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Abstract. The development and progression of malignant
tumors depends on the formation of new blood vessels inside
the tumor. This phenomenon is termed tumor angiogenesis.
Angiogenesis is one of the fundamental processes that occur
during cancer progression, and depends on the expression
and activation of various angiogenic molecules, cytokines,
growth factors, kinases and transcription factors. We recently
demonstrated that the chemokine-like ECM-associated
protein osteopontin (OPN) turns on the angiogenic switch by
upregulating expression of vascular endothelial growth factor
(VEGF) in a human breast cancer model. Furthermore, we
proposed that targeting OPN-induced VEGF expression could
be a potential therapeutic approach for the treatment of breast
cancer. In this study, we demonstrate that curcumin (diferuloyl-
methane) abrogates OPN-induced VEGF expression and curbs
OPN-induced VEGF-dependent breast tumor angiogenesis
in vivo. We also explore the fact that curcumin in combi-
nation with anti-VEGF or anti-neuropilin (NRP)-1 antibody
exhibits enhanced anti-angiogenic activity compared to cur-
cumin alone. Our results indicate that curcumin suppresses
OPN-induced VEGF expression and tumor angiogenesis, and
suggest that this study may aid in the development of a
curcumin-based OPN-targeted therapeutic approach to the
control of breast tumor angiogenesis.

Introduction

Breast cancer is considered to be one of the most common
cancer threats worldwide. According to the World Health
Organization (WHO), it is the most deadly cancer in females,
with more than 500,000 deaths attributed to it globally each
year. To date, the major cause of breast cancer is not clearly
understood. However, experimental evidence has revealed
that the expression profiles of certain oncogenic molecules or
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biomarkers are significantly associated with breast cancer
progression, and have shown great promise in breast cancer
therapy (1,2). Osteopontin (OPN), a chemokine-like ECM-
associated small integrin binding ligand N-linked glycoprotein
(SIBLING), has recently been identified as one of the major
markers of breast cancer progression (3,4). Elevated expres-
sion of OPN at tumor sites as well as in the serum of breast
cancer patients has signalled the prognostic importance of
this protein in breast cancer (5,6). Moreover, the targeting of
OPN and its downstream signaling pathways has shown great
promise in the therapeutics of various cancers, breast cancer
included (7). The role of OPN in breast cancer progression is
therefore being intensely investigated.

Angiogenesis, or the formation of new blood vessels from
existing ones, is a key step in tumor growth, survival, progres-
sion and metastasis (8). Tumor angiogenesis is thought to
result from the secretion of ‘angiogenetic factors’ by tumor
cells. These include growth factors, cytokines and a number of
small molecules (9,10). Of these, vascular endothelial growth
factor (VEGF) has been recognized as the most important
(11). Highly malignant tumors are characterized by enhanced
vascularization, which is further correlated with elevated
VEGF expression (12). Previous reports suggest that tumor-
derived VEGF interacts with tumor or endothelial cell surface
receptors via autocrine or paracrine mechanisms and promotes
tumor angiogenesis (13-15). We recently demonstrated that
OPN augments VEGF expression and promotes VEGF-
dependent breast tumor angiogenesis (16). Therefore, we can
hypothesize that targeting OPN-induced VEGF might serve
as a potential therapeutic approach for the treatment of breast
cancer.

Curcumin (diferuloylmethane) is a polyphenol derived
from the rhizomes of Curcuma Longa, traditionally used as an
anti-inflammatory compound, and appears to be useful in the
prevention and treatment of various cancers (17-19). Curcumin
has exhibited a significant inhibitory effect on several malig-
nant cancers, including breast cancer (20). It has also been
reported that curcumin downregulates the activation of NF-xB
and suppresses tumor growth in various cancer models (21-23).
We have previously reported that curcumin suppressed OPN-
induced MMP-2 activation and tumor growth in a murine
melanoma model (24). However, the role of curcumin in the
regulation of OPN-induced VEGF-dependent breast tumor
angiogenesis is not well defined. In this study, we demonstrate
that curcumin abrogates OPN-induced VEGF expression and
suppresses VEGF-dependent breast tumor angiogenesis.
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Materials and methods

Cell culture. The human breast adenocarcinoma cell line
MDA-MB-231 was obtained from American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in L-15
media supplemented with 10% FBS, 100 pg/ml streptomycin
and 100 units/ml penicillin. Human umbilical vein endothelial
cells (HUVEC) were obtained from Lonza (Walkersville, MD,
USA) and cultured in the EBM bullet kit (Lonza) according
to the manufacturer's instructions.

Western blot analysis and EMSA. Western blot analysis and
EMSA were performed as previously described (16,25).
Briefly, the cells were treated with 0.5 yM OPN, or pretreated
with various doses of curcumin (0-50 M) and then treated
with OPN. Cell lysates were used to detect VEGF expression
by Western blot analysis, and the nuclear extracts were used
for NF-kB and ATF-4-DNA binding by EMSA.

Immunofluorescence study. Immunofluorescence staining was
performed using a standard protocol as described previously
(26). Briefly, the cells were treated with 0.5 yM OPN, or
pretreated with 20 M curcumin and then treated with OPN.
Cells were fixed in 2% paraformaldehyde by incubation at
4°C for 15 min. After quenching with 0.1% glycine, cells
were permeabilized with 0.1% Triton X-100, washed three
times with PBS for 5 min and then incubated in 2% BSA in
PBS (pH 7.4) for 1 h at room temperature (RT) to block non-
specific binding. Subsequently, cells were incubated with
specific primary antibody in 0.2% BSA for 2 h at RT, followed
by incubation with secondary antibody for 1 h at RT. Nuclei
were stained with PI. Cells were washed and mounted in
mounting media and analyzed using a confocal microscope
(Zeiss).

Wound migration assay. The motility of MDA-MB-231 cells
was determined by wound migration assay as previously
described (16,27). Cells were treated with 0.5 yM OPN, or
pretreated with 0-20 M curcumin followed by treatment with
OPN. In separate experiments, cells were pretreated with
10 uM curcumin along with anti-VEGF or anti-neuropilin
(NRP)-1 antibody and then treated with OPN. After 12 h,
wound photographs were captured using a phase contrast
microscope (Nikon).

Co-migration assay. Tumor-endothelial cell interactions were
carried out using a co-migration assay with a modified Boyden
chamber. MDA-MB-231 cells were treated with 0.5 yM
OPN alone and used in the lower chamber. Endothelial cells
(HUVEC) were seeded on the upper chamber. In separate
experiments, MDA-MB-231 cells were pretreated with
curcumin and then treated with OPN alone or with anti-
VEGF or anti-NRP-1 antibody in the lower chamber, and
co-migration experiments were performed. The migrated
endothelial cells were stained with Giemsa, photographed
and then counted in three high-power fields under an inverted
microscope (Nikon). They were then analyzed statistically, and
the resulting data was represented by a bar graph.

In vivo Matrigel-based angiogenesis assay. The in vivo
Matrigel angiogenesis assay was performed as previously
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described (16). Briefly, Matrigel (0.5 ml) was subcutaneously
injected into the ventral groin region of female athymic NMRI
(nu/nu) mice. In separate experiments, the conditioned medium
(CM) of untreated or OPN-treated MDA-MB-231 cells was
mixed with Matrigel and injected into the mice. In other exper-
iments, OPN-treated CM was mixed with curcumin (20 xM)
in Matrigel and then injected into the mice. After 3 weeks,
Matrigel plugs were excised and processed for histopathology
and immunohistochemistry using specific antibodies.

Immunohistochemical study. Immunohistochemical analysis
of paraffin-embedded sections was performed using standard
procedure as previously described (16,27). After deparaf-
finization in xylene, the sections were re-hydrated using
descending grades of ethanol (100, 95 and 70%), washed
thrice in PBS, then used for antigen retrieval. After quenching
with 100 mM glycine, tissue sections were permeabilized with
0.1% Triton X-100, washed twice with PBS, then blocked with
2% bovine serum albumin for 1 h. Finally, the sections were
incubated with specific primary antibodies overnight at 4°C.
Subsequently, the slides were washed in PBS and incubated
with specific secondary antibodies for 2 h. The sections were
mounted and analyzed using a confocal microscope (Zeiss).

Statistical analysis. Bands were analyzed densitometrically
(Kodak Digital Science) and fold changes were calculated.
The wound migration and co-migration assays were analyzed
statistically, and the data were represented by means of a bar
graph. Statistical differences were determined by the paired
Student's t-test. Differences were considered significant at
P-values <0.05.

Results

Curcumin abrogates OPN-induced VEGF expression. We
previously reported that curcumin suppressed OPN-induced
MMP-2 activation in a murine melanoma model (24). More
recently, we demonstrated that OPN augments VEGF expres-
sion in human breast cancer cells (16). To examine the effect of
curcumin on OPN-induced VEGF expression, serum-starved
MDA-MB-231 cells were either treated with 0.5 M OPN or
were pretreated with curcumin and then treated with OPN. The
results indicate that curcumin significantly abrogates OPN-
induced VEGF expression in these cells, with maximum
inhibition observed using 20 M of curcumin (Fig. 1A).

Effects of curcumin on OPN-induced NF-kB and ATF-4-DNA
binding. We recently showed that OPN promotes VEGF
expression via activation of NF-kB in MDA-MB-231 cells
(16). However, it has been reported that curcumin suppresses
NF-xB activation in various cancer cells (21-23). Therefore,
to examine whether curcumin inhibits OPN-induced NF-kB-
DNA binding, cells were pretreated with curcumin and then
treated with OPN, and EMSA was performed. The data
showed that curcumin significantly suppressed OPN-induced
NF-kB-DNA binding (Fig. 1B).

The ATF-4 response element has been reported to be in
the promoter region of VEGF (28,29). ATF-4 plays a crucial
role in OPN-induced VEGF expression (16). To confirm the
effect of curcumin on OPN-induced ATF-4-DNA binding
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Figure 1. (A) Curcumin inhibits OPN-induced VEGF expression. MDA-MB-231 cells were treated with OPN for 6 h, or pretreated with the indicated
concentrations of curcumin for 2 h and then treated with OPN. The level of VEGF in the cell lysate was determined by Western blot analysis. Actin was used as
the control. (B-D) Curcumin suppresses OPN-induced NF-kB and ATF-4-DNA binding and ATF-4 nuclear localization. MDA-MB-231 cells were treated with
OPN alone, or pretreated with curcumin followed by treatment with OPN. NF-kB and ATF-4-DNA binding activities were measured usng EMSA. Nuclear
localization of ATF-4 was determined by immunofluorescence. ATF-4 was stained with Cy 2 (green), and nuclei were stained with PI (red).
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Figure 2. (A and B) Suppression of OPN-induced tumor cell motility by
curcumin. MDA-MB-231 cells were pretreated with curcumin alone or in
combination with anti-VEGF or anti-NRP-1 antibody, followed by treatment
with OPN. A wound assay was performed and wound photographs were
captured (A). Data are presented in the form of a bar graph (B). “P=0.034.

and nuclear localization, cells were pretreated with curcumin
and then treated with OPN. Analysis of ATF-4-DNA binding
and nuclear localization was performed by EMSA and
immunofluorescence, respectively. The data indicate that
curcumin inhibits OPN-induced ATF-4-DNA binding as well
as nuclear localization (Fig. 1C and D). This suggests that
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curcumin curbs OPN-induced NF-«B and ATF-4 activation,
and thereby alters OPN-induced VEGF expression in human
breast cancer cells.

Curcumin inhibits OPN-induced VEGF-dependent breast
tumor cell motility. To ascertain whether curcumin has any
effect on OPN-induced breast tumor cell motility, a wound
migration assay was performed using MDA-MB-231 cells.
Cells were treated with OPN, or pretreated with curcumin
alone or in combination with anti-VEGF or anti-NRP-1 anti-
body and then treated with OPN. Wound photographs were
captured and analyzed, and the data represented by a bar graph
(Fig. 2A and B). The data indicate that curcumin significantly
inhibits OPN-induced tumor cell motility. A low concentration
of curcumin in combination with anti-VEGF or anti-NRP-1
antibody also inhibited OPN-induced cell motility; however,
the percent of inhibition was higher in this condition as
compared to curcumin alone (Fig. 2A and B). These data
suggest that curcumin suppresses OPN-induced VEGF/
NRP-1-dependent breast tumor cell motility.
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Curcumin suppresses OPN-induced VEGF-dependent tumor-
endothelial interaction. To examine the effect of curcumin on
the suppression of OPN-induced tumor-endothelial cell inter-
action, a co-migration assay was performed using MDA-MB-
231 cells and HUVEC in a modified Boyden chamber. After
termination of the experiments, HUVEC which had migrated
from the upper to the lower chamber were stained with
Giemsa, photographed, and counted in three high-power fields.
The resulting data were represented by a bar graph (Fig. 3A
and B). The data indicate that OPN-induced endothelial cell
migration towards tumor cells was suppressed by curcumin
(Fig. 3A and B). More importantly, curcumin with anti-VEGF
or anti-NRP-1 antibody suppressed OPN-induced migration
of endothelial cells towards tumor cells, further suggesting
that OPN-induced tumor-derived VEGF promotes tumor-
endothelial interaction and that curcumin suppresses this
effect.

Inhibition of OPN-induced in vivo Matrigel plug angiogenesis
by curcumin. To determine the role of curcumin in the sup-
pression of OPN-induced in vivo angiogenesis, a Matrigel plug
angiogenesis assay was performed in nude mice. Conditioned
medium (CM) collected from untreated or OPN-treated
MDA-MB-231 cells was mixed with Matrigel and injected
subcutaneously into the ventral groin region of female nude
mice as described previously (16). In separate experiments,
curcumin was mixed with the CM of OPN-treated MDA-MB-
231 cells along with Matrigel and then injected into mice.
After 21 days, the mice were sacrificed and the Matrigel plugs
photographed (Fig. 4, panel I). The data indicate that curcumin
radically suppressed OPN-induced in vivo angiogenesis as
compared to the controls (Fig. 4). The excised Matrigel plugs
were analyzed histopathologically (panels II and III; magni-
fication, x10 and x60) and by immunofluorescence using anti-
vWF (Von Willebrand Factor, an endothelial cell marker)

cells were pretreated with curcumin alone or in combination with anti-VEGF
or anti-NRP-1 antibody, then treated with OPN. A co-migration assay was
conducted. Endothelial cells which had migrated from the upper to the lower
chamber were stained with Giemsa and photographed (A), then counted in
three high-power fields. Data are presented in the form of a bar graph (B).
“P=0.008, “P<0.035.

and anti-pKDR antibodies. The data indicate that curcumin
significantly suppressed OPN-induced in vivo angiogenesis
(panel IV) and KDR phosphorylation. Taken together, the
data demonstrate that curcumin curtails OPN-induced in vivo
angiogenesis by inhibiting KDR phosphorylation.

Discussion

In the current study, we have demonstrated that curcumin
inhibits OPN-induced VEGF expression, which in turn
suppresses tumor and endothelial cell motility and in vivo
angiogenesis. Previously, we reported that NF-xB and ATF-4
play a crucial role in OPN-induced VEGF expression (16). In
this study, we found that curcumin suppresses OPN-induced
NF-kB and ATF-4-DNA binding and ATF-4 nuclear
localization. Thus, curcumin abrogates OPN-induced VEGF
expression by suppressing the binding activities of NF-kB
and ATF-4. Our data also indicate that OPN-induced VEGF-
dependent in vivo angiogenesis was downregulated by
curcumin. This clearly suggests that curcumin acts as a potent
anti-angiogenic agent in regulating OPN-induced tumor
angiogenesis.

The role of OPN in tumor angiogenesis is being intensely
investigated (30,31). Previously, OPN was considered to be a
metastasis-associated gene (32). Recently, however, its role
in tumor angiogenesis has been demonstrated (16,27,30).
Angiogenesis-based therapy has emerged as one of the major
therapeutic approaches to cancer (33). Thus, identifying novel
therapeutic approaches to targeting the angiogenic pathways
could prove to be promising for cancer therapy. We previously
showed that OPN acts as a potent angiogenic molecule by
regulating VEGF expression in a breast cancer model (16).
Consequently, targeting OPN-regulated angiogenic pathways
could be a promising therapeutic strategy for the treatment of
breast cancer.
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Figure 4. Curcumin abrogates OPN-induced in vivo tumor angiogenesis. Typical photographs of in vivo Matrigel plug angiogenesis in nude mice. Angiogenic
blood vessels are indicated by arrows. Note the significant reduction in blood vessel formation in the plug treated with curcumin and OPN compared with
OPN alone (panel I). Matrigel plugs were analyzed histopathologically by H&E staining, and photographs were captured at a magnification of x10 and x60
(panels II and III). Matrigel plug sections were immunohistochemically analyzed using anti-vWF and anti-pKDR antibodies (panel IV). vVWF was stained with
Cy3 (red) and p-KDR with FITC (green). Nuclei were stained with DAPI (blue).
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Figure 5. Schematic representation of the curcumin suppression of OPN-induced VEGF expression leading to the inhibition of tumor growth and angiogenesis.
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Curcumin has long been used as a potent anti-inflammatory
agent. Recently, though, this molecule has been identified as
having anti-cancer properties (17-19). Curcumin also inhibits
PMA-induced VEGF mRNA expression and suppresses angio-
genesis (19). Previously, we found that it suppressed OPN-
regulated murine melanoma growth by inhibiting MMP-2 acti-
vation (25). However, the role of curcumin in OPN-induced
breast tumor angiogenesis is not well defined. In this study,
we demonstrated that curcumin abrogates OPN-induced VEGF
expression, thus inhibiting tumor angiogenesis. Moreover,
anti-VEGF or anti-NRP-1 antibody along with curcumin
resulted in higher anti-angiogenic activity than curcumin
alone. We therefore hypothesize that curcumin along with anti-
VEGF or anti-NRP-1 antibody could be a novel approach for
the treatment of cancer.

In this study, we have gone some way in demonstrating
for the first time that curcumin inhibits OPN-induced NF-xB/
ATF-4-dependent VEGF expression, ultimately suppressing
breast tumor angiogenesis (Fig. 5). As OPN is considered to be
a major molecule in the control of breast cancer progression,
targeting the OPN-regulated signaling pathway by curcumin
could be an emerging approach to the treatment of the disease.
This approach may help block the OPN-regulated VEGF-
dependent angiogenic switch, and could also contribute to the
development of a novel strategy for the treatment of breast
cancer.
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