anthocyanidins against breast cancer.

and methods

Delphinidin (>98% pure) was purchased from Extrasynthase (Lyon, France). HGF was
purchased from Chemicon International (Manassas, VA).

p-FAK, p-src, p-paxillin, GRB-2, p-Gabl, p-SHP-2, p-Crkll, p-CrkL, p-Rafl, p-MEK, MEK,
p-ERK1/2, ERK1/2, p-JNK1/2, INK1/2, PI3K/85, p-AKT, AKT, p-mTOR, mTOR, p-p70s6k,
p70s6k, p-elF4E, p-STAT3, STATS3, p-IKKa/B, p-1xBa, 1kBa, and NF-kB/p65 antibodies were
obtained from Cell Signaling Technology (Danvers, MA). K-Ras and Raf-1 antibodies were
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purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); p-PKCa, p-Akt, p-Met and
Met antibodies were obtained from Upstate Cell Signaling Solutions (Temecula, CA).

Cell culture/treatment

MCF-10A cells were obtained from ATCC, and cultured in MEGM supplemented with cholera
toxin, at 37 °C with 5% CO, in a humid environment. The cells were serum starved for 15 h
and then pre-treated with delphinidin dissolved in DMSO for 3 h at doses 5-40 uM, after which
cells were harvested/ treated with HGF (40 ng/ml) for 30 min and then harvested. HCC1419
cells (ATCC; Manassas, VA) were grown in RPMI 1640 and MDA-MB-231 (ATCC) in
Leibovitz's L-15 media supplemented with 10% FBS and 1% streptomycin.

Preparation of total cell lysate

After treatment of cells with delphinidin or HGF (or both), the medium was aspirated and the
cells were washed twice in phosphate-buffered saline (PBS) 1 (10 mM, pH 7.4) and incubated
in 0.4 ml ice-cold lysis buffer (50 mM Tris—HCI, 150 mM NaCl, 1 mM ethyleneglycol-bis
(aminoethylether)-tetraacetic acid [EGTA], 1 mM ethylene diaminetetraacetic acid [EDTA],
20 mM NaF, 100 mM NazgV Oy, 0.5% Nonidet P-40 [NP-40], 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride [PMSF] [pH 7.4]) with freshly added protease inhibitor cocktail
(Protease Inhibitor Cocktail Set I11; Calbiochem, La Jolla, CA). The cells were then centrifuged
at 13,000 xg for 25 min at 4 °C, and the supernatant (total cell lysate) was collected, aliquoted
and stored at —80 °C. The protein concentration was determined by the BCA protein assay kit
using the manufacturer's protocol (Pierce, Rockford, IL).

Preparation of cytosolic and nuclear lysates

Following treatment of cells with delphinidin or HGF (or both), the medium was aspirated and
the cells were washed twice in PBS (10 mM, pH 7.4). The cells were incubated in 0.4 ml ice-
cold lysis buffer (HEPES (10 mM, pH 7.9), KCI (10 mM), EDTA (0.1 mM), EGTA (0.1 mM),
DTT (1 mM), PMSF (1 mM)) with freshly added protease inhibitor cocktail (Protease Inhibitor
Cocktail Set I11; Calbiochem, La Jolla, CA) for 15 min, after which 12.5 pl of 10% Nonidet
P-40 was added and the contents were mixed on a vortex and then centrifuged for 1 min (14,000
g) at 4 °C. The supernatant was saved as cytosolic lysate and stored at —80 °C. The nuclear
pellet was resuspended in 50 pl of ice-cold nuclear extraction buffer (HEPES (20 mM, pH 7.9),
NaCl (0.4 M), EDTA (1 mM), EGTA (1 mM), DTT (1 mM), PMSF (1 mM)) with freshly
added protease inhibitor cocktail for 30 min with intermittent mixing. The tubes were
centrifuged for 5 min (14,000 g) at 4 °C, and the supernatant (nuclear extract) was stored at
—80 °C. The protein concentration was determined by the BCA protein assay kit using the
manufacturer's protocol (Pierce, Rockford, IL).

Cell lysis and fractionation

For preparation of cytosolic and membrane-bound proteins, cells were harvested, washed in
1PBS and suspended in 50 mM phosphate buffer (pH 7.4) containing 150 mM NacCl, 1% Triton
X-100 and a mixture of protease inhibitors, and homogenized in Dounce homogenizer. Post-
nuclear supernatants were centrifuged for 2 h at 100,000 g in a Beckman TLA-100.1 rotor at
4 °C and the cytosolic fraction was collected and adjusted to 1% Triton X-100. The membrane
pellet was solubilized in lysis buffer containing 1% Triton X-100 and was cleared by
centrifuging at 15,000 xg for 20 min.

Western blot analysis

For Western blot analysis, 25—-30 g of protein was resolved over 6-16% PAGE and transferred
to a nitrocellulose membrane. The blot containing the transferred protein was blocked in
blocking buffer (5% nonfat dry milk, 1% Tween 20; in 20 mM TBS, pH 7.6) for 1 h at room
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temperature followed by incubation with appropriate monoclonal/ polyclonal primary antibody
in blocking buffer for 1 h to overnight at 4 °C. This was followed by incubation with anti-
mouse or anti-rabbit secondary antibody horseradish peroxidase (Amersham Biosciences, UK)
for 1 h and several washes and finally detection by chemiluminescence (ECL kit, Amersham
Biosciences, UK) and autoradiography using XAR-5 film obtained from Eastman Kodak Co.
(Rochester, NY).

Cell migration assay

Cell migration assay was performed using CHEMICON® QCM™ 24-well migration assay
kit. Cells treated with delphinidin (5-40 uM) were loaded onto the chamber. Conditioned media
was added to each of the wells with or without HGF and cells were allowed to invade through
the membrane by incubating at 37 °C for 14 h after which the invaded cells on the bottom of
the insert membrane were detached, lysed and subsequently detected by CYQUANTA GR dye
using a fluorescence plate reader at 480/520 nm filter set.

Luciferase activity

MCF-10A cells were seeded at a concentration of 1.5x10° cells per well in six-well plates and
co-transfected with 2 pug NF-«kB-driven luciferase reporter constructs and 1 pg Renilla plasmid
(Promega, Madison, WI) using Lipofectamine 2000 (Invitrogen Life Technologies, Carlshad,
CA). After 48 h, cells were treated and luciferase activity was measured using the reporter
luciferase assay system (Promega) and normalized to Renilla activity. All experiments were
repeated at least three times to prove their reproducibility.

Immunocytochemistry

MCF-10A cells were seeded in 2 chamber tissue culture glass slides and treated with/without
delphinidin and HGF. For NFxB/p65 staining, cells were fixed in 2% paraformaldehyde,
permeabilized in cold methanol (—20 °C), and blocked with 2% donkey serum, incubated first
with NF«kB/p65 antibody [1:50 in 5% donkey serum (1PBS)] o/n and then with donkey anti-
rabbit Rhodamine RedTM-X-conjugated antibody [1:50]. For PKCa staining, cell were fixed,
permeabilized and blocked as described, incubated with PKCa antibody [1:50] o/n followed
by incubation with anti-rabbit FITC tagged secondary antibody for 1 h. Samples were mounted
using Prolong antifade kit (Invitrogen), and observed using a Zeiss Axiophot DM HT
microscope. Images were captured with an attached camera linked to a computer. Images and
figures were composed using ADOBE PHOTOSHOP 7.0 (Adobe Systems, Mountain View,
CA).

Statistical analysis

Results

Results were analyzed using a two-tailed Student's t test to assess statistical significance.
Values of P<0.05 were considered statistically significant.

HGF treatment to MCF-10A cells resulted in increased phosphorylation of the Met receptor

We first established the effect of varying doses of HGF on the phosphorylation of the Met
receptor in immortalized MCF-10A breast epithelial cells. MCF-10A cells were treated with
different concentrations of HGF (10-50 ng/ml) for 30 min, and whole cell lysates were
prepared. Immunoblot analysis showed that induction of MCF-10A cells with HGF for 30 min
resulted in a dose-dependent increase in the phosphorylation of Met, up to 40 ng/ml where
after the effect was sustained at 50 ng/ml (Fig. 1B). Since the phosphorylation status at the
higher doses of 40 and 50 ng/ml was almost similar, we therefore selected a dose of 40 ng/ml
of HGF for further studies.
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Delphinidin inhibited HGF-induced phosphorylation and activation of Met

Next, to determine the effect of delphinidin on HGF-mediated signaling, MCF-10A cells were
treated with increasing concentrations of delphinidin (5-40 uM) for 3 h and then exposed to
exogenous HGF (40 ng/ml) for 30 min. Our data showed that the significant phosphorylation
of Met protein observed with HGF stimulation was effectively suppressed by delphinidin
treatment (Fig. 1C). In addition, the total Met protein levels were also found to be
downregulated with increasing doses of delphinidin treatment (Fig. 1C).

Delphinidin inhibited HGF/Met-mediated recruitment and activation of downstream effector

molecules

In order to assess the effect of delphinidin on the downstream signaling events induced by
HGF/Met, MCF-10A cells pre-treated with delphinidin and induced with HGF were analyzed
by immunoblot analysis. HGF/Met mediated recruitment and activation of focal adhesion
kinase (FAK) and c-Src result in the formation of a dual kinase complex that promotes cell
motility, cell cycle progression and cell survival. Data presented in Fig. 1D show that
delphinidin inhibited HGF-induced phosphorylation of FAK and Src proteins thereby
potentially hindering the signals transmitted through the activation of the FAK-Src complex.
The FAK-Src complex binds to and can phosphorylate various adaptor proteins such as paxillin,
phosphorylation of which is known to alter cell adhesion of Met transformed cells (Mitra and
Schlaepfer, 2006). Delphinidin treated cells showed decreased phosphorylation of paxillin
when compared to the HGF-induced cells suggestive of an inhibitory effect of delphinidin on
cell motility and adhesion (Fig. 1D). Crkll and CrkL are required for the breakdown of adherent
junctions, spreading of epithelial colonies, and the formation of lamellipodia in response to
HGF (Lamorte et al., 2002). Interaction between phosphorylated Gabl, a major substrate of
Met and Crk mediates activation of the JNK pathway downstream of Met (Watanabe et al.,
2006). Our data demonstrated that HGF stimulation of MCF-10A cells resulted in increased
phosphorylation of the Crk proteins and delphinidin inhibited this phosphorylation. In addition,
delphinidin also abolished the HGF-induced increase in the phosphorylation of JNK protein
(Fig. 1E). The tyrosine specific phosphatase SHP-2, a positive regulator of ERK activity, is
recruited to Gabl following HGF stimulation. GRB2 is known to trigger the Ras-Raf-ERK
pathway through SOS (Wada et al., 1998). Delphinidin pre-treated MCF-10A cells showed
decreased phosphorylation of SHP-2 with concomitant inhibition of phosphorylation of Gabl
and activation of GRB2, demonstrating that delphinidin has the potential of blocking the
activity of signaling complexes, required for its function downstream from Met (Fig. 1F).

Delphinidin inhibited HGF-induced phosphorylation and activation of Ras-ERK MAPK

pathway

Ras-Raf-MEK-ERK cascade is a critical prosurvival signaling mechanism. H-Ras targets Raf-
ERK cascade by integrating and transmitting extracellular signals from growth factor receptors
to Raf. Upon activation, Raf phosphorylates MEK, which in turn activates ERK, leading to the
propagation of signals to modulate a series of cellular survival events (Du et al., 2004). Indeed,
significant phosphorylation of Raf-1, MEK1/2, and ERK1/2 was observed on stimulation with
HGF. These responses were abolished by delphinidin at doses of 5-40 um suggesting that
delphinidin can inhibit HGF-induced prosurvival signals in MCF-10A cells (Fig. 2A).

Delphinidin inhibited HGF-induced phosphorylation and activation of PI3BK/AKT pathway

HGF-driven survival requires the engagement of the PI3K/AKT in addition to the ERK MAPK
transduction pathways (Fassetta et al., 2006). We therefore investigated the effect of

delphinidin on the PI3K/AKT pathway in HGF-stimulated MCF10 cells. HGF induced rapid
phosphorylation of AKT at serine and threonine residues, with a concomitant increase in the
expression of the regulatory subunit of PI3K(p85) protein (Fig. 2B). It is further evident from
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the data that phosphorylation of AKT at both residues and therefore its activation as well as
that of PI3K was almost completely suppressed by delphinidin at the selected doses. In addition,
HGF-induced mTOR and p70S6K phosphorylation was also decreased in delphinidin pre-
treated cells (Fig. 2B). These data suggest that delphinidin can significantly modulate the PI13K/
AKT-mediated survival pathway thereby compromising cell proliferation and survival.

Delphinidin inhibited HGF-induced phosphorylation of STAT3

STATS3 activation by HGF is independent of PI3K or MAPKSs and alters gene expression
leading to changes in cellular shape and motility and is potentially involved in the control of
invasive cell behavior (Zhang et al., 2002). HGF stimulation of MCF-10A cells evoked
activation of STAT3 as evidenced by its phosphorylation (Fig. 2C), and delphinidin-mediated
ablation of STAT3 expression may partly be responsible for a reduction of Met-driven
migration and invasion (Fig. 2D), indicating an important role of delphinidin in the control of
tumor progression.

The QCM™ fluorimetric cell migration assay was used to study the effect of delphinidin on
HGF-stimulated cell migration. This assay employs a homogenous fluorescence detection
format in which invaded cells on the bottom of the insert membrane are dissociated and
subsequently lysed and detected by the CyQUANTA GR dye. The advantage of this model over
others is that this assay allows quantitative determination of cell migration. Data presented in
Fig. 2D show that treatment of MCF-10A cells with HGF stimulated migration across the
polycarbonate membrane and pre-treatment of MCF-10A cells with delphinidin blocked the
ability of HGF/Met to induce cell motility and migration.

Delphinidin inhibited HGF-induced phosphorylation and activation of NF-kB/p65 pathway

It has been suggested that HGF-mediated activation of NF-xB and in turn cellular proliferation
involves the AKT signaling pathway that is also dependent on Src (Fan et al., 2005). In our
system, delphinidin treatment resulted in a decrease in HGF-mediated phosphorylation of
IKKa/p and IxBa, and activation and nuclear translocation of NF-xB/p65, as shown by western
blot analysis (Figs. 3A, B). Immunocytochemical analysis further elucidated this effect. In
untreated cells or cells treated with delphinidin alone, cytoplasmic immunostaining was seen
with anti-p65 antibody whereas cells treated with HGF showed an intense nuclear fluorescence
(Fig. 3C). Predictably, delphinidin pretreated cells exposed to HGF showed a significant
diminution in nuclear p65 immunostaining (Fig. 3C). Next, we investigated whether
delphinidin can suppress HGF-induced NF-xB promoter activity. Transfection with a
luciferase reporter plasmid containing an NF-kB-inducible promoter sequence showed
increased reporter activity after HGF exposure that was specifically inhibited by delphinidin
pre-treatment (Fig. 3D). Our data show that delphindin is capable of suppressing NF-xB
signaling in MCF-10A cells, activation of which is considered essential for HGF-mediated
proliferation (Muller et al., 2002).

Delphinidin inhibited HGF-mediated membrane translocation and activation of PKCa

Since PKCa has been shown to be involved in the regulation of tumor growth and metastatic
spread of breast cancer cells, we next determined the effect of delphinidin in the differential
regulation of PKCa expression and distribution in MCF-10 cells. Initial experiments performed
through western blot analysis of whole cell lysates showed a decrease in phosphorylation of
PKCa with HGF treatment that was reversed by delphinidin treatment (Fig. 4A). To investigate
this further, different cellular fractions were isolated as PKCa is thought to reside in the
cytoplasm in an inactive conformation and to translocate to the plasma membrane or
cytoplasmic organelles upon cell activation by different stimuli (Martelli et al., 2006). Western
blot analysis showed that HGF activation of the Met receptor resulted in the translocation of
PKCa from the cytosol to the membrane (Fig. 4B). Delphinidin appeared to reverse this effect
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so that PKCa was translocated from the membrane to the nuclei of the delphinidin treated cells.
Immunofluorescent microscopy further showed that HGF-mediated translocation of PKCa to
the membrane was inhibited by pre-treatment of the cells by delphinidin (Fig. 4C). This is
important as delphinidin-mediated inactivation of PKCa may be responsible for reduced cell
proliferation and neoplastic transformation of HGF-treated cells.

Delphinidin treatment to breast cancer cells expressing the Met receptor resulted in a
decrease in cell viability

The above mentioned experiments led us to believe that delphinidin may be an important
regulator of cell proliferation and invasion in cancer cells expressing the HGF receptor. For
this effect, we first determined the endogenous levels of protein expression of phosphorylated
(data not shown) and unphosphorylated Met in exponentially growing human breast cancer
cells and normal mammary epithelial cells (Fig. 5A). We next selected breast cancer cell lines
representing clinically relevant subtypes of human breast cancer in which Met was expressed
at high levels. We found that treatment of MDA-MB-231 cells and the highly invasive
HCC1419 cell line with delphinidin resulted in a dose-dependent inhibition of cell growth
when assessed at 48 h post-treatment (Figs. 5B, C). This is significant as it adds credence to
our initial data that shows that delphinidin can be an effective agent for the suppression of
activated HGF/Met signaling.

Discussion

Signals from tumor microenviroment and cancer cells are transformed into a biological
response through transmembrane receptors. Agents that can target tumor at one or more of
these levels: the microenvironment, receptor-based signals, and signal transducers can play a
crucial role against cancer. Of these, receptor-based signal inhibition seems to be the most
promising approach to develop cancer therapeutics (Mazzone and Comoglio, 2006). It is known
that several types of cancer cells secrete molecules that enhance HGF production, the only
natural ligand for the Met tyrosine kinase receptor, a product of the c-Met proto-oncogene.
Activation of Met-mediated oncogenic signaling occurs most commonly through aberrant
paracrine HGF stimulation and consequent receptor overexpression or through autocrine HGF
production, receptor mutation, or gene amplification or rearrangement. Genetic alterations
leading to an overexpression of HGF are associated with the development of epithelial
neoplasia and invasive carcinoma (Matsumoto and Nakamura, 2006). Indeed, it has been
shown that increased expression of HGF and its receptor, Met, occurs in invasive human breast
cancer, particularly at the migrating tumor front, and that high levels of HGF and Met
expression correlate with poor survival of breast cancer patients (Qiao et al., 2000).

Increased cell proliferation, survival, motility, and extracellular matrix degradation resulting
from pathway activation contributes to tumor growth, invasiveness, and metastasis. Following
ligand binding and autophosphorylation, Met transmits intercellular signals using a unique
multisubstrate docking site present within the C-terminal end of the receptor. Met docking site
is responsible for the recruitment of a wide spectrum of downstream signal transducers
including P13K, the GRB2/SOS complex, the nonreceptor tyrosine kinase Src, the adaptors
Shc and Gab-1, and the transcriptional factor STAT3. Also documented is the role of FAK in
promoting HGF-induced cell migration (Lai et al., 2000). In addition, many metastatic human
cancers have elevated levels of FAK (Mazzone and Comoglio, 2006). Thus, the current
understanding of oncogenesis mediated by Met signaling supports at least three possibilities
of intervention: antagonism of ligand/receptor interaction, inhibition of tyrosine kinase
catalytic activity, and blockade of receptor/effector interactions. Although, it is at present not
clear if the inhibitory effect of delphinidin is indeed mediated through antagonism of ligand
binding nonetheless the inhibitory effect on the kinase catalytic function is apparent through
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its suppression of phosphorylation of the Met receptor with a concomitant dose-dependent
decrease in the total protein levels (Fig. 1B). A compound with four hydroxyl groups (3, 3', 4’
and 5'), delphinidin has recently been shown to be a potent inhibitor of vascular endothelial
growth factor receptor activity (Lamy et al., 2006). The presence of vicinal hydroxyl
substituents on the B-ring of delphinidin seems to be crucial for interaction with EGFR, as
tyrosine kinase activity associated with this cell surface receptor is inhibited by delphinidin in
human breast cancer cells (Oak et al., 2006). This is significant as inhibition of downstream
effectors of the activated receptors by delphinidin may disturb vital biological cues and hinder
the progression of carcinogenesis. In this context, our data demonstrated that delphinidin was
able to block the interactions between the activated HGF receptor Met and the downstream
intracellular effectors at varying levels (Fig. 1).

Concomitant activation of multiple pathways accounts for the complexity of the resulting
biological response to HGF. The Ras-ERK MAPK pathway has been shown to be mostly
associated with HGF mitogenic and morphogenic effect, whereas the PI3K/AKT pathway
seems to be mainly related to motogenic and antiapoptotic effects (Birchmeier et al., 2003).
Our data indicate that delphinidin has the potential to halt cellular growth via targeting
overlapping signaling cascades in HGF-stimulated cells. As observed in Figs. 2A and B
delphinidin inhibited the activation of PI3BK/AKT pathway as well as abrogated the
phosphorylation of MAPKSs in a sequential manner. In addition, delphinidin was able to inhibit
the nuclear translocation of NF-xB/p65 and prevent the degradation of 1xBa/p in activated
MCF-10A cells (Fig. 3). HGF has been shown to be involved not only in stimulating cell growth
but also in modifying enzyme activities and the expression and distribution of proteins.
PKCu is involved in the regulation of several important biological processes such as cell
proliferation and differentiation, neoplastic transformation, and apoptosis. PKC-dependent
NF-kB activation is required for matrix metalloproteinase-9 induction in hepatocellular
carcinoma cells (Awasthi and King, 2000). PKCa. levels may especially be increased in breast
cancer patients with low or negative estrogen receptor levels (Lahn et al., 2004). Activation of
PKCa by ErbB2 through Src has been shown to promote breast cancer cell invasion that can
be blocked by combined treatment with PKCa and Src inhibitors (Tan et al., 2006). There is
evidence that loss of PKC function contributes to the anti-proliferative action of a number of
anticancer compounds (Musashi et al., 2000). Our data show that delphinidin inhibited the
activation of PKCa through blocking HGF-mediated membrane translocation of the enzyme
thereby inhibiting cell proliferation and invasion (Fig. 4).

The involvement of Met in human tumors has been definitively established and can be achieved
through several mechanisms, including Met interaction with unrelated membrane receptors,
such as integrins, plexins, CD44, FAS and other receptor tyrosine kinases. There is evidence
that epidermal growth factor, cooperates with HGF to promote a highly invasive phenotype
via the increased secretion of MMP-9 in human ovarian cancer cells (Zhou et al., 2007).
Therefore, it would be naive to consider Met as the only regulator of invasive growth. Several
cytokines and growth factors can induce proliferation, differentiation, chemotaxis, migration,
and protection from apoptosis. Thus, there is a need for the development of agents that are able
to inhibit key molecules at each of steps that are involved in the complex and multistep process
of carcinogenesis. Additionally, inhibition of signaling axes at different levels may provide a
strategy to prevent and overcome resistance that ultimately occurs with most of the compounds
used in clinical practice. Delphinidin seems to act as a multifunctional anticancer agent through
its inhibitory effect on several aspects of both tumor growth and tumor angiogenesis. Indeed
delphinidin was shown to be a potent inhibitor of glioblastoma cell migration. This effect is
though to be mediated through a decrease in the expression of both urokinase-type plasminogen
activator receptor and the low-density lipoprotein receptor-related protein, at the transcriptional
levels (Lamy et al., 2007). Moreover, there is evidence that induction of apoptosis by
anthocyanidins is a pivotal mechanism of their cancer chemopreventive functions (Yeh and
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Yen, 2005). Consistent with this, cell viability studies demonstrated that delphinidin treatment
to highly invasive HCC1419 and MDA-MB-231 breast cancer cells resulted in a decrease in
the viability of these cells (Fig. 5).

In conclusion, we have demonstrated that delphinidin can inhibit HGF-induced early
biochemical effects, such as receptor tyrosine phosphorylation and upregulation, activation of
the major signaling pathways, as well as delayed biological responses, namely block of
proliferation and cell migration (Fig. 6). We showed that these effects were dependent on HGF
stimulation, as induction of MCF-10A cells with exogenous HGF resulted in these responses
and could be inhibited by pre-treatment of cells with delphinidin. Finally, we presented
evidence that delphinidin treatment resulted in growth inhibition of HGF expressing HCC1419
and MDA-MB-231 breast cancer cells. Our studies reveal the possible benefits of delphinidin
in preventing tumor development and malignant progression through inhibition of several
major pathways involved in breast oncogensis. This is important as HGF/Met signaling in
addition to oncogenesis has also been implicated in chemo- and radio-resistance of tumors
(Matsumoto and Nakamura, 2006). Combination of HGF/Met inhibitors with the current cancer
drugs could result in a more effective but less toxic therapy.
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Fig. 1.

Effect of delphinidin on Met and its downstream effector molecules. (A) Structure of
delphinidin. (B) HGF treatment resulted in increased phosphorylation of the HGF receptor
Met: MCF-10A cells, serum starved for 12 h, were treated with different concentrations of
HGF (10-50 ng/ml) for 30 min, and whole cell lysates were prepared. Immunoblot analysis
showed that induction of MCF-10A cells with HGF for 30 min resulted in a dose-dependent
increase in the phosphorylation of Met. (C) Delphinidin inhibited HGF-induced
phosphorylation and activation of Met. (D) Delphinidin inhibited HGF-induced
phosphorylation of FAK, Src and paxillin. (E) Delphinidin inhibited HGF-induced
phosphorylation of Crkll, CrkL and JINK1/2 proteins. (F) Delphinidin inhibited HGF-induced
activation of GRB2 and phosphorylation of Gab1 and SHP-2: MCF-10A cells, serum starved
for 12 h and treated without or with delphinidin (5-40 uM) and stimulated with 40 ng/ml HGF
for 30 min in serum-free media were harvested and total cell lysates were prepared for western
blot analysis as detailed in 'Materials and methods'. Equal protein loading was confirmed by
fB-actin. The data shown here are from representative experiments repeated three times with
similar results.
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Fig. 2.

Effect of delphinidin on cell signaling molecules involved in proliferation and invasion: (A)
Delphinidin inhibited HGF-induced activation of Ras/Raf/MEK/ERK pathway through
decreased phosphorylation of Raf, MEK and ERK (B) Delphinidin inhibited HGF-induced
increase in the protein expression of PI3K85 and phosphorylation of AKT, mTOR, p70S6K
and elF4E. (C) Delphinidin inhibited HGF-induced phosphorylation of STAT3: MCF-10A
cells, serum starved for 12 h and treated without or with delphinidin (5-40 pM) and stimulated
with 40 ng/ml HGF for 30 min in serum-free media were harvested and total cell lysates were
prepared for western blot analysis as detailed in 'Materials and methods'. Equal protein loading
was confirmed by B-actin. The data shown here are from representative experiments repeated
three times with similar results. (D) Delphinidin inhibited HGF-induced cell migration: Cell
migration assay was performed using CHEMICON® QCM™ 24-well migration assay Kit.
MCF-10A cells treated with delphinidin (5-40 puM) were loaded onto the chamber.
Conditioned media was added to each of the wells and cells were allowed to invade through
the membrane by incubating at 37 °C for 14 h after which the invaded cells on the bottom of
the insert membrane are detached, lysed and subsequently detected by CyQUANTA GR dye
using a fluorescence plate reader at 480/520 nm filter set. Data represent mean valuexSE of
three independent experiments; *P<0.05, HGF versus HGF treated with delphinidin,
**P<0.001, HGF versus HGF treated with delphinidin.
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Fig. 3.
Effect of delphinidin on HGF-induced activation of NF-kB/p65 pathway. (A) Delphinidin
inhibited HGF-induced phosphorylation of IKKa/p and IkBa: MCF-10A cells, serum starved
for 12 h and treated without or with delphinidin (5-40 uM) and stimulated with 40 ng/ml HGF
for 30 min in serum-free media were harvested and cytosolic lysates were prepared for western
blot analysis as detailed in 'Materials and methods'. Equal protein loading was confirmed by
B-actin. The data shown here are from representative experiments repeated three times with
similar results. (B, C) Delphinidin inhibited HGF-induced nuclear translocation of NF«kB/p65:
Nuclear extracts were prepared, as detailed earlier, for immunoblot analysis. Equal protein
loading was evaluated by lamin. For immunocytochemical analyses MCF-10A cells were
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seeded in tissue culture slides and treated with HGF with/without delphinidin. Briefly, cells
were fixed in 2% paraformaldehyde, and incubated with NF-xB/p65 antibody followed by
incubation with donkey anti-rabbit Rhodamine Red TM-X-conjugated antibody. Samples were
mounted using Prolong antifade kit and observed using a Zeiss Axiophot DM HT microscope.
NF-xB/p65 translocation was detected in the nuclei of cells exposed to HGF alone (arrowhead)
whereas delphinidin treatment effectively inhibited this translocation as determined by
significant diminution in nuclear p65 immunostaining (arrow). (D) Delphinidin inhibited HGF-
induced NF«B/p65 promoter activity: MCF-10A cells were seeded at a concentration of 1.5 x
10° cells per well in six-well plates and co-transfected with NF-kB-driven luciferase reporter
construct and Renilla plasmid. After 48 h, cells were treated with HGF without or with
delphinidin (5-40 uM) as detailed earlier. Luciferase activity was measured using luciferase
reporter assay and normalized with respect to Renilla activity. Data represent mean value+SE
of three independent experiments where *P<0.05, HGF versus HGF treated with delphinidin,
**P<0.001, HGF versus HGF treated with delphinidin.
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Effect of delphinidin on PKCa. (A) Delphinidin reversed HGF-induced decrease in PKCa
phosphorylation phosphorylation: MCF-10A cells, serum starved for 12 h and treated without
or with delphinidin (5-40 pM) and stimulated with 40 ng/ml HGF for 30 min in serum-free
media were harvested and total cell lysates were prepared for western blot analysis as detailed
in 'Materials and methods'. Equal protein loading was confirmed by p-actin. (B, C) Delphinidin
inhibited HGF-induced activation and membrane translocation of PKCa: Membrane, cytosolic
and nuclear extracts of MCF-10A cells treated with delphinidin/HGF were prepared, as detailed
in 'Materials and methods', for western blot analysis. Equal protein loading was evaluated by
lamp-1 (membrane), B-actin (cytosol) and lamin (nuclear) for the three fractions. For
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immunocytochemical analyses MCF-10A cells were seeded in tissue culture slides and treated
with/without delphinidin and HGF, fixed in 2% paraformaldehyde, and incubated with p-
PKCa antibody followed by incubation with anti-rabbit FITC tagged secondary antibody for
1 h. Samples were mounted using Prolong antifade kit and observed using a Zeiss Axiophot
DM HT microscope. p-PKCa translocation was detected in the cell membranes exposed to
HGF alone (arrow) whereas delphinidin treatment effectively inhibited this translocation as
determined by significant diminution in nuclear p65 immunostaining (arrowhead). The data
shown here are from representative experiments repeated three times with similar results.
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Fig. 5.

Delphinidin inhibited the growth of breast cancer cells. (A) Met expression in various breast
cancer cell lines: Cells, cultured in recommended media were harvested and total cell lysates
were prepared for western blot analysis as detailed in 'Materials and methods'. (BC)
Delphinidin treatment to MDA-MB-231 and HCC1419 cells resulted in a dose-dependent
decrease in cell viability: Cells were treated with specified concentrations of delphinidin for
48 h and cell viability was determined by MTT assay as detailed in 'Materials and methods'.
Data represent mean value of percent viable cellsxSE of three independent experiments, where
vehicle-treated cells were regarded as 100% viable. P<0.05 was considered statistically
significant.
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Fig. 6.

Schematic representation of the inhibitory effect of delphinidin against HGF-mediated

signaling in immortalized human breast epithelial MCF-10A cells.
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