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ABSTRACT
Breast cancer continues to be a serious health problem particularly in developed countries. Of particular concern is triple negative breast

cancer (TNBC) which does not respond well to standard hormone therapy and is associated with poor overall patient prognosis. Recent studies

indicate that Wnt/b-catenin signaling is particularly activated in TNBC, such that the Wnt receptor frizzled-7 (FZD7) and the Wnt co-receptor

LRP6 were found to be up regulated in TNBC. In addition, it has been demonstrated that transcriptional knockdown of LRP6 or FZD7 in TNBC

cells suppressed tumor growth in vivo. Furthermore, salinomycin, a selective breast cancer stem cell killer, was recently demonstrated to be an

inhibitor of Wnt/b-catenin signaling by inducing LRP6 degradation. Therefore, the Wnt/b-catenin signaling pathway and particularly the

Wnt receptors on the cell surface may serve as novel therapeutic targets for the treatment of TNBC. J. Cell. Biochem. 113: 13–18, 2012.
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B reast cancer is the most invasive form of cancer in women

and is the second leading cause of death in women in

industrialized nations. Three distinct biomarkers including the

estrogen receptor (ER), progesterone receptor (PR), and epidermal

growth factor receptor-2 (HER2) are used to determine the

appropriate breast cancer therapy. Therapies targeting the ER and

HER2 have benefited a subset of breast cancer patients. However, the

genetic diversity of this disease varies greatly in that the

pathological hallmarks are distinct in each case. Triple negative

breast cancer (TNBC; ER, PR, and HER2-negative breast cancer) is

found in approximately 10–20% of breast cancers patients. This

form of breast cancer occurs most frequently in premenopausal

women, especially women of African-American and Hispanic

descent [Carey et al., 2010]. Many of the features of TNBC are similar

to those identified in the basal-like breast cancer (BLBC). TNBC is

clinically characterized as more aggressive and less responsive to

standard treatment with a poorer overall patient prognosis [Carey

et al., 2010].

The Wnt/b-catenin signaling pathway has been shown to

play key roles in both normal development and tumorigenesis

[Polakis, 2007; MacDonald et al., 2009]. Recent studies indicate that

Wnt/b-catenin signaling is particularly over-activated in TNBC. In

this reviewwe summarize the current understanding of regulation of

the Wnt/b-catenin signaling pathway in breast cancer and provide

evidence indicating that the Wnt/b-catenin signaling pathway may

represent a new therapeutic target for the treatment of TNBC.

Wnt/b-CATENIN SIGNALING

The Wnt/b-catenin signaling pathway is a significant pathway that

regulates cell proliferation, migration, and differentiation, thus

making it a powerful regulator of embryonic development and

tumorigenesis. Wnt proteins, which are secreted glycoproteins, bind

to the low-density lipoprotein receptor-related protein5/6 (LRP5/6)

and Frizzled (FZD), a seven-pass transmembrane receptor protein, to

activate the Wnt/b-catenin signaling pathway [Polakis, 2007;

MacDonald et al., 2009]. In the absence of Wnts, b-catenin is

sequestered in a complex that consists of the adenomatous polyposis

coli (APC) tumor suppressor, axin, glycogen synthase kinase-3b

(GSK3b), and casein kinase 1 (CK1). This complex formation induces

the phosphorylation of b-catenin by CK1 and GSK3b, which results

in the ubiquitination and the subsequent degradation of b-catenin

by the 26S proteasome (Fig. 1A). Conversely, when Wnt proteins are

secreted from cells they can form a ternary complex with the FZD
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and the LRP5/6 receptors, which results in the inhibition of GSK3b

and the stabilization of cytosolic b-catenin. The b-catenin then

translocates into the nucleus where it interacts with T-cell factor/

lymphoid enhancing factor (TCF/LEF) to induce the expression of

downstream target genes that regulate cell cycle, growth, and

progression (Fig. 1B) [Polakis, 2007; MacDonald et al., 2009]. Wnt/

b-catenin signaling can be regulated at the cell surface by various

secreted proteins. The extracellular molecules Wnt and R-spondin

(Rspo) activate Wnt/b-catenin signaling (Fig. 1B), whereas Wnt

inhibitory factor 1 (WIF1), soluble Frizzled-related protein

(sFRP), Dickkopf (Dkk), and SOST inhibit it (Fig. 1A) [Kikuchi

et al., 2007].

Wnt/b-CATENIN SIGNALING IN TNBC

Wnt/b-catenin signaling has been implicated in different stages of

mammary gland development and is important for mammary

oncogenesis [Prosperi and Goss, 2010]. Initially, it was reported that

Wnt/b-catenin signaling activation, as defined by b-catenin nuclear

expression and overexpression of the Wnt/b-catenin target cyclin

D1, was associated with a poorer prognosis in breast cancer patients

[Lin et al., 2000]. More recently, two studies demonstrated that Wnt/

b-catenin signaling activation is preferentially found in a subgroup

of invasive breast cancers of TNBC and is associated with a poor

clinical outcome [Khramtsov et al., 2010; Geyer et al., 2011]. This

suggests that the Wnt/b-catenin signaling pathway plays an

important role in TNBC development and progression [Howe and

Brown, 2004].

While genetic mutations of the Wnt/b-catenin signaling

intracellular components APC and CTNNB1 (b-catenin encoding

gene) are major contributing factors for colorectal cancers, they are

typically not the key mechanism associated with breast cancer. It

has been demonstrated that only 6% of breast tumors contain

mutations in theAPC gene and there are no mutations in CTNNB1 in

breast cancer [Jönsson et al., 2000; Geyer et al., 2011]. Therefore,

dysfunction of the Wnt/b-catenin pathway at the cell surface

could result in the aberrant activation of Wnt/b-catenin signaling,

which is thought to drive breast tumorigenesis.

Wnt CO-RECEPTOR LRP5 AND LPR6

LRP5 and LRP6 are two members of the expanding low density

lipoprotein receptor (LDLR) family and are essential co-receptors for

the Wnt/b-catenin signaling pathway. Both LRP5 and LRP6 contain

four b-propeller/epidermal growth factor (EGF) modules. It is

interesting to note that all of the identified LRP5/6 extracellular

Fig. 1. The Wnt/b-catenin signaling pathway. A: In the absence of interaction between Wnts and LRP5/6, b-catenin levels are efficiently regulated by a complex containing

APC, axin, and GSK3b. This complex promotes phosphorylation of b-catenin by Ck1 and GSK3b (P). Phosphorylated b-catenin becomes multi-ubiquitinated (Ub) and

subsequently degraded by the 26S proteasome. B: In the presence of Wnt binding to LRP5/6 and FZD, phosphorylation and degradation of b-catenin is blocked, which results in

b-catenin accumulation and the association of b-catenin with TCF transcription factors. The TCF-b-catenin complexes bind to DNA and activate Wnt target genes together

with various transcriptional repressors or activators. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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ligands including Wnts, Dkk1, and SOST bind to the b-propeller/

EGF repeat modules [MacDonald et al., 2009].

There is a correlation between LRP5 expression and BLBC

[Badders et al., 2009; Lindvall et al., 2009]. In addition, an aberrantly

spliced internally truncated LRP5 receptor (LRP5D666–809, LRP5D),

which retains the ability to transduce Wnt/b-catenin signaling, but

is resistant to Dkk1 inhibition, is frequently expressed in breast

tumors of different cancer stages including in situ and metastatic

carcinomas [Björklund et al., 2009]. In mice, the deletion of LRP5

delays MMTV-Wnt1-induced tumor formation [Lindvall et al.,

2006].

LRP6 is over-expressed in a subgroup of invasive breast cancers

of TNBC/BLBC. Initially, Lindvall et al. [2009] demonstrated that

increased expression of LRP6 is associated with human BLBC.

Subsequently, Liu et al. [2010] demonstrated that LRP6 over-

expression is highly represented in a subset of breast cancers that are

negative for ER and/or HER2. Consistently, Yang et al. [2011]

reported that LRP6 is over-expressed in TNBC. In mice, mammary

gland development and MMTV-Wnt1-induced mammary tumori-

genesis are delayed in LRP6þ/� mice [Lindvall et al., 2009], while

MMTV-LRP6 transgenic mice develop hyperplasia in their mam-

mary glands due to LRP6-mediatedWnt/b-catenin signaling [Zhang

et al., 2010]. Transcriptional knockdown of LRP6 in TNBC MDA-

MB-231 cells significantly decreased Wnt/b-catenin signaling, cell

proliferation, and tumor growth in vivo [Liu et al., 2010]. Together,

these studies indicate that LRP6 is a potential therapeutic target for

TNBC.

While mesoderm development (MESD) was discovered as a

specialized molecular endoplasmic reticulum (ER) chaperone for the

Wnt co-receptors LRP5 and LRP6, recombinant Mesd protein is able

to bind to mature LRP5 and LRP6 on the cell surface and inhibit

Wnt/b-catenin signaling in LRP5- and LRP6-expressing cells [Li

et al., 2005; Lu et al. 2010]. Interestingly, in vivo administration of

recombinant Mesd protein or its C-terminal peptide, which is

necessary and sufficient for Mesd binding to mature LRP6, markedly

suppressed growth of MMTV-Wnt1 tumors without causing

undesirable side effects [Liu et al., 2010]. These results support

the concept that LRP5/6 is a potential therapeutic target for the

treatment of breast cancer.

FRIZZLED PROTEINS

Wnt binds both FZD and LRP5/6 to activate Wnt/b-catenin

signaling. Among the 10 FZD proteins, FZD7 is likely the most

important one involved in breast cancer Wnt/b-catenin signaling

and tumorigenesis. Very recently, Yang et al. [2011] demonstrated

that FZD7 plays a critical role in cell proliferation in TNBC. It was

demonstrated that FZD7 was over-expressed in TNBC and TNBC-

derived cell lines and that down regulation of FZD7 inactivates Wnt/

b-catenin signaling in TNBCMDA-MB-231 and BT-20 cells, leading

to impaired cell growth and tumor transformation [Yang et al.,

2011]. Furthermore, in vivo studies revealed that FZD7 shRNA

significantly suppressed tumor formation through reduced cell

proliferation in mice bearing xenografts without FZD7 expression

[Yang et al., 2011].

Wnt AND R-SPONDIN PROTEINS

There are 19 Wnt proteins in humans and many of them are able to

activate Wnt/b-catenin signaling and cause transformation of

mammary epithelial cells [Shimizu et al., 1997]. Wnt1, the founding

member of the Wnt gene family, is a strong oncogene in the mouse

mammary gland tumorigenesis [Tsukamoto et al., 1988]. Fusion of

the Wnt1 allele with the mouse mammary tumor virus (MMTV) long

terminal repeat and subsequent generation of MMTV-Wnt1

transgenic mice has been shown to cause mammary gland

hyperplasia and an increase in adenocarcinomas [Tsukamoto

et al., 1988]. Many Wnt proteins including Wnt2, Wnt7b, and

Wnt10b are up regulated in human breast carcinomas [Howe and

Brown, 2004].

The Rspo protein family is another group of secreted proteins that

can activate Wnt/b-catenin signaling. This family consists of four

members (Rspo1–4) that are structurally similar and share 40–60%

homology [Kim et al., 2006]. The Wnt receptors FZD and LRP5/6 are

involved in the action of Rspo proteins on Wnt/b-catenin signaling.

While the direct binding between Rspo and LRP5/6 is controversial

[Kazanskaya et al., 2004; Kim et al., 2005; Nam et al., 2006; Wei

et al., 2007; Li et al. 2010], two very recent studies demonstrated that

Rspo proteins function as ligands of the orphan receptors LGR4 and

LGR5 to regulate Wnt/b-catenin signaling [Carmon et al., 2011; de

Lau et al., 2011].

It is still unclear whether Rspo proteins are up regulated in human

breast carcinoma, however insertional activation of the Rspo2 and

Rspo3 genes has been observed in theMMTVmodel system [Lowther

et al., 2005; Gattelli et al., 2006; Theodorou et al., 2007].

Furthermore, it has been recently demonstrated that mouse

mammary epithelial cells expressing Wnt1 and Rspo2 independent-

ly or together can develop into tumors in nude mice. In addition,

Rspo2-derived tumors exhibit a strong epithelial mesenchymal

transformation (EMT) phenotype and are highly metastatic to the

lung as well as the spleen [Klauzinska et al., 2011]. These studies

suggest a potential positive contribution of Rspos to mammary

gland tumorigenesis.

Although alterations of Wnt and Rspo proteins contribute to

activation of Wnt/b-catenin signaling in breast cancer, it is unclear

whether dysregulation of these Wnt/b-catenin signaling agonists

preferentially occurs in TNBC. Furthermore, Rspo proteins could

synergize with Wnt proteins in activating Wnt/b-catenin signaling

in breast cancer.

Wnt ANTAGONISTS WIF1 AND sFRPs

WIF1 is a secreted protein that binds to Wnt proteins and inhibits

their interaction with the FZD receptor. This leads to the termination

of transcription of the genes activated by the b-catenin/TCF/LEF

transcriptional complex [MacDonald et al., 2009]. The sFRP family

consists of five secreted glycoproteins in humans (sFRP1-5) that are

able to interact with both Wnt and FDZ proteins. The interaction

between sFRPs and Wnt proteins prevents the latter from binding

the FDZ receptors. The sFRPs are also able to down regulate
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Wnt/b-catenin signaling by the formation of an inhibitory complex

with the FZD receptor [MacDonald et al., 2009].

Previous studies demonstrated that sFRP1-5 and WIF1 are

silenced in several types of cancers including breast cancer

[Klarmann et al., 2008]. It was also shown that overexpression of

sFRP1, sFRP2, and sFRP5 dramatically decreases the proliferation of

breast cancer cells, while transcriptional knockdown of sFRP1

robustly increases Wnt/b-catenin signaling in breast cancer cells

[Suzuki et al., 2008]. Furthermore, a recent study showed that stable

overexpression of sFRP1 in TNBC MDA-MB-231 cells blocks Wnt/

b-catenin signaling with ensuing decreases in cell proliferation and

suppression of tumor growth and metastasis in xenograft mouse

models [Matsuda et al., 2009]. Thus, epigenetic silencing of the

Wnt antagonists sFRPs and WIF1 leads to aberrant regulation of

Wnt/b-catenin signaling in breast cancer [Klarmann et al., 2008],

although it is unclear whether epigenetic silencing of sFRP and

WIF1 preferentially happens in TNBC.

Wnt/b-CATENIN SIGNALING IN BREAST CANCER
STEM CELLS

The Wnt/b-catenin signaling pathway has been implicated in the

control over various types of stem cells and may act as a niche factor

to maintain stem cells in a self-renewing state [Reya and Clevers,

2005; Nusse, 2008]. There is mounting evidence that many cancers,

including breast cancer, contain populations of cells that display

stem-cell properties. Expression of Wnt1 and stabilized b-catenin

(DN89b-catenin) under the MMTV promoter induces Wnt/b-catenin

signaling in distinct progenitor compartments in mouse mammary

tumors [Teissedre et al. 2009]. Wnt/b-catenin signaling also

mediates the radiation resistance of mouse mammary progenitor

cells [Woodward et al., 2007].

Breast cancer stem cells (CSCs) are characterized by the

expression of several cell surface markers including CD44þ/
CD24�. The CD44þ/CD24� breast cancer cells have tumor-

initiating properties [Al-Hajj et al., 2003; Ponti et al., 2005]. It has

been demonstrated that the CD44þ/CD24� phenotype is enriched

in BLBC [Honeth et al., 2008], and that increased cytoplasmic and

nuclear localization of b-catenin in BLBC overlaps with CD44þ/
CD24� staining [Khramtsov et al., 2010], suggesting that CSC

populations with activated Wnt/b-catenin signaling could exist

in BLBC/TNBC.

Recently, Gupta et al. [2009] developed and implemented a high-

throughput screening method to identify agents with specific

toxicity for epithelial CSCs, and identified salinomycin as a selective

inhibitor of breast CSCs. Salinomycin is able to reduces the

proportion of CSCs by >100-fold relative to paclitaxel, inhibit

mammary tumor growth in vivo and induce increased epithelial

differentiation of tumor cells [Gupta et al., 2009]. More recently, it

has been demonstrated that salinomycin is a Wnt/b-catenin

signaling inhibitor through induction of Wnt co-receptor LRP6

degradation [Lu et al., 2011; Tang et al., 2011]. This suggests that the

inhibitory effect of salinomycin on Wnt/b-catenin signaling

contributes to its toxicity toward breast CSCs.

SUMMARY

TNBC is one of the most difficult subtypes of breast cancer to treat

due to a lack of a targeted therapy, although poly (ADP-ribose)

polymerase, angiogenesis, EGFR, src kinase, and mTOR inhibitors

are currently under investigation in patients with TNBC/BLBC

[Carey et al., 2010]. Over activation of Wnt/b-catenin signaling with

the up regulation of Wnt receptor expression in TNBC/BLBC

suggests that the Wnt/b-catenin pathway could be an attractive

novel therapeutic target for TNBC/BLBC. The identification of

salinomycin as an inhibitor of LRP6 expression and Wnt/b-catenin

signaling and a selective killer of breast CSCs suggests that LRP6

may offer a unique opportunity to target breast CSCs. Specific LRP6

antibodies or the LRP6 inhibitor Mesd were shown to block tumor

growth in Wnt1- or Wnt3A-driven xenografts [Ettenberg et al.,

2010, Gong et al., 2010, Liu et al., 2010]. These interesting findings

indicate that further studies to examine whether Mesd and LRP6

antibodies have therapeutic potential in TNBC are warranted.

Furthermore, small molecule inhibitors disrupting the Wnt/b-

catenin pathway, particularly those targeting Wnt receptors LRP6

and FZD7, could represent a novel therapeutic treatment for TNBC.
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