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1. ABSTRACT 
 

Breast cancer is one of the most debilitating 
human carcinomas with second highest mortality rate 
after lung cancer in women. Recent advancement in 
genetic and biochemical analyses has deciphered the 
molecular pathways involved in breast cancer 
development. Wnt signal has long been established to 
play a critical role in normal development as well as in 
tumorigenesis. In this review, we summarize the role of 
Wnt signal in the development of mammary carcinoma, 
the molecular mechanism via which Wnt signal exerts 
its malignant potential and various nodal points in the 
Wnt cascade that can be targeted for drug development 
and cancer treatment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The combination of Drosophila segment polarity 
gene Wingless (1) and mouse proto-oncogene Int-1 (2, 3) 
led to the development of the term ‘Wnt’. At present 19 
Wnt genes are identified and these proteins constitute the 
key factors in the regulation of signal transduction in the 
embryonic development of the metazoan (4, 5).  The origin 
of the pathway can be traced back to show that it is 
evolutionarily conserved from primitive diploblast hydra 
(6) to higher order mammals and even in plants (7, 8). Over 
the past 20 years, numerous data revealing the importance 
of the Wnt pathway has been generated not only in the 
context of development but also in cancer pathogenesis and 
therefore redefining cancer as a result of dysregulation of 
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Figure 1. Components of Wnt pathway. 
 
developmental processes. There has been an explosion of 
essential information regarding the Wnt pathway in recent 
years which on one hand increases the complexity of the 
Wnt pathway to an unfathomable extent and, at the same 
time, leads to the emergence of potential players in the 
development of human disease. Recently, a genome-wide 
RNAi (interference RNA) screening of the Drosophila cells 
led to the identification of 238 new regulators of the Wnt 
pathway. Fifty percent of them had human orthologs and 
out of which 18% were associated with human disease, thus 
adding a higher degree to the already existing intricacy of 
the Wnt pathway (9). 

 
 The Wnt pathway has been implicated in the 

specification of cell and tissue polarity, mitogenic 
stimulation and differentiation and also adult tissue 
homeostasis (10-12). Wnt proteins are palmitoylated on 
conserved cysteines which are essential for signal 
transduction (13). The Wnt proteins are also glycosylated 
on conserved N-linked glycosylation sites (14). A number 
of degenerative human diseases arise due to the 
dysregulation of the Wnt pathway. For example, a mutation 
of LRP5 causes increased bone density (15, 16), vascular 
defects in the eye called OPPG (osteoperosis-
pseudogliioma syndrome) (17) and FEVR (familial 
exudative vitreoretinopathy) (18). A mutation in Axin2 
leads to the development of tooth defects (19), 
predisposition to colon (19, 20) and liver cancer (21). Wnt 
signaling cascade is also an essential regulator of stem cell 
proliferation and self-renewal, which is supported by the 
fact that Wnt3a protein, in vitro promotes the self-renewal 

of hematopoietic stem cells (13). With the increasing 
amount of information obtained in the last few decades, it 
is clear that aberrant Wnt signal plays a central role not 
only in various human degenerative diseases but also in 
tumorigenesis and tumor progression. It is well established 
that the Wnt signaling is emerging out to be a major 
pathway in its contribution to the development of human 
cancer. In this review, we will focus on how aberrant 
activation of the Wnt cascade affects human breast cancer. 

 
3. TYPES OF WNT PATHWAY 
 

The Wnt pathway primarily consists of canonical 
and non-canonical pathway (see Figure 1). 

 
3.1. Canonical pathway 

The canonical pathway involves beta-catenin as 
the key component which is conserved from plants to 
higher animals and asserts its actions by transcriptional 
activation of target genes in the nucleus. Once Wnt is 
secreted, it binds to various factors like SFRP (secreted 
frizzled-related sequence protein) and WIF (Wnt inhibitory 
factor), however genetic and biochemical evidence show 
Frizzled (Fz) to be the primary receptors of Wnt proteins. 
Frizzled are seven-transmembrane receptors with CRD 
(cysteine rich domain) at the N-terminal for Wnt to directly 
bind to it (22-24). In canonical Wnt pathway, there is 
another single-pass transmembrane receptor called LRP6/5 
which forms a trimeric complex to transduce the signal (25, 
26). Frizzled is required for multiple Wnt pathways (27, 
28), but LRP6/LRP5 on the other hand is specifically 
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required for the Wnt/β-catenin mediated pathway (29, 30). 
The binding of Wnt to Frizzled configures its heptahelical 
structure to bind  and hyperphosphorylate Dishevelled (Dsh 
in Drosophila and Dvl in vertebrates) (31) that transduces 
the signal. Dvl binds to Axin at the C-terminus via its DIX 
(Dishevelled homologous) domain and N-terminus via its 
PDZ (acronym from 3 proteins: Post synaptic density 
protein [PSD95], Drosophila disc large tumor suppressor 
[DlgA], and Zo-1 protein) domain along with GSK3beta to 
form a ternary complex which enables Dvl to recruit 
FRAT1 in the absence of Wnt signal. In the presence of 
Wnt this complex is disrupted and signal cannot be 
transduced (32). The cytosolic domain of LRP6 which 
contains PPP(S)P motif reiterated 5 times, can also  activate 
the Wnt pathway by phosphorylation even at a single 
PPP(S)P motif (33). It has been shown that LRP6/5 binds 
to Axin, a scaffolding protein, and localizes it to the plasma 
membrane followed by its degradation and thus leading to 
the dispersal of the beta-catenin destruction complex (33, 
34). LRP6 is phosphorylated by both GSK3beta and CKI 
(casein kinase I) (35) as well as by CK1 gamma (36). 
However, the importance of the intracellular domain of 
LRP6 has also been shown to constitutively activate the 
Wnt pathway via Wnt3a-induced LEF1 irrespective of its 
membrane localization (37). Recent studies report that 
Wnt-3a triggers the internalization of LRP6 by its 
interaction with caveolin which facilitates the recruitment 
of Axin to its phosphorylated PPP(S)P domain, leading to 
the accumulation of beta-catenin in the cytosol (38). In the 
cytoplasm, Axin forms a multi-protein complex with APC 
(adenomatous polyposis coli) (39-41), GSK3beta and CKI 
(42-45). This complex facilitates beta-catenin 
phosphorylation by CKI and GSK3beta which enables an 
F-box protein in the E3 ubiquitin ligase complex, 
containing beta-transducing repeats, to bind and mark beta-
catenin  for proteasomal degradation (46-49). GSK3beta is 
a widely expressed Ser/Thr protein kinase which 
phosphorylates a variety of substrates at both primed and 
unprimed sites. Results of an yeast two hybrid analysis 
showed that GSK3beta interacts with LRP6 at the C-
terminal to phosphorylate at the PPP(S)P motif to attenuate 
GSK3beta activity (50). In response to Wnt signal, titration 
of Axin from the APC-Axin-GSK3beta complex results in 
the disruption of the complex as it binds to the 
phosphorylated PPPSP motif of LRP6 and thus causing 
beta-catenin to accumulate in the cell cytoplasm.Finally, 
beta-catenin is translocated to the nucleus and binds to 
TCF/LEF (51, 52). The TCF family (TCF-1, LEF1, TCF-
3,4) contains high mobility group box (HMG) which is 
responsible for binding to the target DNA (53). The beta-
catenin-TCF complex is converted from a transcriptional 
repressor to transcriptional activator by displacing Groucho 
and its recruitment of HDAC (histone deacetylase) (54). 
The displacement of Groucho leads to the recruitment of 
histone acetylase CBP/p300 (cyclic AMP response element 
binding protein) which acts as a co-activator (55, 56). Two 
other protein components, BCL9 and Pygo, are also shown 
to potentiate the transcriptional activation of  beta-catenin-
TCF complex (57). The beta-catenin-TCF complex also 
interacts with various proteins like ICAT (58, 59) which 
leads to an inhibition of beta-catenin and TCF interaction 
and also dissociates LEF (lymphocyte enhancer factor) and 

CBP/p300 from the activating complex (59, 60). Therefore, 
a controlled mechanism exists inside the nucleus for the 
tight regulation of Wnt target gene expression.   
 
3.2. Non-canonical pathway  

    The non-canonical Wnt pathway can be further 
divided into two categories: Wnt/PCP (Planar Cell Polarity) 
and Wnt/Ca++ pathways (61). Both pathways utilize Wnt, 
Frizzled and Dvl proteins as ligands and receptors, but 
without the involvement of beta-catenin. In Wnt/PCP 
pathway, Frizzled activates JNK through Strabismus 
(Stbm), Dvl, Daam1 and GTPase RhoA and Rho-associated 
Kinases (62) which modulates the cytoskeletal 
organization. On the other hand, the Wnt/Ca++ pathway 
works through the release of calcium via phospholipase C 
(PLC) and protein kinase C (PKC). The elevated level of 
cytosolic calcium activates calcineurin phosphatase which 
in turn dephosphorylates NF-AT and leads to its 
accumulation in the cytoplasm followed by its translocation 
to the nucleus to activate the target genes. Given the non-
canonical pathway does not require the participation of 
either LRP6 or beta-catenin, in this review we will focus on 
the canonical Wnt pathway in relation to breast cancer 
progression. 
 
4. ROLE OF WNT IN MAMMARY GLAND 
DEVELOPMENT 
 
Several lines of recent evidence show that the Wnt pathway 
is critical in the development of normal mammary gland. 
The most prominent example is the role of Wnt-4 in the 
lobular development. When mammary epithelial buds from 
Wnt-4KO (knockout) mice were implanted in the post-natal 
mammary fat pad, devoid of endogenous epithelium of 
wild-type mice, it showed a significant reduction of lobular 
branching (63). Supporting this finding, the overexpression 
of Wnt-4 in virgin mice induced a pregnancy-like growth 
pattern in reconstituted mammary gland (64). In addition, 
Wnt signaling is also required for the development of the 
bud stage. In this stage, the invagination of epithelial layer 
takes place to give rise to a bud like structure which serves 
as the foundation for the mammary gland. Apart from Wnt-
4, Wnt10b (previously known as Wnt-12) is also required 
for mammary bud development as shown by the whole 
mount in situ hybridization (65). The most convincing 
evidence of beta-catenin involvement in development of 
mammary gland came from the fact that mammary 
development is defective in mice with disrupted LEF1 (66). 
LEF1 is a transcription factor of the TCF family that 
associates with beta-catenin to stimulate the expression of 
Wnt target genes. In this context, the secretion of PTHrP by 
mammary epithelium is essential for the induction of LEF1 
expression (67). The growth of the mammary gland 
requires epithelial-mesenchymal interactions that is critical 
for its development (68). The mesenchyme surrounding the 
mammary bud is required for the mammary epithelial cell 
fate and is mediated by the paracrine signaling of the 
PTHrP secreted proteins and PTHR1 receptor. Therefore, 
PTHrP also facilitates the induction of LEF1 for the 
downstream activation of Wnt signaling mediated by beta-
catenin. Hence, these lines of evidence clearly indicate a
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Table 1. Dysregulation of beta-catenin in clinical samples 
IHC staining of Wnt component % of cases Type of cancer Reference 
Reduced membrane beta-catenin 
Reduced cytoplasmic beta-catenin. 
Nuclear staining beta-catenin 

36    
72 

Breast Carcinoma     
 Phyllodes tumor                                      

73  
74 
75 

Reduced immunostaining Wnt-1 95 Invasive Breast carcinoma 76 
Reduced immunostaining Wnt inhibitory factor (WIF) 60 Breast carcinoma 77, 78 
Reduced immmunostaining adenomatous polyposis coli 
(APC) 

35 Primary breast cancer 74 

 
Table 2. Animal models of Wnt pathway 

Wnt Protein 
 

Mouse model 
 

Mammary phenotype 
 

Status in breast cancer 
 

Reference 

Wnt1 MMTV-Wnt1 Adenocarcinoma 
Breast cancer 

Upregulated in grade I tumor 
Anti-estrogen resistant ER-positive 

76, 78, 82, 83 
84 

Wnt10b MMTV-Wnt10b Adenocarcinoma                _ 85 

Axin MMTV-axin Lack of alveoli Mutation 86, 87 
Beta-catenin 
 

MMTV-∆N89/∆90 beta-catenin 
 

Precocious alveolar development 
Adenocarcinoma 

Upregulated in cytoplasm of ductal & 
lobular carcinoma  
Poor prognosis  

69, 75, 88, 89 

T-cell factor (TCF) Tcf1 knockout Adenocanthomas                _ 90, 91 
Lymphocyte 
enhancer factor 
(LEF) 

Lef1 knockout Arrest of mammary development 
at E13 
 

               _ 66 

Glycogen synthase 
kinase3-beta 
(GSK3-beta) 

MMTV-LTR-KImGSK3beta 
(Kinase inactive) 

Mammary tumor with 
upregulation of beta-catenin and 
Cyclin-D 

Dominant negative 92 

Casein kinase2-
alpha (CK2-alpha) 

MMTV-CK2-alpha Adenocarcinoma Overexpression 93, 94 

 
direct involvement of the Wnt signaling pathway in the 
complex process of normal mammary gland development.  
 
5. ROLE OF WNT PATHWAY IN MAMMARY 
GLAND CARCINOGENESIS 
 
5.1. Clinical significance of the Wnt pathway in breast 
cancer 

In contrast to the normal breast tissue, there was a 
remarkable difference in staining pattern of beta-catenin in 
malignant tissue (69, 70). Alteration in the level of beta-
catenin in various stages of breast cancer tissue shows a 
clear dominance of dysregulation of Wnt pathway. The 
localization of beta-catenin in the cytoplasm or nucleus is 
another important criterion to determine the aberrant 
activation of the Wnt pathway. In addition, 
immunohistochemical studies have given an apparently 
contrasting prognostic value of phospho-beta-catenin based 
on its subcellular location (71). The cytoplasmic 
localization is associated with prolonged disease free 
survival whereas nuclear localization has an aggressive and 
reduced disease-free survival. Thus a more complicated 
role is played by the stoichiometry, modification and 
spatial regulation of beta-catenin (see Table 1).  

 
Other than beta-catenin, human breast cancer in 

relation to canonical Wnt pathway shows deregulation in 
several stages. Recent study has shown a redundant 
expression of Wnt ligands for example, Wnt3a, Wnt10b, 
Wnt6 etc in breast cancer cell lines (72). Furthermore, 
immunohistochemical studies on primary breast cancer 
tissues have shown an elevated expression of Cyclin D1 
and c-Myc both of which are direct transcriptional targets 
of canonical Wnt pathway. Immunostaining of Wnt-
inhibitory proteins (WIF) can be a reliable parameter to 
assess the cancer phenotype and is exhibited by reduced 
immunostaining patterns. The abnormality of APC in the

 
dysregulation of the Wnt pathway is primarily manifested 
by the truncation mutation though a reduced 
immunostaining has also been observed in breast cancer 
specimens. Thus the Wnt signal in the context of mammary 
gland has dual functions: on one hand, it is essential for the 
normal development of mammary gland and on the other 
hand, aberrant Wnt signal in mammary gland is manifested 
in the form of cancer. Hence, an optimal activation of the 
Wnt signal with tight control mechanism is necessary for 
bypassing tumorigenesis and malignant breast carcinoma.   
 
5.2. Animal model of breast cancer for Wnt pathway  

Wnt signal orchestrates a complex network of 
developmental programs but its aberrant signaling has been 
observed in many human cancers. Most of the common 
human cancers caused by Wnt signaling relates to the 
mutation of its various components of canonical Wnt 
pathway for example, beta-catenin, APC and Axin. 
However, evidence of mutation in Wnt pathway 
responsible for breast cancer is unexpectedly lacking. 

 
A number of transgenic and knockout animal 

modelshave been employed to study the intricate role of 
Wnt pathway in tumorigenesis. Table 2 shows the mouse 
models with various Wnt component manipulations that 
lead to the mammary development defects and 
tumorigenesis. The first transgenic mouse was constructed 
with Wnt-1 having an MMTV (mouse mammary tumor 
virus) mediated insertional mutagenesis. This results in the 
transcriptional activation of Wnt-1 gene that leads to the 
development of lobuloalveolar hyperplasia and eventually 
cancer (2). Furthermore, epigenetic changes or mutation at 
any nodal point of the Wnt pathway also leads to the 
development of cancer (79-81). It is well established that 
dysregulation in components of the Wnt pathway are 
responsible for tumorigenesis, and among them, beta-
catenin/TCF component has been widely used in transgenic 
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mouse model to elucidate and characterize canonical Wnt 
pathway. Other models with Axin mutation showed 
defective alveoli formation. Similar dysregulation of 
mammary development occurred in the LEF-1 knockout 
mice. A dominant-negative form of GSK3beta also led to 
the formation of breast tumor with the upregulation of beta-
catenin and its downstream target Cyclin-D. 

 
To gather further insights into the role of Wnt 

pathway in breast carcinoma it is essential to make animal 
models to delineate the precise role of each of the 
components which is responsible for the cause and 
insidiousness of the disease. 

 
5.3. How dysregulation of Wnt pathway leads to 
tumorigenesis and malignant progression? 

   The downstream effector of the Wnt signaling, 
beta-catenin, is the primary component for the Wnt-
mediated mammary oncogenesis. Beta-catenin is 
responsible for the upregulation of cell cycle regulatory 
molecules such as c-Myc and Cyclin D1 (88, 89). Cyclin 
D1 is frequently overexpressed in breast cancer and plays a 
major role in the mammary cell proliferation (95). Cyclin 
D1 is a target not only of the Wnt signaling pathway but 
also of other mitogenic signaling pathways (95). It was 
previously shown that TGF alpha and Wnt cooperatively 
induce mammary tumorigenesis (96) mediated by the direct 
interaction between beta-catenin and EGFR/erbb2 
heterodimers (97). Recent evidence has shown that the 
dysregulation of Wnt signaling is coupled with other 
signaling pathways which lead to breast cancer. It has been 
found that increased expression of Wnt-1 in HMEC (human 
mammary epithelial cells) leads to activation of the Notch 
signaling pathway mediated by DNA damage response. The 
notch signaling is upregulated by the aberrant expression of 
notch ligands, Dll1, Dll3, Dll4, that lead to the tumorigenic 
transformation of the HMEC cells (98). A clear evidence of the 
crosstalk between erbB and Wnt signaling was shown when 
Wnt overexpression in HC11 mammary epithelial cells or 
treatment with conditioned medium from cells expressing 
Wnt-1 or Wnt-5a increased the expression of Cyclin D1 via the 
induction of EGFR (99). Cyclin D1 is required for the 
mitogenic signaling via EGFR in mammary tumor cells (100). 
The expression of Cyclin D1 was repressed when EGFR 
kinase activity was inhibited suggesting that Wnt-1 and Wnt-
5A activated the MAPK signaling pathway by EGFR and 
induced mammary tumorigenesis.  

 
Beta-catenin degradation is dependent on 

GSK3beta activity that is regulated by AKT protein kinase 
as well as Wnt ligands. Thus, a crosstalk between PI3K 
pathway and Wnt pathway is relevant for breast cancer 
progression. It has also been shown that beta-catenin is 
induced by the PI3K/AKT pathway in the presence of 
growth factors like insulin, IGFI, FGFI (101, 102). Thus, 
the degree of complexity of the Wnt pathway increases 
manifold with the involvement of other pathways and 
opens up new avenues to develop preventive measures to 
cure cancer.   

 
A number of recent studies indicate that the Wnt 

pathway is also responsible for EMT (epithelial 

mesenchymal transition). EMT is required for gastrulation, 
neural crest formation, organ morphogenesis and wound 
healing. It is found that the EMT is also a key regulator in 
the process of acquisition of invasive property of cancer 
cells via which it traverses the ECM (extracellular matrix) 
during dissemination leading to metastasis. During EMT, 
the epithelial cells are transformed to the mesenchymal, 
fibroblast-like property characterized by the loss of cell 
adhesion and increased cell motility. It has been well 
documented that beta-catenin which interacts with adherens 
junction molecule, E-cadherin, is responsible for 
maintenance of tight cell-cell interaction. Due to aberrant 
Wnt signaling, the titration of membrane associated beta-
catenin is reduced, resulting in the increased cytosolic beta-
catenin which subsequently enters the nucleus to upregulate 
the Wnt target genes. Results of a recent 
immunocytochemical analysis of breast carcinoma 
specimens showed that there was a significant reduction of 
E-cadherin with concomitant increase in the expression of 
Snail and Slug, both of which are zinc-finger transcription 
factors that bind to the E-boxes in the E-cadherin promoter 
to repress its expression (103). This was also accompanied 
by the aberrant expression of MMP9 (matrix 
metalloprotease) that is responsible for the degradation of 
basement membrane of ECM (104). In another study, 
elevated expression of frpHE (human stromal protein of the 
secreted frizzled gene family) mRNA has also been 
observed in the stroma of in situ and infiltrating breast 
carcinoma (105). 

 
Among other components, Axin acts as a 

negative regulator of the Wnt cascade. LOH (loss of 
heterozygosity) at a region of human chromosome 17q23-
q24, where the Axin gene is located, has been observed in 
breast as well as other forms of cancer (106). On the 
contrary, Axin2 homologue has been shown to play a 
positive role in breast cancer by stabilizing the transcription 
factor Snail-1, a key regulator of EMT, in a Wnt-Axin2-
GSK3beta cascade (107). Thus, it is clearly evident that 
dysregulation of multiple nodal points in the Wnt cascade 
leads to tumorigenesis and pathogenesis of cancer. 
 

          5.4. Wnt pathway, stem cells and breast cancer 
Stem cells are defined as those cells which are 

endowed with the property of self renewal that are able to 
generate daughter cells, capable of giving rise to a 
repertoire of cells found in mature tissue. There are two 
different types of stem cells: a) those responsible for tissue 
renewal and b) those requiring appropriate stimulus for 
repairing of damaged tissue. The stem cells usually have a 
slow cycling with innumerable replicative potential and 
thus are favorable for the development of cancer. Several 
lines of evidence that show the existence of stem cell niche 
in mammary gland (108-112) and thus it is postulated that 
there is a direct relationship between mammary stem cells 
and breast cancer. A recent concept of cancer stem cell is 
redefining the origin and development of cancer. Cancer 
stem cell is defined as a cell within a tumor with the ability 
to self-renew and to cause the heterogeneous lineages of 
cancer. Cancer stem cells can only be defined 
experimentally by their ability to recapitulate the 
generation of a continuously growing tumor. Cancer stem 
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cell can also be called as “tumor initiating cell’’ and 
‘‘tumorigenic cell.’’ 

 
     Wnt has been a subject of great attention in 

recent years for its multifunctional property in cell fate 
decision during development as well as in self renewal of 
cells.  It has long been established that Wnt signaling plays 
an important role in the process of self renewal in 
hematopoietic stem cells (HSC) where elevation of beta-
catenin takes place with the activation of TCF/LEF-1 
promoter activity (113). Studies with purified Wnt-3a 
proteins have shown to induce self renewal properties in 
HSC (13) and TCF-4 which has also been shown to be 
essential for the maintenance of crypt stem cells in the 
small intestine (114). It has been recently shown that a 
single mammary cancer stem cell which has the power of 
self-renewal and multipotency, is capable of developing a 
complete mammary gland in premalignant tissue in 
MMTV-Wnt-1 mice (115). Other studies have also shown a 
direct role of Wnt signaling in self renewal in epidermal 
(116) and gut cells (117). Hence, these recent 
advancements in the development of cancer stem cell 
theory is interesting as numerous approaches can be 
developed to target specific cancer stem cells to curtail the 
development of cancer.  
 
6. TARGETING WNT PATHWAY FOR POTENTIAL 
THERAPY 
 

It is conceivable that targeting various 
components of the Wnt pathway, which is dysregulated in 
the process of cancer progression, would provide a 
rationale for pharmacological intervention. In the past few 
decades, a number of attempts have been made to curb 
aberrant Wnt signaling that is responsible for a wide 
spectrum of human cancers. The Wnt pathway has been 
targeted at various levels: a) the extracellular Wnt ligands 
b) intracellular protein level of various Wnt components, c) 
aberrant expression of the critical mediator, beta-catenin 
level and d) downstream targets of the Wnt pathway. There 
are also various natural inhibitors of Wnt signaling pathway 
and a rational approach to potentially downregulate the 
activated Wnt pathway. In this section, we look into the 
various approaches key regulators of Wnt signal for cancer 
therapy in general.  

 
6.1. Beta-catenin 

 A multiple number of cancers arise due to beta-
catenin abnormality and thus it is one of the most 
promising targets of the Wnt pathway. A number of 
strategies including RNAi, antisense and protein knock-
down have been developed. Antisense approach has been 
used in colon cancer which resulted in the reduction of 
beta-catenin both at the mRNA as well as protein level that 
subsequently affects its downstream targets TCF and 
Cyclin D1 by reducing their expression (118, 119). Similar 
results were obtained by RNAi method not only in colon 
cancer (118, 120) but also in esophageal cancer (121), 
leukemia and lymphoma cell lines (122). NSAIDS (non-
steroidal anti-inflammatory drugs) like celecoxib approved 
by FDA (food and drug administration) as well as EMEA 
(European Medicines Agency) (123, 124) are effective in 

decreasing the nuclear levels of beta-catenin and 
subsequently reduce the formation of multiple polyps in 
FAP patients (125). In a cell-based small molecule 
screening process hexachlorophene has been found to 
degrade beta-catenin expression by a Siah-1 (126) mediated 
pathway in colon cancer cells (127). 

 
 The beta-catenin–TCF complex in the nucleus is 

responsible for the modulation of Wnt target genes. Hence, 
targeting this complex would be the most appropriate 
approach to develop cancer therapeutics. Several studies 
show the presence of a constant level of beta-catenin-TCF 
complex in human cancer. Rational design combined with 
high-throughput screening can lead to the development of 
drugs which can disrupt the beta-catenin-TCF complex 
(128). The elucidation of the crystal structure of beta-
catenin-TCF has probed into the molecular mechanism by 
which it interacts to form a stable transcription factor 
complex (129-131). Thus drug development utilizing the 
disruption of beta-catenin-TCF complex holds great 
promise. There has been a great deal of speculation 
regarding the use of NSAIDS to treat cancer as it inevitably 
causes serious side-effects including alimentary canal and 
kidney damage. Therefore, there is a considerable amount 
of skepticism regarding the use of NSAIDS. However, new 
generation NSAIDS like NO-releasing aspirin (NO-ASA) 
has been shown to arrest growth in colon cancer cells by 
inhibiting beta-catenin-TCF interaction (135,136), with a 
thousand-fold more efficacy than traditional aspirin 
administration (137-139). However, it should be noted that 
beta-catenin also interacts with overlapping domains with 
E-cadherin (132) and APC (133) and these interactions are 
negative contributors to the Wnt signaling. Therefore, it is a 
real challenge to develop small molecules which can 
effectively and selectively disrupt beta-catenin-TCF 
complex without affecting its interaction with E-cadherin 
or APC.  

 
There are three natural compounds PKF115-584, 

PKF-222-815 and CPG049090, which are obtained from 
high-throughput screening (HTP) of natural compounds, 
which has shown to inhibit Wnt signaling in colon cancer 
cells (134) and also in Xenopus embryo (51). It is well 
established that recruitment of various co-activators are 
necessary for efficient activation of beta-catenin-TCF target 
Wnt genes. Thus if co-activators like CBP (CREB-binding 
proteins) and BCL9 (B-cell lymphoma)/pygopus are 
effectively inhibited to interact with beta-catenin-TCF 
complex, it would lead to the downregulation of Wnt 
pathway. Indeed a small molecule inhibitor, ICG-001, 
which selectively binds to the CBP resulted in the titration 
of CBP from beta-catenin-TCF complex followed by 
reduction of Wnt signaling effectively in colon cancer cell. 
Furthermore, the inhibition of Wnt signaling was 
accompanied by the reduced expression of anti-apoptotic 
gene, survivin (135).  

 
  In an adenoviral based approach, the FADD 

(Fas-associated via death domain) gene under the tight 
control of promoters containing TCF-responsive elements 
was introduced in colon cancer cells which effectively 
killed the cells, substantiating the validity of the approach. 
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Other viral based approaches include the generation of 
oncolytic viruses. The tumor cells that exhibit higher beta-
catenin-TCF activity have augmented therapeutic effect of 
the viruses by replication in the target tumor (136). This 
was validated by engineering replicating viruses which 
express the viral E1B and E2 genes from promoters 
containing TCF-response elements. This was highly 
effective in colon cancer cells but showed a 50-100 fold 
decrease in lung cancer cells and  normal fibroblast lacking 
an active beta-catenin-TCF signaling (136).   

                           
6.2. Extracellular components of Wnt pathway 
6.2.1. sFRP 

 The sFRP (secreted Frizzled–related proteins) 
comprises a family of five glycoproteins that binds to the 
Frizzled receptor and antagonizes the Wnt signal. 
Reduction in sFRP’s has led to the development of various 
types of cancer including breast and it has been shown that 
restoration of sFRP inhibited the growth and promoted 
apoptosis (76, 78, 137-143). Hence, sFRPs are potential 
targets to curb adverse effects of Wnt pathway by inducing 
apoptosis and restricting cell growth. 

 
6.2.2. Wnt 

 Various methods have been employed to knock 
down Wnt-1 expression by antisense RNA (144). Apart 
from that, a monoclonal antibody (145, 146) which can 
neutralize the effect of Wnt-1 has also been developed. 
This antibody proved to be effective in a number of human 
cancers like breast and non-small cell lung cancer by 
inducing apoptosis accompanied by reduction in tumor 
growth in animal models (146). Similar results were 
observed when Wnt-2 monoclonal antibody was used to 
treat melanoma (147) and non-small cell lung carcinoma 
(148) that effectively induced apoptosis resulting in the 
inhibition of malignant progression. 

 
6.3.3. Dkk 

Dkk is another antagonist of Wnt pathway which 
prevents binding of Wnt to LRP5/6 (30) and thus has a 
considerable potential to serve as a therapeutic target. Dkk-
1 is the most important member of the Dkk family of 
proteins that includes Dkk2, Dkk3, and Dkk4 (149, 150). It 
has been shown that expression of exogenous Dkk3 leads 
to cell growth inhibition in non-small cell lung carcinoma 
(151) as well as reduced invasion and motility in 
osteosarcoma cells (152).  

 
Therefore, multiple strategies are applied to treat 

aberrant Wnt signaling and subsequently curb specific 
human cancer. However, most of the drugs are still at an 
infant stage. Due to the highly complex nature of Wnt 
signal, it is imperative to develop drugs with high 
specificity and efficacy. 

 
7. CONCLUSION AND FUTURE DIRECTION 
 

The complexity of the Wnt pathway is increasing 
with the identification of more key regulators and its cross-
talk with other major pathways. In the context of breast 
cancer, evidence regarding the mutational status of various 
components of the Wnt pathway is sparse. Yet, 

dysregulation of Wnt pathway is emerging as a major cause 
in the development of breast cancer. The crucial questions 
which need to be addressed include what factors mediate 
the hyperactivation of Wnt pathway and what mediators 
stabilize beta-catenin, thereby activating the downstream 
effectors and Wnt target genes as well. More fundamental 
questions need to be elucidated, as how the negative and 
positive regulators co-ordinate and integrate in the cellular 
milieu to constitutively activate the Wnt pathway.  
Identification of the crucial nodal points which are 
responsible for the etiology of breast cancer can provide 
therapeutic targets to develop drugs with high efficacy 
opening new avenues in the treatment of breast cancer. 
 

8. REFERENCES 
 
1. R. P. Sharma and V. L. Chopra: Effect of the Wingless 
(wg1) mutation on wing and haltere development in 
Drosophila melanogaster. Dev Biol 48, 461-465 (1976) 
 
2. R. Nusse and H. E. Varmus: Many tumors induced by 
the mouse mammary tumor virus contain a provirus 
integrated in the same region of the host genome. Cell 31, 
99-109 (1982) 
 
3. F. Rijsewijk, M. Schuermann, E. Wagenaar, P. Parren, 
D. Weigel and R. Nusse: The Drosophila homolog of the 
mouse mammary oncogene int-1 is identical to the segment 
polarity gene wingless. Cell 50, 649-657 (1987) 
 
4. J. R. Miller: The Wnts. Genome Biol 3, Reviews 3001 
(2002) 
 
5. K. M. Cadigan and R. Nusse: Wnt signaling: a common 
theme in animal development. Genes Dev 11, 3286-3305 
(1997) 
 
6. B. Hobmayer, F. Rentzsch, K. Kuhn, C. M. Happel, C. 
C. von Laue, P. Snyder, U. Rothbacher and T. W. Holstein: 
WNT signalling molecules act in axis formation in the 
diploblastic metazoan Hydra. Nature 407, 186-189 (2000) 
 
7. M. J. Grimson, J. C. Coates, J. P. Reynolds, M. Shipman, 
R. L. Blanton and A. J. Harwood: Adherens junctions and 
beta-catenin-mediated cell signalling in a non-metazoan 
organism. Nature 408, 727-731 (2000) 
 
8. V. Amador, E. Monte, J. L. Garcia-Martinez and S. Prat: 
Gibberellins signal nuclear import of PHOR1, a 
photoperiod-responsive protein with homology to 
Drosophila armadillo. Cell 106, 343-354 (2001) 
 
9. R. DasGupta, A. Kaykas, R. T. Moon and N. Perrimon: 
Functional genomic analysis of the Wnt-wingless signaling 
pathway. Science 308, 826-833 (2005) 
 
10. K. Itoh, T. L. Tang, B. G. Neel and S. Y. Sokol: 
Specific modulation of ectodermal cell fates in Xenopus 
embryos by glycogen synthase kinase. Development 121, 
3979-3988 (1995) 
 
11. S. Sokol, J. L. Christian, R. T. Moon and D. A. Melton: 
Injected Wnt RNA induces a complete body axis in 
Xenopus embryos. Cell 67, 741-752 (1991) 



Wnt pathway and breast cancer 

4027 

12. S. Y. Sokol and D. A. Melton: Interaction of Wnt and 
activin in dorsal mesoderm induction in Xenopus. Dev Biol 
154, 348-355 (1992) 
 
13. K. Willert, J. D. Brown, E. Danenberg, A. W. Duncan, 
I. L. Weissman, T. Reya, J. R. Yates, 3rd and R. Nusse: 
Wnt proteins are lipid-modified and can act as stem cell 
growth factors. Nature 423, 448-452 (2003) 
 
14. J. O. Mason, J. Kitajewski and H. E. Varmus: 
Mutational analysis of mouse Wnt-1 identifies two 
temperature-sensitive alleles and attributes of Wnt-1 
protein essential for transformation of a mammary cell line. 
Mol Biol Cell 3, 521-533 (1992) 
 
15. L. M. Boyden, J. Mao, J. Belsky, L. Mitzner, A. Farhi, 
M. A. Mitnick, D. Wu, K. Insogna and R. P. Lifton: High 
bone density due to a mutation in LDL-receptor-related 
protein 5. N Engl J Med 346, 1513-1521 (2002) 
 
16. R. D. Little, J. P. Carulli, R. G. Del Mastro, J. Dupuis, 
M. Osborne, C. Folz, S. P. Manning, P. M. Swain, S. C. 
Zhao, B. Eustace, M. M. Lappe, L. Spitzer, S. Zweier, K. 
Braunschweiger, Y. Benchekroun, X. Hu, R. Adair, L. 
Chee, M. G. FitzGerald, C. Tulig, A. Caruso, N. Tzellas, A. 
Bawa, B. Franklin, S. McGuire, X. Nogues, G. Gong, K. 
M. Allen, A. Anisowicz, A. J. Morales, P. T. Lomedico, S. 
M. Recker, P. Van Eerdewegh, R. R. Recker and M. L. 
Johnson: A mutation in the LDL receptor-related protein 5 
gene results in the autosomal dominant high-bone-mass 
trait. Am J Hum Genet 70, 11-19 (2002) 
 
17. Y. Gong, R. B. Slee, N. Fukai, G. Rawadi, S. Roman-
Roman, A. M. Reginato, H. Wang, T. Cundy, F. H. 
Glorieux, D. Lev, M. Zacharin, K. Oexle, J. Marcelino, W. 
Suwairi, S. Heeger, G. Sabatakos, S. Apte, W. N. Adkins, 
J. Allgrove, M. Arslan-Kirchner, J. A. Batch, P. Beighton, 
G. C. Black, R. G. Boles, L. M. Boon, C. Borrone, H. G. 
Brunner, G. F. Carle, B. Dallapiccola, A. De Paepe, B. 
Floege, M. L. Halfhide, B. Hall, R. C. Hennekam, T. 
Hirose, A. Jans, H. Juppner, C. A. Kim, K. Keppler-
Noreuil, A. Kohlschuetter, D. LaCombe, M. Lambert, E. 
Lemyre, T. Letteboer, L. Peltonen, R. S. Ramesar, M. 
Romanengo, H. Somer, E. Steichen-Gersdorf, B. 
Steinmann, B. Sullivan, A. Superti-Furga, W. Swoboda, M. 
J. van den Boogaard, W. Van Hul, M. Vikkula, M. 
Votruba, B. Zabel, T. Garcia, R. Baron, B. R. Olsen and M. 
L. Warman: LDL receptor-related protein 5 (LRP5) affects 
bone accrual and eye development. Cell 107, 513-523 
(2001) 
 
18. C. Toomes, H. M. Bottomley, R. M. Jackson, K. V. 
Towns, S. Scott, D. A. Mackey, J. E. Craig, L. Jiang, Z. 
Yang, R. Trembath, G. Woodruff, C. Y. Gregory-Evans, K. 
Gregory-Evans, M. J. Parker, G. C. Black, L. M. Downey, 
K. Zhang and C. F. Inglehearn: Mutations in LRP5 or 
FZD4 underlie the common familial exudative 
vitreoretinopathy locus on chromosome 11q. Am J Hum 
Genet 74, 721-730 (2004) 
 
19. L. Lammi, S. Arte, M. Somer, H. Jarvinen, P. Lahermo, 
I. Thesleff, S. Pirinen and P. Nieminen: Mutations in 

AXIN2 cause familial tooth agenesis and predispose to 
colorectal cancer. Am J Hum Genet 74, 1043-1050 (2004) 
 
20. K. W. Kinzler, M. C. Nilbert, L. K. Su, B. Vogelstein, 
T. M. Bryan, D. B. Levy, K. J. Smith, A. C. Preisinger, P. 
Hedge, D. McKechnie and et al.: Identification of FAP 
locus genes from chromosome 5q21. Science 253, 661-665 
(1991) 
 
21. S. Satoh, Y. Daigo, Y. Furukawa, T. Kato, N. Miwa, T. 
Nishiwaki, T. Kawasoe, H. Ishiguro, M. Fujita, T. Tokino, 
Y. Sasaki, S. Imaoka, M. Murata, T. Shimano, Y. Yamaoka 
and Y. Nakamura: AXIN1 mutations in hepatocellular 
carcinomas, and growth suppression in cancer cells by 
virus-mediated transfer of AXIN1. Nat Genet 24, 245-250 
(2000) 
 
22. J. Yang-Snyder, J. R. Miller, J. D. Brown, C. J. Lai and 
R. T. Moon: A frizzled homolog functions in a vertebrate 
Wnt signaling pathway. Curr Biol 6, 1302-1306 (1996) 
 
23. X. He, J. P. Saint-Jeannet, Y. Wang, J. Nathans, I. 
Dawid and H. Varmus: A member of the Frizzled protein 
family mediating axis induction by Wnt-5A. Science 275, 
1652-1654 (1997) 
 
24. P. Bhanot, M. Brink, C. H. Samos, J. C. Hsieh, Y. 
Wang, J. P. Macke, D. Andrew, J. Nathans and R. Nusse: A 
new member of the frizzled family from Drosophila 
functions as a Wingless receptor. Nature 382, 225-230 
(1996) 
 
25. K. I. Pinson, J. Brennan, S. Monkley, B. J. Avery and 
W. C. Skarnes: An LDL-receptor-related protein mediates 
Wnt signalling in mice. Nature 407, 535-538 (2000) 
 
26. K. Tamai, M. Semenov, Y. Kato, R. Spokony, C. Liu, 
Y. Katsuyama, F. Hess, J. P. Saint-Jeannet and X. He: 
LDL-receptor-related proteins in Wnt signal transduction. 
Nature 407, 530-535 (2000) 
 
27. M. T. Veeman, J. D. Axelrod and R. T. Moon: A 
second canon. Functions and mechanisms of beta-catenin-
independent Wnt signaling. Dev Cell 5, 367-377 (2003) 
 
28. D. Strutt: Frizzled signalling and cell polarisation in 
Drosophila and vertebrates. Development 130, 4501-4513 
(2003) 
 
29. M. Wehrli, S. T. Dougan, K. Caldwell, L. O'Keefe, S. 
Schwartz, D. Vaizel-Ohayon, E. Schejter, A. Tomlinson 
and S. DiNardo: arrow encodes an LDL-receptor-related 
protein essential for Wingless signalling. Nature 407, 527-
530 (2000) 
 
30. M. V. Semenov, K. Tamai, B. K. Brott, M. Kuhl, S. 
Sokol and X. He: Head inducer Dickkopf-1 is a ligand for 
Wnt coreceptor LRP6. Curr Biol 11, 951-961 (2001) 
 
31. J. Noordermeer, J. Klingensmith, N. Perrimon and R. 
Nusse: dishevelled and armadillo act in the wingless 
signalling pathway in Drosophila. Nature 367, 80-83 
(1994) 



Wnt pathway and breast cancer 

4028 

32. L. Li, J. M. Olvera, K. E. Yoder, R. S. Mitchell, S. L. 
Butler, M. Lieber, S. L. Martin and F. D. Bushman: Role of 
the non-homologous DNA end joining pathway in the early 
steps of retroviral infection. Embo J 20, 3272-3281 (2001) 
 
33. K. Tamai, X. Zeng, C. Liu, X. Zhang, Y. Harada, Z. 
Chang and X. He: A mechanism for Wnt coreceptor 
activation. Mol Cell 13, 149-156 (2004) 
 
34. J. Mao, J. Wang, B. Liu, W. Pan, G. H. Farr, 3rd, C. 
Flynn, H. Yuan, S. Takada, D. Kimelman, L. Li and D. 
Wu: Low-density lipoprotein receptor-related protein-5 
binds to Axin and regulates the canonical Wnt signaling 
pathway. Mol Cell 7, 801-809 (2001) 
 
35. X. Zeng, K. Tamai, B. Doble, S. Li, H. Huang, R. 
Habas, H. Okamura, J. Woodgett and X. He: A dual-kinase 
mechanism for Wnt co-receptor phosphorylation and 
activation. Nature 438, 873-877 (2005) 
 
36. G. Davidson, W. Wu, J. Shen, J. Bilic, U. Fenger, P. 
Stannek, A. Glinka and C. Niehrs: Casein kinase 1 gamma 
couples Wnt receptor activation to cytoplasmic signal 
transduction. Nature 438, 867-872 (2005) 
 
37. K. Mi and G. V. Johnson: Role of the intracellular 
domains of LRP5 and LRP6 in activating the Wnt 
canonical pathway. J Cell Biochem 95, 328-338 (2005) 
 
38. H. Yamamoto, H. Komekado and A. Kikuchi: Caveolin 
is necessary for Wnt-3a-dependent internalization of LRP6 
and accumulation of beta-catenin. Dev Cell 11, 213-223 
(2006) 
 
39. B. Rubinfeld, B. Souza, I. Albert, O. Muller, S. H. 
Chamberlain, F. R. Masiarz, S. Munemitsu and P. Polakis: 
Association of the APC gene product with beta-catenin. 
Science 262, 1731-1734 (1993) 
 
40. L. K. Su, B. Vogelstein and K. W. Kinzler: Association 
of the APC tumor suppressor protein with catenins. Science 
262, 1734-1737 (1993) 
 
41. S. Kishida, H. Yamamoto, S. Ikeda, M. Kishida, I. 
Sakamoto, S. Koyama and A. Kikuchi: Axin, a negative 
regulator of the wnt signaling pathway, directly interacts 
with adenomatous polyposis coli and regulates the 
stabilization of beta-catenin. J Biol Chem 273, 10823-
10826 (1998) 
 
42. C. Sakanaka, J. B. Weiss and L. T. Williams: Bridging 
of beta-catenin and glycogen synthase kinase-3beta by axin 
and inhibition of beta-catenin-mediated transcription. Proc 
Natl Acad Sci U S A 95, 3020-3023 (1998) 
 
43. T. Nakamura, F. Hamada, T. Ishidate, K. Anai, K. 
Kawahara, K. Toyoshima and T. Akiyama: Axin, an 
inhibitor of the Wnt signalling pathway, interacts with beta-
catenin, GSK-3beta and APC and reduces the beta-catenin 
level. Genes Cells 3, 395-403 (1998) 
 
44. S. Ikeda, S. Kishida, H. Yamamoto, H. Murai, S. 
Koyama and A. Kikuchi: Axin, a negative regulator of the 

Wnt signaling pathway, forms a complex with GSK-3beta 
and beta-catenin and promotes GSK-3beta-dependent 
phosphorylation of beta-catenin. Embo J 17, 1371-1384 
(1998) 
 
45. M. J. Hart, R. de los Santos, I. N. Albert, B. Rubinfeld 
and P. Polakis: Downregulation of beta-catenin by human 
Axin and its association with the APC tumor suppressor, 
beta-catenin and GSK3 beta. Curr Biol 8, 573-581 (1998) 
 
46. M. Hart, J. P. Concordet, I. Lassot, I. Albert, R. del los 
Santos, H. Durand, C. Perret, B. Rubinfeld, F. Margottin, 
R. Benarous and P. Polakis: The F-box protein beta-TrCP 
associates with phosphorylated beta-catenin and regulates 
its activity in the cell. Curr Biol 9, 207-210 (1999) 
 
47. L. Li, H. Yuan, C. D. Weaver, J. Mao, G. H. Farr, 3rd, 
D. J. Sussman, J. Jonkers, D. Kimelman and D. Wu: Axin 
and Frat1 interact with dvl and GSK, bridging Dvl to GSK 
in Wnt-mediated regulation of LEF-1. Embo J 18, 4233-
4240 (1999) 
 
48. C. Liu, Y. Kato, Z. Zhang, V. M. Do, B. A. Yankner 
and X. He: beta-Trcp couples beta-catenin 
phosphorylation-degradation and regulates Xenopus axis 
formation. Proc Natl Acad Sci U S A 96, 6273-6278 (1999) 
 
49. V. S. Spiegelman, T. J. Slaga, M. Pagano, T. 
Minamoto, Z. Ronai and S. Y. Fuchs: Wnt/beta-catenin 
signaling induces the expression and activity of betaTrCP 
ubiquitin ligase receptor. Mol Cell 5, 877-882 (2000) 
 
50. K. Mi, P. J. Dolan and G. V. Johnson: The low density 
lipoprotein receptor-related protein 6 interacts with 
glycogen synthase kinase 3 and attenuates activity. J Biol 
Chem 281, 4787-4794 (2006) 
 
51. M. Molenaar, M. van de Wetering, M. Oosterwegel, J. 
Peterson-Maduro, S. Godsave, V. Korinek, J. Roose, O. 
Destree and H. Clevers: XTcf-3 transcription factor 
mediates beta-catenin-induced axis formation in Xenopus 
embryos. Cell 86, 391-399 (1996) 
 
52. J. Behrens, J. P. von Kries, M. Kuhl, L. Bruhn, D. 
Wedlich, R. Grosschedl and W. Birchmeier: Functional 
interaction of beta-catenin with the transcription factor 
LEF-1. Nature 382, 638-642 (1996) 
 
53. K. Giese, J. Cox and R. Grosschedl: The HMG domain 
of lymphoid enhancer factor 1 bends DNA and facilitates 
assembly of functional nucleoprotein structures. Cell 69, 
185-195 (1992) 
 
54. G. Chen, J. Fernandez, S. Mische and A. J. Courey: A 
functional interaction between the histone deacetylase 
Rpd3 and the corepressor groucho in Drosophila 
development. Genes Dev 13, 2218-2230 (1999) 
 
55. A. Hecht, K. Vleminckx, M. P. Stemmler, F. van Roy 
and R. Kemler: The p300/CBP acetyltransferases function 
as transcriptional coactivators of beta-catenin in 
vertebrates. Embo J 19, 1839-1850 (2000) 



Wnt pathway and breast cancer 

4029 

 
56. K. I. Takemaru and R. T. Moon: The transcriptional 
coactivator CBP interacts with beta-catenin to activate gene 
expression. J Cell Biol 149, 249-254 (2000) 
 
57. T. Kramps, O. Peter, E. Brunner, D. Nellen, B. Froesch, 
S. Chatterjee, M. Murone, S. Zullig and K. Basler: 
Wnt/wingless signaling requires BCL9/legless-mediated 
recruitment of pygopus to the nuclear beta-catenin-TCF 
complex. Cell 109, 47-60 (2002) 
 
58. K. Tago, T. Nakamura, M. Nishita, J. Hyodo, S. Nagai, 
Y. Murata, S. Adachi, S. Ohwada, Y. Morishita, H. 
Shibuya and T. Akiyama: Inhibition of Wnt signaling by 
ICAT, a novel beta-catenin-interacting protein. Genes Dev 
14, 1741-1749 (2000) 
 
59. T. A. Graham, W. K. Clements, D. Kimelman and W. 
Xu: The crystal structure of the beta-catenin/ICAT complex 
reveals the inhibitory mechanism of ICAT. Mol Cell 10, 
563-571 (2002) 
 
60. D. L. Daniels and W. I. Weis: ICAT inhibits beta-
catenin binding to Tcf/Lef-family transcription factors and 
the general coactivator p300 using independent structural 
modules. Mol Cell 10, 573-584 (2002) 
 
61. M. Tada, M. L. Concha and C. P. Heisenberg: Non-
canonical Wnt signalling and regulation of gastrulation 
movements. Semin Cell Dev Biol 13, 251-260 (2002) 
 
62. D. J. Prockop, C. A. Gregory and J. L. Spees: One 
strategy for cell and gene therapy: harnessing the power of 
adult stem cells to repair tissues. Proc Natl Acad Sci U S A 
100 Suppl 1, 11917-11923 (2003) 
 
63. C. Brisken, A. Heineman, T. Chavarria, B. Elenbaas, J. 
Tan, S. K. Dey, J. A. McMahon, A. P. McMahon and R. A. 
Weinberg: Essential function of Wnt-4 in mammary gland 
development downstream of progesterone signaling. Genes 
Dev 14, 650-654 (2000) 
 
64. J. M. Bradbury, P. A. Edwards, C. C. Niemeyer and T. 
C. Dale: Wnt-4 expression induces a pregnancy-like growth 
pattern in reconstituted mammary glands in virgin mice. 
Dev Biol 170, 553-563 (1995) 
 
65. J. H. Christiansen, C. L. Dennis, C. A. Wicking, S. J. 
Monkley, D. G. Wilkinson and B. J. Wainwright: Murine 
Wnt-11 and Wnt-12 have temporally and spatially 
restricted expression patterns during embryonic 
development. Mech Dev 51, 341-350 (1995) 
 
66. C. van Genderen, R. M. Okamura, I. Farinas, R. G. 
Quo, T. G. Parslow, L. Bruhn and R. Grosschedl: 
Development of several organs that require inductive 
epithelial-mesenchymal interactions is impaired in LEF-1-
deficient mice. Genes Dev 8, 2691-2703 (1994) 
 
67. J. Foley, P. Dann, J. Hong, J. Cosgrove, B. Dreyer, D. 
Rimm, M. Dunbar, W. Philbrick and J. Wysolmerski: 
Parathyroid hormone-related protein maintains mammary 

epithelial fate and triggers nipple skin differentiation during 
embryonic breast development. Development 128, 513-525 
(2001) 
 
68. G. W. Robinson, A. B. Karpf and K. Kratochwil: 
Regulation of mammary gland development by tissue 
interaction. J Mammary Gland Biol Neoplasia 4, 9-19 
(1999) 
 
69. S. Y. Lin, W. Xia, J. C. Wang, K. Y. Kwong, B. Spohn, 
Y. Wen, R. G. Pestell and M. C. Hung: Beta-catenin, a 
novel prognostic marker for breast cancer: its roles in 
cyclin D1 expression and cancer progression. Proc Natl 
Acad Sci U S A 97, 4262-4266 (2000) 
 
70. A. Ryo, M. Nakamura, G. Wulf, Y. C. Liou and K. P. 
Lu: Pin1 regulates turnover and subcellular localization of 
beta-catenin by inhibiting its interaction with APC. Nat 
Cell Biol 3, 793-801 (2001) 
 
71. L. Nakopoulou, E. Mylona, I. Papadaki, N. Kavantzas, 
I. Giannopoulou, S. Markaki and A. Keramopoulos: Study 
of phospho-beta-catenin subcellular distribution in invasive 
breast carcinomas in relation to their phenotype and the 
clinical outcome. Mod Pathol 19, 556-563 (2006) 
 
72. K. Benhaj, K. C. Akcali and M. Ozturk: Redundant 
expression of canonical Wnt ligands in human breast 
cancer cell lines. Oncol Rep 15, 701-707 (2006) 
 
73. A. Bankfalvi, H. J. Terpe, D. Breukelmann, B. Bier, D. 
Rempe, G. Pschadka, R. Krech, R. J. Lelle and W. 
Boecker: Immunophenotypic and prognostic analysis of E-
cadherin and beta-catenin expression during breast 
carcinogenesis and tumour progression: a comparative 
study with CD44. Histopathology 34, 25-34 (1999) 
 
74. S. Ozaki, S. Ikeda, Y. Ishizaki, T. Kurihara, N. 
Tokumoto, M. Iseki, K. Arihiro, T. Kataoka, M. Okajima 
and T. Asahara: Alterations and correlations of the 
components in the Wnt signaling pathway and its target 
genes in breast cancer. Oncol Rep 14, 1437-1443 (2005) 
 
75. E. J. Sawyer, A. M. Hanby, A. J. Rowan, C. E. Gillett, 
R. E. Thomas, R. Poulsom, S. R. Lakhani, I. O. Ellis, P. 
Ellis and I. P. Tomlinson: The Wnt pathway, epithelial-
stromal interactions, and malignant progression in 
phyllodes tumours. J Pathol 196, 437-444 (2002) 
 
76. S. C. Wong, S. F. Lo, K. C. Lee, J. W. Yam, J. K. Chan 
and W. L. Wendy Hsiao: Expression of frizzled-related 
protein and Wnt-signalling molecules in invasive human 
breast tumours. J Pathol 196, 145-153 (2002) 
 
77. C. Wissmann, P. J. Wild, S. Kaiser, S. Roepcke, R. 
Stoehr, M. Woenckhaus, G. Kristiansen, J. C. Hsieh, F. 
Hofstaedter, A. Hartmann, R. Knuechel, A. Rosenthal and 
C. Pilarsky: WIF1, a component of the Wnt pathway, is 
down-regulated in prostate, breast, lung, and bladder 
cancer. J Pathol 201, 204-212 (2003) 
 
78. F. Ugolini, E. Charafe-Jauffret, V. J. Bardou, J. Geneix, 
J. Adelaide, F. Labat-Moleur, F. Penault-Llorca, M. Longy, 



Wnt pathway and breast cancer 

4030 

J. Jacquemier, D. Birnbaum and M. J. Pebusque: WNT 
pathway and mammary carcinogenesis: loss of expression 
of candidate tumor suppressor gene SFRP1 in most 
invasive carcinomas except of the medullary type. 
Oncogene 20, 5810-5817 (2001) 
 
79. K. S. Hoek, N. C. Schlegel, P. Brafford, A. Sucker, S. 
Ugurel, R. Kumar, B. L. Weber, K. L. Nathanson, D. J. 
Phillips, M. Herlyn, D. Schadendorf and R. Dummer: 
Metastatic potential of melanomas defined by specific gene 
expression profiles with no BRAF signature. Pigment Cell 
Res 19, 290-302 (2006) 
 
80. S. Segditsas and I. Tomlinson: Colorectal cancer and 
genetic alterations in the Wnt pathway. Oncogene 25, 
7531-7537 (2006) 
 
81. S. Sievers, C. Fritzsch, M. Lehnhardt, S. Zahn, N. 
Kutzner, C. Kuhnen and O. Muller: Hypermethylation of 
the APC promoter but lack of APC mutations in 
myxoid/round-cell liposarcoma. Int J Cancer 119, 2347-
2352 (2006) 
 
82. A. S. Tsukamoto, R. Grosschedl, R. C. Guzman, T. 
Parslow and H. E. Varmus: Expression of the int-1 gene in 
transgenic mice is associated with mammary gland 
hyperplasia and adenocarcinomas in male and female mice. 
Cell 55, 619-625 (1988) 
 
83. Y. Li, B. Welm, K. Podsypanina, S. Huang, M. 
Chamorro, X. Zhang, T. Rowlands, M. Egeblad, P. Cowin, 
Z. Werb, L. K. Tan, J. M. Rosen and H. E. Varmus: 
Evidence that transgenes encoding components of the Wnt 
signaling pathway preferentially induce mammary cancers 
from progenitor cells. Proc Natl Acad Sci U S A 100, 
15853-15858 (2003) 
 
84. X. Zhang, K. Podsypanina, S. Huang, S. K. Mohsin, G. 
C. Chamness, S. Hatsell, P. Cowin, R. Schiff and Y. Li: 
Estrogen receptor positivity in mammary tumors of Wnt-1 
transgenic mice is influenced by collaborating oncogenic 
mutations. Oncogene 24, 4220-4231 (2005) 
 
85. T. F. Lane and P. Leder: Wnt-10b directs hypermorphic 
development and transformation in mammary glands of 
male and female mice. Oncogene 15, 2133-2144 (1997) 
 
86. M. T. Webster, M. Rozycka, E. Sara, E. Davis, M. 
Smalley, N. Young, T. C. Dale and R. Wooster: Sequence 
variants of the axin gene in breast, colon, and other cancers: 
an analysis of mutations that interfere with GSK3 binding. 
Genes Chromosomes Cancer 28, 443-453 (2000) 
 
87. W. Hsu, R. Shakya and F. Costantini: Impaired 
mammary gland and lymphoid development caused by 
inducible expression of Axin in transgenic mice. J Cell Biol 
155, 1055-1064 (2001) 
 
88. A. Imbert, R. Eelkema, S. Jordan, H. Feiner and P. 
Cowin: Delta N89 beta-catenin induces precocious 
development, differentiation, and neoplasia in mammary 
gland. J Cell Biol 153, 555-568 (2001) 

89. J. S. Michaelson and P. Leder: beta-catenin is a 
downstream effector of Wnt-mediated tumorigenesis in the 
mammary gland. Oncogene 20, 5093-5099 (2001) 
 
90. J. Roose and H. Clevers: TCF transcription factors: 
molecular switches in carcinogenesis. Biochim Biophys 
Acta 1424, M23-37 (1999) 
 
91. J. Roose, G. Huls, M. van Beest, P. Moerer, K. van der 
Horn, R. Goldschmeding, T. Logtenberg and H. Clevers: 
Synergy between tumor suppressor APC and the beta-
catenin-Tcf4 target Tcf1. Science 285, 1923-1926 (1999) 
 
92. M. Farago, I. Dominguez, E. Landesman-Bollag, X. 
Xu, A. Rosner, R. D. Cardiff and D. C. Seldin: Kinase-
inactive glycogen synthase kinase 3beta promotes Wnt 
signaling and mammary tumorigenesis. Cancer Res 65, 
5792-5801 (2005) 
 
93. E. Landesman-Bollag, D. H. Song, R. Romieu-Mourez, 
D. J. Sussman, R. D. Cardiff, G. E. Sonenshein and D. C. 
Seldin: Protein kinase CK2: signaling and tumorigenesis in 
the mammary gland. Mol Cell Biochem 227, 153-165 
(2001) 
 
94. E. Landesman-Bollag, R. Romieu-Mourez, D. H. Song, 
G. E. Sonenshein, R. D. Cardiff and D. C. Seldin: Protein 
kinase CK2 in mammary gland tumorigenesis. Oncogene 
20, 3247-3257 (2001) 
 
95. E. A. Musgrove, R. Hui, K. J. Sweeney, C. K. Watts 
and R. L. Sutherland: Cyclins and breast cancer. J 
Mammary Gland Biol Neoplasia 1, 153-162 (1996) 
 
96. J. A. Schroeder, K. L. Troyer and D. C. Lee: 
Cooperative induction of mammary tumorigenesis by 
TGFalpha and Wnts. Oncogene 19, 3193-3199 (2000) 
 
97. J. A. Schroeder, M. C. Adriance, E. J. McConnell, M. 
C. Thompson, B. Pockaj and S. J. Gendler: ErbB-beta-
catenin complexes are associated with human infiltrating 
ductal breast and murine mammary tumor virus (MMTV)-
Wnt-1 and MMTV-c-Neu transgenic carcinomas. J Biol 
Chem 277, 22692-22698 (2002) 
 
98. A. Ayyanan, G. Civenni, L. Ciarloni, C. Morel, N. 
Mueller, K. Lefort, A. Mandinova, W. Raffoul, M. Fiche, 
G. P. Dotto and C. Brisken: Increased Wnt signaling 
triggers oncogenic conversion of human breast epithelial 
cells by a Notch-dependent mechanism. Proc Natl Acad Sci 
U S A 103, 3799-3804 (2006) 
 
99. G. Civenni, T. Holbro and N. E. Hynes: Wnt1 and 
Wnt5a induce cyclin D1 expression through ErbB1 
transactivation in HC11 mammary epithelial cells. EMBO 
Rep 4, 166-171 (2003) 
 
100. J. Lukas, J. Bartkova and J. Bartek: Convergence of 
mitogenic signalling cascades from diverse classes of 
receptors at the cyclin D-cyclin-dependent kinase-pRb-
controlled G1 checkpoint. Mol Cell Biol 16, 6917-6925 
(1996) 



Wnt pathway and breast cancer 

4031 

101. C. Desbois-Mouthon, A. Cadoret, M. J. Blivet-Van 
Eggelpoel, F. Bertrand, G. Cherqui, C. Perret and J. 
Capeau: Insulin and IGF-1 stimulate the beta-catenin 
pathway through two signalling cascades involving GSK-
3beta inhibition and Ras activation. Oncogene 20, 252-259 
(2001) 
 
102. M. Hashimoto, Y. Sagara, D. Langford, I. P. Everall, 
M. Mallory, A. Everson, M. Digicaylioglu and E. Masliah: 
Fibroblast growth factor 1 regulates signaling via the 
glycogen synthase kinase-3beta pathway. Implications for 
neuroprotection. J Biol Chem 277, 32985-32991 (2002) 
 
103. A. Cano, M. A. Perez-Moreno, I. Rodrigo, A. 
Locascio, M. J. Blanco, M. G. del Barrio, F. Portillo and M. 
A. Nieto: The transcription factor snail controls epithelial-
mesenchymal transitions by repressing E-cadherin 
expression. Nat Cell Biol 2, 76-83 (2000) 
 
104. S. Elloul, M. B. Elstrand, J. M. Nesland, C. G. Trope, 
G. Kvalheim, I. Goldberg, R. Reich and B. Davidson: 
Snail, Slug, and Smad-interacting protein 1 as novel 
parameters of disease aggressiveness in metastatic ovarian 
and breast carcinoma. Cancer 103, 1631-1643 (2005) 
 
105. G. Abu-Jawdeh, N. Comella, Y. Tomita, L. F. Brown, 
K. Tognazzi, S. Y. Sokol and O. Kocher: Differential 
expression of frpHE: a novel human stromal protein of the 
secreted frizzled gene family, during the endometrial cycle 
and malignancy. Lab Invest 79, 439-447 (1999) 
 
106. M. Mai, C. Qian, A. Yokomizo, D. I. Smith and W. 
Liu: Cloning of the human homolog of conductin (AXIN2), 
a gene mapping to chromosome 17q23-q24. Genomics 55, 
341-344 (1999) 
 
107. J. I. Yook, X. Y. Li, I. Ota, C. Hu, H. S. Kim, N. H. 
Kim, S. Y. Cha, J. K. Ryu, Y. J. Choi, J. Kim, E. R. Fearon 
and S. J. Weiss: A Wnt-Axin2-GSK3beta cascade regulates 
Snail1 activity in breast cancer cells. Nat Cell Biol 8, 1398-
1406 (2006) 
 
108. G. Chepko and R. B. Dickson: Ultrastructure of the 
putative stem cell niche in rat mammary epithelium. Tissue 
Cell 35, 83-93 (2003) 
 
109. C. Pechoux, T. Gudjonsson, L. Ronnov-Jessen, M. J. 
Bissell and O. W. Petersen: Human mammary luminal 
epithelial cells contain progenitors to myoepithelial cells. 
Dev Biol 206, 88-99 (1999) 
 
110. J. Stingl, C. J. Eaves, U. Kuusk and J. T. Emerman: 
Phenotypic and functional characterization in vitro of a 
multipotent epithelial cell present in the normal adult 
human breast. Differentiation 63, 201-213 (1998) 
 
111. J. Stingl, C. J. Eaves, I. Zandieh and J. T. Emerman: 
Characterization of bipotent mammary epithelial progenitor 
cells in normal adult human breast tissue. Breast Cancer 
Res Treat 67, 93-109 (2001) 
 
112. T. Gudjonsson, R. Villadsen, H. L. Nielsen, L. 
Ronnov-Jessen, M. J. Bissell and O. W. Petersen: Isolation, 

immortalization, and characterization of a human breast 
epithelial cell line with stem cell properties. Genes Dev 16, 
693-706 (2002) 
 
113. T. Reya, A. W. Duncan, L. Ailles, J. Domen, D. C. 
Scherer, K. Willert, L. Hintz, R. Nusse and I. L. Weissman: 
A role for Wnt signalling in self-renewal of haematopoietic 
stem cells. Nature 423, 409-414 (2003) 
 
114. V. Korinek, N. Barker, P. Moerer, E. van Donselaar, 
G. Huls, P. J. Peters and H. Clevers: Depletion of epithelial 
stem-cell compartments in the small intestine of mice 
lacking Tcf-4. Nat Genet 19, 379-383 (1998) 
 
115. M. Shackleton, F. Vaillant, K. J. Simpson, J. Stingl, G. 
K. Smyth, M. L. Asselin-Labat, L. Wu, G. J. Lindeman and 
J. E. Visvader: Generation of a functional mammary gland 
from a single stem cell. Nature 439, 84-88 (2006) 
 
116. A. J. Zhu and F. M. Watt: beta-catenin signalling 
modulates proliferative potential of human epidermal 
keratinocytes independently of intercellular adhesion. 
Development 126, 2285-2298 (1999) 
 
117. M. Brittan and N. A. Wright: Gastrointestinal stem 
cells. J Pathol 197, 492-509 (2002) 
 
118. H. Roh, D. W. Green, C. B. Boswell, J. A. Pippin and 
J. A. Drebin: Suppression of beta-catenin inhibits the 
neoplastic growth of APC-mutant colon cancer cells. 
Cancer Res 61, 6563-6568 (2001) 
 
119. D. W. Green, H. Roh, J. A. Pippin and J. A. Drebin: 
Beta-catenin antisense treatment decreases beta-catenin 
expression and tumor growth rate in colon carcinoma 
xenografts. J Surg Res 101, 16-20 (2001) 
 
120. M. van de Wetering, I. Oving, V. Muncan, M. T. Pon 
Fong, H. Brantjes, D. van Leenen, F. C. Holstege, T. R. 
Brummelkamp, R. Agami and H. Clevers: Specific 
inhibition of gene expression using a stably integrated, 
inducible small-interfering-RNA vector. EMBO Rep 4, 
609-615 (2003) 
 
121. N. K. Veeramachaneni, H. Kubokura, L. Lin, J. A. 
Pippin, G. A. Patterson, J. A. Drebin and R. J. Battafarano: 
Down-regulation of beta catenin inhibits the growth of 
esophageal carcinoma cells. J Thorac Cardiovasc Surg 
127, 92-98 (2004) 
 
122. E. J. Chung, S. G. Hwang, P. Nguyen, S. Lee, J. S. 
Kim, J. W. Kim, P. A. Henkart, D. P. Bottaro, L. Soon, P. 
Bonvini, S. J. Lee, J. E. Karp, H. J. Oh, J. S. Rubin and J. 
B. Trepel: Regulation of leukemic cell adhesion, 
proliferation, and survival by beta-catenin. Blood 100, 982-
990 (2002) 
 
123. R. K. Phillips, M. H. Wallace, P. M. Lynch, E. Hawk, 
G. B. Gordon, B. P. Saunders, N. Wakabayashi, Y. Shen, S. 
Zimmerman, L. Godio, M. Rodrigues-Bigas, L. K. Su, J. 
Sherman, G. Kelloff, B. Levin and G. Steinbach: A 
randomised, double blind, placebo controlled study of 



Wnt pathway and breast cancer 

4032 

celecoxib, a selective cyclooxygenase 2 inhibitor, on 
duodenal polyposis in familial adenomatous polyposis. Gut 
50, 857-860 (2002) 
 
124. G. Steinbach, P. M. Lynch, R. K. Phillips, M. H. 
Wallace, E. Hawk, G. B. Gordon, N. Wakabayashi, B. 
Saunders, Y. Shen, T. Fujimura, L. K. Su and B. Levin: 
The effect of celecoxib, a cyclooxygenase-2 inhibitor, in 
familial adenomatous polyposis. N Engl J Med 342, 1946-
1952 (2000) 
 
125. T. J. Maier, A. Janssen, R. Schmidt, G. Geisslinger 
and S. Grosch: Targeting the beta-catenin/APC pathway: a 
novel mechanism to explain the cyclooxygenase-2-
independent anticarcinogenic effects of celecoxib in human 
colon carcinoma cells. Faseb J 19, 1353-1355 (2005) 
 
126. J. Liu, J. Stevens, C. A. Rote, H. J. Yost, Y. Hu, K. L. 
Neufeld, R. L. White and N. Matsunami: Siah-1 mediates a 
novel beta-catenin degradation pathway linking p53 to the 
adenomatous polyposis coli protein. Mol Cell 7, 927-936 
(2001) 
 
127. S. Park, J. Gwak, M. Cho, T. Song, J. Won, D. E. 
Kim, J. G. Shin and S. Oh: Hexachlorophene inhibits 
Wnt/beta-catenin pathway by promoting Siah-mediated 
beta-catenin degradation. Mol Pharmacol 70, 960-966 
(2006) 
 
128. D. L. Daniels, K. Eklof Spink and W. I. Weis: beta-
catenin: molecular plasticity and drug design. Trends 
Biochem Sci 26, 672-678 (2001) 
 
129. T. A. Graham, D. M. Ferkey, F. Mao, D. Kimelman 
and W. Xu: Tcf4 can specifically recognize beta-catenin 
using alternative conformations. Nat Struct Biol 8, 1048-
1052 (2001) 
 
130. T. A. Graham, C. Weaver, F. Mao, D. Kimelman and 
W. Xu: Crystal structure of a beta-catenin/Tcf complex. 
Cell 103, 885-896 (2000) 
 
131. F. Poy, M. Lepourcelet, R. A. Shivdasani and M. J. 
Eck: Structure of a human Tcf4-beta-catenin complex. Nat 
Struct Biol 8, 1053-1057 (2001) 
 
132. A. H. Huber and W. I. Weis: The structure of the beta-
catenin/E-cadherin complex and the molecular basis of 
diverse ligand recognition by beta-catenin. Cell 105, 391-
402 (2001) 
 
133. Y. Xing, W. K. Clements, I. Le Trong, T. R. Hinds, R. 
Stenkamp, D. Kimelman and W. Xu: Crystal structure of a 
beta-catenin/APC complex reveals a critical role for APC 
phosphorylation in APC function. Mol Cell 15, 523-533 
(2004) 
 
134. M. Lepourcelet, Y. N. Chen, D. S. France, H. Wang, 
P. Crews, F. Petersen, C. Bruseo, A. W. Wood and R. A. 
Shivdasani: Small-molecule antagonists of the oncogenic 
Tcf/beta-catenin protein complex. Cancer Cell 5, 91-102 
(2004) 

135. K. H. Emami, C. Nguyen, H. Ma, D. H. Kim, K. W. 
Jeong, M. Eguchi, R. T. Moon, J. L. Teo, H. Y. Kim, S. H. 
Moon, J. R. Ha and M. Kahn: A small molecule inhibitor of 
beta-catenin/CREB-binding protein transcription 
[corrected]. Proc Natl Acad Sci U S A 101, 12682-12687 
(2004) 
 
136. M. Brunori, M. Malerba, H. Kashiwazaki and R. Iggo: 
Replicating adenoviruses that target tumors with 
constitutive activation of the wnt signaling pathway. J Virol 
75, 2857-2865 (2001) 
 
137. G. M. Caldwell, C. Jones, K. Gensberg, S. Jan, R. G. 
Hardy, P. Byrd, S. Chughtai, Y. Wallis, G. M. Matthews 
and D. G. Morton: The Wnt antagonist sFRP1 in colorectal 
tumorigenesis. Cancer Res 64, 883-888 (2004) 
 
138. H. Suzuki, D. N. Watkins, K. W. Jair, K. E. Schuebel, 
S. D. Markowitz, W. D. Chen, T. P. Pretlow, B. Yang, Y. 
Akiyama, M. Van Engeland, M. Toyota, T. Tokino, Y. 
Hinoda, K. Imai, J. G. Herman and S. B. Baylin: Epigenetic 
inactivation of SFRP genes allows constitutive WNT 
signaling in colorectal cancer. Nat Genet 36, 417-422 
(2004) 
 
139. T. Fukui, M. Kondo, G. Ito, O. Maeda, N. Sato, H. 
Yoshioka, K. Yokoi, Y. Ueda, K. Shimokata and Y. 
Sekido: Transcriptional silencing of secreted frizzled 
related protein 1 (SFRP 1) by promoter hypermethylation 
in non-small-cell lung cancer. Oncogene 24, 6323-6327 
(2005) 
 
140. A. Y. Lee, B. He, L. You, S. Dadfarmay, Z. Xu, J. 
Mazieres, I. Mikami, F. McCormick and D. M. Jablons: 
Expression of the secreted frizzled-related protein gene 
family is downregulated in human mesothelioma. 
Oncogene 23, 6672-6676 (2004) 
 
141. T. H. Liu, A. Raval, S. S. Chen, J. J. Matkovic, J. C. 
Byrd and C. Plass: CpG island methylation and expression 
of the secreted frizzled-related protein gene family in 
chronic lymphocytic leukemia. Cancer Res 66, 653-658 
(2006) 
 
142. K. F. To, M. W. Chan, W. K. Leung, J. Yu, J. H. 
Tong, T. L. Lee, F. K. Chan and J. J. Sung: Alterations of 
frizzled (FzE3) and secreted frizzled related protein 
(hsFRP) expression in gastric cancer. Life Sci 70, 483-489 
(2001) 
 
143. H. Zou, J. R. Molina, J. J. Harrington, N. K. Osborn, 
K. K. Klatt, Y. Romero, L. J. Burgart and D. A. Ahlquist: 
Aberrant methylation of secreted frizzled-related protein 
genes in esophageal adenocarcinoma and Barrett's 
esophagus. Int J Cancer 116, 584-591 (2005) 
 
144. Y. X. Li, J. Papkoff and N. H. Sarkar: Antisense 
downregulation of a mouse mammary tumor virus activated 
protooncogene in mouse mammary tumor cells reverses the 
malignant phenotype. Virology 255, 138-149 (1999) 
 



Wnt pathway and breast cancer 

4033 

145. C. S. Rhee, M. Sen, D. Lu, C. Wu, L. Leoni, J. Rubin, 
M. Corr and D. A. Carson: Wnt and frizzled receptors as 
potential targets for immunotherapy in head and neck 
squamous cell carcinomas. Oncogene 21, 6598-6605 
(2002) 
 
146. B. He, L. You, K. Uematsu, Z. Xu, A. Y. Lee, M. 
Matsangou, F. McCormick and D. M. Jablons: A 
monoclonal antibody against Wnt-1 induces apoptosis in 
human cancer cells. Neoplasia 6, 7-14 (2004) 
 
147. L. You, B. He, Z. Xu, K. Uematsu, J. Mazieres, N. 
Fujii, I. Mikami, N. Reguart, J. K. McIntosh, M. Kashani-
Sabet, F. McCormick and D. M. Jablons: An anti-Wnt-2 
monoclonal antibody induces apoptosis in malignant 
melanoma cells and inhibits tumor growth. Cancer Res 64, 
5385-5389 (2004) 
 
148. L. You, B. He, Z. Xu, K. Uematsu, J. Mazieres, I. 
Mikami, N. Reguart, T. W. Moody, J. Kitajewski, F. 
McCormick and D. M. Jablons: Inhibition of Wnt-2-
mediated signaling induces programmed cell death in non-
small-cell lung cancer cells. Oncogene 23, 6170-6174 
(2004) 
 
149. A. Glinka, W. Wu, H. Delius, A. P. Monaghan, C. 
Blumenstock and C. Niehrs: Dickkopf-1 is a member of a 
new family of secreted proteins and functions in head 
induction. Nature 391, 357-362 (1998) 
 
150. V. E. Krupnik, J. D. Sharp, C. Jiang, K. Robison, T. 
W. Chickering, L. Amaravadi, D. E. Brown, D. Guyot, G. 
Mays, K. Leiby, B. Chang, T. Duong, A. D. Goodearl, D. 
P. Gearing, S. Y. Sokol and S. A. McCarthy: Functional 
and structural diversity of the human Dickkopf gene 
family. Gene 238, 301-313 (1999) 
 
151. T. Tsuji, I. Nozaki, M. Miyazaki, M. Sakaguchi, H. 
Pu, Y. Hamazaki, O. Iijima and M. Namba: 
Antiproliferative activity of REIC/Dkk-3 and its significant 
down-regulation in non-small-cell lung carcinomas. 
Biochem Biophys Res Commun 289, 257-263 (2001) 
 
152. B. H. Hoang, T. Kubo, J. H. Healey, R. Yang, S. S. 
Nathan, E. A. Kolb, B. Mazza, P. A. Meyers and R. 
Gorlick: Dickkopf 3 inhibits invasion and motility of Saos-
2 osteosarcoma cells by modulating the Wnt-beta-catenin 
pathway. Cancer Res 64, 2734-2739 (2004) 
 
Key Words: Wnt, pathway, Tumor, Neoplasia, Breast 
cancer, Inhibitor, Review 
 
Send correspondence to: Dr Kounosuke Watabe, 
Department of Medical Microbiology, Immunology and 
Cell Biology, Southern Illinois University School of 
Medicine, 751 North Rutledge PO box 19626, IL 62794-
9626, USA, Tel: 217-545-3969, Fax: 217-545-3227 E-mail: 
kwatabe@siumed.edu 
 
http://www.bioscience.org/current/vol12.htm 
 
 


