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Abstract
The Wnt signaling pathway is involved in a wide range of embryonic patterning events and maintenance of
homeostasis in adult tissues. The pathological role of the Wnt pathway has emerged from studies showing a high
frequency of specific human cancers associated with mutations that constitutively activate the transcriptional
response of these pathways. Constitutive activation of the Wnt signaling pathway is a common feature of solid
tumors and contributes to tumor development, progression and metastasis in various cancers. In this review, the
Wnt pathway will be covered from the perspective of urological cancers with emphasis placed on the recent
published literature. Regulation of the Wnt signaling pathway by microRNAs (miRNA), small RNA sequences that
modify gene expression profiles will also be discussed. An improved understanding of the basic genetics and
biology of Wnt signaling pathway will provide insights into the development of novel chemopreventive and
therapeutic strategies for urological cancers.
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Background
During embryogenesis, cells often acquire new identities
as they migrate to new locations. Many of these morphogenetic changes are induced by extracellular ligands
and their receptors [1-3]. Signaling events outside the
cell act as positive or negative regulators of signaling
pathways. This is particularly true for proteins with key
functions in development, such as bone morphogenetic
protein (BMPs) Hedgehog and Wnt. Various factors can
interact with these proteins outside the cell, modulating
their activity or altering their structure [4-10]. Wnt proteins, which are found in animals from hydra to insects,
worms and vertebrates, are involved in a wide range of
embryonic patterning events and maintenance of homeostasis in adult tissues [8,9,11-13]. One of the most
striking effects of Wnt proteins is their ability to induce
formation of a new embryonic axis in metazoans ranging from Hydra to Xenopus [14,15]. Defects in this
pathway have been shown to cause various embryonic
abnormalities in Drosophila and animal models and
have been implicated in human cancers. Other signaling
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pathways important in embryonic pattern formation
include the Nothch pathway and the tyrosine kinase
receptor/Ras pathways [16] and those headed by members of the transforming growth factor (TGF)-b superfamily [17,18]. Instances of crosstalk between the
embryonic signaling pathways notch, wnt, or Hh and
other signaling pathways have been reported in a variety
of cell types [19-21]. Although aberrant activation of an
individual pathway may result in tissue specific carcinogenesis, these pathways rarely operate in isolation.
Crosstalk between signaling pathways has the potential
to profoundly add to the complexity of cellular
responses to external stimuli. Various reports indicate
crosstalk between Wnt signaling and other key cancer
pathways regulating apoptosis, angiogenesis, proliferation, migration, invasion and metastasis [12,22-25].
Wnt-1, the first member of Wnt family protein was
initially identified independently as a Drosophila segment polarity gene Wingless (Wg) and the murine protooncogene Int-1 [26]. The term Wnt was derived from
a combination of Wingless and Int-1. Since the discovery of Wnt-1, multiple Wnt members have been found
throughout the animal kingdom and the human genome
encodes 19 Wnt genes [9]. For a wealth of information
on Wnt signaling in general and a comprehensive list of
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Wnt target genes in particular, we direct the readers to
the Wnt Home Page posted by the Nusse lab (http://
www.stanford.edu/~rnusse/wntwindow.html). Intensive
studies from past decades have identified essential components of signaling pathways by which Wnt proteins
relay their signals into intracellular responses [9,27].
Wnt proteins can transduce their signaling through distinct intracellular routes which can be divided into two
pathways as either ‘canonical or ‘non-canonical” Wnt
pathways. The best understood canonical pathway utilizes nuclear b-catenin as an ultimate effector, leading to
changes in gene expression that regulates cell proliferation, differentiation and survival, etc. In contrast, noncanonical pathways signal via a b-catenin -independent
mechanism, generally resulting in changes in cell polarity and movement [28-30].
Early evidence of involvement of the Wnt pathway in
cancer came from isolation of Wnt-1 as Int-1, a gene
activated by nearby integration of the mouse mammary
tumor virus in a mammary tumor model [31]. Oncogenic potential was also assessed in cultured mammalian
cells, such as C57MG and CH310T1/2, where expression of the proto-oncogenic Wnts resulted in morphological transformation [32,33]. These cells are transformed
by Wnt-1, Wnt-2, Wnt3a but not by Wnt-4, Wnt-5a,
and Wnt-6. The transforming Wnt genes also promote
the accumulation of b-catenin in some cultured mammalian cells [34]. Many mutations that promote constitutive activation of the Wnt signaling pathway lead to
cancer. Individuals with Axin2 mutations display a predisposition to colon cancer [35]. Moreover, the bestknown example of a disease involving a Wnt pathway
mutation that produces tumors is familial adenomatous
polyposis (FAP), an autosomal, dominantly inherited disease in which patients display hundreds or thousands of
polyps in the colon and rectum. This disease is caused
most frequently by truncations in APC, which promote
aberrant activation of the Wnt pathway leading to adenomatous lesions owing to increased cell proliferation
[36,37]. Mutational loss of APC function activates the
Wnt transcriptional response by stabilizing b-catenin.
Most sporadic colorectal tumors also involve constitutive activation of the Tcf-mediated Wnt transcriptional
response, due to either loss of APC or stabilizing oncogenic mutations in b-catenin [13,38]. Loss-of-function
mutations in Axin have been found in hepatocellular
carcinomas [39]. These examples demonstrate that the
uncoupling of normal b-catenin regulation from Wnt
signaling control is an important event in the genesis of
cancers. In renal cancer Wnt signaling has been found
to contribute to disease development by influencing
apoptosis [40]. These properties of the Wnt pathway
were found to be mediated in part by splicing isoforms
of TCF, since the lack of exon 15 in one human TCF is
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associated with reduced levels of expression of the antiapoptotic factors Bcl2 and Bcl-XL and the pro-apoptotic
factor Bak [40]. To further illustrate the role of Wnt signaling pathway in cancers, we will review this pathway
below in the context of urological cancers.
Wnt signaling in renal cancer
Canonical Wnt/b-catenin signaling

Renal cell carcinoma (RCC) is the most common type of
kidney cancer, accounting for 90% of all kidney cancers.
It can be further classified into clear cell (ccRCC,80%),
papillary (10-15%), chromophobe (5%), collecting duct
(very rare) and a remaining unclassified group (5%) [41].
The ultimate effector of canonical Wnt signaling is the
transcriptional coactivator b-catenin, which is emerging
as a key molecule in the pathogenesis of renal cancer.
Under normal conditions b-catenin levels in the cell
cytoplasm are kept low as it is continuously degraded by
the ubiquitin-proteasome pathway. b-catenin is marked
for degradation by a multi protein degradation destruction complex that directly interacts with other components, like adenomatous polyposis coli (APC), glycogen
synthase kinase3-B (GSK3-B) and casein kinase 1a
(CK1-a) [9,42]. Prior to degradation, the NH2-terminus
of cytosolic b-catenin is constitutively phosphorylated by
a dual kinase mechanism. CK1-a phosphorylates b-catenin at Ser45, and this priming phosphorylation results
in subsequent phosphorylaion by GSK3-B at residues
Thr41, Ser37, and Ser33 [43,44]. b-catenin that is phosphorylated at residues 37 and 33 is ultimately recognized by the B-TrCP (B-transducing repeat containing
protein), a component of a dedicated E3 ubquitin ligase
complex [45]. Thus b-catenin gets ubiquitinated and
subsequently undergoes rapid degradation by the 26S
proteasome complex [46]. Wnt positively regulates bcatenin, inhibiting its phosphorylation, ubiquitination
and degradation. Stabilized b-catenin enters the nucleus
and together with a member of the LEF-TCF (lymphoid
enhancer-binding factor 1-T cell specific transcription
factor 7) family of transcription factors, activates target
genes such as the Myc oncogene [47] (Figure 1). Myc
also shows copy number amplification in a subset of primary ccRCC [48] and papillary RCC [49]. Though bcatenin -activating point mutations are rare in RCC
[50], APC deficiency caused renal tumors in mice, presumably via the resulting elevated levels of b-catenin in
mice [51]. Wnt is also thought to mediate its effect on
cell growth and tumor promotion by activating the
mTOR pathway [52]. TSC2 is sequentially phosphorylated by AMPK and GSK3 for its activation and subsequent inhibition of mTOR. Wnt activates the mTOR
pathway by inhibiting GSK3 [52] (Figure 1). Altered
expression of certain frizzled receptor (Fzd) family
members and their downstream targets were found in
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Figure 1 Schematic representation of the Wnt signaling
pathway in cancer cells. In the presence of active Wnt, b-catenin
accumulates in the cytoplasm, then localizes to the nucleus, and
activates transcription together with TCF/LEF transcription factors.
Negative regulators are depicted in red and positive regulators in
green. Activation of the mTOR pathway is also directly regulated by
Wnt-dependent downregulation of GSK3 kinase activity which is
depicted in yellow.

renal carcinogenesis [53]. Increased expression of Fzd5
and Fzd8 both at mRNA and protein levels in renal carcinoma samples compared to normal samples. Kidney
tumor tissue arrays showed Fzd5 membrane staining in
30% of clear cell carcinoma, with nuclear cyclin D1
showing a strong correlation with the Fzd5 membrane
labeling. Wnt/b-catenin pathway activation was investigated by looking at the expression of various target
genes, cMyc, cyclin D1 and peroxisome proliferator-activated receptor δ (PPAR δ), that have been reported to
be upregulated in active pathway. The authors conclude
that increased expression of Fzd receptors may have a
role in active Wnt pathway in renal carcinogenesis [53].
Chakraborty et al. reported that Wnt receptors Frizzled
(Fzd 1/2/4, 5, 7-10) and co-receptors low-density lipoprotein receptor-related proteins 5/6 (LRP5/6) were
upregulated by chronic in vivo cadmium exposure in
mice. Upregulation of Wnt signaling components
induced by cadmium was corroborated by increased
expression of Wnt target genes c-Myc and cyclin D1
that are involved in cell proliferation and survival, and
the multidrug transporter P-glycoprotein Abcd1b, which
promotes malignancy. Epithelial-mesenchymal-transitional markers Twist, fibronectin and collagen I were
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also upregulated suggesting that cadmium induced activation of the Wnt signaling pathway in renal epithelial
tissues may lead to cancer [54].
The genetic basis of RCC is associated with the von
Hippel-Lindau (VHL) tumor suppressor gene, identified
in 1993 [55]. This gene is found to be mutated in most
RCC cases and is highly related to clear cell renal carcinoma [56]. Furthermore aberrant VHL is found in 75%
of patients with sporadic RCC [57]. The product of
VHL (pVHL), in the presence of oxygen, recognizes and
interacts with members of the hypoxia-inducible factor
(HIF) a family. VHL polyubiquitinates HIFa subunits in
normoxic conditions. Once HIF1a is hydroxylated and
ubiquitinated, it gets destroyed by the proteasome [58].
HIF regulates the expression of genes that respond to
hypoxia, such as glucose transporter (Glut)1, transforming growth factor (TGF) a, erythropoietin and the
proangiogenic genes, vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF)
(reviewed in ref. 53) [59-63]. The expression of these
genes creates an environment that favors cell proliferation and angiogenesis. The significance of the VHLHIFa interaction has been confirmed by a study which
showed that transfection of wild type VHL in renal carcinoma cell lines lacking expression of the VHL gene
was sufficient to suppress tumor growth [64]. Similarly
another study showed that HIF was the principal mediator of hypoxia-inducible gene deregulation in the
VHL-/- renal cells and attenuation of HIF was sufficient
to suppress the tumor forming capacity of these cells in
nude mice [65]. Peruzzi et al. discovered that b-catenin
is degraded by the E3-ubiquitin ligase activity of VHL
and loss of VHL enables HGF-driven oncogenic b-catenin signaling as a novel target for VHL, thus implicating
Wnt signaling in the pathogenesis of renal cancer [66].
Linehan et al. suggested that loss of VHL could lead to
combined de-repression of HIFs and b-catenin, which in
turn might contribute to malignancy in ccRCC [67]. In
a recent study it was shown that like HIF1a, HIF-2a
also interacts with b-catenin but at a different site. HIF2a was found to assemble with b-catenin/TCF and facilitate gene transcription. HIF-2a was found to be
required for b-catenin activation in RCC cells and for
their proliferation. The interaction between HIF-2a and
b-catenin contributes to the unrestrained growth of
tumor cells containing coactivated HIF-2a and b-catenin. The authors further show that the interaction of
HIF-2 a and b-catenin oppose those of HIF1-a on bcatenin and cell growth, which suggests that the ratio of
HIF-1a/HIF2a may determine cell growth when hypoxia
and Wnt stimulation coexist [68]. Another VHL-interacting protein Jade-1 (gene for apoptosis and differentiation in epithelia) has been shown to be a novel E3
ubiquitin ligase that ubiquitinates b-catenin leading to
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its degradation. Jade-1 is positively regulated by VHL
and is thought to function as a renal tumor suppressor
[69,70]. Loss of VHL results in reduced levels of Jade-1
and increased levels of b-catenin, providing yet another
mechanism by which VHL loss promotes renal tumorigenesis. The link between the Wnt pathway and kidney
cancer can be established from the observation that the
hypoxia-inducible protein-2 (HIG2) binds to the Wnt
receptor Fz10 at its extracellular domain and induces
transcription of Wnt signaling target genes. The HIG2
functions as a cell proliferation inducer and has been
identified as a marker of RCC. HIG2 is also a target of
the b-catenin/Tcf4 complex [71]. Further evidence for
the activation of Wnt signaling pathway in RCC comes
from the article of Kojima et al. which describes the
homozygous deletion of CXXC4, a gene coding for Idax
(an inhibitor of the Wnt signaling pathway) in aggressive
RCC [72]. Wnt has a dual role in pathogenesis of RCC.
It not only induces transcription through activation of
b-catenin, but also stimulates translation and cell
growth through activation of the mTOR pathway. In a
recent study, Koji et al. reported that IGFBP4 activated
the Wnt/b-catenin signaling pathway in RCC. Overexpression of IGFBP-4 promoted cell growth, invasion
and motility in renal cancer cells along with the induction of MT-MMP and M-CAM which is a marker for
tumor progression [73]. The tumor suppressor or promoter activity of the various components of the Wnt
signaling pathway has been summarized in Table 1.
Non-canonical Wnt signaling pathways

The Wnt/Ca2+ and Wnt/polarity, also known as Planar
Cell Polarity (PCP) pathways are known as the “noncanonical pathways”. Other non-canonical pathways
include Wnt/Jnk and Wnt/Rho signaling [28,30]. The
intracellular signal transduction cascades that have been
identified in either canonical or non-canonical pathways
are very different from each other, but the common
initial step is the binding of a Wnt ligand to the cognate
Fzd receptor. Depending on the pathway which is activated, the initiation signal will be transduced differently.
This decision most likely depends on which Wnt ligand
and Fzd receptor are present, as well as the cellular context [74]. The Wnt/Ca2+ pathway regulates cell adhesion
and motility, and is mediated through release of intracellular Ca2+ upon Wnt stimulation [28,75]. Wnt-5a was
the first identified Wnt ligand identified to signal down
this pathway and was shown to require coupling to Gproteins [76]. Interestingly, the Wnt/Ca2+ pathway activated by Wnt-5a, antagonizes the Wnt/b-catenin pathway [77-80]. In the Wnt/polarity pathway, Fzd functions
to establish asymmetric cell polarities and coordinate
cell shape changes and cellular movement [28,30,74].
Fzd regulates the activity of the small GTPases Rho and
Rac through different domains of Dv1. Rho and Rac, in
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Table 1 Cancer suppressor or promoter activity of Wnt
pathway components and microRNAs involved in
urological cancers
Gene

Cancer suppressor activity Cancer promoter
activity

Wnt
components
b-catenin

-

36,68, 71, 123, 140

GSK3-b

12, 36

-

Frizzled
receptors

-

53, 54, 71

sFRP1

86, 89, 90, 91, 103, 106, 137,
138

110

sFRP2

138

111

sFRP3

-

112

sFRP4

138

-

sFRP5

107, 138

-

WIF1

108, 118, 138, 139, 140

-

DKK1

23

129, 130

DKK2

109

-

DKK3

22, 138

-

DKK4

-

24

Wnt3a

-

144

Wnt5a

-

116, 119

Wnt7b

-

136

Wnt11

-

117

miR-15a

144

-

miR-16a

144

-

miR-200 family

145

-

MicroRNAs

Numbers indicate references.

turn, regulate the activity of Rock and Jun N-terminal
Kinase (JNK) respectively [81]. Aberrant activation of
the Wnt/PCP signaling pathway in human cancer leads
to malignant phenotypes such as abnormal tissue polarity, invasion and metastasis [82].
Wnt Antagonist and their epigenetic modulation

The Wnt signaling pathway antagonists have been studied extensively in development and their involvement
in oncogenesis has been demonstrated. There are four
families of Wnt antagonists that can be divided into two
sub-groups according to their mode of action. The first
group includes the secreted-Frizzled related protein
(sFRP) family, Wnt-inhibitory factor (WIF-1), and Cerberus. They inhibit Wnt signaling by direct binding to
Wnt molecules. The second group, consisting of the
Dickkopf (DKK) family, inhibits Wnt signaling by binding to the LRP5/LRP6 component of the Wnt receptor
complex [83-85]. In mammalian cells, sFRP1 has been
found to specifically bind to Wnt-1 protein, but not
Wnt-5a protein, and it modulated the Wnt-1 signaling.
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sFRP-1 efficiently inhibited the Wnt-1 mediated increase
in cytoplasmic b-catenin levels as well as the Wnt-1
induction of transcription from a Lef/Tcf reporter gene
[86]. However binding specificity may not relate to functional specificity, as SFRP-3 associated with Wnt-5a but
was unable to inhibit its activity [87]. Even the significance of specific functional interactions might be suspect based on titration experiments with purified
soluble sFRP-1. At low concentrations sFRP-1 enhanced
signaling activity by soluble wingless protein, whereas at
higher concentrations it was inhibitory [88]. The authors
proposed high and low states of binding affinity that
involved the carboxy-terminal heparin binding domain
and the amino-terminal cysteine-rich domain of sFRP-1,
respectively. Binding to the cysteine-rich domain might
confer inhibition while binding to the carboxy-terminal
region could facilitate presentation of active ligand to
receptor. Thus sFRP-1 exerts a biphasic effect on Wingless (Wg) activity [88]. Reports from other investigators
and recent publications from our laboratory show the
biphasic role of sFRPs in renal cancer. Gumz et al.
showed that stable re-expression of sFRP-1 in clear cell
RCC cells resulted in decreased expression of Wnt target genes, decreased growth in cell culture, inhibition of
anchorage-independent growth, and decreased tumor
growth in athymic nude mice. Thus sFRP-1 acts as a
tumor suppressor and its restoration attenuated the
clear cell renal cancer tumor phenotype [89]. Other studies reported that sFRP-1 expression loss is a common
event in renal cancer [90,91].
Abnormal promoter methylation of tumor suppressor
genes contributes to tightly heritable gene silencing and
can cause loss of gene function, which thereby contributes to tumorigenesis. Various Wnt pathway components that regulate proper WNT/b-catenin signaling are
frequently disrupted in human cancers through either
genetic or epigenetic alterations [92,93]. Constitutive
activation of WNT/b-catenin signaling as a result of
mutations in APC and b-catenin was first documented
in both inherited familial adenomatous polyposis (FAP)
[37,94] and sporadic colon cancers [38,95]. Mutations of
pathway components including APC, AXIN1/2 and bcatenin are well established in colorectal [35,38,96,97],
gastric [98], hepatocellular [39] as well as other tumors
[99]. Most of the human cancers show elevated levels of
nuclear b-catenin, a hallmark of active WNT/b-catenin
signaling, although mutations of APC, AXIN or b-catenin are substantially less frequent. In renal cell carcinoma APC and b-catenin mutations are uncommon
events [100,101]. Whereas, CpG island hypermethylation
at the promoter of a gene is a common and early event
in kidney tumorigenesis [90,102-105]. Independent studies have reported hypermethylation of atleast one of a
set of different genes (VHL, p16/INK4a, p14ARF, APC,
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RASSF-1A, TIMp-3, MGMT, GSTP1, CDH1, and ARF
RARbeta2) in over 95% of tumor samples representing
all major biological and histological types, grades and
stages compared to no methylation in corresponding
normal renal or urethral tissues. Results have been
found to correlate DNA sediment from pre-operative
urine samples, serum and tissue [102-104] highlighting
their biomarker potential. Functional loss of negative
WNT regulators by epigenetic gene silencing [92] has
been frequently reported to contribute to the activation
or amplification of aberrant WNT/b-catenin signaling in
tumors. CpG promoter hypermethylation has been often
found in antagonists of the Wnt pathway, the SFRP
family, WNT inhibitory factor-1 and DICKKOPF family
members after comparing primary renal cancer samples
to the corresponding normal renal tissues. The methylation levels of six Wnt antagonist genes (sFRP-1, sFRP-2,
sFRP-4, sFRP-5, Wif-1, and Dkk-3) were significantly
higher in renal cancer compared to normal renal tissues.
sFRP-1 methylation was found to be a significant independent predictor of RCC. In RCC patients, the methylation results were identical in samples of tumor and
serum DNA. In addition, the methylation status of Wnt
antagonist genes in serum DNA was significantly correlated with tumor grade and stage showing their potential as useful epigenetic biomarkers [106]. Loss of sFRP1 due to hypermethylation is common in renal carcinoma [103] than other cancers [90]. The expression of
sFRP-1 was decreased 89% at the mRNA level and 75%
at the protein level while the promoter was found to be
methylated in 68% of RCC samples [90]. sFRP-5 was
epigenetically suppressed in RCC and its overexpression
induced apoptosis in renal cancer cell lines [107]. The
Wnt inhibitory factor-1 (WIF-1) promoter was found to
be hypermethylated in RCC and its over-expression
inhibited Wnt activity and induces apoptosis in renal
cancer cells [108]. The Dickkopf class of Wnt antagonists including DKK1, DKK2 and DKK3 are also epigenetically silenced in renal cancer and their overexpression induced apoptosis and inhibited renal cell
growth in-vitro and in-vivo [22,23,109], whereas DKK4
was found higher in renal cancer compared to normal
tissue samples and it activated the non-canonical Wnt
pathway in renal cancer thereby promoting the invasive
and migratory capability of renal cancer cells [24]. The
biphasic effects of some Wnt antagonists and their
potential to activate Wnt signaling have been demonstrated in some recent reports from our lab. Saini et al.
reported that sFRP1 is related to invasiveness and metastatic behavior in RCC [110]. The authors showed that
the invasive capability of a metastatic renal cancer cell
line was decreased by attenuating sFRP1 with a concomitant decrease in the levels of metastasis related gene
MMP10 [110]. sFRP-2 activated the Wnt pathway and
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promoted renal cancer growth [111] whereas sFRP-3
expression induced the MMP-3 and ANGPT1 genes in
renal cancer and thus contributed to the invasive capability of RCC [112]. Uren et al. observed that sFRP-1
exerted a biphasic effect on Wnt activity increasing
armadillo level at low concentrations but reducing it at
higher concentrations. Depending on the expression
levels and molecular, cellular and tissue context, the
SFRPs may promote Wnt signaling by protecting Wnts
from degradation or by facilitating Wnt secretion or
transport [88]. Rubin et al. have reviewed some possible
mechanisms to the contradictory behavior of Wnt
antagonists [113]. The functional consequences of overexpression patterns of Wnt antagonists with regard to
tomorigenesis are largely unknown and much work will
be required to define the specific relationships that govern the interactions of the Wnts, sFRPs, Dickkopfs and
Fdzs.
Wnt signaling in prostate cancer

There is mounting evidence that aberrant activation of
the Wnt pathway is frequently associated with tumor
development, progression and metastasis in prostate cancer [114,115]. This review will mainly focus on the work
that has been done after publication of these previous
reviews. Increased levels of various Wnts and other molecules involved in regulation of Wnt signaling have been
detected in prostate cancer. A recent study showed that
Wnt-5a promotes the aggressiveness of prostate cancer
[116]. The positive detection of Wnt-5a was correlated
with high Gleason scores and biochemical relapse.
Knockdown and over-expression of Wnt-5a reduced and
stimulated, respectively, the invasion and migration activities of prostate cancer cells. Wnt-5a activated Jun-Nterminal kinase through protein kinase D (PKD) and the
inhibition of PKD suppressed Wnt-5a-dependent cell
migration and invasion. Wnt-5a induced the expression
of metalloproteinase-1 through the recruitment of JunD
and thus contributed to the more aggressiveness of prostate cancer [116]. These studies suggest that in prostate
cancer, Wnt-5a may be a useful target for small molecule
inhibitors. Deliberate, well-designed screening campaigns
will be integral to this effort, using either in vitro, cellbased, or in vivo models. As was undertaken to discover
synthetic Wnt-3a inhibitors, high-throughput screens
that utilize cell lines containing pathway-specific reporters will likely be the primary means of identifying such
compounds. Wnt-11 protein levels were found to be elevated in human prostate tumors compared to benign
prostatic hypertrophy specimens and it induced neuroendocrine-like differentiation in prostate cancer cells. Wnt11 promoted prostate cancer cell invasion and migration
and it was required for prostate cancer cell survival [117].
Yee et al. reported that Wnt inhibitor WIF1 gene is

Page 6 of 13

down-regulated in prostate cancer cell lines through promoter hypermethylation. Restoration of WIF1 expression
resulted in decreased motility and invasiveness of prostate cancer cells [118]. In a recent study, Takahashi et al.
showed that the non-canonical Wnt signal stimulates
development of prostatic tumors with AR hyperfunction.
In a prostate cancer model using transgenic mice, the
onset of prostatic tumorigenesis as well as tumor growth
was significantly potentiated by introduction of an AR
point mutation (AR T877A) into the prostate and genetic
screening of mice identified Wnt-5a as an activator [119].
Zhao et al., [120] reported over-expression of hypoxia
inducible factor-1 (HIF-1 a) stimulates the invasion
potency of human prostate carcinoma cells through EMT
pathway and inhibition of Wnt signal activity through bcatenin shRNA caused a reversal of the EMT induced by
HIF-1a [120]. Another study showed that Wnt/b-catenin
signaling has an important role in the progression of
mouse prostatic intraepithelial neoplasia (mPIN) to prostate adenocarcinoma. Prostates of mice expressing SV40large T-antigen (LPB-Tag) and the Wnt/b-catenin pathway resulted in invasive prostate adenocarcinoma. Active
Wnt/b-catenin signaling induced Foxa2, a forkhead transcription factor, that was associated with the invasive
phenotype in primary prostate cancer [121].
A number of previous studies have reported that bcatenin is a biomarker in prostate cancer. Although bcatenin stability is regulated by a multi-component
destruction complex, mutational alterations of b-catenin
or other components of the destruction complexes are
rare in prostate tumors. Therefore, b-catenin may be
regulated by another protein in prostate cancer. Somatic
deletion analysis in prostate cancers revealed a 1.4-Mb
candidate tumor suppressor locus on 8p23.1, which
includes the Sox7 gene [122]. Sox7 protein expression
was down-regulated in 47% of prostate adenocarcinomas
whereas mRNA was down-regulated in 60% of snap-frozen tumors. The silencing of this gene was due to promoter hypermethylation in prostate cancer. Sox7
suppressed b-catenin mediated transcription by depleting active b-catenin [122]. Another study showed that
combinatorial oncogenic mutations of K-ras and b-catenin drive rapid progression of prostate tumorigenesis to
invasive carcinoma, characterized by the synergistic elevation of androgen receptor, cyclooxygenase-2 and cMyc [123]. Yardy et al. [124] studied mutations in genes
encoding Wnt pathway in prostate cancer clinical samples and cell lines. Abnormal patterns of b-catenin
expression were observed in 71% of specimens suggesting Wnt pathway dysregulation. One APC mutation,
two b-catenin gene mutations and 7 DNA sequence variations in the Axin gene were detected. Four different
Axin polymorphisms were also found in cell lines [124].
Although this study does not provide definite evidence
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that the observed sequence changes alter protein function, it does discuss the potential functional relevance of
these variants in prostate cancer progression. More than
50% of human prostate cancers overexpress ERG (v-ets
avaian erythroblastosis virus E26 oncogene related
gene). Activation of AR has been shown to induce ERG
through AR/TMPRSS2-ERG fusion. ERG induction and
nuclear translocation resulted in the activation of the
Wnt signaling pathway and promoted invasive capacity
of prostate cancer cells [125].
Wnt signaling and prostate cancer metastasis to bone

In addition to roles in the initiation and progression of
the primary tumor, the Wnt pathway may also play key
roles in the metastasis of prostate tumors, particularly to
the bone [115,126,127]. Prostate cancer primarily metastasizes to bone, and the interaction of cancer cells with
bone cells results in a local activation of bone formation
(osteoblastic lesions). Bone morphogenetic proteins
(BMP) and Wnts are mediators of prostate cancer
induced osteoblastic activity (Figure 2). Wnt-3a and
Wnt-5a administration or knockdown of DKK-1

Figure 2 Role of the Wnt signaling pathway in prostate cancer
bone metastasis. Prostate cancer cells have both osteolytic and
osteoblastic potential. Early in skeletal metastasis, prostate cancer
cells produce pro-osteolytic factors such as receptor activator of
NFkB ligand (RANKL), interleukin-6 (IL-6) and parathyroid hormonerelated protein (PTHrP) that stimulate osteoclastogenesis and also
produce an inhibitor of osteoblastic activity, dickkopf-1 (DKK1). The
resulting osteolytic activity releases growth factors from the bone
and alters the bone microenvironment, which in turn alters the
phenotype of prostate cancer cells. The prostate cancer cells start to
produce osteoblastic factors such as bone morphogenetic proteins
(BMP), PTHrP (which can act as an anabolic factor) and factors that
inhibit osteclastogenic activity, such as, osteoprotegerin (OPG),
which blocks RANKL. Additionally, DKK-1 expression is decreased
resulting in the osteoblastic phase.
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induced BMP-4 and 6 expression and promoter activation in prostate cancer cells. Transfection of C4-2B cells
with axin, an inhibitor of canonical Wnt signaling,
blocked Wnt-3a but not Wnt-5a induction of BMP promoters. In contrast, Jnk inhibitor 1 blocked Wnt-5a but
not Wnt-3a induction of the BMP promoters. Wnt-3a,
Wnt-5a and conditioned medium from prostate cancer
cells induced osteoblast differentiation in-vitro and pretreatment of prostate cancer cells with DKK1 diminished osteoblast differentiation. The authors concluded
that prostate cancer promotes osteoblast differentiation
through canonical and noncanonical Wnt signaling
pathways that stimulate both BMP-dependent and
BMP-independent osteoblast differentiation [128]. In the
context of the bone micro-environment, Wnt antagonist
DKK1 promotes the development of osteolytic lesions.
Hall et al. [129] proposed that elevated DKK1 expression is an early event in prostate cancer and it may be
involved in an initial osteolytic phase of prostate cancer
metastasis to the bone. As prostate cancer progresses
DKK1 expression declines, particularly in advanced bone
metastases. This decline of DKK1 unmasks Wnt’s osteoblastic activity and thus a shift to an osteoblastic phase
occurs [129] (Figure 2). In a recent study, Thudi et al.
[130] reported that DKK1 significantly increased Ace-1
subcutaneous tumor mass and the incidence of bone
metastases after intracardiac injection of Ace-1 prostate
cancer cells. The increase in tumor growth was associated with increased phopho46 c-Jun amino-terminal
kinase by the Wnt noncanonical pathway. DKK1
decreased the Ace-1 osteoblastic phenotype of bone
metastases via the Wnt canonical pathway evidenced by
an inhibition of T-cell factor activity in murine osteoblast precursor ST2 cells [130]. Much work needs to be
done to understand the role of Wnt signaling pathway
activation and inhibition in both the metastatic prostate
cancer cells and the osteoblasts in the surrounding
lesions. Still, the Wnt pathway is now a promising target
for the development of therapeutics that may interfere
with prostate cancer metastasis to the bone.
Wnt signaling in bladder cancer

While the role of Wnt signaling in bladder cancer has
not been extensively studied, the studies done so far
demonstrate that it plays a significant role in bladder
oncogenesis. A recent study by Ahmad et al. showed
that activation of Wnt signaling plays a critical role in
driving baldder cancer and suggests that human bladder
cancers which have high levels of Wnt and PI3 kinase
signaling may be responsive to mTOR inhibition [131].
Another study from the same group reported that the
Wnt signaling pathway is deregulated in approximately
25% of bladder cancer and a combined Ras mutation
with an activating b-catenin mutation within the mouse
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bladder rapidly developed bladder cancers [132]. Evidence of activation of Wnt signaling in urothelial carcinoma also comes from other studies that identified
frequent gene silencing of endogenous Wnt inhibitors
[133] and less frequent APC mutations in bladder cancer [134,135]. Wnt-7b was found to be upregulated in
papillary noninvasive carcinomas [136]. Stoehr et al.
reported that in primary urothelial bladder tumors and
cell lines, LOH at the APC gene locus was found in 10%
of the informative cases. No mutations were found in
either CTNNB1 or APC. All bladder cancer cell lines
showed normal membranous b-catenin staining without
evidence for nuclear or cytoplasmic accumulation. The
authors concluded that alteration of APC and b-catenin
are rare events in urothelial carcinomas [134]. The same
group however found that 38% of bladder cancer samples showed loss of sFRP1 expression at the mRNA
level whereas at the protein level loss or strong reduction of sFRP1 was observed in 66% of samples. The loss
of sFRP1 was associated with higher tumor stage and
grade and shorter overall survival. They reported that
loss of sFRP1 was an independent indicator of poor survival in patients with papillary bladder cancer but not
with muscle invasive bladder cancer [137]. Another
study demonstrated higher promoter CpG hypermethylation and lower expression of mRNA transcripts for
sFRP-1, sFRP-2, sFRP-4, and sFRP-5, Dkk-3, and Wif-1
genes in bladder tumor compared with normal bladder
mucosa showing an inverse correlation. The methylation
levels of sFRP-2 and Dkk-3 were found to be significant
independent predictors of bladder tumors, whereas with
sFRP-1, sFRP-5, and Wif-1, a trend towards significance
was found as independent predictors [138]. Thus Wnt
signaling appears to promote bladder cancer growth
potentially in both noninvasive and invasive bladder
cancer.
Gene silencing by DNA methylation downregulates
expression of several secreted Wnt antagonists, including WIF-1 and DKK1. Wissmann et al. reported that
26% of bladder cancers showed reduction of Wnt inhibitory factor-1 (WIF-1) expression that correlated with
higher tumor stage in bladder tumors [139]. Another
group reported that the WIF-1 promoter was hypermethylated in bladder cancer that may contribute to the
pathogenesis of bladder cancer through aberrant canonical Wnt/b-catenin signaling. Higher nuclear accumulation of b-catenin was observed that inversely correlated
with the WIF-1 expression and the LOH close to the
WIF-1 gene loci was found to be a rare event in bladder
cancer [140].
Wnt signaling and microRNA

MicroRNAs (miRNAs) are small, non-coding RNAs that
have been found to regulate expression of 60% of all
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human genes through targeted repression of gene transcription and translation. They play important roles in a
wide spectrum of biological processes, including development, proliferation, and apoptosis [141-143]. Investigations into the role of microRNA with regard to the
Wnt pathway in urological cancers are in their infancy
and only a few studies are available. MicroRNA-15a and
miR-16-1 were reported to be tumor suppressors in
prostate cancer. Both microRNAs form a cluster in
chromosome region 13q14, which is frequently deleted
in cancers. In advanced prostate cancer tumors, miR15a and miR-16-1 levels were found to be significantly
decreased with an increased expression of WNT-3a,
Bcl2 and CCND1. Reconstitution of these microRNAs
resulted in growth arrest, apoptosis and marked regression of prostate tumor xenografts through the downregulation of WNT-3a, Bcl2 and CCND1 [144]. Another
study demonstrated that the expression of miR-200
family members- miR-200a, miR-200b, and miR-200c
was significantly downregulated in PC3 PDGF-D cells
compared with PC3 Neo cells. Re-expression of the
miR-200 family in prostate cancer cells led to the reversal of the epithelial-mesenchymal transtition (EMT)
phenotype, which was associated with the down-regulation of ZEB1 and ZEB2 and concomitant increased
expression of epithelial markers like E-cadherin,
EpCAM and CRB3 [145].
Despite great advances in other cancers, miRNAs
related to Wnt signaling remain largely uncharted with
regard to urological cancers. Signaling complexes are
highly dynamic, ephemeral and non-stoichiometric
molecular ensembles and emerging evidence suggests
that miRNAs translate into dose-dependent responsiveness of cells to signaling molecules such as Wnt, Notch
etc. As such, signaling molecules are the ideal targets
for the degree of quantitative fluctuations imposed by
miRNAs. This might enable the multi-gene regulatory
capacity of miRNAs to remodel the signaling landscape,
facilitating or opposing the transmission of information
to downstream effectors in an effective and timely manner. Much work needs to be done to decipher miRNA
function with regard to Wnt signaling molecules in urological cancers.
Wnt signaling inhibitors

Given the critical roles of Wnt pathway activation in the
pathophysiology of many human diseases including cancer, interest in the development of Wnt signaling inhibitors has increased substantially. Several groups have
identified various therapies and phytochemicals that
either directly or indirectly disrupt b-catenin-mediated
Wnt signaling. These agents include non-steroidal antiinflammatory drugs, exisulind, vitamin A derivatives,
endostatin etc. and phytochemicals such as flavanoids
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(genistein), curcumin, epigallocatechin-3-gallate (EGCG),
resveratrol, lupeol, retinoids, lycopene and deguelin etc.
(reviewed in ref. [74,146]). Different components of Wnt
signaling pathway can be regarded as useful targets in
preventing and treating cancer and the pharmacological
modulation of Wnt target genes expression might
require small molecules that can perturb multiple isoforms of a given Wnt pathway component. The identification of such small molecules is indeed a challenging
endeavor. The first unbiased screen for Wnt pathway
inhibitors was reported using a cell line stably transfected with a Wnt3a expression construct and TCF/
LER-dependent firefly luciferase reporter [147]. Almost
200 000 compounds were surveyed and molecules that
inhibit Wnt ligand production or responsiveness were
discovered in this screen. The authors discovered two
classes of small molecules that disrupt Wnt pathway
responses; one class of molecules, benzothiazole-based
inhibitors of Wnt production (IWPs), target the activity
of Porcupine, a membrane-bound acyltransferase that is
essential to the production of Wnt proteins, the other
class is inhibitor of Wnt response (IWRs) that abrogates
destruction of Axin proteins, which are suppressors of
Wnt/beta-catenin pathway activity. Another group used
a similar highthroughput chemical genetic screen to
identify a small molecule, trifluoromethylphenylpyrimidine derivative called XAV939, which selectively inhibits
b-catenin-mediated transcription [148]. XAV939 stimulates b-catenin degradation by stabilizing axin, the concentration-limiting component of the destruction
complex. Using a quantitative chemical proteomic
approach, authors discovered that XAV939 stabilizes
axin by inhibiting the poly-ADP-ribosylating enzymes
tankyrase 1 and tankyrase 2. Both tankyrase isoforms
interact with a highly conserved domain of axin and stimulate its degradation through the ubiquitin-proteasome pathway [148]. These studies show the promise of
small-molecules as next-generation chemotherapies. The
clinical use of these agents is associated with certain
risks and challenges. It is possible that chemical modulators of these developmental pathways will have unintended effects on tissue homeostasis and regeneration
since these processes frequently recapitulate developmental mechanisms, for example, Wnt signaling is
required for renewal of the intestinal epithelium. The
effects of these inhibitors on normal adult physiology
are likely to be reversible, and it is possible that dysregulated cells associated with human disease will be
more sensitive to these compounds than healthy adult
tissues. Technologies that help target these therapies to
diseased cells could also help mitigate any adverse
responses. However, extra caution should be exercised
with treatments as they can lead to life-long developmental deficits. Despite these risks, small-molecule
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inhibitors of developmental signaling pathways provide
new, long-awaited hope for many patients afflicted with
diseases that currently lack effective treatments.

Conclusion and perspectives
Given the similarities between embryonic growth control,
dysregulated cell proliferation in development of cancer
and the findings that Wnt signaling regulates kidney
organogenesis, the Wnts were candidates for involvement
in the development of kidney cancers and thus it has
been widely studied in relation to kidney cancers so far.
Intense efforts have also been made recently to examine
the role of the Wnt pathway in prostate cancer. The Wnt
signaling pathway and its key component b-catenin have
also recently emerged as important players in bladder
tumorigenesis. However, very few studies have been carried out to understand the biological role of this pathway
in the pathogenesis of bladder cancer. The intent of this
review was to highlight the studies performed around the
Wnt signaling pathway in urological cancers and to promote its unexploited potential for drug design and biomarker use.
Recent data have shown that perturbations in Wnt
signaling are involved in urological cancers. Tumor promotion by this pathway can proceed through a number
of different genetic and epigenetic defects. In particular,
a wealth of evidence implicates that chronic activation
of b-catenin signaling is common in many tumor types.
There is a clear need for new lead compounds targeting
the Wnt/b-catenin pathway. These inhibitors may provide significant therapeutic benefit against a variety of
human diseases in which the Wnt signaling pathway
plays an important pathological role. Due to the emerging role of miRNAs in signal transduction, it also
becomes apparent how the highly dose-sensitive nature
of developmental signaling pathways like Wnt renders
them prime candidates for miRNA regulation. Merging
activity-based or expression-based screens with new
RNA-based therapeutics may offer opportunities for targeting Wnt signaling pathways in cancer.
Acknowledgements
We thank Dr Roger Erickson for his support and assistance with the
preparation of the manuscript. The work in Dr Dahiya’s lab is supported by
Grant RO1CA130860 from the NIH (PI: R.D.).
Author details
Department of Urology, Veterans Affairs Medical Center, San Francisco and
University of California San Francisco, 4150 Clement Street, San Francisco CA
94121, USA. 2Professor and Director, Urology Research Center (112 F),
Veterans Affairs Medical Center and University of California at San Francisco,
4150 Clement Street, San Francisco CA 94121, USA.
1

Authors’ contributions
SM prepared the manuscript. SS assisted in the preparation and RD edited
and modified this review article. All authors read and approved the final
manuscript.

Majid et al. Molecular Cancer 2012, 11:7
http://www.molecular-cancer.com/content/11/1/7

Author's information
Dr. Shahana Majid serves as an Assistant Research Scientist in the
Department of Urology at UCSF and the VA Medical Center. Dr. Majid’s
research interests include genetic and epigenetic studies and exploring the
role of tumor suppressor genes in urological cancers. Currently, Dr. Majid’s
research explores the role of microRNA mediated gene activation and
function in prostate, kidney and bladder cancers.
Dr. Saini is an Assistant Research Scientist in the Department of Urology at
SFVAMC/UCSF. Her research is primarily focused on understanding the
etiology of various urological malignancies, including kidney cancers. She is
particularly keen on exploring the molecular basis of progression and
metastasis of these malignancies. A molecular biologist by training, Dr. Saini
has worked as a post-doc fellow at University of Massachusetts Medical
School Worcester and SFVAMC/UCSF.
Dr. Rajvir Dahiya is a professor and Director of Urology Research Center at
the UCSF/VAMC. Dr. Dahiya has a long-standing interest in molecular
genetics and epigenetics of urological malignancies with a focus on
developing novel biomarkers for the early diagnosis and prognosis of these
cancers. Dr. Dahiya has published over 300 original research manuscripts in
national and international journals and holds multiple oncology patents. Dr.
Dahiya is a program director for many research projects.
Competing of interests
The authors declare that they have no competing interests.
Received: 7 November 2011 Accepted: 10 February 2012
Published: 10 February 2012
References
1. Affolter M, Bellusci S, Itoh N, Shilo B, Thiery JP, Werb Z: Tube or not tube:
remodeling epithelial tissues by branching morphogenesis. Dev Cell
2003, 4:11-18.
2. Cadigan KM, Nusse R: Wnt signaling: a common theme in animal
development. Genes Dev 1997, 11:3286-3305.
3. Thiery JP: Epithelial-mesenchymal transitions in tumour progression. Nat
Rev Cancer 2002, 2:442-454.
4. Harland RM: Developmental biology. A twist on embryonic signalling.
Nature 2001, 410:423-424.
5. Jiang J, Struhl G: Regulation of the Hedgehog and Wingless signalling
pathways by the F-box/WD40-repeat protein Slimb. Nature 1998,
391:493-496.
6. Zecca M, Basler K, Struhl G: Sequential organizing activities of engrailed,
hedgehog and decapentaplegic in the Drosophila wing. Development
1995, 121:2265-2278.
7. Nusse R: Patching up Hedgehog Nature 1996, 384:119-120.
8. Nusse R: Wnt signaling in disease and in development. Cell Res 2005,
15:28-32.
9. Logan CY, Nusse R: The Wnt signaling pathway in development and
disease. Annu Rev Cell Dev Biol 2004, 20:781-810.
10. Baeg GH, Perrimon N: Functional binding of secreted molecules to
heparan sulfate proteoglycans in Drosophila. Curr Opin Cell Biol 2000,
12:575-580.
11. Wodarz A, Nusse R: Mechanisms of Wnt signaling in development. Annu
Rev Cell Dev Biol 1998, 14:59-88.
12. Polakis P: Wnt signaling and cancer Genes Dev 2000, 14:1837-1851.
13. Bienz M, Clevers H: Linking colorectal cancer to Wnt signaling. Cell 2000,
103:311-320.
14. Hobmayer B, Rentzsch F, Kuhn K, Happel CM, von Laue CC, Snyder P,
Rothbacher U, Holstein TW: WNT signalling molecules act in axis
formation in the diploblastic metazoan Hydra. Nature 2000, 407:186-189.
15. McMahon AP, Moon RT: Ectopic expression of the proto-oncogene int-1
in Xenopus embryos leads to duplication of the embryonic axis. Cell
1989, 58:1075-1084.
16. Bray S: A Notch affair Cell 1998, 93:499-503.
17. Massague J, Blain SW, Lo RS: TGFbeta signaling in growth control, cancer,
and heritable disorders. Cell 2000, 103:295-309.
18. Taipale J, Saharinen J, Keski-Oja J: Extracellular matrix-associated
transforming growth factor-beta: role in cancer cell growth and
invasion. Adv Cancer Res 1998, 75:87-134.
19. Itasaki N, Hoppler S: Crosstalk between Wnt and bone morphogenic
protein signaling: a turbulent relationship. Dev Dyn 2010, 239:(1):16-33.

Page 10 of 13

20. Sun L, Tian Z, Wang J: A direct cross-talk between interferon-gamma and
sonic hedgehog signaling that leads to the proliferation of neuronal
precursor cells. Brain Behav Immun 2010, 24:(2):220-228.
21. Vivekanand P, Rebay I: Intersection of signal transduction pathways and
development. Annu Rev Genet 2006, 40:139-157.
22. Ueno K, Hirata H, Majid S, Chen Y, Zaman MS, Tabatabai ZL, Hinoda Y,
Dahiya R: Wnt antagonist DICKKOPF-3 (Dkk-3) induces apoptosis in
human renal cell carcinoma. Mol Carcinog 2011, 50:(6):449-457.
23. Hirata H, Hinoda Y, Nakajima K, Kawamoto K, Kikuno N, Ueno K,
Yamamura S, Zaman MS, Khatri G, Chen Y, et al: Wnt antagonist DKK1 acts
as a tumor suppressor gene that induces apoptosis and inhibits
proliferation in human renal cell carcinoma. Int J Cancer 2011, 128:
(8):1793-1803.
24. Hirata H, Hinoda Y, Majid S, Chen Y, Zaman MS, Ueno K, Nakajima K,
Tabatabai ZL, Ishii N, Dahiya R: DICKKOPF-4 activates the noncanonical cJun-NH2 kinase signaling pathway while inhibiting the Wnt-canonical
pathway in human renal cell carcinoma. Cancer 2011, 117:(8):1649-1660.
25. Nelson WJ, Nusse R: Convergence of Wnt, beta-catenin, and cadherin
pathways. Science 2004, 303:1483-1487.
26. Rijsewijk F, Schuermann M, Wagenaar E, Parren P, Weigel D, Nusse R: The
Drosophila homolog of the mouse mammary oncogene int-1 is identical
to the segment polarity gene wingless. Cell 1987, 50:649-657.
27. Moon RT: Wnt/beta-catenin pathway. Sci STKE 2005, 2005:(271):cm1.
28. Veeman MT, Axelrod JD, Moon RT: A second canon. Functions and
mechanisms of beta-catenin-independent Wnt signaling. Dev Cell 2003,
5:367-377.
29. Kohn AD, Moon RT: Wnt and calcium signaling: beta-cateninindependent pathways. Cell Calcium 2005, 38:439-446.
30. Strutt D: Frizzled signalling and cell polarisation in Drosophila and
vertebrates. Development 2003, 130:4501-4513.
31. Nusse R, Varmus HE: Many tumors induced by the mouse mammary
tumor virus contain a provirus integrated in the same region of the host
genome. Cell 1982, 31:99-109.
32. Bradbury JM, Niemeyer CC, Dale TC, Edwards PA: Alterations of the growth
characteristics of the fibroblast cell line C3H 10 T1/2 by members of the
Wnt gene family. Oncogene 1994, 9:2597-2603.
33. Wong GT, Gavin BJ, McMahon AP: Differential transformation of
mammary epithelial cells by Wnt genes. Mol Cell Biol 1994, 14:6278-6286.
34. Shimizu H, Julius MA, Giarre M, Zheng Z, Brown AM, Kitajewski J:
Transformation by Wnt family proteins correlates with regulation of
beta-catenin. Cell Growth Differ 1997, 8:1349-1358.
35. Lammi L, Arte S, Somer M, Jarvinen H, Lahermo P, Thesleff I, Pirinen S,
Nieminen P: Mutations in AXIN2 cause familial tooth agenesis and
predispose to colorectal cancer. Am J Hum Genet 2004, 74:1043-1050.
36. Kinzler KW, Nilbert MC, Su LK, Vogelstein B, Bryan TM, Levy DB, Smith KJ,
Preisinger AC, Hedge P, McKechnie D, et al: Identification of FAP locus
genes from chromosome 5q21. Science 1991, 253:661-665.
37. Nishisho I, Nakamura Y, Miyoshi Y, Miki Y, Ando H, Horii A, Koyama K,
Utsunomiya J, Baba S, Hedge P: Mutations of chromosome 5q21 genes in
FAP and colorectal cancer patients. Science 1991, 253:665-669.
38. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, Kinzler KW:
Activation of beta-catenin-Tcf signaling in colon cancer by mutations in
beta-catenin or APC. Science 1997, 275:1787-1790.
39. Satoh S, Daigo Y, Furukawa Y, Kato T, Miwa N, Nishiwaki T, Kawasoe T,
Ishiguro H, Fujita M, Tokino T, et al: AXIN1 mutations in hepatocellular
carcinomas, and growth suppression in cancer cells by virus-mediated
transfer of AXIN1. Nat Genet 2000, 24:245-250.
40. Shiina H, Igawa M, Breault J, Ribeiro-Filho L, Pookot D, Urakami S,
Terashima M, Deguchi M, Yamanaka M, Shirai M, et al: The human T-cell
factor-4 gene splicing isoforms, Wnt signal pathway, and apoptosis in
renal cell carcinoma. Clin Cancer Res 2003, 9:2121-2132.
41. Guillen-Ahlers H: Wnt signaling in renal cancer. Curr Drug Targets 2008,
9:591-600.
42. Nakamura T, Hamada F, Ishidate T, Anai K, Kawahara K, Toyoshima K,
Akiyama T: Axin, an inhibitor of the Wnt signalling pathway, interacts
with beta-catenin, GSK-3beta and APC and reduces the beta-catenin
level. Genes Cells 1998, 3:395-403.
43. Liu C, Li Y, Semenov M, Han C, Baeg GH, Tan Y, Zhang Z, Lin X, He X:
Control of beta-catenin phosphorylation/degradation by a dual-kinase
mechanism. Cell 2002, 108:837-847.

Majid et al. Molecular Cancer 2012, 11:7
http://www.molecular-cancer.com/content/11/1/7

44. Yost C, Torres M, Miller JR, Huang E, Kimelman D, Moon RT: The axisinducing activity, stability, and subcellular distribution of beta-catenin is
regulated in Xenopus embryos by glycogen synthase kinase 3. Genes
Dev 1996, 10:1443-1454.
45. Hart M, Concordet JP, Lassot I, Albert I: del los Santos R, Durand H, Perret
C, Rubinfeld B, Margottin F, Benarous R, Polakis P: The F-box protein
beta-TrCP associates with phosphorylated beta-catenin and regulates its
activity in the cell. Curr Biol 1999, 9:207-210.
46. Aberle H, Bauer A, Stappert J, Kispert A, Kemler R: beta-catenin is a target
for the ubiquitin-proteasome pathway. EMBO J 1997, 16:3797-3804.
47. Clevers H: Wnt/beta-catenin signaling in development and disease. Cell
2006, 127:469-480.
48. Beroukhim R, Brunet JP, Di Napoli A, Mertz KD, Seeley A, Pires MM,
Linhart D, Worrell RA, Moch H, Rubin MA, et al: Patterns of gene
expression and copy-number alterations in von-hippel lindau diseaseassociated and sporadic clear cell carcinoma of the kidney. Cancer Res
2009, 69:4674-4681.
49. Furge KA, Chen J, Koeman J, Swiatek P, Dykema K, Lucin K, Kahnoski R,
Yang XJ, Teh BT: Detection of DNA copy number changes and oncogenic
signaling abnormalities from gene expression data reveals MYC
activation in high-grade papillary renal cell carcinoma. Cancer Res 2007,
67:3171-3176.
50. Kim YS, Kang YK, Kim JB, Han SA, Kim KI, Paik SR: beta-catenin expression
and mutational analysis in renal cell carcinomas. Pathol Int 2000,
50:725-730.
51. Sansom OJ, Griffiths DF, Reed KR, Winton DJ, Clarke AR: Apc deficiency
predisposes to renal carcinoma in the mouse. Oncogene 2005,
24:8205-8210.
52. Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, Zhang X, Yang Q, Bennett C,
Harada Y, Stankunas K, et al: TSC2 integrates Wnt and energy signals via
a coordinated phosphorylation by AMPK and GSK3 to regulate cell
growth. Cell 2006, 126:955-968.
53. Janssens N, Andries L, Janicot M, Perera T, Bakker A: Alteration of frizzled
expression in renal cell carcinoma. Tumour Biol 2004, 25:161-171.
54. Chakraborty PK, Scharner B, Jurasovic J, Messner B, Bernhard D, Thevenod F:
Chronic cadmium exposure induces transcriptional activation of the Wnt
pathway and upregulation of epithelial-to-mesenchymal transition
markers in mouse kidney. Toxicol Lett 2010, 198:(1):69-76.
55. Latif F, Tory K, Gnarra J, Yao M, Duh FM, Orcutt ML, Stackhouse T, Kuzmin I,
Modi W, Geil L, et al: Identification of the von Hippel-Lindau disease
tumor suppressor gene. Science 1993, 260:1317-1320.
56. Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, Li H, Latif F, Liu S, Chen F,
Duh FM, et al: Mutations of the VHL tumour suppressor gene in renal
carcinoma. Nat Genet 1994, 7:85-90.
57. Patel PH, Chadalavada RS, Chaganti RS, Motzer RJ: Targeting von HippelLindau pathway in renal cell carcinoma. Clin Cancer Res 2006,
12:7215-7220.
58. Cockman ME, Masson N, Mole DR, Jaakkola P, Chang GW, Clifford SC,
Maher ER, Pugh CW, Ratcliffe PJ, Maxwell PH: Hypoxia inducible factoralpha binding and ubiquitylation by the von Hippel-Lindau tumor
suppressor protein. J Biol Chem 2000, 275:25733-25741.
59. Iliopoulos O, Levy AP, Jiang C, Kaelin WG Jr: Goldberg MA: Negative
regulation of hypoxia-inducible genes by the von Hippel-Lindau protein.
Proc Natl Acad Sci USA 1996, 93:10595-10599.
60. Shweiki D, Itin A, Soffer D, Keshet E: Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature
1992, 359:843-845.
61. Semenza GL: Regulation of mammalian O2 homeostasis by hypoxiainducible factor 1. Annu Rev Cell Dev Biol 1999, 15:551-578.
62. Beck I, Weinmann R, Caro J: Characterization of hypoxia-responsive
enhancer in the human erythropoietin gene shows presence of hypoxiainducible 120-Kd nuclear DNA-binding protein in erythropoietinproducing and nonproducing cells. Blood 1993, 82:704-711.
63. Semenza GL, Wang GL: A nuclear factor induced by hypoxia via de novo
protein synthesis binds to the human erythropoietin gene enhancer at a
site required for transcriptional activation. Mol Cell Biol 1992,
12:5447-5454.
64. Chen F, Kishida T, Duh FM, Renbaum P, Orcutt ML, Schmidt L, Zbar B:
Suppression of growth of renal carcinoma cells by the von HippelLindau tumor suppressor gene. Cancer Res 1995, 55:4804-4807.

Page 11 of 13

65. Zimmer M, Doucette D, Siddiqui N, Iliopoulos O: Inhibition of hypoxiainducible factor is sufficient for growth suppression of VHL-/- tumors.
Mol Cancer Res 2004, 2:89-95.
66. Peruzzi B, Athauda G, Bottaro DP: The von Hippel-Lindau tumor
suppressor gene product represses oncogenic beta-catenin signaling in
renal carcinoma cells. Proc Natl Acad Sci USA 2006, 103:14531-14536.
67. Linehan WM, Rubin JS, Bottaro DP: VHL loss of function and its impact on
oncogenic signaling networks in clear cell renal cell carcinoma. Int J
Biochem Cell Biol 2009, 41:753-756.
68. Choi H, Chun YS, Kim TY, Park JW: HIF-2alpha enhances beta-catenin/TCFdriven transcription by interacting with beta-catenin. Cancer Res 2010, 70:
(24):10101-10111.
69. Chitalia VC, Foy RL, Bachschmid MM, Zeng L, Panchenko MV, Zhou MI,
Bharti A, Seldin DC, Lecker SH, Dominguez I, Cohen HT: Jade-1 inhibits
Wnt signalling by ubiquitylating beta-catenin and mediates Wnt
pathway inhibition by pVHL. Nat Cell Biol 2008, 10:1208-1216.
70. Berndt JD, Moon RT, Major MB: Beta-catenin gets jaded and von HippelLindau is to blame. Trends Biochem Sci 2009, 34:101-104.
71. Thevenod F, Chakraborty PK: The role of Wnt/beta-catenin signaling in
renal carcinogenesis: lessons from cadmium toxicity studies. Curr Mol
Med 2010, 10:(4):387-404.
72. Kojima T, Shimazui T, Hinotsu S, Joraku A, Oikawa T, Kawai K, Horie R,
Suzuki H, Nagashima R, Yoshikawa K, et al: Decreased expression of CXXC4
promotes a malignant phenotype in renal cell carcinoma by activating
Wnt signaling. Oncogene 2009, 28:297-305.
73. Ueno K, Hirata H, Majid S, Tabatabai Z, Hinoda Y, Dahiya R: IGFBP-4
activates the Wnt/beta-catenin signaling pathway and induces M-CAM
expression in human renal cell carcinoma. Int J Cancer 2011, 129:
(10):2360-2369.
74. Janssens N, Janicot M, Perera T: The Wnt-dependent signaling pathways
as target in oncology drug discovery. Invest New Drugs 2006, 24:263-280.
75. Kuhl M, Sheldahl LC, Park M, Miller JR, Moon RT: The Wnt/Ca2+ pathway: a
new vertebrate Wnt signaling pathway takes shape. Trends Genet 2000,
16:279-283.
76. Sheldahl LC, Park M, Malbon CC, Moon RT: Protein kinase C is
differentially stimulated by Wnt and Frizzled homologs in a G-proteindependent manner. Curr Biol 1999, 9:695-698.
77. Westfall TA, Brimeyer R, Twedt J, Gladon J, Olberding A, Furutani-Seiki M,
Slusarski DC: Wnt-5/pipetail functions in vertebrate axis formation as a
negative regulator of Wnt/beta-catenin activity. J Cell Biol 2003,
162:889-898.
78. Park M, Moon RT: The planar cell-polarity gene stbm regulates cell
behaviour and cell fate in vertebrate embryos. Nat Cell Biol 2002, 4:20-25.
79. Veeman MT, Slusarski DC, Kaykas A, Louie SH, Moon RT: Zebrafish prickle, a
modulator of noncanonical Wnt/Fz signaling, regulates gastrulation
movements. Curr Biol 2003, 13:680-685.
80. Topol L, Jiang X, Choi H, Garrett-Beal L, Carolan PJ, Yang Y: Wnt-5a inhibits
the canonical Wnt pathway by promoting GSK-3-independent betacatenin degradation. J Cell Biol 2003, 162:899-908.
81. Habas R, Dawid IB, He X: Coactivation of Rac and Rho by Wnt/Frizzled
signaling is required for vertebrate gastrulation. Genes Dev 2003,
17:295-309.
82. Katoh M: WNT/PCP signaling pathway and human cancer (review). Oncol
Rep 2005, 14:1583-1588.
83. Kawano Y, Kypta R: Secreted antagonists of the Wnt signalling pathway. J
Cell Sci 2003, 116:2627-2634.
84. Glinka A, Wu W, Delius H, Monaghan AP, Blumenstock C, Niehrs C:
Dickkopf-1 is a member of a new family of secreted proteins and
functions in head induction. Nature 1998, 391:357-362.
85. Bafico A, Liu G, Yaniv A, Gazit A, Aaronson SA: Novel mechanism of Wnt
signalling inhibition mediated by Dickkopf-1 interaction with LRP6/
Arrow. Nat Cell Biol 2001, 3:683-686.
86. Dennis S, Aikawa M, Szeto W: d’Amore PA, Papkoff J: A secreted frizzled
related protein, FrzA, selectively associates with Wnt-1 protein and
regulates wnt-1 signaling. J Cell Sci 1999, 112:(Pt 21):3815-3820.
87. Lin K, Wang S, Julius MA, Kitajewski J, Moos M Jr: Luyten FP: The cysteinerich frizzled domain of Frzb-1 is required and sufficient for modulation
of Wnt signaling. Proc Natl Acad Sci USA 1997, 94:11196-11200.
88. Uren A, Reichsman F, Anest V, Taylor WG, Muraiso K, Bottaro DP,
Cumberledge S, Rubin JS: Secreted frizzled-related protein-1 binds

Majid et al. Molecular Cancer 2012, 11:7
http://www.molecular-cancer.com/content/11/1/7

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.
100.

101.

102.

103.

104.

105.

106.

107.

directly to Wingless and is a biphasic modulator of Wnt signaling. J Biol
Chem 2000, 275:4374-4382.
Gumz ML, Zou H, Kreinest PA, Childs AC, Belmonte LS, LeGrand SN, Wu KJ,
Luxon BA, Sinha M, Parker AS, et al: Secreted frizzled-related protein 1
loss contributes to tumor phenotype of clear cell renal cell carcinoma.
Clin Cancer Res 2007, 13:4740-4749.
Dahl E, Wiesmann F, Woenckhaus M, Stoehr R, Wild PJ, Veeck J, Knuchel R,
Klopocki E, Sauter G, Simon R, et al: Frequent loss of SFRP1 expression in
multiple human solid tumours: association with aberrant promoter
methylation in renal cell carcinoma. Oncogene 2007, 26:5680-5691.
Awakura Y, Nakamura E, Ito N, Kamoto T, Ogawa O: Methylationassociated silencing of SFRP1 in renal cell carcinoma. Oncol Rep 2008,
20:1257-1263.
Jones PA, Baylin SB: The fundamental role of epigenetic events in cancer.
Nat Rev Genet 2002, 3:415-428.
Suzuki H, Watkins DN, Jair KW, Schuebel KE, Markowitz SD, Chen WD,
Pretlow TP, Yang B, Akiyama Y, Van Engeland M, et al: Epigenetic
inactivation of SFRP genes allows constitutive WNT signaling in
colorectal cancer. Nat Genet 2004, 36:417-422.
Kinzler KW, Nilbert MC, Vogelstein B, Bryan TM, Levy DB, Smith KJ,
Preisinger AC, Hamilton SR, Hedge P, Markham A, et al: Identification of a
gene located at chromosome 5q21 that is mutated in colorectal
cancers. Science 1991, 251:1366-1370.
Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW,
Vogelstein B, Clevers H: Constitutive transcriptional activation by a betacatenin-Tcf complex in APC-/- colon carcinoma. Science 1997,
275:1784-1787.
Liu W, Dong X, Mai M, Seelan RS, Taniguchi K, Krishnadath KK, Halling KC,
Cunningham JM, Boardman LA, Qian C, et al: Mutations in AXIN2 cause
colorectal cancer with defective mismatch repair by activating betacatenin/TCF signalling. Nat Genet 2000, 26:146-147.
Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR, Luongo C,
Gould KA, Dove WF: Multiple intestinal neoplasia caused by a mutation
in the murine homolog of the APC gene. Science 1992, 256:668-670.
Nakatsuru S, Yanagisawa A, Ichii S, Tahara E, Kato Y, Nakamura Y, Horii A:
Somatic mutation of the APC gene in gastric cancer: frequent mutations
in very well differentiated adenocarcinoma and signet-ring cell
carcinoma. Hum Mol Genet 1992, 1:559-563.
Giles RH, van Es JH, Clevers H: Caught up in a Wnt storm: Wnt signaling
in cancer. Biochim Biophys Acta 2003, 1653:1-24.
Suzuki Y, Tamura G, Maesawa C, Fujioka T, Kubo T, Satodate R: Analysis of
genetic alterations in renal cell carcinoma using the polymerase chain
reaction. Virchows Arch 1994, 424:453-457.
Ueda M, Gemmill RM, West J, Winn R, Sugita M, Tanaka N, Ueki M,
Drabkin HA: Mutations of the beta- and gamma-catenin genes are
uncommon in human lung, breast, kidney, cervical and ovarian
carcinomas. Br J Cancer 2001, 85:64-68.
Battagli C, Uzzo RG, Dulaimi E: Ibanez de Caceres I, Krassenstein R, AlSaleem T, Greenberg RE, Cairns P: Promoter hypermethylation of tumor
suppressor genes in urine from kidney cancer patients. Cancer Res 2003,
63:8695-8699.
Dulaimi E: Ibanez de Caceres I, Uzzo RG, Al-Saleem T, Greenberg RE,
Polascik TJ, Babb JS, Grizzle WE, Cairns P: Promoter hypermethylation
profile of kidney cancer. Clin Cancer Res 2004, 10:3972-3979.
Hoque MO, Begum S, Topaloglu O, Jeronimo C, Mambo E, Westra WH,
Califano JA, Sidransky D: Quantitative detection of promoter
hypermethylation of multiple genes in the tumor, urine, and serum DNA
of patients with renal cancer. Cancer Res 2004, 64:5511-5517.
Schmidt L, Duh FM, Chen F, Kishida T, Glenn G, Choyke P, Scherer SW,
Zhuang Z, Lubensky I, Dean M, et al: Germline and somatic mutations in
the tyrosine kinase domain of the MET proto-oncogene in papillary
renal carcinomas. Nat Genet 1997, 16:68-73.
Urakami S, Shiina H, Enokida H, Hirata H, Kawamoto K, Kawakami T,
Kikuno N, Tanaka Y, Majid S, Nakagawa M, et al: Wnt antagonist family
genes as biomarkers for diagnosis, staging, and prognosis of renal cell
carcinoma using tumor and serum DNA. Clin Cancer Res 2006,
12:6989-6997.
Kawakami K, Yamamura S, Hirata H, Ueno K, Saini S, Majid S, Tanaka Y,
Kawamoto K, Enokida H, Nakagawa M, Dahiya R: Secreted frizzled-related
protein-5 is epigenetically downregulated and functions as a tumor
suppressor in kidney cancer. Int J Cancer 2011, 128:(3):541-550.

Page 12 of 13

108. Kawakami K, Hirata H, Yamamura S, Kikuno N, Saini S, Majid S, Tanaka Y,
Kawamoto K, Enokida H, Nakagawa M, Dahiya R: Functional significance of
Wnt inhibitory factor-1 gene in kidney cancer. Cancer Res 2009,
69:8603-8610.
109. Hirata H, Hinoda Y, Nakajima K, Kawamoto K, Kikuno N, Kawakami K,
Yamamura S, Ueno K, Majid S, Saini S, et al: Wnt antagonist gene DKK2 is
epigenetically silenced and inhibits renal cancer progression through
apoptotic and cell cycle pathways. Clin Cancer Res 2009, 15:5678-5687.
110. Saini S, Liu J, Yamamura S, Majid S, Kawakami K, Hirata H, Dahiya R:
Functional significance of secreted Frizzled-related protein 1 in
metastatic renal cell carcinomas. Cancer Res 2009, 69:6815-6822.
111. Yamamura S, Kawakami K, Hirata H, Ueno K, Saini S, Majid S, Dahiya R:
Oncogenic functions of secreted Frizzled-related protein 2 in human
renal cancer. Mol Cancer Ther 2010, 9:(6):1680-1687.
112. Hirata H, Hinoda Y, Ueno K, Majid S, Saini S, Dahiya R: Role of secreted
frizzled-related protein 3 in human renal cell carcinoma. Cancer Res 2010,
70:(5):1896-1905.
113. Rubin JS, Barshishat-Kupper M, Feroze-Merzoug F, Xi ZF: Secreted WNT
antagonists as tumor suppressors: pro and con. Front Biosci 2006,
11:2093-2105.
114. Robinson DR, Zylstra CR, Williams BO: Wnt signaling and prostate cancer.
Curr Drug Targets 2008, 9:571-580.
115. Emami KH, Corey E: When prostate cancer meets bone: control by wnts.
Cancer Lett 2007, 253:170-179.
116. Yamamoto H, Oue N, Sato A, Hasegawa Y, Matsubara A, Yasui W, Kikuchi A:
Wnt5a signaling is involved in the aggressiveness of prostate cancer
and expression of metalloproteinase. Oncogene 2010, 29:(14):2036-2046.
117. Uysal-Onganer P, Kawano Y, Caro M, Walker MM, Diez S, Darrington RS,
Waxman J, Kypta RM: Wnt-11 promotes neuroendocrine-like
differentiation, survival and migration of prostate cancer cells. Mol
Cancer 2010, 9:55.
118. Yee DS, Tang Y, Li X, Liu Z, Guo Y, Ghaffar S, McQueen P, Atreya D, Xie J,
Simoneau AR, et al: The Wnt inhibitory factor 1 restoration in prostate
cancer cells was associated with reduced tumor growth, decreased
capacity of cell migration and invasion and a reversal of epithelial to
mesenchymal transition. Mol Cancer 2010, 9:162.
119. Takahashi S, Watanabe T, Okada M, Inoue K, Ueda T, Takada I, Watabe T,
Yamamoto Y, Fukuda T, Nakamura T, et al: Noncanonical Wnt signaling
mediates androgen-dependent tumor growth in a mouse model of
prostate cancer. Proc Natl Acad Sci USA 2011, 108:(12):4938-4943.
120. Zhao JH, Luo Y, Jiang YG, He DL, Wu CT: Knockdown of beta-Catenin
through shRNA cause a reversal of EMT and metastatic phenotypes
induced by HIF-1alpha. Cancer Invest 2011, 29:(6):377-382.
121. Yu X, Wang Y, DeGraff DJ, Wills ML, Matusik RJ: Wnt/beta-catenin
activation promotes prostate tumor progression in a mouse model.
Oncogene 2011, 30:(16):1868-1879.
122. Guo L, Zhong D, Lau S, Liu X, Dong XY, Sun X, Yang VW, Vertino PM,
Moreno CS, Varma V, et al: Sox7 Is an independent checkpoint for betacatenin function in prostate and colon epithelial cells. Mol Cancer Res
2008, 6:1421-1430.
123. Pearson HB, Phesse TJ, Clarke AR: K-ras and Wnt signaling synergize to
accelerate prostate tumorigenesis in the mouse. Cancer Res 2009,
69:94-101.
124. Yardy GW, Bicknell DC, Wilding JL, Bartlett S, Liu Y, Winney B, Turner GD,
Brewster SF, Bodmer WF: Mutations in the AXIN1 gene in advanced
prostate cancer. Eur Urol 2009, 56:486-494.
125. Li Y, Kong D, Wang Z, Ahmad A, Bao B, Padhye S, Sarkar FH: Inactivation of
AR/TMPRSS2-ERG/Wnt Signaling Networks Attenuates the Aggressive
Behavior of Prostate Cancer Cells. Cancer Prev Res (Phila) 2011, 4:
(9):1495-1506.
126. Hall CL, Kang S, MacDougald OA, Keller ET: Role of Wnts in prostate
cancer bone metastases. J Cell Biochem 2006, 97:661-672.
127. Hall CL, Keller ET: The role of Wnts in bone metastases. Cancer Metastasis
Rev 2006, 25:551-558.
128. Dai J, Hall CL, Escara-Wilke J, Mizokami A, Keller JM, Keller ET: Prostate
cancer induces bone metastasis through Wnt-induced bone
morphogenetic protein-dependent and independent mechanisms.
Cancer Res 2008, 68:5785-5794.
129. Hall CL, Daignault SD, Shah RB, Pienta KJ, Keller ET: Dickkopf-1 expression
increases early in prostate cancer development and decreases during

Majid et al. Molecular Cancer 2012, 11:7
http://www.molecular-cancer.com/content/11/1/7

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

progression from primary tumor to metastasis. Prostate 2008,
68:1396-1404.
Thudi NK, Martin CK, Murahari S, Shu ST, Lanigan LG, Werbeck JL, Keller ET,
McCauley LK, Pinzone JJ, Rosol TJ: Dickkopf-1 (DKK-1) stimulated prostate
cancer growth and metastasis and inhibited bone formation in
osteoblastic bone metastases. Prostate 2011, 71:(6):615-625.
Ahmad I, Morton JP, Singh LB, Radulescu SM, Ridgway RA, Patel S,
Woodgett J, Winton DJ, Taketo MM, Wu XR, et al: beta-Catenin activation
synergizes with PTEN loss to cause bladder cancer formation. Oncogene
2011, 30:(2):178-189.
Ahmad I, Patel R, Liu Y, Singh LB, Taketo MM, Wu XR, Leung HY,
Sansom OJ: Ras mutation cooperates with beta-catenin activation to
drive bladder tumourigenesis. Cell Death Dis 2011, 2:e124.
Urakami S, Shiina H, Enokida H, Kawakami T, Kawamoto K, Hirata H,
Tanaka Y, Kikuno N, Nakagawa M, Igawa M, Dahiya R: Combination analysis
of hypermethylated Wnt-antagonist family genes as a novel epigenetic
biomarker panel for bladder cancer detection. Clin Cancer Res 2006,
12:2109-2116.
Stoehr R, Krieg RC, Knuechel R, Hofstaedter F, Pilarsky C, Zaak D, Schmitt R,
Hartmann A: No evidence for involvement of beta-catenin and APC in
urothelial carcinomas. Int J Oncol 2002, 20:905-911.
Kastritis E, Murray S, Kyriakou F, Horti M, Tamvakis N, Kavantzas N,
Patsouris ES, Noni A, Legaki S, Dimopoulos MA, Bamias A: Somatic
mutations of adenomatous polyposis coli gene and nuclear b-catenin
accumulation have prognostic significance in invasive urothelial
carcinomas: evidence for Wnt pathway implication. Int J Cancer 2009,
124:103-108.
Bui TD, O’Brien T, Crew J, Cranston D, Harris AL: High expression of Wnt7b
in human superficial bladder cancer vs invasive bladder cancer. Br J
Cancer 1998, 77:319-324.
Stoehr R, Wissmann C, Suzuki H, Knuechel R, Krieg RC, Klopocki E, Dahl E,
Wild P, Blaszyk H, Sauter G, et al: Deletions of chromosome 8p and loss of
sFRP1 expression are progression markers of papillary bladder cancer.
Lab Invest 2004, 84:465-478.
Marsit CJ, Karagas MR, Andrew A, Liu M, Danaee H, Schned AR, Nelson HH,
Kelsey KT: Epigenetic inactivation of SFRP genes and TP53 alteration act
jointly as markers of invasive bladder cancer. Cancer Res 2005,
65:7081-7085.
Wissmann C, Wild PJ, Kaiser S, Roepcke S, Stoehr R, Woenckhaus M,
Kristiansen G, Hsieh JC, Hofstaedter F, Hartmann A, et al: WIF1, a
component of the Wnt pathway, is down-regulated in prostate, breast,
lung, and bladder cancer. J Pathol 2003, 201:204-212.
Urakami S, Shiina H, Enokida H, Kawakami T, Tokizane T, Ogishima T,
Tanaka Y, Li LC, Ribeiro-Filho LA, Terashima M, et al: Epigenetic inactivation
of Wnt inhibitory factor-1 plays an important role in bladder cancer
through aberrant canonical Wnt/beta-catenin signaling pathway. Clin
Cancer Res 2006, 12:383-391.
Majid S, Dar AA, Saini S, Yamamura S, Hirata H, Tanaka Y, Deng G, Dahiya R:
MicroRNA-205-directed transcriptional activation of tumor suppressor
genes in prostate cancer. Cancer 2010, 116:(24):5637-5649.
Hornstein E, Mansfield JH, Yekta S, Hu JK, Harfe BD, McManus MT,
Baskerville S, Bartel DP, Tabin CJ: The microRNA miR-196 acts upstream of
Hoxb8 and Shh in limb development. Nature 2005, 438:671-674.
Majid S, Saini S, Dar AA, Hirata H, Shahryari V, Tanaka Y, Yamamura S,
Ueno K, Zaman MS, Singh K, et al: MicroRNA-205 inhibits Src-mediated
oncogenic pathways in renal cancer. Cancer Res 2011, 71:(7):2611-2621.
Bonci D, Coppola V, Musumeci M, Addario A, Giuffrida R, Memeo L,
D’Urso L, Pagliuca A, Biffoni M, Labbaye C, et al: The miR-15a-miR-16-1
cluster controls prostate cancer by targeting multiple oncogenic
activities. Nat Med 2008, 14:1271-1277.
Kong D, Li Y, Wang Z, Banerjee S, Ahmad A, Kim HR, Sarkar FH: miR-200
regulates PDGF-D-mediated epithelial-mesenchymal transition, adhesion,
and invasion of prostate cancer cells. Stem Cells 2009, 27:1712-1721.
Tarapore RS, Siddiqui IA, Mukhtar H: Modulation of Wnt/beta-catenin
signaling pathway by bioactive food components. Carcinogenesis 2012.
Chen B, Dodge ME, Tang W, Lu J, Ma Z, Fan CW, Wei S, Hao W, Kilgore J,
Williams NS, et al: Small molecule-mediated disruption of Wnt-dependent
signaling in tissue regeneration and cancer. Nat Chem Biol 2009,
5:100-107.

Page 13 of 13

148. Huang SM, Mishina YM, Liu S, Cheung A, Stegmeier F, Michaud GA,
Charlat O, Wiellette E, Zhang Y, Wiessner S, et al: Tankyrase inhibition
stabilizes axin and antagonizes Wnt signalling. Nature 2009, 461:614-620.
doi:10.1186/1476-4598-11-7
Cite this article as: Majid et al.: Wnt signaling pathways in urological
cancers: past decades and still growing. Molecular Cancer 2012 11:7.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

