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Abstract

Epidermal growth factor receptor (EGFR) and vascular endothelial growth factor receptor 2 (VEGFR2) have emerged
as two effective clinical targets for non-small-cell lung cancer (NSCLC). In the present study, we found that
delphinidin, an anthocyanidin, present in pigmented fruits and vegetables, is a potent inhibitor of both EGFR and
VEGFR2 in NSCLC cells that overexpress EGFR/VEGFR2. Using these cells, we next determined the effects of
delphinidin on cell growth and apoptosis in vitro and on tumor growth and angiogenesis in vivo. Delphinidin (5-60 pM)
treatment of NSCLC cells inhibited the activation of PI3K, and phosphorylation of AKT and MAPKs. Additionally,
treatment of NSCLC cells with delphinidin resulted in inhibition of cell growth without having significant toxic effects
on normal human bronchial epithelial cells. Specifically, treatment of NCI-H441 and SK-MES-1 cells with delphindin
(5-60 uM) resulted in (i) cleavage of PARP protein, (ii) activation of caspase-3 and -9, (iii) downregulation of anti-
apoptotic proteins (Bcl2, Bcl-xL and Mcl-1), (iv) upregulation of pro-apoptotic proteins (Bax and Bak), and (v)
decreased expression of PCNA and cyclin D1. Furthermore, in athymic nude mice subcutaneously implanted with
human NSCLC cells, delphinidin treatment caused a (i) significant inhibition of tumor growth, (ii) decrease in the
expression of markers for cell proliferation (Ki67 and PCNA) and angiogenesis (CD31 and VEGF), and (iii) induction
of apoptosis, when compared with control mice. Based on these observations, we suggest that delphinidin, alone or
as an adjuvant to current therapies, could be used for the management of NSCLC, especially those that overexpress
EGFR and VEGFR2.
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Introduction

Lung cancer is a major health problem in the United States
accounting for approximately 28% of all cancer-related deaths.
Moreover, a total of 228,190 new cancer cases and 159,480
deaths from lung cancer have been projected to occur in the
United States in 2013 [1]. The two major forms of lung cancer
are small-cell lung cancer (SCLC) and non-small-cell lung
cancer (NSCLC), which comprise approximately 15 and 85% of
all cases respectively. Lung cancer has proven difficult to
control with conventional therapeutic and surgical approaches
leading to poor prognosis. Indicative of this poor prognosis, the
overall 5-year survival rate is only 15% for NSCLC [2,3].
Clearly, investigation of alternative treatment options for
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NSCLC is warranted and will hopefully lead to alleviation of this
major burden of mortality.

The epidermal growth factor receptor (EGFR/HER1/ErbB1)
is a type 1 transmembrane receptor tyrosine kinase (RTK) of
the ErbB family. It is composed of an extracellular-binding
domain and an intracellular domain containing tyrosine kinase
activity [4]. It is well established that EGFR is overexpressed in
approximately 95% of all solid tumors [5,6]. Furthermore, it is
known to be a critical oncogenic driver that arises in over 60%
of NSCLC cases [7] and approximately 30% of breast cancers
[8]. In addition, the vascular endothelial growth factor receptor
2 (VEGFR2) has been reported to be overexpressed in several
tumors including lung cancer [9]. Moreover, the overexpression
of both EGFR and VEGFR2 is associated with
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chemoresistance and is correlated with a poor prognosis
[10,11]. Aberrant activation of EGFR and VEGFR2 triggers the
phosphorylation of a multitude of proteins, including the
PIBK/AKT and MAPK pathways which are involved in cell
survival, apoptosis and angiogenesis [12,13]. Due to potential
crosstalk and a well-established role in tumor growth and
angiogenesis, inhibition of both EGFR and VEGFR2 signaling
may improve the clinical outcome of advanced NSCLC
patients. Different approaches have been adopted to
simultaneously block EGFR and VEGFR2 signaling.
Combinations of two specific inhibitors and single agents that
target these receptors have been used; however their use in
patients met with unacceptable toxicities.

There is an wurgent need to develop multi-targeted
therapeutic natural agent that blocks RTK activities and
downstream signaling of both EGFR and VEGFR2 to improve
therapeutic efficacy and minimize toxicity to normal host cells.
One such agent is delphinidin, a dietary anthocyanidin known
to be abundantly present in many pigmented fruits
(pomegranates, berries and dark grapes) and vegetables
(eggplants, tomatoes, carrots and red onions) [14]. It
possesses anti-oxidant [15], anti-inflammatory [16,17], anti-
proliferative [18] and anti-cancer activities [19]. In addition,
delphinidin has been shown to inhibit the EGFR signaling
pathway as well as invasion of breast cancer cells [20].
However, most of the anti-cancer and anti-angiogenic activities
reported in the literature are based on in vitro studies. The goal
of the present study was to determine the effects of delphinidin
on cell growth and apoptosis in vitro and on tumor growth and
angiogenesis in vivo in NSCLC cells. Our results indicated that
delphinidin is a potent inhibitor of both EGFR and VEGFR2 in
NSCLC cells. In addition, delphindin inhibited the activation of
PI3K, and phosphorylation of AKT and MAPKSs. This resulted in
cell growth inhibition and induction of apoptosis in NSCLC
cells. Furthermore, delphindin treatment inhibited the growth of
NSCLC xenografts in nude mice which was associated with a
decrease in the expression of markers for cell proliferation and
angiogenesis as well as an induction of apoptosis.

Materials and Methods

Materials

Delphinidin (>98% pure) was purchased from Extrasynthase
(Lyon, France). The monoclonal and polyclonal antibodies for
EGFR and phospho-EGFR, VEGFR2 and phospho-VEGFR?2,
ERK1/2 (phospho-p44/42, Thr?°3/Tyr?%4), JNK1/2 (phospo-
p54/46, Thr'8/Tyr'®), p38 (phospho-p38, Thr'8/Tyr%4), PI3K,
phopho AKT, Bcl2, Bcl-xL, Mcl-1, Bax, Bak, cyclin D1, PARP,
caspase-3 and -9 were obtained from Cell Signaling
Technology (Beverly, MA). Polyclonal antibodies for VEGF,
PCNA and Ki67 were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Anti-mouse CD31
antibody was obtained from BD Biosciences (San Jose CA).
Anti-mouse or anti-rabbit secondary horseradish peroxidase
conjugate was obtained from Millipore Corporation (Billerica,
MA).
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Treatment of cells

Human NSCLC cells NCI-H441, SK-MES-1 and A549 were
obtained from American Type Culture Collection (Manassas,
VA). NCI-H441 cells were cultured in RPMI1640 medium
(HyClone Laboratories Inc., Logan, UT), SK-MES-1 cells were
cultured in EMEM medium (HyClone Laboratories Inc., Logan,
UT), and A549 cells were cultured in Ham’'s F-12K medium
(Mediatech Inc., Manassas, VA) supplemented with 10% heat-
inactivated fetal bovine serum and 100 mg/ml penicillin-
streptomycin. Normal human bronchial epithelial (NHBE) cells
were obtained from Clonetics Airways Epithelial Cell Systems
(Cambrex Bio Science, Walkersville Inc., MD) and cultured in
Bronchial Epithelial Growth Media supplemented with growth
factors (Cambrex Bio Science, Walkersville Inc., MD). The cells
were maintained under standard cell culture conditions at 37°C
and 5% CO, in a humid environment. Delphinidin (dissolved in
DMSO) was used for the treatment of cells. The final
concentration of DMSO used was 0.1% (v/v) for each
treatment. For dose-dependent studies NCI-H441 and SK-
MES-1 cells were treated with delphinidin (5-60 uM) for 3 and
48 hrs in complete cell medium. Control cells were treated with
the vehicle alone. In additional experiments, serum starved
NCI-H441 and SK-MES-1 cells were treated with delphinidin
(5-60 uM) for 3 hrs and then incubated without or with EGF (50
ng/ml; 15 min) or without and with VEGF (20 ng/ml; 30 min).

Preparation of cell lysates

After cell treatment with delphinidin, the medium was
aspirated and the cells were washed with PBS (10 mmol/l, pH
7.45). The cells were then incubated in an ice cold lysis buffer
(10 mM HEPES (pH 7.9), 100 mM KCI, 10 mM EDTA, 20 mM
EGTA, 100 mM DTT, 20 mM PMSF, 0.5% NP-40 with freshly
added protease inhibitors leupeptin, aprotinin  and
benzamidine) for 20 min. The cells were harvested and the
lysate was collected in a microfuge tube and passed through a
21.5-G needle to break up the cell aggregates. The lysate was
cleared by centrifugation at 14,000g for 10 min at 4°C, and the
supernatant (total cell lysate) collected, aliquoted and then
used on the day of preparation or immediately stored at -80°C
for use at a later time.

Western blot analysis

For western blotting, 30-50 pg protein was resolved over
8-12% Tris-glycine gels and transferred to a nitrocellulose
membrane. Briefly, the membrane was blocked and probed
with appropriate primary and secondary antibody HRP
conjugate followed by chemiluminescence and
autoradiography as described earlier [20].

Cell viability assay

The effect of delphinidin on cell viability was determined by
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) assay. Cells (NHBE, NCI-H441, A549, and SK-MES-1)
were plated in a 96-well microtiter plate and treated with 5-100
UM concentrations of delphinidin for 48 hrs. 1/10 volume of
10xMTT solution (5 mg/ml in PBS) was added to each well and
incubated for 2 hrs and absorbance was recorded on a
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microplate reader at 540 nm after solubilizing reduced MTT
with DMSO. The effect of delphinidin on growth inhibition was
assessed as percent cell viability where DMSO-treated cells
were taken as 100% viable.

Treatment of athymic nude mice

Four-five weeks old female athymic (nu/nu) nude mice were
purchased from NCI-Frederick National Laboratory for Cancer
Research and housed under pathogen-free conditions with a
12 hrs light/12 hrs dark schedule in the Animal Resource
Facility at the University of Alabama at Birmingham in
accordance with the Institutional Animal Care and Use
Committee guidelines. The animal protocol used in this study
was approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Alabama at
Birmingham, and the animal protocol number is 120609365.
Animals were fed with phytochemical free diet AIN-76 SEMI PD
(Test Diet, Richmond, IN) ad libitum. The mice were
subcutaneously injected with a fixed number of NCI-H441
cells (4x108 in 50 pyl RPMI + 50 ul matrigel) in each flank to
initiate tumor growth. Animals were then randomly divided into
three groups with 6 animals in each group. The first group of
animals received an i.p. injection of DMSO (100 ul) and served
as a control. The animals of group 2 and 3 received an i.p.
injection of delphinidin (1 mg/animal and 2 mg/animal
respectively) in 100 pl of DMSO three times/week. Tumor sizes
were measured twice a week, and tumor volume was
calculated by the formula %z (L, x L, x H), where L, is the long
diameter, L, is the short diameter, and H is the height of the
tumor. All animals were sacrificed by CO, inhalation and death
was confirmed by cervical dislocation when tumors reached a
volume of approximately 1200 mm? in the control group. Similar
experiments were then performed with SK-MES-1 cells. All
procedures conducted were in accordance with the guidelines
for the use and care of laboratory animals and approved by
IACUC.

Immunohistochemistry and immunofluorescence
staining

Five micrometer sections were cut, deparaffinized in xylenes,
rehydrated in ethanol, and washed in phosphate-buffered
saline. For antigen retrieval, sections were heated at 95°C for
30 min in citrate buffer (pH 6.0). Briefly, sections were then
incubated with primary antibodies overnight at 4°C, followed by
incubation with a specific horseradish peroxidase-labeled
secondary antibody for 1 hr at room temperature. Next, the
sections were incubated with diaminobenzidene peroxidase
substrate solution for 2 min and counterstained with Mayer’'s
Hematoxylin solution. For immunofluorescence staining after
antigen retrieval, sections were incubated with primary
antibodies overnight at 4°C, followed by incubation with
Alexafluor-488 labeled secondary antibody for 1 hr at room
temperature. Slides were mounted with Vectashield mounting
media containing DAPI and were analyzed under fluorescence
microscope.
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Statistical analysis

The results are expressed as the mean + SEM. Statistical
analysis of all the data was performed by Student’s t-test. The
p value <0.05 was considered statistically significant.

Results

Delphinidin treatment inhibits the constitutive and EGF-
induced phosphorylation of EGFR in NCI-H441 cells
Aberrant activation and overexpression of EGFR leads to
dysregulation of signaling pathways crucial for cell proliferation,
survival, cancer progression, angiogenesis and metastatis [21].
EGFR overexpressing NCI-H441 cells were treated with
delphinidin (5-60 uM; 3 hrs) to determine its effect on EGFR
expression. As shown in Figure 1A, delphinidin treatment
significantly reduced expression and phosphorylation of EGFR
in NCI-H441 cells. In addition, overexpression of its ligand
EGF, which activates EGFR, plays an important role in
tumorigenesis of NSCLC [22]. We therefore determined the
effect of delphinidin on EGF-induced phosphorylation of EGFR
and found that its treatment significantly inhibited EGF-induced
activation and phosphorylation of EGFR (Figure 1A). A similar
effect of delphinidin on the phosphorylation of EGFR was also
observed in SK-MES-1 cells (data not shown). This
demonstrates that delphinidin treatment reduces both
constitutive and EGF-induced phosphorylation of EGFR.

Delphinidin treatment inhibits the constitutive and
VEGF-induced phosphorylation of VEGFR2 in NCI-H441
cells

Similar to EGFR, overexpression and aberrant activation of
VEGFR2 has also been reported in several cancer cells,
including NSCLC [23]. Like EGFR, VEGFR2 undergoes
dimerization and VEGFR ligand-dependent phosphorylation
and activation resulting in dysregulation of downstream
signaling. This then triggers mitogenic, chemotactic, and pro-
survival signals, along with stimulation of tumor vessel
formation [24]. Therefore, we also evaluated the effect of
delphinidin (5-60 uM; 3 hrs) on expression of VEGFR2 in NCH-
H441 cells and found that its treatment significantly reduced
the expression of VEGFR2 in NCI-H441 cells (Figure 1B). In
addition, delphinidin treatment inhibited VEGF- induced
activation and phosphorylation of VEGFR2 (Figure 1B). A
similar effect of delphinidin on the phosphorylation of VEGFR2
was also observed in SK-MES-1 cells (data not shown). These
results clearly demonstrate that delphinidin treatment inhibits
constitutive and VEGF-induced phosphorylation of VEGFR2.

Delphinidin treatment inhibits the protein expression of
PI3K and phosphorylation of AKT and MAPKs in NCI-
H441 and SK-MES-1 cells

Resistance to EGFR inhibitors is associated with activation
of PIBK/AKT and MAPKs signaling pathways [25]. EGFR/
PIBK/AKT/MAPKs signaling plays a pivotal role in the
tumorigenesis, enhanced cell proliferation, angiogenesis, and
inhibition of apoptosis in various human malignancies,
including NSCLC [21,26]. Once PI3K/AKT signaling is activated
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Figure 1. Effect of delphinidin treatment on the constitutive and EGF- and VEGF-induced phosphorylation of EGFR and
VEGFR2 in NCI-H441 cells. [A] NCI-H441 cells were treated with delphinidin (5-60 uM) for 3 hrs in complete cell medium (left
panel). In the right panel, serum starved NCI-H441 cells were treated with delphinidin (5-60 uM) for 3 hrs and then incubated without
or with EGF (50 ng/ml) for 15 min. After treatment cells were harvested and cell lysates were prepared and the expression EGFR
and phosphorylated-EGFR was determined. [B] NCI-H441 cells were treated with delphinidin (5-60 uM) for 3 hrs in complete cell
medium (left panel). In the right panel, serum starved NCI-H441 cells were treated with delphinidin (5-60 uM) for 3 hrs and then
incubated without or with VEGF (20 ng/ml) for 30 min. After treatment cells were harvested and cell lysates were prepared and the
expression VEGFR2 and phosphorylated VEGFR2 was determined. Equal loading of protein was confirmed by stripping the
immunoblot and reprobing it for B-actin. The immunoblots shown here are from a representative experiment repeated three times
with similar results.

doi: 10.1371/journal.pone.0077270.g001

by EGFR, it phosphorylates multiple downstream targets inhibition by delphinidin, AKT phosphorylation was significantly

involved in key cellular processes including cell proliferation
and apoptosis. Treatment of delphinidin (5-60 uM; 48 hrs)
resulted in decreased expression of p85 (a regulatory subunit)
and p110a (a catalytic subunit) of PI3K in NCI-H441 and SK-
MES-1 cells (Figure 2A). PI3K regulates phosphorylation and
activation of AKT, which promotes cell survival by blocking the
functions of pro-apoptotic proteins and promoting the induction
of cell survival proteins [27]. As a consequence of PI3K
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reduced in both NCI-H441 and SK-MES-1 cells (Figure 2A).
The MAPKs pathway is another signaling cascade that is
activated by EGFR and plays an important role in the
regulation of many cellular responses including cell proliferation
and apoptosis [28]. The MAPKs family is comprised of three
major subgroups: ERK (extracellular signal-regulated protein
kinase), JNK (c-Jun N-terminal kinase) and p38 MAPK [29].
ERKs are mainly involved in regulation of mitogen-activated
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Figure 2. Effect of delphinidin treatment on cell viability protein expression of PI3K, phosphorylation of AKT, MAPKs and
expression of PCNA and cyclinD1 in NSCLC cells. [A] NCI-H441 and SK-MES-1 cells were treated with 5-60 uM delphindin for
48 hrs to determine its effect on protein expression of PI3K, phosphorylation of AKT and MAPKs. After treatment cells were
harvested, cell lysates were prepared and protein was subjected to SDS-PAGE followed by immunoblot analysis and
chemiluminescence detection. Equal loading of protein was confirmed by stripping the immunoblot and reprobing it for B-actin. The
immunoblots shown here are from a representative experiment repeated three times with similar results. [B] Cell viability of A549,
NCI-H441, SK-MES-1 and NHBE cells treated with 5-100 uM of delphinidin for 48 hrs, was determined by MTT assay as described
in “Materials and Methods”. Data shown are mean + SEM of three separate experiments in which each treatment was repeated in
10 wells. [C] NCI-H441 and SK-MES-1 cells were treated with 5-60 uM delphindin for 48 hrs to determine its effect on protein
expression of PCNA and cyclinD1. After treatment cells were harvested, cell lysates were prepared and protein was subjected to
SDS-PAGE followed by immunoblot analysis and chemiluminescence detection. Equal loading of protein was confirmed by stripping
the immunoblot and reprobing it for B-actin. The immunoblots shown here are from a representative experiment repeated three
times with similar results.

doi: 10.1371/journal.pone.0077270.g002
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proliferation/differentiation factors, whereas JNK and p38
MAPKSs perform functions related to apoptotic cell death [30].
Therefore, we also evaluated the effect of delphinidin on
MAPKSs signaling in NSCLC cells. We found that delphinidin
treatment significantly reduced phosphorylation of ERK1/2,
JNK1/2 and p38 in both NCI-H441 and SK-MES-1 cells (Figure
2A).

Delphinidin treatment inhibits the growth of NSCLC
cells

Since overexpression and aberrant activation of EGFR and
its downstream signaling pathways is inhibited by delphinidin,
we next examined its effect on the cellular proliferation of
NSCLC cells by employing an MTT assay. NSCLC A549, NCI-
H441 and SK-MES-1 cells overexpressing EGFR and VEGFR2
were treated with delphinidin (5-100 uM; 48 hrs). Results of the
MTT assay showed that delphinidin was effective at
significantly  inhibiting cell growth of A549 (4-70%;
p<0.05-0.01), NCI-H441 (6-59%; p<0.05-0.01) and SK-MES-1
cells (9-73%; p<0.05-0.01) (Figure 2B). The IC4 values of
delphinidin were estimated to be 55, 58 and 44 uM for A549,
NCI-H441 and SK-MES-1 cells respectively. We also examined
the effects of delphinidin on the growth of normal human
bronchial epithelial (NHBE) cells under similar conditions and
found that these doses have only marginal effect on growth of
these cells (Figure 2B).

Delphinidin treatment inhibits the protein expression of
cyclin D1 and PCNA in NCI-H441 and SK-MES-1 cells
The signaling pathways involved in activation of MAPKSs also
activate several nuclear proteins, which play a crucial role in
cell cycle progression from G1 to S phase. Specifically, cyclin
D1 has been identified as a key downstream effector of EGFR
signaling in resistant NSCLC cells. Moreover, EGFR mutant
NSCLC cells have higher expression of cyclin D1 [31].
Treatment of NCI-H441 and SK-MES-1 NSCLC cells with
delphinidin (5-60 uM; 48 hrs) resulted in a significant reduction
of cyclin D1 protein expression in a dose-dependent manner
(Figure 2C). PCNA is a known marker of cellular proliferation
active during the S and G2 phases of the cell cycle and plays
an important role in the initiation of cell proliferation [32]. The
increased expression of PCNA in cancer patients has been
associated with a poor survival rate. In addition, EGFR also
functions as a transcription factor and enhances cell
proliferation by activating and stabilizing PCNA [33]. We
therefore examined the effect of delphindin on PCNA
expression and found that it significantly reduced PCNA protein
expression in both NCI-H441 and SK-MES-1 cells (Figure 2C).

Delphinidin treatment modulates the Bcl2 family
protein expression, and induces cleavage of caspases
and PARP in NCI-H441 and SK-MES-1 cells

Activation of PI3K/AKT and MAPKs signaling by EGFR
results in enhanced cell proliferation and angiogenesis, as well
as inhibition of apoptosis. Treatment of EGFR overexpressing
NSCLC cells with delphinidin resulted in a significant inhibition
of PI3K/AKT and MAPKs signaling pathways. We next
examined the effects of delphinidin on Bcl2 family proteins
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downstream of PI3K/AKT. Treatment of NCI-H441 and SK-
MES-1 cells with delphinidin greatly reduced the expression of
anti-apoptotic proteins such as Bcl2, Bcl-xL and Mcl-1 (Figure
3A). In addition, we found that the expression of pro-apoptotic
proteins Bak and Bax was significantly increased in delphinidin
treated NCI-H441 and SK-MES-1 cells (Figure 3A). Apoptosis
is a highly regulated process that involves a cascade of events,
including proteolytic activation of caspases. Within the
apoptotic process caspases can act either as the initiators or
executioners. Executioner caspases are activated from their
pro-enzymatic form by the action of other caspases within a
cascade reaction. Once activated, caspases cleave a variety of
intracellular proteins, such as PARP and different protein
kinases [34]. Therefore, we next examined whether delphinidin
treatment (5-60 uM; 48 hrs) caused activation of caspases or
cleavage of PARP, both of which are hallmarks of apoptosis.
We found that delphinidin treatment resulted in the activation of
caspase-9, caspase-3 and the consequent cleavage of PARP
in both NCI-H441 and SK-MES-1cells (Figure 3B).

Delphinidin treatment inhibits tumorigenicity of human
NSCLC cells implanted in athymic nude mice

Since delphinidin effectively reduced cell growth and induced
apoptosis of NSCLC cells in vitro, we next determined the
effects of delphinidin on an in vivo xenograft mouse model
implanted with NCI-H441 or SK-MES-1cells. In athymic nude
mice implanted with EGFR and VEGFR2 overexpressing
NSCLC cells, delphinidin treatment resulted in significant
inhibition of tumor growth. Delphinidin treated mice implanted
with NCI-H441 cells showed significant tumor growth inhibition
(p<0.05-0.001) by 27.92 and 45.37% at a dose of 1 and 2 mg/
animal respectively compared to the untreated control group
(Figure 4A). The average tumor volume of the control group
was 1268.62 mm3, whereas in the delphindin treated groups
the average tumor volumes were 914.38 mm?® and 693.01 mm?
in mice that received 1 and 2 mg/animal delphinidin
respectively (Figure 4A). In addition, delphinidin treatment also
resulted in significant tumor growth inhibition in athymic nude
mice implanted with SK-MES-1 cells. Treatment of delphinidin
(1 and 2 mg/animal) resulted in 26.34 and 46.01% tumor
growth inhibition as compared with control mice. These findings
were statistically significant (p<0.05-0.001). Average tumor
volume in delphinidin treated groups was significantly reduced
(913.42 mm® and 671.18 mm3®) when compared with the
untreated control group (1241.18 mm?®) (Figure 4B).

Delphinidin treatment inhibits markers of proliferation
and induces apoptosis in tumors of athymic nude mice
implanted with NSCLC cells

Next, we examined the expression of molecules associated
with cell proliferation and apoptosis in tumor xenografts by
employing immunohistochemistry. As shown in Figure 5,
results of histochemical analysis of tumor sections
demonstrated that there was a significant decrease in the
numbers and intensity of cell proliferation markers such as Ki67
and PCNA in delphinidin treated tumors as compared to their
respective untreated control groups. In addition, when these
tumors were evaluated for staining of active caspase-3, a

October 2013 | Volume 8 | Issue 10 | 77270



Delphinidin and Lung Cancer

A

NCI1-H441 Cells SK-MES-1 Cells

S —— — e ] Bcel2 WD W e w e e
S S B - — Bel-xLL "”,‘ ~
W S — Mcl_l D NS s asew e

bttt B & .
&
-.-.< p-actin — - -

- 5 10 20 40 60 Delphinidin(uM) - 5 10 20 40 60

B
Nl41 Cells - SK-MES-1 Cells

Cleaved caspase-3 e e —

= |Cleaved caspase-9

. = ww =| Cleaved PARP

- 5 10 20 40 60 Delphinidin(uM) - 5 10 20 40 60

Figure 3

Figure 3. Effect of delphinidin treatment modulation of Bcl2 family proteins and cleavage of caspases and PARP in NSCLC
cells. [A & B] NCI-H441 and SK-MES-1 cells were treated with 5-60 uM delphindin for 48 hrs to determine its effect on expression
of Bcl2 family proteins and cleavage of caspases and PARP. After treatment cells were harvested, cell lysates were prepared and
protein was subjected to SDS-PAGE followed by immunoblot analysis and chemiluminescence detection. Equal loading of protein
was confirmed by stripping the immunoblot and reprobing it for B-actin. The immunoblots shown here are from a representative
experiment repeated three times with similar results.

doi: 10.1371/journal.pone.0077270.g003

hallmark of apoptosis, we found that there was a significant
increase in the number and intensity of active caspase-3
staining in tumors of delphinidin treated mice (Figure 5A and
5B).
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Figure 4. Effect of delphinidin treatment on human NSCLC tumor growth in athymic nude mice. [A] Eighteen athymic
(nu/nu) female nude mice were subcutaneously injected with 4x10% NCI-H441 cells (in 50 uyl RPMI + 50 pl Matrigel) in each flank of
mouse to initiate tumor growth and then randomly divided into three groups (six mice in each). Twenty-four hours after cell
implantation, mice of the first group received i.p. injection of DMSO (100 pl) and served as control. The mice of group 2 and 3
received i.p. injection of delphinidin 1 mg/animal and 2 mg/animal respectively in 100 pl of DMSO three times/week. [B] Similar
experiments were performed with SK-MES-1 cells. Once tumors started to grow, their sizes were measured and tumor volume was
calculated by the formula Y2(L, x L, x H), where L, is the long diameter, L, is the short diameter, and H is the height of the tumor. All
animals were sacrificed when tumors reached a volume of 1200 mm? in the control group. Average tumor volumes of the control
and delphindin treated groups were plotted over days after tumor cell inoculation. Values represent mean + SEM. *p<0.05, **p<0.01,
and ***p<0.001 versus control group.

doi: 10.1371/journal.pone.0077270.9g004

Delphinidin treatment inhibits markers of angiogenesis activation of RTK such as EGFR and VEGFR2 are associated
in tumors of athymic nude mice implanted with NSCLC with higher proliferation rates, reduced apoptosis, increased
cells angiogenesis and metastasis [35]. They thus present an

Solid tumors recruit new blood vessels for growth, attractive target for drug development against NSCLC [36,37].
maintenance, and metastasis. Therefore, the use of agents that ~ Targeted therapies against EGFR andVEGFR2 are now widely
suppress tumor-induced development of new blood vessels are used to treat NSCLC patients [38-41]. However, intrinsic

resistances and unacceptable cytotoxic effects on normal cells
largely limit the clinical application of these inhibitors. New
strategies and novel agents are required to replace or
complement current therapies. In the present study, we
investigated the effect of delphinidin treatment on NSCLC cells
that overexpress EGFR and VEGFR2.

We found that treatment of EGFR overexpressing NSCLC
cells with delphinidin, reduced phosphorylation and expression
of EGFR. The inhibitory effect of delphinidin was maintained
even when these cells were challenged with their ligand, EGF,
. . indicating that delphinidin strongly inhibited EGFR signaling in
Discussion NSCLC cells (Figure 1A). In addition, VEGFR2 is another

clinically validated therapeutic target in NSCLC [23,42].

There has been great strides in unraveling the mysteries of Moreover, EGFR is known to regulate the production of VEGF,

considered an important strategy for cancer treatment.
Therefore many current clinical therapies target vascular
endothelial growth factor (VEGF) and CD31. Tumor sections
stained with anti-VEGF and anti-CD31 antibodies showed
reduced intensity of staining in the delphinidin treated groups.
This study clearly demonstrated that delphinidin treatment
significantly reduced expression of VEGF and CD31 as
compared to tumor sections of control mice (Figure 6A and
6B).

cancer genetics and biology; however the most important task a pro-angiogenic factor [43]. The VEGF signaling pathway is
is to translate these discoveries into novel therapeutics that will critical for endothelial cell proliferation, migration, cell survival
improve patient outcomes. Targeted therapies are the future of and for the induction of vascular permeability. Increased VEGF
cancer treatment and development of novel therapeutic expression has been associated with resistance to EGFR
inhibitors of signal transduction molecules, in particular RTK, is inhibition in a human tumor xenograft model of NSCLC [44]. In

the focus of extensive research. Overexpression and aberrant the present study, delphinidin reduced the phosphorylation and
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Figure 5. Effect of delphinidin treatment on markers of proliferation and apoptosis in tumors of athymic nude mice
implanted with NSCLC cells. Athymic nude mice were implanted with [A] NCI-H441, and [B] SK-MES-1 cells. Mice were treated
with delphinidin, tumor tissues were collected in 10% formalin and blocks were prepared in paraffin and immunostaining of Ki67,
PCNA and cleaved caspase-3 were performed as described in “Materials and Methods”. Photomicrographs show representative

pictures from three independent tumor samples. Bar = 20 pm.
doi: 10.1371/journal.pone.0077270.g005

expression of VEGFR2 in VEGF challenged VEGFR2 over
expressing NSCLC cells (Figure 1B). We found that
simultaneous inhibition of EGFR and VEGFR2 signaling
pathways with delphinidin may offer greater anti-tumor efficacy
for advanced NSCLC than inhibitors of either pathway alone.
The other major advantage of delphinidin is that it is non-toxic
to normal cells (Figure 2B).

Since, EGFR can interact with and activate PISK/AKT and its
downstream  signaling components [45,46], sustained
PI3K/AKT signaling activation has been implicated in the
resistance of RTK inhibitors targeting EGFR signaling [47,48].
In the present study, delphinidin showed great potential to
reduce the cell viability of different NSCLC cells (Figure 2B),
also its treatment significantly reduced the phosphorylation of
the PI3K/AKT signaling pathways, which are necessary for cell
proliferation and survival (Figure 2A). In addition, activation of
EGFR signaling has been implicated in a number of protein
kinases including MAPKs associated with cell survival [49].
Delphinidin treatment of EGFR overexpressing NSCLC cells
also significantly reduced phosphorylation of MAPKs such as
ERK1/2, JNK1/2 and p38 (Figure 2A). These MAPKs
phosphorylate a number of cellular substrates and thus play an
important role in mediating cell proliferation and survival [50]. In
addition, delphinidin treatment reduced the expression of

PLOS ONE | www.plosone.org

PCNA and cyclin D1 (Figure 2C), proteins required for cell
proliferation and cell cycle progression from G1 to S phase.
Activation of EGFR, PI3K/AKT, or MAPK leads to down
regulation of apoptosis; therefore, induction of apoptosis is one
of the most obvious targets for cancer treatment [51,52]. Bcl2
family proteins are key regulators of apoptosis and include both
anti-apoptotic proteins (Bcl2, Bcl-xL and Mcl-1) and pro-
apoptotic proteins (Bax and Bak). A slight change in the
balance of these proteins results either in inhibition or
promotion of cell death. In the present investigation, delphinidin
treatment of NSCLC cells resulted in decreased expression of
anti-apoptotic proteins Bcl2, Bcl-xL and Mcl-1, whereas
expression of pro-apoptotic proteins Bax and Bak was
increased after delphinidin treatment (Figure 3A). Activation of
caspases is an important event in the signal transduction of
apoptosis. Once activated, caspases are responsible for the
proteolytic cleavage of a broad spectrum of cellular targets
ultimately leading to cell death. Known cellular substrates for
caspases include major structural elements of the cytoplasm
and nucleus, along with components of DNA repair machinery
like PARP and protein kinases [34]. In the present
investigation, delphinidin treatment resulted in significant
activation of caspase-3 and -9 with concomitant PARP
cleavage in NSCLC cells (Figure 3B).
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Figure 6. Effect of delphinidin treatment on markers of angiogenesis in tumors of athymic nude mice implanted with
NSCLC cells. Athymic nude mice were implanted with [A] NCI-H441, and [B] SK-MES-1 cells. Mice were treated with delphinidin,
tumor tissues were collected in 10% formalin and blocks were prepared in paraffin and immunofluorescence of CD31 and
immunohistochemistry of VEGF were performed as described in “Materials and Methods”. Photomicrographs show representative

pictures from three independent tumor samples. Bar = 20 pm.
doi: 10.1371/journal.pone.0077270.g006

To establish the relevance of these in vitro findings, we
implanted athymic nude mice with human NSCLC (NCI-H441
or SK-MES-1) cells. Intraperitoneal administration of delphindin
significantly slowed the progression of NCI-H441 and SK-
MES-1 tumor growth in athymic nude mice (Figure 4A and 4B).
We also found that there was a significant decrease in the
protein expression of cell proliferation markers Ki67 and PCNA
with concomitant increase in active caspase-3 positive staining
as compared to control (Figure 5). These results thus confirm
the in vitro growth inhibitory and apoptosis inducing potential of
delphinidin to in vivo. In addition, we found that there was a
significant decrease in markers of angiogenesis (VEGF and
CD31) in tumors of delphinidin treated mice when compared
with tumors of the untreated control group (Figure 6).
Furthermore, the xenograft mouse model is extremely useful

PLOS ONE | www.plosone.org
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for preclinical studies of anticancer agents thus bolstering the
significance of our findings.

Our study identifies delphinidin, an anthocyanidin abundant
in fruits and vegetables, as an effective inhibitor of EGFR and
VEGFR2 in NSCLC cells. Overall, the results from our in vitro
and in vivo studies support the anti-proliferative, pro-apoptotic,
anti-angiogenic and anti-tumorigenic properties of delphinidin in
human NSCLC cells that overexpress EGFR/VEGFR2. The
underlying mechanism by which delphinidin exhibits these
activities seems to occur through inhibition of signaling
pathways induced by activated EGFR and VEGFR2, such as
PI3K/AKT and MAPKs (Figure 7). In summary, based on these
results, we suggest that delphinidin, alone or as an adjuvant to
current therapies, could be a useful agent for the management
of NSCLCs that overexpress EGFR and VEGFR2.
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Figure 7. Schematic representation of the inhibitory effect of delphindin on EGFR/VEGFR2 signaling required for cell

proliferation, survival, metastasis and angiogenesis.
doi: 10.1371/journal.pone.0077270.g007

PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | €77270



Author Contributions

Conceived and designed the experiments: MA CAE FA.
Performed the experiments: HCP SS LRS JA. Analyzed the

References

. Siegel R, Jemal A (2013) American Cancer Society. Cancer Facts &

Figures 2013. Atlanta: American Cancer Society.

. Sharma SV, Bell DW, Settleman J, Haber DA (2007) Epidermal growth

factor receptor mutations in lung cancer. Nat Rev Cancer 7: 169-181.
doi:10.1038/nrc2088. PubMed: 17318210.

. Herbst RS, Heymach JV, Lippman SM (2008) Lung cancer. N Engl J
Med 359: 1367-1380. doi:10.1056/NEJMra0802714. PubMed:
18815398.

. Citri A, Yarden Y (2006) EGF-ERBB signaling: towards the systems

level. Nat Rev Cell Biol 7: 505-516. doi:10.1038/nrm1962.

. Thelemann A, Petti F, Griffin G, Ilwata K, Hunt T et al. (2005)

Phosphotyrosine signaling networks in epidermal growth factor receptor
overexpressing squamous carcinoma cells. Mol Cell Proteomics 4:
356-376. doi:10.1074/mcp.M400118-MCP200. PubMed: 15657067.

. Hirsch FR, Varella-Garcia M, Cappuzzo F (2009) Predictive value of

EGFR and HER2 overexpression in advanced non-small-cell lung
cancer. Oncogene 28: S32-S37. doi:10.1038/0nc.2009.199. PubMed:
19680294.

. Gazdar AF (2010) Epidermal growth factor receptor inhibition in lung

cancer: the evolving role of individualized therapy. Cancer Metastasis
Rev 29: 37-48. doi:10.1007/s10555-010-9201-z. PubMed: 20127143.

. Ferrero JM, Ramaioli A, Largillier R, Formento JL, Francoual M et al.

(2001) Epidermal growth factor receptor expression in 780 breast
cancer patients: a reappraisal of the prognostic value based on an
eight-year median follow-up. Ann Oncol 12: 841-846. doi:10.1023/A:
1011183421477. PubMed: 11484962.

. Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and its

receptors. Nat Med 9: 669-675. doi:10.1038/nm0603-669. PubMed:
12778165.

. Kalyankrishna S, Grandis JR (2006) Epidermal growth factor receptor

biology in head and neck cancer. J Clin Oncol 24: 2666-2672. doi:
10.1200/JC0.2005.04.8306. PubMed: 16763281.

. Yang F, Tang X, Riquelme E, Behrens C, Nilsson MB et al. (2011)

Increased VEGFR-2 gene copy is associated with chemoresistance
and shorter survival in patients with non-small-cell lung carcinoma who
receive adjuvant chemotherapy. Cancer Res 71: 5512-5521. doi:
10.1158/0008-5472.CAN-10-2614. PubMed: 21724587.

. Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA et al. (1998)

Vascular endothelial growth factor regulates endothelial cell survival
through the phosphatidylinositol 3'-kinase/Akt signal transduction
pathway. Requirement for Flk-1/KDR activation. J Biol Chem 273:
30336-30343. doi:10.1074/jbc.273.46.30336. PubMed: 9804796.

. Takahashi T, Ueno H, Shibuya M (1999) VEGF activates protein kinase

C-dependent, but Ras-independent Raf-MEK-MAP kinase pathway for
DNA synthesis in primary endothelial cells. Oncogene 18: 2221-2230.
doi:10.1038/sj.0nc.1202527. PubMed: 10327068.

. Mazza G (1995) Anthocyanins in grapes and grape products. Crit Rev

Food Sci Nutr
PubMed: 7576162.

35: 341-371. doi:10.1080/10408399509527704.

. Noda Y, Kaneyuki T, Mori A, Packer L (2002) Antioxidant activities of

Pomegrante Fruit Extract and Its Anthocyanidins: Delphinidin, Cyanidin,
and Pelargonidin. J Agric Food Chem 50: 166-171. PubMed:
11754562.

. Seong AR, Yoo JY, Choi K, Lee MH, Lee YH et al. (2011) Delphinidin,

a specific inhibitor of histone acetyltransferase, suppresses
inflammatory signaling via prevention of NF-kB acetylation in fibroblast-
like synoviocyte MH7A cells. Biochem Biophys Res Commun 410:
581-586. doi:10.1016/j.bbrc.2011.06.029. PubMed: 21683061.

. Haseeb A, Chen D, Haqgi TM (2013) Delphinidin inhibits IL-1B-induced

activation of NF-kB by modulating the phosphorylation of
IRAK-1(Ser376) in human articular chondrocytes. Rheumatology
(Oxford) 52: 998-1008.

. Syed DN, Afaq F, Sarfaraz S, Khan N, Kedlaya R et al. (2008)

Delphinidin inhibits cell proliferation and invasion via modulation of Met
receptor phosphorylation. Toxicol Appl Pharmacol 231: 52-60. doi:
10.1016/j.taap.2008.03.023. PubMed: 18499206.

. Hafeez BB, Siddiqui IA, Asim M, Malik A, Afaq F et al. (2008) A dietary

anthocyanidin delphinidin induces apoptosis of human prostate cancer
PC3 cells in vitro and in vivo: involvement of nuclear factor-kappaB

PLOS ONE | www.plosone.org

12

Delphinidin and Lung Cancer

data: HCP SS FA. Contributed reagents/materials/analysis
tools: FA MA. Wrote the manuscript: HCP FA.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

signaling. Cancer Res 68: 8564-8572. doi:
10.1158/0008-5472.CAN-08-2232. PubMed: 18922932.

Afaq F, Zaman N, Khan N, Syed DN, Sarfaraz S et al. (2008) Inhibition
of epidermal growth factor receptor signaling pathway by delphinidin,
an anthocyanidin in pigmented fruits and vegetables. Int J Cancer 123:
1508-1515. doi:10.1002/ijc.23675. PubMed: 18623129.

Yarden Y, Sliwkowski MX (2001) Untangling the ErbB signalling
network. Nat Rev Mol Cell Biol 2: 127-137. doi:10.1038/35052073.
PubMed: 11252954.

Sharma SV, Settleman J (2009) ErbBs in lung cancer. Exp Cell Res
315: 557-571. doi:10.1016/j.yexcr.2008.07.026. PubMed: 18721806.
Silva SR, Bowen KA, Rychahou PG, Jackson LN, Weiss HL et al.
(2011) VEGFR-2 expression in carcinoid cancer cells and its role in
tumor growth and metastasis. Int J Cancer 128: 1045-1056. doi:
10.1002/ijc.25441. PubMed: 20473929.

Chatterjee S, Heukamp LC, Siobal M, Schoéttle J, Wieczorek C et al.
(2013) Tumor VEGF:VEGFR2 autocrine feed-forward loop triggers
angiogenesis in lung cancer. J Clin Invest 123: 1732-1740. doi:
10.1172/JC165385. PubMed: 23454747.

Yarden Y, Pines G (2012) The ERBB network: at last, cancer therapy
meets systems biology. Nat Rev Cancer 12: 553-563. doi:10.1038/
nrc3309. PubMed: 22785351.

Wheeler DL, Dunn EF, Harari PM (2010) Understanding resistance to
EGFR inhibitors — impact on future treatment strategies. Nat Rev Clin
Oncol 7: 493-507. doi:10.1038/nrclinonc.2010.97. PubMed: 20551942.
Carnero A, Blanco-Aparicio C, Renner O, Link W, Leal JF (2008) The
PTEN/PI3K/AKT signalling pathway in cancer, therapeutic implications.
Curr Cancer Drug Targets 8: 187-198. doi:
10.2174/156800908784293659. PubMed: 18473732.

Mueller KL, Powell K, Madden JM, Eblen ST, Boerner JL (2010) EGFR
Tyrosine 845 hosphorylation-Dependent Proliferation and
Transformation of Breast Cancer Cells Require Activation of p38
MAPK. Transl Oncology 5: 327-334.

Wagner EF, Nebreda AR (2009) Signal integration by JNK and p38
MAPK pathways in cancer development. Nat Rev Cancer 9: 537-549.
doi:10.1038/nrc2694. PubMed: 19629069.

Roberts PJ, Der CJ (2007) Targeting the Raf-MEK-ERK mitogen-
activated protein kinase cascade for the treatment of cancer. Oncogene
26: 3291-3210. doi:10.1038/sj.onc.1210422. PubMed: 17496923.
Kobayashi S, Shimamura T, Monti S, Steidl U, Hetherington CJ et al.
(2006) Transcriptional profiling identifies cyclin D1 as a critical
downstream effector of mutant epidermal growth factor receptor
signaling. Cancer Res 66: 11389-11398. doi:
10.1158/0008-5472.CAN-06-2318. PubMed: 17145885.

Moldovan GL, Pfander B, Jentsch S (2007) PCNA, the maestro of the
replication fork. Cell 129: 665-679. doi:10.1016/j.cell.2007.05.003.
PubMed: 17512402.

Wang SC, Nakajima Y, Yu YL, Xia W, Chen CT et al. (2006) Tyrosine
phosphorylation controls PCNA function through protein stability. Nat
Cell Biol 8: 1359-1368. doi:10.1038/ncb1501. PubMed: 17115032.
Earnshaw WC, Martins LM, Kaufmann SH (2006) Mammalian
caspases: structure, activation, substrates, and functions during
apoptosis. Annu Rev Biochem 68: 383-324. PubMed: 10872455.
Jimeno A, Hidalgo M (2006) Pharmacogenomics of epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitors. Biochim Biophys Acta
1766: 217-229. PubMed: 17045403.

Arteaga CL (2002) Epidermal Growth Factor Receptor Dependence in
Human Tumors: More Than Just Expression? Oncologist 7: 31-39. doi:
10.1634/theoncologist.7-suppl_4-31. PubMed: 12202786.

Ferrara N (2004) Vascular Enothelial Growth Factor as a Target for
Anticancer Therapy. Oncologist 9: 2-10. doi:10.1634/theoncologist.9-
suppl_1-2. PubMed: 15178810.

Tabernero J (2007) The role of VEGF and EGFR inhibition: Implications
for combining anti-VEGF and anti-EGFR agents. Mol Cancer Res 5:
203-220. doi:10.1158/1541-7786.MCR-06-0404. PubMed: 17374728.
Pennell NA, Lynch TJ Jr (2009) Combined inhibition of the VEGFR and
EGFR Signaling Pathways in the Treatment of NSCLC. Oncologist 14:
399-411. doi:10.1634/theoncologist.2008-0276. PubMed: 19357226.
Cerniglia GJ, Pore N, Tsai JH, Schultz S, Mick R et al. (2009)
Epidermal Growth Factor Receptor Inhibition Modulates the

October 2013 | Volume 8 | Issue 10 | 77270


http://dx.doi.org/10.1038/nrc2088
http://www.ncbi.nlm.nih.gov/pubmed/17318210
http://dx.doi.org/10.1056/NEJMra0802714
http://www.ncbi.nlm.nih.gov/pubmed/18815398
http://dx.doi.org/10.1038/nrm1962
http://dx.doi.org/10.1074/mcp.M400118-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/15657067
http://dx.doi.org/10.1038/onc.2009.199
http://www.ncbi.nlm.nih.gov/pubmed/19680294
http://dx.doi.org/10.1007/s10555-010-9201-z
http://www.ncbi.nlm.nih.gov/pubmed/20127143
http://dx.doi.org/10.1023/A:1011183421477
http://dx.doi.org/10.1023/A:1011183421477
http://www.ncbi.nlm.nih.gov/pubmed/11484962
http://dx.doi.org/10.1038/nm0603-669
http://www.ncbi.nlm.nih.gov/pubmed/12778165
http://dx.doi.org/10.1200/JCO.2005.04.8306
http://www.ncbi.nlm.nih.gov/pubmed/16763281
http://dx.doi.org/10.1158/0008-5472.CAN-10-2614
http://www.ncbi.nlm.nih.gov/pubmed/21724587
http://dx.doi.org/10.1074/jbc.273.46.30336
http://www.ncbi.nlm.nih.gov/pubmed/9804796
http://dx.doi.org/10.1038/sj.onc.1202527
http://www.ncbi.nlm.nih.gov/pubmed/10327068
http://dx.doi.org/10.1080/10408399509527704
http://www.ncbi.nlm.nih.gov/pubmed/7576162
http://www.ncbi.nlm.nih.gov/pubmed/11754562
http://dx.doi.org/10.1016/j.bbrc.2011.06.029
http://www.ncbi.nlm.nih.gov/pubmed/21683061
http://dx.doi.org/10.1016/j.taap.2008.03.023
http://www.ncbi.nlm.nih.gov/pubmed/18499206
http://dx.doi.org/10.1158/0008-5472.CAN-08-2232
http://www.ncbi.nlm.nih.gov/pubmed/18922932
http://dx.doi.org/10.1002/ijc.23675
http://www.ncbi.nlm.nih.gov/pubmed/18623129
http://dx.doi.org/10.1038/35052073
http://www.ncbi.nlm.nih.gov/pubmed/11252954
http://dx.doi.org/10.1016/j.yexcr.2008.07.026
http://www.ncbi.nlm.nih.gov/pubmed/18721806
http://dx.doi.org/10.1002/ijc.25441
http://www.ncbi.nlm.nih.gov/pubmed/20473929
http://dx.doi.org/10.1172/JCI65385
http://www.ncbi.nlm.nih.gov/pubmed/23454747
http://dx.doi.org/10.1038/nrc3309
http://dx.doi.org/10.1038/nrc3309
http://www.ncbi.nlm.nih.gov/pubmed/22785351
http://dx.doi.org/10.1038/nrclinonc.2010.97
http://www.ncbi.nlm.nih.gov/pubmed/20551942
http://dx.doi.org/10.2174/156800908784293659
http://www.ncbi.nlm.nih.gov/pubmed/18473732
http://dx.doi.org/10.1038/nrc2694
http://www.ncbi.nlm.nih.gov/pubmed/19629069
http://dx.doi.org/10.1038/sj.onc.1210422
http://www.ncbi.nlm.nih.gov/pubmed/17496923
http://dx.doi.org/10.1158/0008-5472.CAN-06-2318
http://www.ncbi.nlm.nih.gov/pubmed/17145885
http://dx.doi.org/10.1016/j.cell.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17512402
http://dx.doi.org/10.1038/ncb1501
http://www.ncbi.nlm.nih.gov/pubmed/17115032
http://www.ncbi.nlm.nih.gov/pubmed/10872455
http://www.ncbi.nlm.nih.gov/pubmed/17045403
http://dx.doi.org/10.1634/theoncologist.7-suppl_4-31
http://www.ncbi.nlm.nih.gov/pubmed/12202786
http://dx.doi.org/10.1634/theoncologist.9-suppl_1-2
http://dx.doi.org/10.1634/theoncologist.9-suppl_1-2
http://www.ncbi.nlm.nih.gov/pubmed/15178810
http://dx.doi.org/10.1158/1541-7786.MCR-06-0404
http://www.ncbi.nlm.nih.gov/pubmed/17374728
http://dx.doi.org/10.1634/theoncologist.2008-0276
http://www.ncbi.nlm.nih.gov/pubmed/19357226

41.

42.

43.

44.

45.

Microenvironment by Vascular Normalization to Improve Chemotherapy
and Radiotherapy Efficacy. PLOS ONE 4: e6539. doi:10.1371/
journal.pone.0006539. PubMed: 19657384.

Zhang X, Li Y, Li H, Qin Y, Bai C et al. (2012) Combined EGFR and
VEGFR versus Single EGFR Signaling Pathways Inhibition Therapy for
NSCLC: A Systematic Review and Meta-Analysis. PLOS ONE 7:
e40178. doi:10.1371/journal.pone.0040178. PubMed: 22916093.

Yang F, Tang X, Riquelme E, Behrens C, Nilsson MB et al. (2011)
Increased VEGFR-2 gene copy is associated with chemoresistance
and shorter survival in patients with non-small-cell lung carcinoma who
receive adjuvant chemotherapy. Cancer Res 71: 5512-5521. doi:
10.1158/0008-5472.CAN-10-2614. PubMed: 21724587.

Ciardiello F, Troiani T, Bianco R, Orditura M, Morgillo F (2006)
Interaction between the epidermal growth factor receptor (EGFR) and
the vascular endothelial growth factor (VEGF) pathways: a rational
approach for multi-target anticancer therapy. Ann Oncol 17: 109-114.
PubMed: 16760272.

Naumov GN, Nilsson MB, Cascone T, Briggs A, Straume O et al.
(2009) Combined vascular endothelial growth factor receptor and
epidermal growth factor receptor (EGFR) blockade inhibits tumor
growth in xenograft models of EGFR inhibitor resistance. Clin Cancer
Res 15: 3484-3494. doi:10.1158/1078-0432.CCR-08-2904. PubMed:
19447865.

Engelman JA, Janne PA, Mermel C, Pearlberg J, Mukohara T et al.
(2005) ErbB-3 mediates phosphoinositide 3-kinase activity in gefitinib-

PLOS ONE | www.plosone.org

13

46.

47.

48.

49.

50.

51.

52.

Delphinidin and Lung Cancer

sensitive non-small cell lung cancer cell lines. Proc Natl Acad Sci U S A
102: 3788-3793. doi:10.1073/pnas.0409773102. PubMed: 15731348.
Faber AC, Li D, Song Y, Liang MC, Yeap BY et al. (2009) Differential
induction of apoptosis in HER2 and EGFR addicted cancers following
PI3K inhibition. Proc Natl Acad Sci U S A 106: 19503-19508. doi:
10.1073/pnas.0905056106. PubMed: 19850869.

Engelman JA (2009) Targeting PI3K signalling in cancer: opportunities,
challenges and limitations. Nat Rev Cancer 9: 550-562. doi:10.1038/
nrc2664. PubMed: 19629070.

Huang WC, Hung MC (2009) Induction of Akt activity by chemotherapy
confers acquired resistance. J Formos Med Assoc 108: 180-194. doi:
10.1016/S0929-6646(09)60051-6. PubMed: 19293033.

Corcoran RB, Ebi H, Turke AB, Coffee EM, Nishino M et al. (2012)
EGFR-mediated re-activation of MAPK signaling contributes to
insensitivity of BRAF mutant colorectal cancers to RAF inhibition with
vemurafenib. Cancer Discov 2: 227-235. doi:
10.1158/2159-8290.CD-11-0341 PubMed: 22448344,

Seshacharyulu P, Ponnusamy MP, Haridas D, Jain M, Ganti AK et al.
(2012) Targeting the EGFR signaling pathway in cancer therapy.
Expert Opin Ther Targets 16: 15-31. doi:
10.1517/14728222.2011.648617. PubMed: 22239438.

Arteaga CL (2001) The epidermal growth factor receptor: from mutant
oncogene in nonhuman cancers to therapeutic target in human
neoplasia. J Clin Oncol 19: 32S-40S. PubMed: 11560969.

Bussink J, Vander-Kogel AJ, Kaanders JH (2008) Activation of the PI13-
K/AKT pathway and implications for radioresistance mechanisms in
head and neck cancer. Lancet Oncol 9: 288-296. doi:10.1016/
S1470-2045(08)70073-1. PubMed: 18308254.

October 2013 | Volume 8 | Issue 10 | 77270


http://dx.doi.org/10.1371/journal.pone.0006539
http://dx.doi.org/10.1371/journal.pone.0006539
http://www.ncbi.nlm.nih.gov/pubmed/19657384
http://dx.doi.org/10.1371/journal.pone.0040178
http://www.ncbi.nlm.nih.gov/pubmed/22916093
http://dx.doi.org/10.1158/0008-5472.CAN-10-2614
http://www.ncbi.nlm.nih.gov/pubmed/21724587
http://www.ncbi.nlm.nih.gov/pubmed/16760272
http://dx.doi.org/10.1158/1078-0432.CCR-08-2904
http://www.ncbi.nlm.nih.gov/pubmed/19447865
http://dx.doi.org/10.1073/pnas.0409773102
http://www.ncbi.nlm.nih.gov/pubmed/15731348
http://dx.doi.org/10.1073/pnas.0905056106
http://www.ncbi.nlm.nih.gov/pubmed/19850869
http://dx.doi.org/10.1038/nrc2664
http://dx.doi.org/10.1038/nrc2664
http://www.ncbi.nlm.nih.gov/pubmed/19629070
http://dx.doi.org/10.1016/S0929-6646(09)60051-6
http://www.ncbi.nlm.nih.gov/pubmed/19293033
http://doi:10.1158/2159-8290.cd
http://doi:10.1158/2159-8290.cd
http://www.ncbi.nlm.nih.gov/pubmed/22448344
http://dx.doi.org/10.1517/14728222.2011.648617
http://www.ncbi.nlm.nih.gov/pubmed/22239438
http://www.ncbi.nlm.nih.gov/pubmed/11560969
http://dx.doi.org/10.1016/S1470-2045(08)70073-1
http://dx.doi.org/10.1016/S1470-2045(08)70073-1
http://www.ncbi.nlm.nih.gov/pubmed/18308254

	Delphinidin Reduces Cell Proliferation and Induces Apoptosis of Non-Small-Cell Lung Cancer Cells by Targeting EGFR/VEGFR2 Signaling Pathways
	Introduction
	Materials and Methods
	Materials
	Treatment of cells
	Preparation of cell lysates
	Western blot analysis
	Cell viability assay
	Treatment of athymic nude mice
	Immunohistochemistry and immunofluorescence staining
	Statistical analysis

	Results
	Delphinidin treatment inhibits the constitutive and EGF-induced phosphorylation of EGFR in NCl-H441 cells
	Delphinidin treatment inhibits the constitutive and VEGF-induced phosphorylation of VEGFR2 in NCl-H441 cells
	Delphinidin treatment inhibits the protein expression of PI3K and phosphorylation of AKT and MAPKs in NCl-H441 and SK-MES-1 cells
	Delphinidin treatment inhibits the growth of NSCLC cells
	Delphinidin treatment inhibits the protein expression of cyclin D1 and PCNA in NCl-H441 and SK-MES-1 cells
	Delphinidin treatment modulates the Bcl2 family protein expression, and induces cleavage of caspases and PARP in NCl-H441 and SK-MES-1 cells
	Delphinidin treatment inhibits tumorigenicity of human NSCLC cells implanted in athymic nude mice
	Delphinidin treatment inhibits markers of proliferation and induces apoptosis in tumors of athymic nude mice implanted with NSCLC cells
	Delphinidin treatment inhibits markers of angiogenesis in tumors of athymic nude mice implanted with NSCLC cells

	Discussion
	Author Contributions
	References


