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Abstract
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Multiple cellular signaling pathways have been involved in the processes of cancer cell invasion and
metastasis. Among many signaling pathways, Wnt and Hedgehog (Hh) signaling pathways are
critically involved in embryonic development, in the biology of cancer stem cells (CSCs) and in the
acquisition of epithelial to mesenchymal transition (EMT), and thus this article will remain focused
on Wnt and Hh signaling. Since CSCs and EMT are also known to be responsible for cancer cell
invasion and metastasis, the Wnt and Hedgehog signaling pathways are also intimately associated
with cancer invasion and metastasis. Emerging evidence suggests the beneficial role of
chemopreventive agents commonly known as nutraceutical in cancer. Among many such agents, soy
isoflavones, curcumin, green tea polyphenols, 3,3′-diindolylmethane, resveratrol, lycopene, vitamin
D, etc. have been found to prevent, reverse, or delay the carcinogenic process. Interestingly, these
agents have also shown to prevent or delay the progression of cancer, which could in part be due to
their ability to attack CSCs or EMT-type cells by attenuating the Wnt and Hedgehog signaling
pathways. In this review, we summarize the current state of our knowledge on the role of Wnt and
Hedgehog signaling pathways, and their targeted inactivation by chemopreventive agents
(nutraceuticals) for the prevention of tumor progression and/or treatment of human malignancies.
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1 Introduction
Although significant effort has been made in the fight against cancers for several decades,
cancer is still the second most common cause of death in the USA, exceeded only by heart
disease, with an estimated 1,479,350 new cases and 562,340 deaths was expected in 2009
[1]. The 5-year relative survival rate for all cancers diagnosed is 66% [1], and this high morality
is primarily due to cancer cell invasion and metastasis.
It is known that multiple cellular signaling pathways are critically involved in the processes of
tumor progression including invasion and metastasis of cancer. Among these pathways, Wnt
and Hedgehog signaling pathways are the two most important signaling pathways that appears
to play key roles in embryonic development, in the biology of cancer stem cells (CSCs), and
in the acquisition of the epithelial to mesenchymal transition (EMT) phenotypic cells [2–7],
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and thus we focused our discussion on the role of Wnt and Hedgehog (Hh) signaling in this
article. Since CSCs and EMT are known to be responsible for cancer cell invasion and
metastasis, the Wnt and Hedgehog signaling pathways are also intimately associated with
cancer invasion and metastasis.
Recently, the dietary chemopreventive agents have received much attention in the area of
cancer research. It is estimated that one third of all cancers are preventable simply by
modification of diet, maintenance of optimum body weight, and regular physical activity [8].
Several dietary chemopreventive agents such as soy isoflavones, curcumin, green tea
polyphenols, resveratrol, 3,3′-diindolylmethane, lycopene, etc. have been found to prevent,
reverse, or delay the carcinogenic process [9–15]. Interestingly, these agents have also shown
to prevent or delay the progression of cancer, which could in part be due to their ability to
attack CSCs or EMT-type cells by attenuating the Wnt and Hedgehog signaling pathways.
Therefore, it is necessary to reveal the molecular determinants involved in the processes of
cancer progression and the molecular effects of these nutraceuticals on Wnt and Hedgehog
signaling, CSCs, and EMT in order to better design novel therapeutic strategies for the
treatment of cancers using nutraceuticals combined with conventional chemotherapeutics. In
this review, we summarize the current state of our knowledge on the role of Wnt and Hedgehog
signaling pathways, and their targeted inactivation by chemopreventive agents (nutraceuticals)
for the prevention of tumor progression and/or treatment of human malignancies.
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2 Wnt and Hedgehog signaling pathways
It is well known that cancer cells display malfunction because of multiple molecular alterations
in cellular signaling network. In cancer cells, the altered proteins produced from the mutations,
defects, and amplifications of genes impact the way how they could communicate with each
other. The cellular signaling pathways that are known to be important in cancer development
and progression include Akt, nuclear factor-kappa B (NF-κB), mitogen-activated protein
kinase (MAPK), Wnt, Hedgehog, Notch, androgen receptor (AR), etc. Since both Wnt and
Hedgehog signaling pathways play key roles in the embryonic and stem cell development, Wnt
and Hedgehog signaling and their crosstalk are critically involved in the processes of CSCs
and EMT formation, which are believed to be responsible for cancer recurrence, invasion and
metastasis.
2.1 Wnt signaling
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It is well known that many molecules in the Wnt signaling pathways contribute to control the
processes of embryonic development including cell proliferation, differentiation, and
epithelial-mesenchymal interactions [2,16]. Canonical Wnt signals are transduced through
membrane Frizzled (FZD) receptors and low density lipoprotein receptor-related protein (LRP)
to the β-catenin signaling cascade (Fig. 1). In the absence of active Wnt ligands, β-catenin is
complexed with scaffold proteins axis inhibition protein (Axin) and adenomatosis polyposis
coli (APC), and phosphorylated by glycogen synthase kinase (GSK)-3β and casein kinase Iα
(CKIα) at N-terminal residues. Phosphorylated β-catenin is then ubiquitinated and undergoes
proteasome-mediated degradation. In the presence of active Wnt signaling, Wnt ligands bind
to FZD and LRP, resulting in the phosphorylation of LRP6 by GSK-3β in its cytoplasmic
region, leading to the recruitment of the cytosolic proteins Dishevelled (Dvl) and Axin. Because
of the formation of FZD-DVL complex and LRP-Axin-FRAT complex, β-catenin is released
from phosphorylation by GSK-3β and degradation by proteosome. Then, the accumulated βcatenin translocates to the nucleus and regulates the expression of target genes (Fig. 1). In the
absence of nuclear β-catenin, T cell factor (TCF) and Groucho form a constitutive repressor
complex. β-catenin translocated into the nucleus disrupts this interaction between TCF and
Groucho. The nuclear β-catenin is then complexed with T cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factors and Legless family docking proteins (BCL9 and BCL9L)
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associated with PYGO family coactivators. The TCF/LEF-β-catenin-Legless-PYGO nuclear
complex then activates the transcription of Wnt signaling target genes such as FGF20, DKK1,
Myc, cyclin D1, etc. There are several secreted or intracellular proteins, which regulate the
activation of Wnt signaling. Among them, secreted frizzled receptor proteins (sFRPs) and
Dickkopf proteins (DKKs) inhibit the activation of Wnt signaling by inhibiting active Wnt
ligands binding to FZD and LRP, respectively. APC, Axin, CKIα, and GSK-3β are intracellular
proteins which down-regulate Wnt signaling. In noncanonical Wnt pathway, active signals are
transduced through FZD receptors and co-receptors including ROR2 and RYK. DVL, c-jun
NH2-terminal kinase, and small G proteins such as RHOA, RHOU, RAC, and CDC42 are also
involved in the noncanonical Wnt pathway. It is known that small G proteins are implicated
in the cytoskeletal reorganization during invasion and metastasis, suggesting the importance
of noncanonical Wnt signaling in cancer invasion and metastasis.
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The aberrant activation of the canonical Wnt/β-catenin signaling is one of the most frequent
signaling abnormalities known in human cancers. During the development of human cancer,
activated Wnt signal promotes β-catenin accumulation in the nucleus, resulting in the
consequent transcriptional activation of specific target genes (Fig. 1) [17,18]. The inappropriate
expression of the Wnt ligand and Wnt binding proteins and the inappropriate activation of the
Wnt signaling have been found in a variety of human cancers [19–21]. In colorectal cancer,
mutations in APC and other components of the β-catenin destruction complex promote the
activation of Wnt signaling [22,23]. A recent study has also shown that Wnt activity could
define colon CSCs and could be regulated by the microenvironment [23]. However, the
activation of the Wnt signaling may occur in a different manner in other cancers such as prostate
or breast cancers because the mutations in APC are rare. Therefore, other regulatory
mechanisms could play dominant roles in the activation of β-catenin in other cancers. In
prostate cells, Wnt-3a was found to stimulate proliferation selectively in the AR-positive
22Rv1 and LNCaP cells; however, TCF-dependent reporter gene transcription was not induced
in LNCaP cells, suggesting that the activation of Wnt signaling in AR-positive prostate cancer
cells may be through AR-dependent mechanisms rather than classical TCF-dependent
mechanisms [24]. It is also found that β-catenin could enhance the function of AR and that
nuclear translocation of β-catenin was observed in prostate cancer tissues, indicating that Wnt
signaling is required for disease progression in prostate cancer [25]. In addition, loss or
reduction of E-cadherin together with abnormal expression of Wnt ligands, receptors,
inhibitors, and other co-regulators could also contribute to the activation of Wnt signaling in
cancers with the acquisition of EMT phenotype of cancer cells [19,21]. Therefore, inhibition
of aberrant Wnt activity in cancer cells could provide an opportunity for the prevention of
tumor progression and/or treatment of cancers [20,26,27].
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2.2 Hedgehog signaling
Another important signaling pathway involved in cell development and proliferation is the Hh
signaling pathway. The Hedgehog signaling pathway is a major regulator of cell differentiation,
tissue polarity and cell proliferation [28,29]. The Hh family consists of three secreted proteins
including Sonic Hedgehog (Shh), Desert Hedgehog, and Indian Hedgehog. The Hh proteins
undergo multiple processing steps to become activated. First, the protein is cleaved. Then, the
C-terminal domain of the Hh polypeptide catalyzes an intramolecular cholesteroyl transfer
reaction, forming a Hedgehog ligand with a C-terminal cholesterol moiety. The cholesterol
modification leads to the association of Hh with membranes, facilitating the final modification
step in which a palmitoyl moiety is added to the N terminus of Hh by the transmembrane
acyltransferase. Thus, the fully active Hedgehog is double lipid-modified. The receptor of Hh
ligands is Patched (Ptc), which is located on membrane (Fig. 1). In the absence of Hh, Ptc
catalytically inhibits the activity of Smoothened (Smo) which is the seven-transmembranespan receptor-like protein. Binding of Hh to Ptc leads to the loss of Ptc activity, and consequent
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activation of Smo, which transduces the Hh signal to the cytoplasm. Subsequently, the activated
Smo causes the activation of Gli (glioma-associated oncogene family zinc finger) family of
transcriptional effectors through complex interactions with Costal2 (Cos2), Fused (Fu) and
Suppressor of fu (Sufu), leading to the up-regulation of Ptc, Wnt, BMP, etc. Therefore, the Hh
ligands, Sonic Hedgehog, Desert Hedgehog, and Indian Hedgehog stimulate Gli transcription
factors which constitute the final effectors of the Hh signaling pathway (Fig. 1).
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It has been found that germline mutations that subtly affect Hh pathway activity are associated
with developmental disorders [30]. Moreover, somatic mutations which activate Hh pathway
have been linked to a variety of human cancers [30]. Emerging evidence clearly suggesting
the activation of Hh signaling in various human cancers, including basal cell carcinomas,
medulloblastomas, leukemia, gastrointestinal, lung, ovarian, breast and prostate cancers [29].
Furthermore, because Hh plays a central role in the control of proliferation and differentiation
of both embryonic stem cells and adult stem cells, the aberrant activation of Hh signaling could
lead to the generation of CSCs and the development of cancer [31]. It has been known that
epithelial expression of hedgehog ligand during prostate development exerts autocrine and
paracrine signaling activities that regulates the growth and differentiation of the prostate gland.
Increased Hh signaling has been associated with prostate cancer progression and has also been
shown to accelerate prostate cancer growth [32]. Experimental studies have revealed the critical
role of Hh signaling in prostate cancer, and further demonstrated that autocrine Hh signaling
by tumor cells is required for proliferation, viability and invasive behavior of prostate cancer
[33]. Recent studies also showed that activation of Hedgehog signaling is critically related to
CSCs and EMT features in many types of cancers including colon, gastric, esophagus, hepatic,
and other cancers [5,34–37]. Therefore, the development of Hedgehog inhibitors is coming
through the drug pipeline, which holds a great promise for the prevention of tumor progression
and/or treatment of human malignancies.
2.3 The crosstalk between Wnt and Hedgehog signaling
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The most molecules in both Wnt and Hh signaling are evolutionarily conserved proteins that
are critically important for many developmental processes in human and animals. It is known
that abnormal regulation of these signaling pathways in human and animals could result in
tumor formation and other diseases. Since both Wnt and Hedgehog signaling play key roles in
the physiological and pathological development of embryonic and stem cells, it is believed that
the two signaling have crosstalk between each other. Some progress has been made in
understanding how Wnt and Hh signals are transduced into one response. Moreover, several
studies have suggested that there are fundamental similarities between Wnt and Hh signaling
pathways [38]. Both signaling are activated by G-protein-coupled receptors (Frizzled or
Smoothened) [39,40]. In both pathways, signaling prevents phosphorylation-dependent
proteolysis of a key effector (Cubitus interruptus or β-catenin), which converts a DNA-binding
protein from a repressor to an activator of transcription [41]. Furthermore, Wnt signaling has
been found to be downstream of hedgehog signaling, participating in the bone development
[42]. It has also been found that activation of GLI stimulates the transcription of Wnt ligands,
suggesting that Wnt signaling is downstream of hedgehog [43]. However, it is important to
note that the molecules in Wnt signaling such as GSK-3β also regulate the molecules in
Hedgehog signaling [38] and that the pathological response to oncogenic Hedgehog signaling
is also dependent on canonical Wnt/beta3-catenin signaling [44], suggesting the crosstalk
between Wnt and Hedgehog signaling. These available literature suggests that Wnt and Hh
signaling is a vicious cycle for the maintenance of cancer cells, and driving cancer cells toward
aggressiveness, which contributes to cancer deaths. Therefore, the development and
identification of selective inhibitors of Wnt and Hh signaling is an attractive approach for the
prevention of tumor progression and/or treatment of cancers.
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3.1 Soy isoflavone
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Isoflavones are found primarily in members of the Leguminosae family. Foods such as soy,
lentil, bean, and chickpea are sources of isoflavones; however, soybean is the food that contains
abundant amounts of isoflavones. Genistein, daidzein, and glycitein are the three main
isoflavones found in soybeans and most soy-protein products. Several epidemiological studies
have shown that soy could have protective effects against prostate and other cancers [45–48].
A prospective study of 12,395 California Seventh-Day Adventist men who often drank soy
milk showed that frequent consumption of soy milk was associated with 70% reduction of the
risk of prostate cancer [48], suggesting the possible association between high intake of soy
isoflavones and reduced risk of prostate cancer. Experimental studies have also revealed that
isoflavones, particularly genistein and daidzein, exert their anti-oxidant effects on human cells.
It has been known that genistein protects cells against ROS by scavenging free radicals and
reducing the expression of stress-response related genes. Isoflavone genistein is also well
known as a tyrosine kinase inhibitor, and thus far isoflavones are considered pleitropic affecting
multiple signaling pathways [49].
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Our laboratory has investigated the effects of isoflavone genistein on Wnt signaling pathways.
We have found that isoflavone mixture significantly inhibited the activation of Wnt signaling
[50]. Through mechanistic studies, we found that isoflavone up-regulated the expression of
GSK-3β, enhanced GSK-3β binding to β-catenin, and increased the phosphorylation of βcatenin, suggesting that isoflavone could inactivate Wnt signaling to inhibit the growth of
prostate cancer cells [50]. Other investigators also reported that genistein up-regulated
epithelial adhesion molecule E-cadherin expression, diminished basal and Wnt-1-induced cell
proliferation, and attenuated the expression of Wnt-1 targets such as c-Myc and Cyclin D1
[51]. Isoflavone genistein also inhibited the expression of Wnt-5a [52], suggesting the
inhibitory effects of isoflavone genistein on Wnt signaling. Moreover, an animal study with
microarray analysis showed that isoflavone genistein down-regulated Wnt signaling in the
tumor tissues of animals treated with genistein [52]. The gene expression profiles also showed
reduced expression of Wnt target genes such as cyclin D1 in mammary ductal epithelium of
the animals treated with isoflavone genistein compared to control [52]. In addition, a decrease
in the gene expression of Wnt-7a was also observed in endometrial adenocarcinoma cells
treated with isoflavone genistein, suggesting the inhibitory effects of isoflavone on Wnt
signaling [53]. A recent report showed that HEK293 cells transfected with Dkk-1, an antagonist
of Wnt/β-catenin signaling pathway, have significantly decreased accumulation of both βcatenin and E-cadherin at the cell membrane, which could increase migration of cells [54].
More importantly, treatment with isoflavone genistein could inhibit the migration effect of
Dkk-1 and significantly increase the membrane localization of β-catenin and E-cadherin in
HEK293 cells transfected with Dkk-1, suggesting the inhibitory effects of isoflavone genistein
on Wnt signaling and metastasis [54].
The in vitro and in vivo effects of isoflavone genistein on the Hedgehog signaling have been
recently reported [55]. It was found that isoflavone genistein could decrease Gli1 mRNA
concentration and down-regulate Gli reporter activity with significant inhibition of prostate
cancer cell growth. Importantly, isoflavone genistein could reduce or delay prostate cancer
growth in vivo in TRAMP mice [55]. These results suggest that the Hedgehog signaling could
be a direct or indirect target of isoflavone genistein, leading to the inhibition of prostate cancer
cell growth in vitro and in vivo. These limited results suggest that a non-toxic component of
the human diet could be useful inhibitor of Wnt and Hh signaling although further in-depth
mechanistic pre-clinical and clinical studies are required for assessing the health benefit of
isoflavones in cancer patients.
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Curcumin is a bioactive compound found in Curcuma longa (tumeric). Turmeric extract from
the rhizomes, commonly called curcuminoids, is mainly composed of curcumin. The research
on curcumin has received considerable attention due to its pronounced anti-inflammatory, antioxidative, immunomodulating, anti-atherogenic, and anti-carcinogenic activities [56,57]. It has
been known that curcumin inhibited IKK, suppressed both constitutive and inducible NF-κB
activation, and potentiated TNF-induced apoptosis. Curcumin also showed strong anti-oxidant
and anti-cancer properties through regulating the expression of genes that are critically related
to the oxidant stress.
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We and other investigators have found that curcumin could inhibit several important signaling
pathways including Notch and Wnt signaling [58,59]. It is believed that cancer arises from
stem cells and/or progenitor cells through the dysregulation or acquisition of self-renewal.
Interestingly, it was found that curcumin could inhibit mammosphere formation and could also
decrease the amount of aldehyde dehydrogenase-positive cells in normal and malignant breast
cells through the inhibition of Wnt signaling [60], suggesting the inhibitory effects of curcumin
on breast CSCs [60]. Curcumin has also been found to inhibit the expression of several
molecules in Wnt/β-catenin pathway including disheveled, β-catenin, cyclin D1, and slug in
both MCF-7 and MDA-MB-231 breast cancer cells [61]. Immunofluorescence staining showed
that curcumin significantly reduced the nuclear expression of disheveled and β-catenin
proteins. The expression levels of GSK-3β and E-cadherin were also altered by curcumin
treatment [61]. These findings suggest that the curcumin could inhibit cell proliferation and
induce apoptosis through regulation of β-catenin signaling in human breast cancer cells.
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In colon cancer, curcumin treatment caused p53- and p21-independent G2/M phase arrest and
apoptosis in HCT-116, HCT-116, and HCT-116 cells [62]. Furthermore, caspase-3-mediated
cleavage of β-catenin, E-cadherin, and APC, decreased transactivation of β-catenin/TCF/LEF,
decreased promoter DNA-binding activity of the β-catenin/TCF/LEF complex, and decreased
levels of c-Myc protein were also observed after curcumin treatment [62]. These results suggest
that curcumin treatment could impair both Wnt signaling and cell–cell adhesion pathways,
leading to the G2/M phase arrest and apoptosis in colon cancer cells. Aberrant activation of
the Wnt/β-catenin signaling has been observed in osteosarcoma tumorigenesis and metastasis.
A study has been conducted to determine whether osteosarcoma progression could be delayed
by disrupting the Wnt/β-catenin signaling using natural agent curcumin [63]. It was found that
curcumin suppressed intrinsic and activated β-catenin/TCF transcriptional activities, and that
nuclear β-catenin was significantly reduced by treatment with curcumin. Overexpression of
the wild-type β-catenin in osteosarcoma cells led to enhance cell invasiveness while curcumin
significantly inhibited cancer cell invasion resulting from the down-regulation of Wnt/βcatenin, matrix metalloproteinase (MMP)-9, cyclin D1, c-Myc, and survivin [63], suggesting
that curcumin has therapeutic potential for the treatment of osteosarcoma.
By microarray profiling analysis, the expression of molecules in apoptosis and Wnt signaling
pathway have been found to be altered. The Wnt signaling pathway components, AXIN2 and
FRA1 (FOS-like antigen 1), showed a decreasing expression after curcumin treatment [64],
providing additional evidence in support of the inhibitory effects of curcumin on Wnt signaling.
Other mechanisms may also be involved in the curcumin regulated down-regulation of Wnt
signaling. Ryu et al. reported that novel curcumin analogs, demethoxycurcumin and
bisdemethoxycurcumin, could attenuate the Wnt/β-catenin pathway through down-regulation
of the transcriptional coactivator p300, which is a positive regulator of the Wnt/beta-catenin
pathway [58]. In addition, curcumin also inhibited inflammation-induced obesity through the
suppression of Wnt signaling [65]. It is known that curcumin could improve obesity-associated
inflammation and diabetes in obese mice [66]. It is interesting to note that curcumin also
inhibited adipocyte differentiation. During differentiation, curcumin restored nuclear
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translocation of the integral Wnt signaling component β-catenin. Curcumin also reduced
differentiation-stimulated expression of CK1α, GSK-3β, and Axin, which forms the
destruction complex targeting β-catenin, suggesting that Wnt signaling pathway is involved in
curcumin-induced suppression of adipogenesis [66].
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Medulloblastoma is an aggressive primary brain tumor that arises in the cerebellum of the
children and young adults. It is believed that Sonic Hedgehog signaling plays important roles
in the pathology of this aggressive disease. Studies have shown that curcumin suppressed
medulloblastoma cell proliferation and triggered cell-cycle arrest at G2/ M phase [67].
Moreover, curcumin was shown to inhibit the Shh-Gli1 signaling by the down-regulation of
Shh protein and its most important downstream targets Gli1 and PTCH1. Importantly,
curcumin also reduced the levels of β-catenin and its downstream targets, c-Myc and cyclin
D1 [67]. These results suggest that there could be a crosstalk between Hedgehog and Wnt
signaling and that curcumin could inhibit both Hedgehog and Wnt signaling pathways. More
importantly, curcumin could enhance the efficiency of non-toxic doses of cisplatin and γ-rays
through the down-regulation of Bcl-2 [67], which is also a downstream gene of Hedgehog
signaling. These results indicate that curcumin, a natural non-toxic compound, could be a
promising agent in Shh-targeted therapy for the treatment of medul-loblastomas. The in vitro
and in vivo effects of curcumin on the Hedgehog signaling in prostate cancer have been recently
reported [55]. It was found that curcumin inhibited Gli1 mRNA expression and down-regulated
Gli reporter activity with a significant inhibition of prostate cancer cell growth. More
importantly, curcumin could reduce or delay prostate cancer growth in vivo in TRAMP mice
[55]. These results indicate that the Hedgehog signaling could be a target of curcumin, leading
to the inhibition of prostate cancer cell growth in vitro and in vivo. However, the beneficial
effects of curcumin in humans have been limited due to its poor bioavailability and rapid
inactivation, which prompted the development of novel analogs of curcumin as detailed in our
recent review article [68]. These newer agents could be useful in targeted inactivation of Wnt
and Hh signaling for the prevention of tumor progression and/or treatment of human
malignancies in the future.
3.3 Tea polyphenols
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Consumption of green tea has been associated with human health including the prevention of
cancers and heart disease. Epidemiological studies showed lower incidence of prostate cancer
among Asian men with a high dietary intake of green tea, suggesting that green tea might be
a preventive agent against cancers [69]. The result from Japan's Public Health Center-based
Prospective Study showed that the high consumption of green tea was associated with a
decreased risk of advanced prostate cancer [70]. Green tea and its constituents have been
studied both in vitro and in vivo. Green tea contains several catechins including epicatechin
(EC), epigallocatechin, epicatechin-3-gallate, and epigallocatechin-3-gallate (EGCG).
However, EGCG has been shown to be the most potent for the inhibition of carcinogenesis and
the reduction of oxidative stress among these catechins [71].
The inhibitory effects of EGCG on Wnt and Hedgehog signaling have been reported in various
cancers. It was found that 2 to 25 µM EGCG inhibited β-catenin expression and β-catenin/
TCF-4 reporter activity in a concentration-dependent manner, suggesting the inhibitory effects
of EGCG on Wnt signaling [72]. EGCG treatment also decreased cytosolic β-catenin protein
level and inhibited TCF/LEF reporter activity in lung cancer H460 and A549 cell lines [73].
In colon cancer, treatment of HT29 cells with EGCG led to a potent inhibition of GSK3-α and
GSK-3β activity [74]. The amount of phosphorylated β-catenin was diminished and the overall
amount of β-catenin and the TCF/LEF-mediated luciferase expressions were decreased by
EGCG treatment [74]. It has also been reported that the canonical Wnt signaling could be
inhibited at the level of TCF/LEF by EGCG in antler progenitor cells [75]. Moreover, the effect
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of a combination of EGCG with fish oil on intestinal tumorigenesis in ApcMin/+ mice fed a
high-fat diet was investigated [76]. The combination treatment for 9 weeks significantly
reduced the tumor number through the inhibition of Wnt signaling. β-catenin nuclear positivity
in adenomas from the combination group was lower than control mice, indicating the inhibition
of Wnt signaling by the combination treatment [76].
By microarray gene expression profiling analysis, investigators also identified two signaling
pathways, Wnt and Id signaling, involved in cell proliferation, were inhibited by EGCG
treatment, indicating the negative regulation of EGCG on cell proliferation [77]. Other
mechanisms may be also involved in the EGCG-mediated inhibition of Wnt signaling. In breast
cancer cells, Wnt signaling has been found to be inhibited by EGCG in a dose-dependent
manner. This effect could be mediated by HBP1 transcriptional repressor, which is a suppressor
of Wnt signaling. EGCG treatment induced HBP1 transcriptional repressor levels through an
increase in HBP1 mRNA stability [78]. However, knockdown of HBP1 reduced sensitivity to
EGCG in the suppression of Wnt signaling and its target gene c-Myc expression [78].
Moreover, EGCG also reduced both breast cancer cell proliferation and invasiveness in an
HBP1-dependent manner, suggesting that EGCG blocks Wnt signaling and inhibits invasion
of breast cancer through the induction of HBP1 transcriptional repressor [78].
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The in vitro and in vivo effects of EGCG on the Hedgehog signaling have been reported [55].
It has been found that EGCG could inhibit Gli1 mRNA expression and down-regulated Gli
reporter activity with a significant inhibition of prostate cancer cell growth. More importantly,
EGCG could reduce or delay prostate cancer growth in vivo in TRAMP mice [55] as stated
earlier. These results indicate that the Hedgehog signaling could be a target of EGCG, leading
to the inhibition of prostate cancer cell growth in vitro and in vivo. Recently, another report
also showed that EGCG could effectively inhibit cellular proliferation and induce apoptosis of
SW1353 and CRL-7891 human chondrosarcoma cells with inhibition of Indian Hedgehog
pathway, and down-regulation of PTCH and Gli-1 expression, suggesting that EGCG could
be a new therapeutic agent for patients with chondrosarcoma [79].
3.4 Resveratrol
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Resveratrol is a stilbenoid found in the skin of red grapes and peanuts. It suppresses many types
of cancers by regulating cell proliferation and apoptosis through a variety of mechanisms. The
effects of resveratrol on obesity-promoted colon cancer have been investigated. It was found
that resveratrol exhibited anti-proliferative properties in HT-29 colon cancer cells by arresting
G0/G1-S phase cell-cycle progression [80]. Treatment with resveratrol suppressed insulin-like
growth factor 1 (IGF-1)R protein levels and inhibited the downstream Akt and Wnt signaling
pathways [80]. It was also found that low concentrations of resveratrol (<10 µM) significantly
decreased the amount and proportion of β-catenin in the nucleus and reduced the expression
of lgs and pygoI, two regulators of β-catenin localization, in colon-derived cells, suggesting
the implications of resveratrol for colon cancer prevention [81]. It has also been found that
resveratrol inhibited proliferation and induced apoptosis in Waldenstrom's macroglobulinemia
(WM) and IgM-secreting cells through the down-regulation of Akt, MAPK, and Wnt signaling
followed by the activation of caspase signaling [82]. Importantly, resveratrol showed
synergistic inhibitory effects on WM cells when combined with dexamethasone, fludarabine,
and bortezomib [82], which are commonly used for the treatment of WM, suggesting the
therapeutic effects of resveratrol.
However, the effect of resveratrol on the differentiation of osteoblast is different from that on
cancer cells. During osteoblast differentiation, Wnt signaling could be up-regulated. This
phenomena is supported by the observations showing that treatment of pre-osteoblast with
sFRP-2 and sFRP-4 significantly increased Wnt-3A-induced alkaline phosphatase activities
[83] and that Wnt inhibitory factor 1 could inhibit osteoblastic differentiation in mouse
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embryonic mesenchymal cells [84]. Experimental study showed that resveratrol treatment of
mesenchymal cells led to an increase in stabilization and nuclear accumulation of β-catenin.
Following the increased nuclear accumulation of β-catenin, the ability to activate transcription
of β-catenin-TCF/LEF target genes that are required for osteoblastic differentiation was upregulated [85].
The in vitro and in vivo effects of resveratrol on the Hedgehog signaling have also been reported
as stated earlier [55]. Resveratrol could inhibit Gli1 mRNA expression and down-regulate Gli
reporter activity with a significant inhibition of prostate cancer cell growth. More importantly,
resveratrol could reduce or delay prostate cancer growth in vivo in TRAMP mice [55]. These
results demonstrated that the Hedgehog signaling could be a target of resveratrol and that
resveratrol treatment could inhibit prostate cancer cell growth in vitro and in vivo.
3.5 Indole-3-carbinol and 3,3′-diindolylmethane
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3,3′-diindolylmethane (DIM) is the dimeric product of indole-3-carbinol (I3C) which is
produced from naturally occurring glucosinolates contained in a wide variety of plants
including members of the family Cruciferae such as broccoli. Under the acidic conditions of
the stomach, I3C undergoes extensive and rapid self-condensation reactions to form several
derivatives. DIM is the major derivative and condensation product of I3C. Epidemiological
studies indicated that human exposure to indoles through consumption of cruciferous vegetable
could decrease cancer risk [86]. DIM has been shown to reduce oxidative stress and stimulate
the expression of anti-oxidant response element-driven gene, suggesting the anti-oxidant
function of indole compounds [87,88]. Animal study showed that DIM was not toxic and had
an in vivo preventive effect against the development of prostate cancer in a mouse model
[89]. Furthermore, several experimental studies have shown that DIM inhibited oncogenesis
and cancer cell growth, and induced apoptosis in cancer cells in vitro and in vivo, suggesting
that DIM could serve as a potent agent for the prevention of tumor progression and/or treatment
of cancers.

NIH-PA Author Manuscript

We and other investigators have investigated the molecular targets of DIM. It has been found
that DIM could regulate Wnt signaling through the regulation of Akt/GSK-3β signaling. We
found that DIM could inhibit the phosphorylation of GSK-3β and increase the phosphorylation
of β-catenin in prostate cancer cells, leading to the inhibition of cell growth and the induction
of apoptosis [90]. These results suggest the inhibitory effects of DIM on Wnt signaling.
Sulforaphane is another natural compound derived from broccoli/broccoli sprouts. It was found
that sulforaphane decreased aldehyde dehydrogenase-positive cell population in human breast
cancer cells and reduced the size and number of primary mammospheres through the downregulation of Wnt/β-catenin self-renewal pathway, suggesting the effect of sulforaphane
against breast cancer stem cells [91], which indeed could become useful for the prevention and
cancer invasion and metastasis.
3.6 Lycopene
Tomatoes are rich in lycopene, which is the pigment principally responsible for the deep-red
color of tomato and its products. Tomato products including ketchup, tomato juice, and pizza
sauce, are the richest sources of lycopene in the US diet. Lycopene is a potent anti-oxidant. It
has been known that lycopene is a biologically active carotenoid exhibiting high physical
quenching rate constant with singlet oxygen, suggesting its high activity as anti-oxidant.
Giovannucci et al. have reported that frequent consumption of tomato products is associated
with a lower risk of prostate cancer [92]. The inverse associations between plasma lycopene
and prostate cancer have also been reported [93,94]. Experimental studies also showed that
lycopene inhibited cell growth in breast, prostate and endometrial cancer cells with regulation
of cell-cycle-related genes. An in vivo animal study showed that lycopene had anti-tumor
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effects that could be potentiated by vitamin E, an anti-oxidant that is also present in tomatoes
[95], confirming the anti-cancer activity of lycopene. A phase II clinical trial from our group
has shown that lycopene supplements reduced tumor size and PSA level in localized prostate
cancer [96,97], suggesting its promising effects on prostate cancer prevention and/or treatment.
Experimental studies have shown that lycopene reduced inflammatory signals, prevented
oxidative DNA damage, and regulated the expression or activity of IGF/ Akt, Wnt/β-catenin,
and AR signaling [98]. Lycopene reduced AR and β-catenin nuclear localization and inhibited
IGF-1-stimulated prostate cancer growth, perhaps by attenuating the effects of IGF-1 on
phosphorylation of Akt and GSK-3β. It is believed that the effects of lycopene on these
pathways contribute to the observed cell growth inhibition and apoptosis induction [98].
3.7 Vitamin D
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There are two major forms of vitamin D, vitamin D2 and D3 that are important for humans.
The active form of vitamin D in the body is 1,25-dihydroxyvitamin D, which can be made from
either vitamin D2 or vitamin D3. Epidemiologic and experimental studies suggest that higher
intakes of vitamin D from food and/or supplements and higher levels of vitamin D in the blood
are associated with reduced risks of cancer [99]. Epidemiologic studies have also suggested
that vitamin D could be a preventive agent for cancers. It has been reported that reduced levels
of active vitamin D resulted in a higher incidence and mortality of prostate cancer [99]. Native
Japanese men, whose diet is rich in vitamin D, have a low incidence of prostate cancer,
supporting the protective role of vitamin D. Another study also showed that dietary
supplementation with >600 IU of vitamin D reduced the risk of prostate cancer [100]. The
precise mechanisms of Vitamin D action on the prevention of cancers are not clear although
it is known that vitamin D regulates the expression of genes such as LRP5, VDR, etc. [101],
which are related to Wnt signaling.
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Experimental studies showed that vitamin D could suppress Wnt, Notch, NF-κB, and IGF-1
signaling [102]. In addition, vitamin D receptor could also inhibit β-catenin-mediated
transcription [103]. Moreover, the inhibition of β-catenin activity by vitamin D and its receptor
was significantly enhanced by wild-type APC [103], suggesting the importance of vitamin D
status in Wnt signaling. Recent report showed that macrophage-derived soluble factors could
induce canonical Wnt signaling in colon cancer cells and promote their growth through the
crosstalk between STAT1 and IL-1β [104]. However, Vitamin D, an effective chemopreventive
agent, could interrupt this crosstalk in macrophages and inhibit the activation of Wnt signaling
in colon carcinoma cells [104]. DKK-1 is expressed at high level in colon cancer cell lines with
a differentiated phenotype such as Caco-2 or HT-29. It has been found that vitamin D activated
the transcription of the DKK-1 gene, which could be the mechanism by which vitamin D
inhibited Wnt signaling and tumor growth [105]. It was found that Snail1 could abrogate the
inhibitory effect of vitamin D on Wnt signaling and, therefore, it is a positive regulator of the
Wnt/β-catenin signaling [106]. These results suggest the beneficial effects of vitamin D on the
prevention and treatment of cancers.
As mentioned above, the Hedgehog signaling plays a key role in directing growth and
patterning during embryonic development and is required for the normal development of many
structures including the neural tube, axial skeleton, skin, and hair. Aberrant activation of the
Hedgehog signaling in adult tissue is associated with the development of basal cell carcinoma,
medulloblastoma, and a subset of pancreatic, gastrointestinal, and other cancers. Vitamin D
could serve as treatment option for human cancers that possess high activity of Hedgehog
signaling because of the ability of vitamin D on the inhibition of Hedgehog signaling [107,
108]. The Hedgehog signaling has also been found to be highly activated in the proximal
gastrointestinal tract; however, vitamin D could inhibit the growth of cells in the tract
specifically through inactivation of Smo and the downstream Hh signaling [109].
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3.8 Other agents
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Other nutraceuticals could also regulate Wnt and Hedgehog signaling. Selenium is an essential
micronutrient found in grains, fish, meat, poultry, or eggs. Now, selenium is available in overthe-counter supplements and multivitamins. It has been known that selenium is distributed in
body tissues and has anti-oxidant effect. Epidemiological studies showed that selenium could
be a protective agent against the development of prostate and colorectal cancers. A study was
conducted to test the level of selenium in serum and prostate of 52 men after selenium
supplementation. It was found that selenium supplementation resulted in a significantly higher
levels of selenium in the prostatic tissue [110], suggesting the high bioavailability of selenium.
Importantly, it is known that the targets of selenium include Wnt, AR, Notch, etc. [111],
suggesting that the effects of selenium could be due to attenuation of many signaling pathways
including Wnt signaling.
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The plant flavonoid fisetin can induce apoptosis and suppress the growth of colon cancer cells
by inhibition of Wnt and COX-2 signaling. It was found that the treatment of colon cancer cells
with fisetin inhibited the activity of Wnt signaling through down-regulation of β-catenin and
TCF- 4, resulting in decreased expression of Wnt signaling target genes such as cyclin D1 and
MMP-7 [112]. Another novel natural product dammarane-type triterpene sapogenin (PPD25)
isolated from the leaves of Panax notoginseng showed anti-cancer activity in colon and lung
cancer cells [113], which was found to be mediated through reduced expression of β-catenin
and its transcriptional targets including c-Myc, cyclin D1, cdk4 and TCF-4, further suggesting
that the anti-cancer effects of PPD25 is mediated by Wnt signaling [113].
In addition, the effects of the naturally derived agent deguelin on the prevention of mammary
tumorigenesis have been investigated. It was found that deguelin inhibited Wnt/β-catenin
signaling in breast cancer cell lines [114]. It was also reported that dietary fish oil could play
a protective role against colorectal cancer through the down-regulation of COX and Wnt/βcatenin pathways [115], suggesting the added beneficial effects of fish oil.

4 Conclusions and perspectives
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In conclusion, cancer cells are known to have alterations in multiple cellular signaling pathways
among which Wnt and Hedgehog signaling pathways appear to play prominent roles especially
because these two developmental pathways are also important in the biology of CSCs and EMT
phenotypic cells. Moreover, the molecules in both Wnt and Hedgehog signaling pathways
appear to be critical for the processes of cancer cell invasion and metastasis. Therefore, novel
strategies targeting these important pathways and their upstream and downstream signaling
could be very promising for the prevention of cancer and its metastases. It is important to note
that natural dietary agents known as nutraceuticals such as soy isoflavone, curcumin, EGCG,
resveratrol, DIM, lycopene, and others that target Wnt and Hedgehog signaling could be useful
for the prevention of tumor progression and/or could also be useful for the treatment of human
malignancies in combination with conventional therapeutics. However, further in vitro
mechanistic studies and in vivo animal studies together with clinical trials are needed to fully
appreciate the value of the nutraceuticals for the prevention of tumor progression and/ or
treatment of human cancers.
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Fig. 1.

Wnt and Hedgehog signaling pathways and their crosstalk are implicated in the cancer
development and progression. The effects of nutraceuticals on Wnt and Hedgehog signaling
pathways are also shown
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