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ABSTRACT

Emerging evidence indicates that RUNX3 is a tumor suppressor in breast cancer. RUNX3 is frequently inactivated in human breast cancer cell
lines and cancer samples by hemizygous deletion of the Runx3 gene, hypermethylation of the Runx3 promoter, or cytoplasmic sequestration

of RUNX3 protein. Inactivation of RUNX3 is associated with the initiation and progression of breast cancer. Female Runx

3+~ mice

spontaneously develop ductal carcinoma, and overexpression of RUNX3 inhibits the proliferation, tumorigenic potential, and invasiveness of
breast cancer cells. This review is intended to summarize these findings and discuss the tumor suppressor function of RUNX3 in breast cancer.
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B reast cancer is the most frequently diagnosed cancer and the

leading cause of cancer death in females worldwide. It
accounted for 23% of the total new cases and 149% of the total cancer
deaths in 2008 [Jemal et al., 2011]. In the United States, breast
cancer is also a major cause of cancer death, accounting for 28% of
the total new cases and 15% of the total cancer death in 2010 [Jemal
et al., 2010]. Breast carcinogenesis is a complex, multistep, and
multifactorial process arising from abnormal proliferation of
epithelium via the steps of precursor lesions, atypical ductal
hyperplasia, and in situ carcinoma hyperplasia, followed by invasive
carcinoma [Beckmann et al., 1997]. Even though the multistep
nature of breast cancer carcinogenesis makes it difficult to identify
the causing factors, various etiological factors have been found to
contribute to the development and progression of breast cancer.
These factors include the activation of oncogenes, inactivation of
tumor suppressors, exposure to endogenous or exogenous steroid
hormones, and variations in individuals’ genetic backgrounds
[Osborne et al., 2004].

RUNX3 belongs to the Runt-related transcription factor family
that regulates gene expression in several important developmental
pathways. Studies from Runx3 knockout mice reveal that RUNX3 is
required for T cell development during thymopoiesis and has a
primary role in determining the dorsal-root ganglion proprioceptive
neuron function [Inoue et al., 2002; Levanon et al., 2002; Taniuchi
et al., 2002]. In addition to its ability to regulate the lineage-specific
gene expression in developmental processes, RUNX3 has been
shown to be involved in the formation of a variety of cancers [Ito,

Grant sponsor: UIUC; Grant sponsor: NIH; Grant number: DK-085158.

2004]. RUNX3 was first suggested to be a tumor suppressor in gastric
cancer due to the causal relationship between the loss of RUNX3 and
the genesis and progression of gastric cancer [Li et al., 2002]. Gastric
epithelium of Runx3~'~ mice exhibited hyperplasia due to increased
proliferation and diminished apoptosis from the insensitivity of
gastric epithelia cells to the growth inhibitory effect of TGF-f [Li
et al., 2002]. Since the discovery of the potential role of RUNX3 in
the initiation and progression of gastric cancer, RUNX3 has been
found to be involved in the development of a variety of cancers,
including colorectal cancer, liver cancer, lung cancer, and breast
cancer [Subramaniam et al., 2009b].

The Runx3 gene is located in 1p36, a region of frequent genomic
loss in a wide variety of human carcinomas, including breast cancer
[Weith et al., 1996]. A role for RUNX3 as a tumor suppressor in
breast cancer emerged when its inactivation was seen in many breast
cancer cell lines and breast cancer tissues. Like in other cancers,
RUNX3 is inactivated in breast cancer by reduced copy number,
promoter hypermethylation, hemizygous deletion, and protein
mislocalization [Lau et al., 2006; Chen et al., 2007; Hwang et al.,
2007; Jiang et al., 2008; Subramaniam et al., 2009a]. RUNX3
inactivation is considered to be an early event in breast cancer
progression, and its expression generally decreases during this
process [Subramaniam et al., 2009a]. RUNX3 expression in tumors is
associated with a more favorable prognosis with reduced recurrence
and better survival rates in breast cancer patients [Finak et al., 2008;
Jiang et al., 2008]. In addition to the strong pathophysiological link
between RUNX3 inactivation and breast cancer, recent studies from
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Runx3*'~ animals provide further genetic evidence to support the
notion that RUNX3 is a tumor suppressor in breast cancer [Huang
et al., 2011]. Inactivation of RUNX3 in mammary epithelial cells
leads to the development of ductal carcinoma in more than 20% of
Runx3*'~ female mice [Huang et al., 2011]. Consistent with its
tumor suppressor activity, reintroduction of RUNX3 into breast
cancer cells suppresses their tumorigenic potentials [Chen et al.,
2007; Huang et al., 2011; Lau et al., 2006].

Hypermethylation of promoter CpG islands of tumor suppressors is
known to be a frequent and early event in carcinogenesis and is a
common mechanism for the heritable maintenance of gene silencing
in human cancer [Jones and Baylin, 2002]. In breast cancer,
hypermethylation of promoter CpG islands has been described for
various genes controlling different aspects of cellular function,
including DNA replication, cell proliferation, programmed cell
death, and cell migration and tissue invasion [Jovanovic et al., 2010;
Widschwendter and Jones, 2002].

While methylation frequency varies in different studies, it has
become clear that methylation of the Runx3 promoter is prevalent
and tumor specific in breast cancer. Kim et al. first reported
that methylation of the Runx3 promoter was detected in 25% of
human breast cancer samples [case number (n) =25] [Kim et al.,
2004]. In an effort to identify the role of gene silencing via aberrant
methylation in the TGF-B signaling pathway in human cancers,
Suzuki et al. also found that methylation of the Runx3 promoter
occurred in 22% of breast cancer samples (n=37). A higher
methylation frequency is found in another study with 52% of breast
cancer samples (n = 44) and 50% of breast cancer cell lines (n = 19)
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showing Runx3 promoter hypermethylation [Lau et al., 2006]. In a
separate study, Hwang et al. showed a similar frequency of
hypermethylation of the Runx3 promoter in 53% of breast cancer
tissues (n=40) and in 57% of breast cancer cell lines (n=13)
[Hwang et al., 2007].

Like the methylation for other tumor suppressors, the frequent
hypermethylation of the Runx3 promoter appears to be an early
event in breast cancer. No methylation was detected in the normal
tissues and the earlier stages in breast cancer progression, including
atypical ductal hyperplasia and flat epithelial atypia [Kim et al.,
2004; Suzuki et al., 2005; Subramaniam et al., 2009a; Park et al.,
2011]. Methylation of the Runx3 promoter starts to appear in ductal
carcinoma in situ (DCIS), the precursor lesion of the breast, and
remains at a similar frequency in invasive ductal carcinoma (IDC)
[Subramaniam et al., 2009a; Park et al., 2011]. Furthermore, Runx3
promoter hypermethylation could also be detected in breast cancer
patient sera. Tan et al. [2007] demonstrated that Runx3 promoter
hypermethylation was detected in 47% (9 out of 19) of patient serum
samples. Runx3 promoter hypermethylation appears to be a
common feature in breast cancer.

While it is clear that hypermethylation of the Runx3 promoter
plays a major role in the inactivation of RUNX3 in breast cancer, the
detailed molecular mechanism by which this aberrant methylation is
initiated is not clear. Nevertheless, estrogen, the major trigger for
breast cancer, seems to play a role in this process (Fig. 1A).
Prolonged exposure to nuclear hormones, especially estrogen, is
known to cause aberrant imprinting and increases the risk of
developing breast cancer. They disrupt normal growth of breast
epithelia and trigger breast cancer development partially through
estrogen-mediated gene silencing [Yager and Davidson, 2006].
Runx3 promoter hypermethylation was induced by estrogen in
mammosphere-derived cells [Cheng et al., 2008]. This estrogen-
dependent epigenetic silencing of Runx3 is likely mediated via the
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Fig. 1. Inactivation of tumor suppressor RUNX3 in breast cancer. A: Hypermethylation of Runx3 promoter. Estrogen or other cellular stress might induce hypermethylation by
facilitating the recruitment or activation of histone- or DNA-modifying enzymes. Deacetylation of histones by HDACs or the concomitant methylation of histones by HMTs may

result in the recruitment of the DNMT-containing repression complex, which induces the methylation of DNA and the silencing of Runx3. Ac = acetylation, Me = methylation,
O =CpG, @ =mCpG. B: Inactivation of RUNX3 by protein mislocalization. Cytoplasmic relocalization of RUNX3 might result from (1) the masking of the NLS by a binding
partner; (2) Src- or Pim-1-mediated RUNX3 phosphorylation; or (3) HDACs- or G9a-mediated deacetylation or methylation of RUNX3. Sequestration of RUNX3 in the
cytoplasm prevents the expression of RUNX3 target genes. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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estrogen receptor (ER) signaling, since the expression of ERa in
these breast progenitor cells inversely correlates with the expression
of RUNX3 [Cheng et al., 2008]. Further supporting this possibility,
Suzuki et al. found that the frequency of Runx3 promoter
methylation was higher in ER-positive samples than in ER-negative
samples. Thirty-six percent of ER-positive samples had Runx3
promoter hypermethylation (8 out of 22), while none of the ER-
negative samples had detectable hypermethylation of the Runx3
promoter (0 out of 8) [Suzuki et al, 2005]. Consistently,
Subramaniam et al. [2009a] also reported that Runx3 promoter
hypermethylation correlated significantly with positive ER expres-
sion in invasive carcinomas. However, it remains to be determined
how ER signaling initiates the methylation of the Runx3 promoter.
One possibility could be that ER signaling regulates the expression
or activity of the enzymes involved in the process of epigenetic gene
silencing (Fig. 1A).

In breast cancer, DNA hypermethylation together with abnormal
histone modifications is frequently associated with epigenetic
silencing of tumor suppressor genes and genomic instability [Jones
and Baylin, 2007; Jovanovic et al., 2010]. Several enzymes involved
in DNA methylation and histone modifications are found to regulate
the expression of Runx3 (Fig. 1A). DNA methylation is conferred by
DNA methyltransferases (DNMTs), which catalyze the transfer of the
methyl group from S-adenosine methionine to the 5-carbon of the
cytosine ring within CpG dinucleotides [Jones and Baylin, 2007;
Jovanovic et al., 2010]. Therefore, it is not surprising to see that
DNMTs are directly involved in the methylation of the Runx3
promoter. Jung et al. [2007] showed that depletion of DNMT1 but
not DNMT3b by siRNA reactivated the expression of RUNX3 by
increasing the unmethylated levels of the Runx3 promoter. DNA
methylation may also be indirectly regulated by histone modifica-
tions such as histone methylation [Tamaru and Selker, 2001]. G9a, a
lysine methyltransferase for histone H3 lysine 9 (H3K9) methylation,
induces Runx3 silencing [Lee et al., 2009]. This G9a-mediated H3
methylation might contribute to Runx3 promoter methylation
since G9a has been shown to be required for de novo DNA
methylation [Leung et al., 2011]. Enhancer of zeste homologue 2
(EZH2), a highly conserved histone methyltransferase that specifi-
cally targets histone H3K27 [van der Vlag and Otte, 1999], also
suppresses Runx3 expression [Fujii et al., 2008]. EZH2 bound to the
promoter of Runx3 and induced the trimethylation of H3K27 in
breast cancer cells [Fujii et al., 2008]. This binding might eventually
trigger the methylation of the Runx3 promoter since EZH2-mediated
histone methylation serves as a recruitment platform for the DNMTs
[Vire et al., 2006]. Inhibiting the activity of EZH2 either by siRNA or
microRNA successfully reduced H3K27 trimethylation and in-
creased expression of Runx3 [Fujii et al., 2008; Varambally et al.,
2008].

In addition to promoter hypermethylation of Runx3, mislocalization
of RUNX3 is often observed in cancer and accounts for a significant
proportion of RUNX3 inactivation in cancer. Cytoplasmic re-

localization of RUNX3 is found in 38% of gastric cancer and in 15%
of colorectal cancer [Ito et al., 2005, 2008]. In breast cancer, low-
level cytoplasmic mislocalized RUNX3 was observed in more than
80% of DCIS and IDC samples, while normal breast epithelia had
only nuclear RUNX3 [Lau et al., 2006; Subramaniam et al., 2009a],
indicating that inactivation of RUNX3 by cytoplasmic re-localiza-
tion is also an early event in the carcinogenic process. Promoter
hypermethylation and mislocalization, two likely independent
events, seem to account for the loss of RUNX3 function in nearly
all breast cancer samples [Lau et al., 2006; Subramaniam et al.,
2009a]. While one allele of Runx3 could be inactivated through
promoter hypermethylation, the remaining wild-type allele could be
inactivated through cytoplasmic relocalization of its product,
RUNX3 protein.

Mistargeting of tumor suppressors has significant cellular
consequences and potentially leads to the initiation and progression
of cancer [Fabbro and Henderson, 2003]. Being a transcription
factor, nuclear localization of RUNX3 protein is essential for its
proper function, and relocalization of RUNX3 from the nucleus to
the cytoplasm is known to be associated with loss of its function and
is implicated in tumorigenesis [Chuang and Ito, 2010]. Proper
subcellular localization represents an important regulatory mecha-
nism for controlling the functions of RUNX3 protein. However, the
underlying mechanisms for RUNX3 inactivation by mislocalization
in breast cancer remain obscure.

RUNX3 is a downstream target of TGF-f signaling and cooperates
with the SMADs to regulate the expression of its target genes [Ito
and Miyazono, 2003]. Activation of TGF-B signaling induces the
nuclear translocalization of RUNX3 and the subsequent growth
inhibition [Ito et al., 2005]. It is well documented that TGF-B
signaling is frequently impaired in cancer tissues. This impaired
TGF-f signaling might result in the aberrant cytoplasmic localiza-
tion of RUNX3.

Recognition of the protein import or export signals by their
respective receptors is a prerequisite for nucleocytoplasmic protein
shuttling [Nigg, 1997]. The masking of these transport signals, either
by changes in protein conformation or by binding of a partner
protein, provides a quick and efficient mechanism for preventing
signal recognition by the nuclear transport machinery [Nigg, 1997].
Although a clear nuclear localization signal (NLS) for RUNX3 has
not yet been identified, it is believed that such signals exist both in
the Runt domain and in the C-terminus of RUNX3 [Adya et al., 1998;
Kanno et al., 1998]. Binding of protein to the Runt domain or C-
terminus might mask the NLS and prevent the nuclear import of
RUNX3 (Fig. 1B). Supporting this hypothesis, Chi et al. [2009]
showed that binding of MDM2 to the Runt domain sequestered
RUNX3 in the cytoplasm. Similarly, binding of Jun-activation
domain-binding protein 1 (Jab1/CSN5) to the Runt domain of
RUNX3 led to the cytoplasmic localization of RUNX3 [Kim et al.,
2009]. Interestingly, RUNX3 nuclear export was often coupled with
its degradation [Chi et al., 2009; Kim et al., 2009], indicating that
cytoplasmic relocalization might be an essential step for the
degradation and inactivation of RUNX3 by the cytoplasmic
proteasome machinery.

RUNX3 is subject to a variety of post-translational modifications,
including phosphorylation, acetylation and ubiquitination [Bae and
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Lee, 2006]. These modifications could also alter the subcellular
localization of RUNX3 if such a modification occurs within or
proximal to the nuclear import or export signals (Fig. 1B).
Phosphorylation has been shown to play an important role in the
redistribution of RUNX3. Tyrosine phosphorylation of RUNX3 by
oncogenic protein Src kinase, which is overexpressed in many
human cancer cells, results in the cytoplasmic localization of
RUNX3. In Src-activated breast cancer cell lines, including BT20 and
MDA-MB-468, endogenous RUNX3 is phosphorylated and is
localized in the cytoplasm due to the enhanced nuclear export of
RUNX3 [Goh et al., 2010]. Another oncogenic protein, Pim-1, a
serine/threonine kinase, phosphorylates the Runt domain of
RUNX3 and induces the nuclear export of RUNX3 [Kim et al.,
2008]. Hypoxia has also been shown to induce the cytoplasmic
relocalization of RUNX3 through histone deacetylase HDAC1 and
histone methyltransferase G9a [Lee et al., 2009]. The hypoxia-
induced relocalization likely results from the HDAC1-mediated
deacetylation of RUNX3 and G9a-mediated methylation of
RUNX3 (Fig. 1B). Both of these modifications have been shown
to be involved in the nucleocytoplasmic shuttling of RUNX3 [Lee,
2011].

ER signaling plays a critical role in normal mammary gland
development through the regulation of genes involved in the cell
cycle and apoptosis [Katzenellenbogen and Katzenellenbogen,
2000]. Abnormal ER signaling is associated with initiation and
progression of breast cancer [Cheskis et al., 2007]. Our recent studies
demonstrate that RUNX3 suppresses ER signaling by inhibiting the
transcriptional activity of ERa and reducing ERa-dependent cancer
cell proliferation and tumorigenic potential [Huang et al., 2011].
Importantly, about 20% of female Runx3*/~ mice spontaneously
developed ductal carcinoma with an enhanced expression of ERa
and proliferation marker Ki-67 [Huang et al., 2011]. Overexpression
of RUNX3 in breast cancer cells reduces the cellular levels of
ERa, whereas depletion of RUNX3 by siRNA enhances the cellular
levels of ERa. Consistently, expression of RUNX3 and ERa is
inversely correlated in breast cancer cell lines and human breast
cancer samples [Huang et al., 2011]. Reduced ERa expression is
mechanistically linked with RUNX3-mediated ubiquitination and
degradation of ERa [Huang et al., 2011].

Currently, it is not clear how RUNX3 induces the ubiquitination
and degradation of ERa. One possibility could be that binding of
RUNX3 to ERa alters its post-translational modification, thus
changing its stability. We found that RUNX3 binds to the hinge
region of ERa (Huang and Chen, unpublished data), which is subject
to a variety of post-translational modifications and is critical for
the stability of ERa [Berry et al., 2008; Subramanian et al., 2008]. It
is also possible that binding of RUNX3 to ERa facilitates the
recruitment of an E3 ligase for ERa. E3 ligases such as carboxyl
terminus of Hsc70-interacting protein (CHIP) and MDM?2 have been
shown to mediate the ubiquitination of ERa [Fan et al., 2005; Duong
et al., 2007], and could potentially be involved in RUNX3-induced

ubiquitination and degradation of ERa. In fact, RUNX3 has been
found to be associated with MDM2 and with Smurfs, which are also
E3 ligases [Jin et al., 2004; Chi et al., 2009], and may utilize these E3
ligases for the ubiquitination of ERa. The detailed molecular
mechanisms need to be further clarified.

How does RUNX3 act as tumor suppressor by controlling the
cellular levels of ERa? Tight control of ERa level by proteasome-
mediated degradation of ERa is important in maintaining normal
estrogen responsiveness [Fan et al., 2004; Tateishi et al., 2004;
Duong et al., 2007]. In normal mammary tissues where RUNX3 is
present, the association of RUNX3 with ERa might limit the levels of
ERa and estrogen responsiveness by promoting the ubiquitination
and degradation of ERa. RUNX3, by modulating ERa turnover,
might dictate the cellular response to circulating estrogen levels and
prevent the excessive proliferation of ERa-positive cells. However,
when RUNX3 is inactivated, cellular ERa levels and subsequent
estrogen-stimulated cell proliferation would be enhanced due to the
increased stability of ERa. Enhanced ERa expression in normal
breast epithelium is associated with increased risk of breast cancer
[Khan et al., 1994; Shoker et al., 2000]. Therefore, RUNX3 might
function as a “‘gate-keeper” for breast cancer by controlling the
cellular level of ERa (Fig. 2A).

It has to be noticed that RUNX3 can also suppress the tumorigenic
potential of ERa-negative breast cancer cells without affecting
the proliferation of the cells [Lau et al., 2006]. While the exact
mechanism remains unidentified, the anti-tumor activity of RUNX3
in the ERa-negative cells might result from RUNX3-mediated cell
apoptosis. RUXN3 has been shown to cooperate with other factors,
such as FOX03a or receptor-regulated SMADs (R-SMAD), to induce
cellular apoptosis by activating genes involved in apoptosis and cell
cycle arrest [Yamamura et al., 2006; Yano et al., 2006]. Additionally,
RUNX3 might also target other cellular signaling pathways to exert
its anti-tumor activity in these ERa-negative cells.

Besides the ERa signaling pathway, RUNX3 has been shown to be
associated with some other major signaling pathways essential for
cancer development. RUNX3 serves either as a downstream target of
tumor suppressor signaling pathways or as an antagonist of
oncogenic pathways. The ability of RUX3 to positively or negatively
modulate these pathways also contributes to its anti-tumor activity.

TGF-B regulates all phases of post-natal mammary gland
development, including branching morphogenesis, lactation, and
involution. TGF-P also plays a key role in suppressing mammary
tumorigenesis by preventing mammary epithelial cell proliferation
or by inducing their apoptosis [Drabsch and ten Dijke, 2011]. When
TGF-B is bound, TGF-B receptors phosphorylate and activate R-
SMADs. Activated R-SMADs associate with common mediator
SMAD4 and enter the nucleus, where they bind to different
transcription factors to regulate target gene expression [Ito and
Miyazono, 2003]. RUNX3 has been shown to directly bind to SMADs
and functions as an integral part of the TGF-@ signaling pathway
[lto and Miyazono, 2003]. TGF-B receptors and their downstream
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Fig. 2. RUNX3 integrates with various cellular signaling pathways for its tumor suppressor activity. A: RUNX3 suppresses ERa signaling in breast cancer. Binding of RUNX3 to
ERa induces the ubiquitination and degradation of ERa by an unidentified E3 ligase (X). The low levels of ERa maintain the normal growth of mammary epithelial cells. When

RUNX3 is inactivated, the cellular levels of ERa are enhanced, leading to the enhanced response to estradiol (E,), the hyperproliferation of breast cells, and eventually the

formation of breast cancer. B: RUNX3 could either act as a downstream target of a tumor suppressor pathway (e.g., TGF- signaling) or function as a suppressor in an oncogenic

pathway (e.g., Wnt signaling) to regulate cell proliferation, apoptosis, and cell migration. By interacting with various signaling pathways, RUNX3 might also have a role in breast
cancer carcinogenesis by regulating the EMT and breast cancer stem cell development. [Color figure can be seen in the online version of this article, available at http://

wileyonlinelibrary.com/journal/fjcb]

signaling components are frequently inactivated in cancers,
resulting in the resistance of cancer cells to TGF-B-mediated cell
death or cell cycle arrest [Cohen, 2003]. Since the downstream
SMAD pathway remains active in a majority of breast cancer cells
[Xie et al., 2002], the resistance of these cells to the growth-
inhibitory effects of TGF-B might be derived from the lack of
functional RUNX3 in these breast cancer cells (Fig. 2B). In support
of this possibility, Yano et al. [2006] showed that reintroduction of
RUNX3 into RUNX3-deficient cancer cells re-established cells’
sensitivity to TGF-B by up-regulating the expression of proapopto-
tic gene Bim. As such, TGF-B-mediated cell apoptosis or cell cycle
arrest might rely on the ability of a functional RUNX3 (Fig. 2B),
likely in cooperation with SMADs, to regulate target gene expression
[Ito and Miyazono, 2003].

On the other hand, RUNX3 might elicit its anti-tumor activity by
interfering with some oncogenic cellular signaling pathways. Wnt
oncogenic singling pathway is critical for the normal development of
the mammary gland. Wnt signaling regulates cell proliferation and
cell survival by increasing B-catenin levels and alters gene expres-
sion via transcription factors such as Lef/TCF [Reya and Clevers,
2005]. RUNX3 attenuates Wnt signaling by directly inhibiting B-
catenin/TCF4 in colon cancer and gastric cancer [Ito, 2011]. RUNX3
forms a complex with B-catenin/TCFs and inhibits the transactivation
of B-catenin/TCFs by preventing B-catenin/TCFs DNA binding [Ito
et al., 2008]. Therefore, RUNX3 is critical for maintaining the normal
function of Wnt signaling (Fig. 2B). Dysregulation of Wnt signaling
is found to promote breast cancer, and inactivation of RUNX3 might
alter the proper function of Wnt signaling and trigger breast
carcinogenesis [Boras-Granic and Wysolmerski, 2008].

RUNX3 might also target oncogenic Notch signaling to suppress
mammary tumor formation. Notch signaling is important for normal
breast development, and abnormal Notch signaling is associated
with the development of breast cancer [Guo et al., 2011]. RUNX3
was found to directly associate with the intracellular domain of
Notch1 and suppress Notch signaling in hepatocellular carcinoma
cells [Gao et al., 2010]. It is possible that RUNX3 utilizes a similar
mechanism to antagonize Notch signaling in breast cancer (Fig. 2B).
Dysregulation of different signaling pathways might be involved in
the formation of different subtypes of breast cancer with distinct
gene expression profiles and different clinical outcomes [Sorlie
et al., 2001]. It remains to be determined whether inactivation of
RUNX3 is associated with the initiation and progression of a
particular breast cancer subtype by interacting with a specific
signaling pathway or whether RUNX3 targets various pathways
concomitantly to achieve its ultimate tumor suppressor activity.

The frequent inactivation of RUNX3 in breast cancer and the
development of mammary ductal carcinoma in Runx3*/~ female
mice strongly support the notion that RUNX3 is a breast cancer
tumor suppressor. Hypermethylation of the Runx3 promoter and
cytoplasmic relocalization account for the majority of RUNX3
inactivation in breast cancer. It is important to note that these events
are reversible and that RUNX3 could be re-activated by inhibitors of
DNMTs or nuclear export receptor CRM1 [Goh et al., 2010; Guo
et al., 2002]. Reintroduction of RUNX3 into RUNX3-deficient breast
cancer cells suppressed cancer cell proliferation and their
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tumorigenic potential [Lau et al., 2006; Chen et al., 2007; Huang
et al., 2011]. Therefore, restoring RUNX3 activation by specific small
molecules or inhibitors to block these two events might constitute a
novel therapeutic strategy for the treatment of breast cancer.

RUNX3 has been suggested to be a potential immunohistochemi-
cal marker for use in diagnostic histopathology, since inactivation of
RUNX3 is tumor specific and represents an early event during breast
cancer development [Subramaniam et al., 2009b]. A number of
studies illustrate the potential for the use of methylation markers in
the early detection of a variety of cancers including breast cancer
[Brooks et al., 2009]. Interestingly, methylation of the Runx3
promoter could be detected in serum samples of breast cancer
patients [Tan et al., 2007]. It is plausible to speculate that RUNX3
could be a promising diagnostic and prognostic marker in breast
cancer.

While many of the recent findings have suggested a tumor
suppressor role for RUNX3 in breast cancer, the function of RUNX3
and its regulation in normal mammary gland development and in
breast cancer carcinogenesis remain largely elusive. Future studies
using Runx3 deletion animals might provide new insights into these
unknown aspects. It is also worthy of notice that Runx3™/~ female
mice developed mammary gland tumors at 14 or 15 months of life,
an age corresponding to age 40 to 50 in human years, making
Runx3*/~ mice a potential mouse model of spontaneously occurring
mammary tumor. Additionally, RUNX3 integrates with various
signaling pathways, which play important roles in breast cancer
carcinogenesis, including epithelial-mesenchymal transition (EMT),
the development of breast cancer stem cells, and breast cancer
metastasis [May et al., 2011]. In addition to its ability to regulate
breast cancer cell proliferation, cell apoptosis and cell migration,
RUNX3 might be associated with these various aspects of breast
cancer carcinogenesis. Furthermore, the development of resistance
to hormone therapy is a severe limitation in the treatment of ERa-
positive breast tumors. Since RUNX3 directly associates with ERa
and regulates its stability, whether restoring RUNX3 expression may
sensitize endocrine refractory breast tumors is also an interesting
question and remains to be further explored.
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