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The most common form of breast cancer, luminal A, is
estrogen receptor « (ERa)-positive and epithelial, but
nevertheless can metastasize. The process of epitheli-
al-mesenchymal transition (EMT) is probably the first
step in the metastasis of epithelial cancers. We discuss
the characteristics of EMT, including factors that in-
duce EMT, and the relationship of EMT to cancer stem
cells (CSCs). Estrogen/ERa signaling maintains an epi-
thelial phenotype and suppresses EMT. An overview of
microRNAs in breast cancer is presented, including
how microRNA biogenesis is altered in cancer and
regulated by ERa. We also discuss the role of the
miR-200 family in opposing EMT. Finally, we discuss
specific microRNAs that target ERx and regulate EMT
in breast cancer, and the role of these microRNAs in
breast cancer progression.

Introduction

Breast cancer is second only to lung cancer as the cause
of cancer-related deaths in women, and the vast majority
of breast cancer-related deaths involve metastatic dis-
ease. Thus, an understanding of the molecular and
cellular underpinnings of metastasis is required for accu-
rate prognoses and for developing targeted treatments
against metastatic cells. Currently, considerable atten-
tion is being directed towards EMT as the probable first
step in the complex process of metastasis [1,2]. EMT is
involved in normal embryogenesis and wound healing. In
cancer, EMT is a multi-step and reversible process medi-
ated by specific molecular cues that promote the loss of
cell-cell junctions, cell-matrix adhesion, and reorganiza-
tion of the cytoskeleton, resulting in loss of the apical
polarity associated with epithelial cells and gain of mes-
enchymal characteristics such as spindle-shaped mor-
phology and a high degree of motility [3-6] (Box 1).
EMT also increases the CSC subpopulation within a
tumor, thereby generating self-renewing cells that are
both tumorigenic and resistant to chemo- and radiation
therapies [3-6].

EMT in epithelial forms of breast cancer
The mammary epithelium is composed of two cell layers,
luminal and basal. Luminal cells display standard
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epithelial morphology, with junctional complexes and api-
cobasal polarity, and express luminal/epithelial markers
such as E-cadherin. The basal layer of the mammary ductal
epithelium is composed of myoepithelial cells. These dif-
ferentiated cell types are probably progeny of one or more
types of mammary stem cells which also reside within the
epithelial layer [7,8]. The relationship between multipo-
tent stem cells and more lineage-restricted progenitors and
differentiated cells may be one of a unidirectional lineage,
or a more complex one in which differentiated cells retain
the capacity to become reprogrammed into stem cells [9].

Breast cancer presents as a heterogeneous disease,
displaying a variety of histopathological features, genetic
markers and diverse prognostic outcomes [10]. The major-
ity of breast cancers arise from the luminal epithelium of
small mammary ducts. Most newly diagnosed breast can-
cers are classified as the luminal-A subtype, which are
typically low-grade, weakly proliferative and invasive, and
confer a favorable prognosis. Although the cellular origin of
luminal A tumors remains unresolved, these tumors are
termed luminal because they display epithelial phenotypic
markers, such as E-cadherin, and retain some degree of
epithelial organization. Moreover, gene expression profil-
ing studies indicate a high degree of similarity between
luminal A bulk cancer cells and normal mammary luminal
epithelia [10,11]. Many of the cells in luminal A breast
cancers also express the nuclear hormone receptors ERa
and progesterone receptor (PR), and luminal-associated
transcription factors GATA3 and forkhead box protein
Al (FOXA1). Luminal A tumors appear to contain a rela-
tively small subpopulation of breast CSCs, as defined by
CD44M8h/CD247"°Y expression or aldehyde dehydrogenase
activity, or by the ability to form tumors in immunode-
ficient mice [10,11].

Despite an epithelial phenotype and indolent nature,
untreated luminal A breast cancer can progress to meta-
static disease. This progression probably involves the onset
of EMT in a subpopulation of epithelial cancer cells, in
which cells shed the constraints associated with epithelial
tissue while gaining the motile and invasive capabilities
of mesenchymal cancer cells. EMT may occur after onco-
genesis in cells at the tumor margin (Figure 1) or at the
time of cellular transformation in cooperation with other
oncogenes [12].
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Box 1. Characteristics of epithelial-mesenchymal transition (EMT)

EMT involves expression of developmental transcription factors. EMT
is induced by a plethora of factors within the tumor microenviron-
ment and is influenced by genetic background. EMT-inducing signals
converge on several transcription factors, including ZEB1, ZEB2,
Snail, Slug, Twist, Goosecoid, E47 and LBX1. EMT can be experi-
mentally induced in breast epithelia by ectopic expression of ZEB1,
Snail, Twist or LBX1 [78-83]. In addition, Twist was demonstrated to
be required for the metastasis of murine mammary cancer cells to the
lung, indicating that EMT is a crucial first step in the process of
metastasis [83].

EMT-related transcription factors act, in part, through transcrip-
tional repression of multiple epithelial-related genes. The E-cadherin
gene (CDH1) is a particularly well-studied target. Loss of E-cadherin is
an early hallmark of EMT induction in cancers, and forced expression
of E-cadherin in mesenchymal MDA-MB-231 breast cancer cells
induced mesenchymal-epithelial transition (MET) [84]. Loss of E-
cadherin facilitates the cytoskeletal rearrangement and establishment
of back-to-front polarity that are associated with motility. Numerous
other changes in gene expression, together with altered epigenetic
controls, occur during the EMT program (e.g. upregulation of matrix
metalloproteases, downregulation of junctional complex proteins,
etc.), leading to a motile and invasive cancer cell [84].

ER« supports the epithelial phenotype and opposes
EMT

The hormone estradiol (Es), acting through ERa, is
required for the normal growth and development of
the mammary tree [13,14]. ERa is also an important
prognostic indicator in breast cancer [15]. A significant

EMT induces CSC properties of self-renewal, incomplete differen-
tiation, the ability to form tumors, and resistance to anti-tumor
therapies. Normal mammary epithelial stem cells were isolated from
human mammary epithelial cells (HMECs) and from normal breast
epithelial tissue from reduction mammoplasties, as determined by
expression of CD44*/CD24/low surface markers. A direct relationship
between EMT and ‘stemness’ was demonstrated by Mani et al. and
Morel et al., who showed that induction of EMT by TGF- or by
ectopic expression of EMT-inducing transcription factors in HMECs
and transformed mammary cells resulted in the generation of stem-
like cells [85,86].

EMT is reversible. The epithelial versus mesenchymal state is
remarkably plastic. Upon arrival at metastatic sites with new
microenvironments, metastatic cells from luminal A tumors appear
to revert back to a relatively sessile, epithelial phenotype to stably
colonize a new tissue. Indeed, induced MET in murine 4T1 cells
results in the formation of more distal metastases than in control 4T1
cells. Thus, MET appears to involve the expression of factors that
were initially opposed to EMT [87]. In other words, successful
metastasis may require both EMT and MET, a fact that clearly
complicates the development of anti-metastatic agents by targeting
EMT alone.

fraction of cells within a luminal A tumor express ERa,
and Eo/ERa signaling promotes and sustains proliferation
in these cells. This expression of and dependence on ER«
in luminal A cancers form the rationale for ‘hormonal’
therapies involving antiestrogens or CYP19/aromatase
inhibitors.
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Figure 1. EMT in a luminal A invasive breast cancer. EMT takes place at the margin of luminal A invasive breast cancer (LA-IBC). At the central core of the tumor (star), tumor
cells display some degree of epithelial organization, including cell-cell junctional complexes and basolateral polarity. A significant percentage of these cells express ERa, PR and
luminal transcription factors (e.g. GATA3, FOXA1). With tumor growth and progression, cells move into and replace the stroma and adipose tissue of the breast. EMT can be
induced by a plethora of signals that originate from numerous cell types [1-6], including stromal fibroblasts (F), polymorphonuclear leukocytes (PMN), macrophages (M),
lymphocytes (L), and adipocytes (A). EMT can also be induced by extracellular matrix-integrin signaling or hypoxia. EMT (arrow) results in the emergence of fibroblast-like
cancer cells (Post-EMT) with few intercellular junctions, downregulation of expression of ERa, PR and luminal transcription factors, and upregulation of mesenchymal proteins
(vimentin, moesin) and EMT transcription factors (Snail, Slug, Zeb1, Zeb2, E47, LKB). Post-EMT breast cancer cells display increased motility and invasiveness, and may gain
access to lymphatic vessels (Lym) or capillaries (Cap), termed ‘intravasation’ as one of the early steps in metastasis. These cells also express CSC markers (CD44, Bmi1, aldehyde
dehydrogenase), attain the ability to self-renew, and are highly tumorigenic and resistant to chemo- and radiation therapy [1-6].
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Figure 2. ERa signaling promotes proliferation and epithelial differentiation and opposes EMT. ER« activated by E, inhibits TGF-B signaling and cytokine signaling through
Smad and NF-kB, respectively, both of which promote EMT. ERa signaling also represses EMT-related transcription factors, as well as EMT-related microRNAs. This
opposition to EMT is considered to be a major factor in why luminal A breast cancer is poorly metastatic and has a favorable prognosis. Conversely, ERa signaling increases
cell cycle and anti-apoptotic gene expression, promoting proliferation and survival of ERa-positive breast cancer cells. Moreover, ERa signaling interacts with luminal-
related transcription factors GATA3 and FOXA1 to promote an epithelial phenotype because GATA3 is a marker for luminal progenitor cell differentiation, and both GATA3
and FOXA1 are cofactors that modulate ERa signaling and activity. Together, these factors promote cell-cell adhesion, basolateral polarity and low motility, which are
characteristic of epithelial tissues. An important issue not discussed in this review is the long-term effects of tamoxifen or other ‘hormonal’ therapies on the risk of a cancer

cell losing its epithelial phenotype and undergoing EMT.

Eo/ERa signaling promotes the differentiation of mam-
mary epithelia along a luminal/epithelial lineage, in part
through transcriptional stimulation of luminal/epithelial-
related transcription factors. ERa and GATA3 mutually
stimulate each other [16]. GATAS is required for luminal
differentiation in normal breast epithelia [17], and GATA3
and ERa regulate many of the same genes [18] (Figure 2).
Forced GATAS3 expression in mesenchymal breast cancer
cells induces mesenchymal-epithelial transition (MET), a
process that, similar to EMT, is reversible, and inhibits
tumor metastasis in mice [19]. FOXA1 is another ERa-
interacting transcription factor that is required for the
luminal lineage in mammary epithelia, and specifically
promotes ductal growth in mice [20]. FOXA1 promotes
accessibility of estrogen-response elements for ERa bind-
ing and stimulates ERa gene expression [21]. Conversely,
E2 appears to stimulate FOXA1 expression in breast can-
cer cells [21]. Importantly, ERa, FOXA1 and GATAS3 are all
favorable prognostic indicators in breast cancer [21].

ERa signaling promotes growth of the primary lesion
(and therefore is mitogenic) but is able to keep the EMT
process in check (and therefore is anti-metastatic) up to a
point. Eo/ERa signaling antagonizes signaling pathways
that lead to EMT. For example, transforming growth factor

beta (TGF-B) has been shown to induce EMT in human
mammary epithelial cells, and overexpression of the EMT-
inducing factor Snail in MCF-7 cells increased TGF-3
signaling and invasiveness, and decreased adhesion and
ERa expression [22]. Estrogen opposes TGF-B effects in
MCF-7 cells. Ito et al. demonstrated that ERa forms a
ternary complex with Smad2/3 and the Smad-selective E3
ubiquitin ligase Smurf, and promotes the proteosomal
degradation of Smad proteins [23] (Figure 2).

The EMT pathway also involves the transcription factor
NF-kB as a downstream mediator of inflammatory cyto-
kines [24]. Synthesis of the NF-kB subunit RELB is in-
versely proportional to ERa expression in cell lines, as well
as in breast cancer tissue [25,26]. RELB is required for
maintenance of the mesenchymal phenotype in ERa-neg-
ative cells [26]. Moreover, stable overexpression of RELB
in MCF-7 cells decreases E-cadherin expression, and
increases levels of vimentin and fibronectin, and cell mi-
gration and invasion [26]. ERa-positive MCF-7 and T47D
cells treated with the ERa inhibitor ICI 182,780 display
increased RELB mRNA and protein levels and induced
NF-kB activity, whereas ectopic expression of ERa in the
presence of E; decreases RELB expression in ERa-nega-
tive cell lines [26].
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Eo/ERa signaling suppresses EMT-promoting tran-
scription factors in breast cancer (Figure 2). For example,
BRCA1 haploinsufficiency leads to an ERa-negative mes-
enchymal (Basal-like) form of breast cancer that is depen-
dent on aberrant expression of Slug [27]. ER«a indirectly
represses the expression of Snail through the upregulation
of metastasis-associated protein 3 (MTAS3), which is a
component of the Mi-2/NURD corepressor complex [28].
In repressing Snail transcription, MTAS increases cell-cell
adhesion and moderates invasiveness in breast cancer
cells. Overexpression of Snail directly represses transcrip-
tion of the ERa (ESRI) gene, as well as the E-cadherin
(CDH1) gene, and ultimately induces EMT in MCF-7 cells
[28].

More recently, Ye et al. [29] examined the effects of
either overexpression of ERa in ERa-negative breast can-
cer cell lines (MDA-MB-468, MDA-MB-231) or ERa knock-
down in ERa-positive cell lines (MCF-7, T47D) on Slug and
Snail expression and resulting phenotypes. Forced expres-
sion of ERa represses Slug, increases E-cadherin, and
induces cells to grow as adherent colonies with reduced
invasiveness. By contrast, knockdown of ERa results in
elevation of Slug expression, decreased E-cadherin and
spindle-shaped invasive cells.

E, signaling regulates the activity of ERa and associat-
ed cofactors GATA3 and FOXA1 to promote an epithelial
phenotype and suppress EMT and pro-metastatic progres-
sion in luminal-type breast cancers. Direct regulatory
relationships have been established in vitro, such as in-
creased invasion and onset of EMT in MCF-7 cells follow-
ing overexpression of RELB or Snail due to repression of
ERa and E-cadherin, and in vivo data correlate with these
observations. Expression levels of ERa, GATA3, and
FOXAL1 are associated with a favorable prognosis in breast
cancer patients. Conversely, high levels of RELB and Snail
expression (as well as no/low expression of ERa, GATAS3,
and FOXA1) are associated with invasive basal-like and
claudin-low breast cancer subtypes, which confer a less
favorable prognosis.

MicroRNAs and EMT

Metastatic lesions of luminal A tumors frequently express
ERa [30]. This may be because of the epithelial differenti-

Table 1. Selected microRNAs and their role in breast cancer

Expression levels Action in breast tumors Known targets
in breast cancer
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ation of a luminal A CSC upon colonizing a metastatic site,
or to the reversion of an EMT-generated ERa-negative
metastatic cell back to an ERa-positive cell through
MET [31]. In either case, the aberrant expression of genes
that suppress ERa expression could result in the appear-
ance of a stable population of ERa-negative cells. In fact,
Creighton et al. reported recurrence of the ERa-negative
mesenchymal claudin-low form of breast cancer in patients
treated with aromatase inhibitor [32]. Thus, an under-
standing of how ERa is silenced and/or re-expressed could
lead to more refined approaches to the treatment of meta-
static luminal A cancer. We and others have examined
whether microRNAs might target ERa as one mode of
epigenetic silencing, and we propose that it might be useful
to consider the relationship between ERa-targeting micro-
RNAs and their effect on EMT.

MicroRNAs are short post-translational RNA regulators
that bind to complementary sequences on mRNA, usually
resulting in gene silencing through translational repression
or degradation of the target mRNA [33]. Numerous studies
have revealed that microRNAs are dysregulated in cancer
versus normal tissue, and in non-invasive versus invasive
forms [34,35]. Discordant microRNA expression between
normal and tumor breast tissues and between ERa-positive
and ERa-negative tumors is well established [36] (Table 1).
In general, the levels of most mature (processed) micro
RNAs are lower in cancer versus normal tissue, and in
ERa-negative versus ERa-positive breast cancer, and both
Drosha and Dicer levels are subnormal in several cancers
[37,38] (microRNA biogenesis is reviewed in [33]). Interest-
ingly, E5 induces Dicer expression in MCF-7 cells, suggest-
ing that loss of ERa and estrogen signaling in breast
cancers may contribute to the decreased expression of
Dicer and consequently lower levels of microRNA expres-
sion [39]. Some evidence supports a role of microRNAs in
dampening Dicer expression. Martello et al. [40] showed
that miR-103/107 targets Dicer mRNA and inhibits
Dicer expression, thereby promoting EMT in breast cancer
cell lines and the metastatic spread of breast cancer cell
lines in mice. These investigators also provided evidence
that the miR-103/107-induced decrease in Dicer leads to
compromised processing of pre-microRNAs belonging to
the EMT-inhibitory miR-200 family (miR-200f; Box 2).

miR-200c | BL; T Lum A Anti-EMT ZEB1 and ZEB2 (repressors of E-cadherin); [47,76,77]
moesin and fibronectin (involved in cell migration);
TrkB (anoikis resistance)
miR-206 T NC tumor; Pro-EMT, anti-proliferative Estrogen signaling molecules ERa, SRC-1, [36,48,56]
1 ERa— vs ER+ in ERa™ cell lines SRC-2, GATA-3
miR-221/222 17 BL; | Lum A Pro-EMT, ERa and cell cycle regulators p27 (Kip1), p57 [63,65,66]
pro-proliferative in ERa* cell lines
miR-130a | NC tumor Anti-EMT ERa and the oncogene ¢c-MET in non-small cell [67,68]
lung cancer
miR-17/92 71 NC tumor Tumor suppressor or oncogene; ERa and SRC-3 [34,69-71]
pro-metastatic
but affects proliferation depending
on the microenvironment
miR-145 | NC tumor; Tumor suppressor ERa and MUC-1 (associated with invasiveness) [73-75]
| BL; | Lum A

NC tumor, nonclassified tumor; Lum A, luminal A; BL, basal-like; EMT, epithelial to mesenchymal transition.
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Box 2. The miR-200 family: opposition to EMT and stemness
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MiR-200 family members (miR-200f) are expressed from the miR-
200c/141 bicistronic gene on chromosome 12 and the miR-200b/200a/
429 polycistronic gene on chromosome 1. Based on 5 seed
sequences, these microRNAs form two functional groups, miR-141/
200c and miR-200b/200a/429.

MiR-200f maintain E-cadherin expression through targeting ZEB1
and ZEB2, which are transcriptional repressors of E-cadherin, and
through targeting Suz12, which contributes to polycomb-mediated
repression of E-cadherin expression [47]. More recent studies have
expanded the range of empirically proven mRNA targets of the miR-
200 family. The Richer laboratory used forced expression of miR-200c
to identify miR-200c-suppressed transcripts in ERa-negative me-
senchymal breast cancer cell lines (BT549, MDA-MB-231) and
mesenchymal type 2 endometrial cancer cell lines (Hec50, AN3CA),
followed by empirical confirmation of predicted miR-200c sites in the
3’-UTR of moesin, fibronectin and TrkB [76]. Using functional assays,
Howe et al. showed that, through targeting TrkB, miR-200c decreased
migration via targeting of moesin and fibronectin, and diminished
resistance to anoikis. MiR-200 family members target several
components involved in Notch signaling, which is activated by Zeb1
and promotes EMT [77]. MiR-200 family members target the Notch
ligand, Jagged 1 (Jag1), which induces EMT through upregulation of
Slug in mammary epithelial cells. MiR-200 family members also

Cochrane et al. [37] demonstrated that miRs-221, -222 and -
29a, which are elevated in ERa-negative breast cancer cell
lines, target Dicer. Upregulation of miR-200c (Box 2) in-
creased Dicer in two ERa-negative cell lines. Although the
majority of microRNAs are decreased after neoplastic trans-
formation, some microRNAs clearly show an increase [34]. A
major unanswered question is how some microRNAs appear
to maintain elevated levels in the face of reduced Dicer
activity in breast cancer: are they so overexpressed at the
transcriptional level that they effectively compete for what
little Dicer is available? Or do these microRNAs simply
bypass Dicer during maturation [41]? It is also important
to consider the significance of Dicer activity in maintaining
an epithelial phenotype and/or opposing EMT.

The expression of the microRNA effector Argonaute pro-
teins (AGOs) is also altered in cancer. The AGOI gene is
frequently deleted in several cancers, including breast can-
cer [42]. Both AGO1 and AGO2 were reported to be elevated
in ERa-negative versus ERa-positive breast cancer [43]. We
showed that enforced expression of AGO2 reduced E-cad-
herin expression and enhanced motility in epithelial breast
cancer cell lines [44]. Additional work should examine
whether increased AGO2 expression induces a complete
EMT in breast cancer.

Specific microRNAs have been demonstrated to promote
aspects of EMT and metastasis. One of the seminal studies
on this subject was that by Ma et al. [45], who showed that
Twist (but not Snail) induced expression of miR-10b. MiR-
10b targets and represses homeobox D10 (HOXD10) expres-
sion, thereby relieving transcriptional inhibition of the pro-
metastatic Ras homolog gene family member C (RHOC).
More recently, several other ‘metastamiRs’ have been char-
acterized [46].

Conversely, several microRNAs have been characterized
as suppressors of metastasis [46]. In particular, the miR-200
family (Box 2; Table 1) has been shown to promote epithelial
differentiation and resist EMT [47]. For example, members
of the miR-200 family directly target the mRNAs encoding
the zinc finger E-box-binding homeobox proteins ZEB1 and

directly target the Notch transcriptional coactivator proteins Maml|2
and Maml3. In eight separate basal-like breast cancer specimens,
Zeb1 levels were relatively elevated, whereas miR-200c and miR-141
levels were low, and the converse was observed in ductal (luminal)
breast cancer. Basal-like cancers displayed a positive correlation
among Zeb1, Jag1 and activated Notch 1 and Notch 2 expression,
specifically in the invasive front of these cancers.

Furthermore, miR-200f target the stem cell factors Bmi-1, Sox2 and
KIf4. Shimono et al. [88] reported that members of the miR-200
family are downregulated in human and mouse mammary stem
cells, as well as in human breast CSCs. Lentiviral-mediated
overexpression of miR-200c in murine mammary cancer cells
suppressed colony formation, and this phenotype was rescued by
co-expression of a BMI1 transgene devoid of the 3'-UTR. Over-
expression of miR-200c also severely stunted the outgrowth of
murine mammary epithelial cells in vivo and significantly reduced
tumor-initiating ability in human breast CSCs in NOD/SCID (non-
obese diabetic/severe combined immunodeficiency) mice. These
findings indicate that miR-200c drives differentiation at the expense
of stemness and self-renewal in breast epithelial cells. By contrast,
miR-200c induces pluripotency in fibroblasts [89], indicating the
importance of cellular context. MiR-200c may also promote meta-
static colonization [87].

ZEB2, and are, in turn, transcriptionally repressed by ZEBs
[47]. The role of microRNAs that target ERa is discussed
below, and a major unanswered question is whether these
microRNAs ultimately alter miR-200f levels.

ERa-targeting microRNAs that may regulate EMT

As discussed above, ERa opposes EMT, and microRNAs
either promote or oppose EMT (Table 1). These findings
beg the question as to whether microRNAs contribute to
the regulation of EMT through their ability to target ERa
mRNA. The probability of microRNA-mediated regulation
of the human ERa mRNA is supported by the long (>4000
nt) 3’ untranslated region (3'-UTR) of ERa mRNA, and by
findings that specific microRNAs are differentially
expressed between ERa-positive and ERa-negative breast
cancers [35].

miR-206

An in silico search for microRNAs predicted to target ER«
mRNA identified miR-206 [48] as a potential modulator of
ERa mRNA levels. Ectopic miR-206 expression repressed
endogenous ERa mRNA and protein levels in ERa-positive
MCF-7 cells and T47D cells, and two predicted miR-206
target sites in ERa mRNA 3'-UTR were confirmed as
functional sites. These studies provide the first demonstra-
tion of the regulation of a mammalian steroid hormone
receptor by a specific microRNA. Several groups have
confirmed these findings, as well as the finding of elevated
miR-206 in ERa-negative tumors [49,50]. MiR-206 also
directly targets the mRNAs encoding the nuclear receptor
co-activator proteins steroid receptor co-activator-1 (SRC-
1) and SRC-3, as well as GATA-3 [51]. These findings
reveal that miR-206 represses estrogen signaling through
the coherent targeting of multiple components within the
ERa signaling pathway (Figure 3).

In a double-negative feedback loop, miR-206 expression
is suppressed by Eo/ERa-signaling [48,52] such that robust
ERa expression in luminal A cancers would maintain low
levels of miR-206 (Figure 3). In this context, it is worth
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Figure 3. MiR-206 coordinately targets mRNAs encoding ERa, SRC1, SRC3 and GATA3. MiR-206 also targets proliferative genes and, overall, inhibits proliferation. MiR-206
also inhibits ERa and GATAS3 (and is predicted to target FOXA1), thereby undermining the stability of an epithelial phenotype. MiR-206 promotes myoepithelial
differentiation, increases IL6 and may promote some features of EMT. Dotted line, indirect effect.

noting that processing of the primary transcript of miR-206
(pri-miR-206) by the microprocessor complex was lowered
in p72 helicase” mouse embryos [53] and that ERa binds
to p72 and inhibits the activity of the p68/p72 complex [54].
This raises the questions of whether pri-miR-206 proces-
sing is similarly dependent of p72 helicase activity in
human breast cancer cells and whether ERa signaling
inhibits miR-206 expression through p72.

Mir-206 has been most studied in the context of myo-
genic induction [55], and in MCF-7 cells miR-206 was
shown to repress non-muscle B-actin expression [48].
These findings raise the question of whether miR-206 plays
a role in normal mammary epithelia by directing progeni-
tor cells along a myoepithelial lineage. In this context, it is
noteworthy that miR-206 decreases expression of the DNA
polymerase Al subunit and the oncogenic receptor c-MET,
and increases the tumor suppressor forkhead box O3
(FOXO03) [562]. Overall, this leads to inhibition of cell pro-
liferation [51,52,56], suggesting that miR-206 might re-
press the proliferation of ERa-positive breast cancer by
promoting myoepithelial differentiation, together with si-
lencing of ERa (Figure 3). In fact, miR-206 has been used
for ‘differentiation therapy’ in vivo to block growth of
rhabdomyosarcomas in mice through the induction of adult
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myogenic differentiation [57]. Thus, in some contexts (but
clearly not all), ectopic expression of miR-206 might drive
slow proliferation and induce myoepithelial differentiation
in mesenchymal breast cancers. A major unanswered ques-
tion is whether miR-206 is expressed in CSCs, or whether
enforced miR-206 expression would drive the CSC popula-
tion to differentiate.

Epidermal growth factor (EGF) stimulates miR-206
expression [51], and miR-206 is elevated in some ERa-
negative, highly aggressive forms of breast cancer
[36,56]. Because basal-like cancers frequently overexpress
EGF receptor (EGFR/HER1) [58], EGF signaling in some
mesenchymal basal-like breast cancers might contribute to
ERa silencing, in part through miR-206, thereby maintain-
ing a mesenchymal phenotype of cells. It is also noteworthy
that ectopic expression of miR-206 in MCF-7 cells enhances
IL-6 expression [51]. IL-6 has been shown to induce EMT
through STAT signaling and to maintain its own levels
through stable autocrine positive feedback loops involving
NF-«kB or Notch 3 in mammary epithelial cells and breast
cancer [59-62]. Thus, in some microenvironments, miR-206
may promote EMT (i.e. exert prometastatic actions)
but repress proliferation (i.e. exert an anti-proliferative
function).



miR-221/222

miR-221 and miR-222 (denoted miR-221/222) are
expressed from a bicistronic gene on human chromosome
X. MiR-221/222 expression is upregulated in several can-
cers [34] (Table 1). Zhao et al. reported that miR-221/222
are also enriched in ERa-negative versus ERa-positive
breast cancer and breast cancer cell lines [63]. This study
also demonstrated that miR-221 and miR-222 each directly
targeted ERe mRNA at a conserved site. Several studies
have now shown that miR-221/222 inhibit the translation
of ERe mRNA and are involved in anti-estrogen resistance
[52,64,65]. As described for miR-206, miR-221/222 expres-
sion is repressed by ERa signaling in a double-negative
feedback loop (Figure 4). Utilizing miR-221/222 gene pro-
moter—luciferase constructs and chromatin immunoprecip-
itation, DiLeva et al. demonstrated that ERa directly
represses the miR-221/222 gene promoter by recruiting
the corepressors NCoR and SMRT [52].

In contrast to miR-206, miR-221/222 increase prolifera-
tion of ERa-positive breast cancer cell lines [52], with early
studies showing that p27 and p57 are miR-221/222 targets.
More recent studies by Di Leva et al. [52] and Rao et al. [65]
have extensively examined miR-221/222-regulated genes
in ERa-positive MCF-7 breast cancer cells. These genes fall
into several KEGG pathways involved in growth factor,
cytokine and morphogen signaling, cell-cell junctions and
the actin cytoskeleton, and p53 signaling. Rao et al. [65]
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examined the regulation of B-catenin as part of the canoni-
cal Wnt signaling pathway, and showed that miR-221/222
upregulated B-catenin expression and increased the nucle-
ar fraction of B-catenin. Increased Wnt/B-catenin signaling
probably contributes to the observed effects of miR-221/222
on proliferation (Figure 4). Stinson et al. [58] recently
reported that miR-221/222 promote EMT in mammary
MCF-10A cells. MiR-221/222 decrease E-cadherin through
targeting the 3'-UTR of the GATA family-related TRPS1,
which represses ZEB2 expression. Thus, the targeting of
ERa, miR-200f elevated growth factor signaling and en-
hanced expression of ZEB2 are all consistent with a role of
miR-221/222 in promoting EMT (Figure 4). Furthermore,
miR-221/222 directly target the microRNA effector Dicer,
and expression of Dicer is repressed in ERa-negative
breast cancers, which are associated with a poor prognosis
[39].

It was recently demonstrated that prolonged mammo-
sphere culture of MCF-7 breast cancer cells resulted in an
EMT, and when these cells were returned to adherent
culture, a novel cell line (termed MCF-7y;) with a mesen-
chymal phenotype was generated [66]. Mammosphere cul-
ture is commonly used to enrich stem-like cells in various
populations, including cell lines and tumor samples. MCF-
Tm cells are significantly more proliferative, motile and
drug-resistant in in vitro assays, and more invasive in SCID
(severe combined immunodeficiency) mice compared to the
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parental MCF-7 cells. Moreover, the majority of MCF-7
cells reverted to a stem cell-associated CD44"&Y/CD24 71"
phenotype. Mammosphere culture of MCF-7 cells caused
marked downregulation of miR-200c, -203 and -205. In
addition, upregulation of miR-221 and miR-222 was ob-
served with later passages, and the levels of these micro-
RNASs remained high in the MCF-7y cell line, as well as in
tumors induced by MCF-7y; cells. Repression of miR-221
expression restored ERa protein expression in MCF-7y; cells
[66]. Further study is now required to examine the exact
relationship between miR-221/222, the anti-EMT miR-200f
and EMT-related transcription factors operating via either
ERa-dependent or ERa-independent pathways.

miR-130a

In a screen of microRNA-induced suppression of a lucifer-
ase reporter with the entire ERoe mRNA 3'-UTR, miR-130a
induced about 65% repression [67]. In non-small-cell lung
cancer 549 cells, miR-130a targets the oncogene c-MET
represses miR-221/222 levels via suppression of AP-1 sig-
naling, and suppresses motility [68] (Table 1). Thus, miR-
130a is a potentially important microRNA in breast cancer
that may repress ERa expression but also suppress EMT.
This class of microRNA might play a role in MET, particu-
larly in ERa-negative forms of breast cancer.

miR-17/92

The miR-17/92 cluster on chromosome 13 encodes miR-17,
miR-18a, miR-19a, miR-20a, miR-19b-1 and miR-92-1.
These microRNAs have been characterized as both onco-
genes and tumor suppressors [34,35]. Conflicting reports
have reported lower [69] and higher [70] levels of miR-17/
92 in breast cancer. MiR-17/92 members (and members of
the paralog miR-106a/363 cluster) directly target the
mRNAs for ERa and the co-activator SRC3 [71] (Table
1). The miR-17/92 gene is stimulated by both c-myc [71]
and cyclin D [69], both of which are downstream targets of
ERq, and both c-myc and cyclin D mRNAs are targeted by
members of miR-17/92. A role for miR-17/92 in EMT is
indicated by findings that the metastatic-promoting Rho
kinase increases c-myc levels in breast cancer cell lines,
and this in turn increases miR-17/92 [72]. Clearly, more
study is required to connect the complex feedback loops
between miR-17/92 and ERa, c-myc and cyclin D (as well as
E2F1; further references are given in [72]) and oncogenesis
in breast tissue, and whether miR-17/92 targets factors
that oppose EMT or metastasis.

miR-145

miR-145 is a tumor-suppressor microRNA that is under-
expressed in numerous cancers, including breast cancer
[73] (Table 1). The miR-145 gene is located on chromosome
5, near a fragile site (5q31.1) and is deleted in about 10% of
invasive breast cancers [73]. miR-145 transcription and
processing are enhanced by activated p53 [73]. Moreover,
miR-145 activated p53 signaling in MCF-7 cells, and p53
stimulated miR-145 expression in a pro-apoptotic positive
feedback loop [74]. MiR-145 also represses endogenous
ERa expression in MCF-7 cells through interaction of
two miR-145 target sites within the coding region of
ERa mRNA [74]. Thus, miR-145 appears to act, in part,
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as a tumor suppressor in breast cancer through its ability
to reduce ERa signaling while increasing p53 expression
and activity.

With respect to EMT and metastasis, miR-145
targets mucin 1 (MUC1), which is associated with inva-
siveness [73]. Gotte et al. [75] recently demonstrated that
overexpression of miR-145 in several breast cancer cell
lines directly targeted the cell adhesion protein JAM-A
and changed the expression of several other motility-
related proteins, causing a significant reduction in cell
motility and invasiveness in both ERa-positive MCF-7
cells and ERa-negative MDA-MB-231 cells. Thus, miR-
145 targets several proteins required for motility and
invasiveness, even though it represses ERa expression
and, thus, ERa-mediated inhibition of EMT. It is note-
worthy that miR-145 directly targets mRNAs encoding
stemness-related genes and promotes the differentiation
of several stem/precursor cell types. It is worth examining
whether miR-145 promotes epithelial differentiation
and whether it directly antagonizes EMT factors, as
ERa does.

Concluding remarks

We have discussed some of the findings related to ERq,
microRNAs and EMT in the context of how the most
commonly diagnosed form of invasive breast cancer,
ERa-positive luminal A, might progress to metastatic
disease. We have described ERa-targeting microRNAs
that are pro-metastatic/anti-proliferative (miR-206), pro-
metastatic/pro-proliferative (miR-221/222), and anti-pro-
liferative/anti-metastatic (miR-130a, miR-145). MiR-17/92
appears to be prometastatic, but is involved in multiple
feedback loops that may cause the expression and effects
on proliferation of miR-17/92 to be highly dependent on the
microenvironment and the genetic and epigenetic back-
ground.

One challenge is the accurate identification of micro-
RNAs that significantly contribute to a single pathway
(such as EMT) within breast tumors in situ. MicroRNAs
have potentially hundreds of targets, and in vivo studies
will be required to establish physiologically important
targets in the context of breast cancer, and to develop
effective treatment of breast cancers involving manipula-
tion of microRNA expression levels and identification of off-
target effects. In addition, because EMT is a reversible
process, it will be imperative to define factors in the tumor
microenvironment that contribute to the onset of EMT and/
or maintenance of the epithelial phenotype. Understand-
ing the interaction between microRNA regulatory path-
ways and ERa establishes a foundation on which this
knowledge can be built.
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