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Abstract MicroRNAs are master regulators of gene ex-
pression in many biological and pathological processes,
including mammary gland development and breast cancer.
The differentiation program termed the epithelial to
mesenchymal transition (EMT) involves changes in a
number of microRNAs. Some of these microRNAs have
been shown to control cellular plasticity through the
suppression of EMT-inducers or to influence cellular
phenotype through the suppression of genes involved in
defining the epithelial and mesenchymal cell states. This
has led to the suggestion that microRNAs maybe a novel
therapeutic target for the treatment of breast cancer. In this
review, we will discuss microRNAs that are involved in
EMT in mammary cells and breast cancer.
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microRNAs

MicroRNAs (miRNAs) are non-coding RNAs that regulate
gene expression at the post-transcriptional level by inhibiting
translation or initiating mRNA destruction. There is increas-
ing evidence that miRNAs maybe master regulators of many
fundamental biological processes, such as embryogenesis [1]
and organ development [2]. Individual miRNAs can enforce
a developmental switch or tissue-specific gene expression
through regulation of a key mRNA target [3, 4] or through
many mRNA targets [5]. Similar to other forms of gene
regulation, miRNAs have been shown to be involved in
human cancers, acting as oncogenes [6, 7] or tumor
suppressors [8, 9]. Therefore, understanding this form of
gene regulation maybe a key to regulating fundamental
biological processes and controlling disease progression.
Some miRNAs are expressed in a cell-specific, tissue-
specific and/or developmental stage-specific manner, while
others are expressed relatively ubiquitously. As with other
genes, this is dependent upon the transcription factors that
regulate their expression. MiRNA genes are transcribed by
RNA polymerase II as their own dedicated transcript [10] or
can be cleaved from introns of protein-coding genes.
Cleavage of the primary transcript by the DROSHA/DGCRS
complex [11] generates a 60—70 nucleotide (nt) stem-loop
pre-miRNA, which is exported from the nucleus by the
exportin 5-RanGTP system [12]. Within the cytoplasm, the
RNAse III enzyme Dicer processes the pre-miRNA to yield
the 18-24 nt mature miRNA [13, 14]. Through imperfect
base pairing, miRNAs bind to target mRNAs in the context
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of the RNA-induced silencing complex (RISC) [15].
Complementarity between nucleotides 2-8 at the 5" end of
the miRNA (termed the “seed sequence”) is important for
efficient targeting. While a single miRNA can be encoded in
one primary transcript, often a cluster of multiple miRNAs
are encoded in a polycistronic transcript. Differences in the
seed sequences of miRNAs within a cluster means that a
single cluster of miRNAs has the potential to regulate an
enormous range of targets.

miRNA Regulation of EMT

Epithelial to mesenchymal transition (EMT) is involved
in embryonic development, wound healing and cancer
progression (reviewed in [16]). During an EMT, epithelial
cells lose cell-cell contacts and undergo cytoskeletal
remodelling and polarity changes, resulting in acquisition
of mesenchymal morphology and enhanced migratory
ability. Importantly, the process of EMT is reversible
(termed a mesenchymal to epithelial transition or MET),
so that polarised epithelium can be generated in a new site.
Many signalling pathways induce EMT, including Trans-
forming Growth Factor 3 (TGF-f3), Wnt and Notch, in
part through regulation of several transcription factors,
including Snaill/2, E47, KIf§, ZEB1/2 and Twist
(reviewed in [16]). A key target of these EMT-inducing
transcriptional repressors is the epithelial-specific junc-
tional protein, E-cadherin. Loss of epithelial specific
proteins, such as E-cadherin, and increased expression of
mesenchymal specific proteins, such as vimentin, can be
used as markers to show that an epithelial cell has
undergone an EMT. Here we highlight miRNAs that are
regulated by and control EMT (Fig. 1).

Microarray analysis has been used to identify miRNAs
that are involved in EMT, comparing cells before and after
induction of EMT. When EMT is induced with different
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Figure 1 Simplified overview of microRNAs involved in EMT (refer

to text for details and references).
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stimuli, the most consistently striking change is the
reduction in levels of the miR-200 family and miR-205
[4, 17-20]. The miR-200 family include two clusters of
miRNAs — miR-200b~200a~429 and miR-200c~141 [4].
The dramatic decrease in miR-200 family and miR-205
expression with EMT is reflected in lower expression of the
miR-200 family and miR-205 in mesenchymal cell lines
compared to epithelial lines [4, 20-22]. Significantly, these
correlations have led to the discovery that the miR-200
family are key regulators of EMT. Through their suppres-
sion of the mesenchymal-specific repressors of E-cadherin
transcription, ZEB1 and ZEB2, the miR-200 family
increase the levels of E-cadherin and are capable of
enforcing the epithelial phenotype in mesenchymal cells
[4], including mesenchymal-like, MDA-MB-231 breast
cancer cells [17, 20]. Additionally, their expression in
epithelial cells can inhibit TGF-f1-induced EMT in canine
kidney and murine mammary epithelial cell lines, MDCK
and NMuMG cells respectively [4, 22]. Conversely,
inhibition of the miR-200 family in epithelial cells induces
EMT [4, 17, 20]. In part, the reversibility of EMT is
determined by the fact that ZEB1 and ZEB2 suppress miR-
200 family expression [23]. This double negative feedback
loop enables the miR-200 family and ZEBs to respectively
maintain the epithelial and mesenchymal cellular states.
Additional EMT-related targets of the miR-200 family have
also been reported, including TGF-32 by miR-141 [17] and
Beta-catenin (CTNNB1) by miR-200a [24]. Given that
miRNAs are capable of regulating hundreds of miRNA
targets and the key role the miR-200 family play in
enforcing the epithelial phenotype, further miR-200 family
targets that are involved in EMT may still be identified.

The key role that the TGF-f3 signalling pathway plays in
EMT and cancer (reviewed in [25]), has prompted studies
focussed upon identifying miRNAs involved in TGF-f3-
induced EMT. In contrast to the miR-200 family, levels of
miR-155 are increased during TGF-B-induced EMT in
mammary epithelial cell model systems, via transcriptional
activation by SMAD4 [19]. While ectopic expression of
miR-155 did not induce an EMT, cell polarity and tight
junction formations were disrupted and cells responded more
rapidly to TGF-f. Significantly, loss of miR-155 suppresses
TGF-$ induced EMT in NMuMG cells. A key miR-155
target is RhoA, which plays an important role in formation
and stabilisation of cell junctions [19]. In addition to miR-
155 regulation of RhoA, TGF-f3 induces the ubiquitination
and degradation of RhoA by Smurfl E3 ligase, in response
to activation by Par6 [26, 27]. Accordingly, miRNAs such as
miR-155 provide a further layer of regulation that ensures
the suppression of specific proteins to control cellular
phenotype.

MiR-29a and miR-21 levels increase upon TGF-f3-
induced EMT in mammary epithelial model systems [18,
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19] and are higher in many mesenchymal cell lines
compared to epithelial cell lines [20], although the precise
relationship between these miRNAs and EMT has not been
extensively explored. Significantly, suppression of triste-
traprolin (TTP) by miR-29a induces EMT in oncogenic
Ras-expressing murine mammary epithelial cells [18].
However, since the overexpression of miR-29a in non-
tumorigenic murine mammary epithelial cells did not
induce an EMT, the relationship between miR-29a and
EMT is clearly context dependent. In contrast, there are no
reports of miR-21 directly regulating EMT. However, there
have been multiple reports of pathways regulating miR-21
in response to TGF-{3. Pre-miR-21 and mature miR-21
levels are increased by TGF-f3 in MDA-MB-468 breast
carcinoma cells via a SMAD4-independent, post-
transcriptional mechanism, involving increased processing
of the miR-21 primary transcript by the Drosha complex
[28, 29]. Additionally, miR-21 transcription can be activat-
ed by the TGF-B-regulated transcription factor, AP-1 [30,
31] or by the EMT-inducer, ZEB1 [32, 33]. The functional
significance of increased levels of miR-21 with EMT
maybe elucidated from its target mRNAs, which have roles
in EMT, cell cycle control and apoptosis (TGFPBR2,
DAXX, Cdc25A, PDCD4, TPM1, PTEN) [34-39]. Further
exploration of the role of these miRNAs in EMT is
required.

EMT can also be induced by the transcription factor
Twist [40]. Amongst other genes, Twist activates miR-10b
transcription through an E-box proximal to the predicted
promoter [41]. In contrast to Twist, miR-10b alone cannot
induce an EMT. However, miR-10b increases motility and
invasiveness of HMECs (human mammary epithelial cells)
and breast cancer cells and contributes to the migratory and
invasive properties conferred by Twist. It is still unclear
whether miR-10b is specifically related to Twist or is
involved in EMT induced by other stimuli. There is some
evidence that other E-box binding EMT-inducers may have
opposing effects on miR-10b. For example, Snaill reduced
miR-10b expression in HMECs [41]. Microarray data
suggest that ZEB1 may increase miR-10b levels in
colorectal cancer cells, but decrease miR-10b levels in
breast cancer cells [17], suggesting that the link between
miR-10b and EMT is context dependent.

Loss of E-cadherin can induce EMT in epithelial cells
[42]. Accordingly, miRNAs that affect E-cadherin expres-
sion are likely to be regulators of EMT. miR-9 has recently
been reported to suppress E-cadherin expression and induce
EMT in immortalised human mammary epithelial (HMLE)
cells [43]. Interestingly, miR-9 cannot induce EMT in an
epithelial breast cancer cell line, SUMI149, in vitro,
however, there is increased expression of the mesenchymal
marker, vimentin, at the tumour-stroma interface in vivo
compared to control, which suggests that miR-9 may

sensitise cells to signals from the tumour microenvironment
that induce EMT.

miRNAs and Mammary Stem Cells

Mammary development and homeostasis is thought to be
dependent upon a differentiation hierarchy, with mammary
stem cells at the apex (reviewed in [44]). Cell populations
enriched in mammary stem cells can be prepared by
dissociating mouse mammary tissue into single cell
suspensions and fractionating the cells according to cell
surface markers, such as CD24™Y/CD49f" and CD29"/
CD24" [45, 46]. Mouse mammary stem cells isolated by
these methods are able to reconstitute entire mammary
glands in vivo [45, 46]. In an effort to understand molecular
pathways regulating stem cell properties, microarray studies
were performed to assess differences in mRNAs and
miRNAs in mammary stem cells compared to mammary
progenitor and mature cells. Higher levels of the mesen-
chymal marker, vimentin, and lower levels of E-cadherin
and the miR-200 family are found in human mammary
stem cells (CD49f"EpCAM-) compared to luminal progen-
itor and mature luminal cells (CD49f ™ "EpCAMH+) [47, 48].
Similarly, enriched populations of mouse mammary stem
cells (CD24™9CD49f") have lower levels of the miR-200
family compared to more differentiated mammary epithelial
progenitor cells (CD24™CD49f°) [48]. According to the
expression of these epithelial and mesenchymal markers,
differentiation of mammary stem cells may follow a
program similar to a MET. Importantly, the low levels of
the miR-200 family in mammary stem cells are significant.
This is most clearly demonstrated when miR-200c is
ectopically expressed in murine mammary cells isolated
from FVB/NJ mice. In contrast to controls, when miR-200c
expressing cells are injected into the cleared mammary fat
pad of FVB/NJ mice, normal mammary outgrowth is
suppressed and myoepithelial differentiation is induced
[48]. This suggests that the miR-200 family may regulate
differentiation of mammary stem cells.

In contrast to the miR-200 family, significantly higher
expression of miR-205 is observed in enriched populations
of [1] basal and myoepithelial stem-cells (CD24""'°/Sca-1")
compared to luminal (CD24""/Sca-1"")cells, [2] self-
renewing stem cells (CD29"/CD24") compared to non-
stem cells and [3] stem cells (CD24™9/CD49f™) or
myoepithelial cells (CD24"°/CD49f°) compared to non-
stem cells (CD24 ""/CD49f) [49]. The high levels of miR-
205 in mammary stem cells are functionally significant,
because when miR-205 was ectopically expressed in a cell
line model of mammary gland progenitor cells, there was a
significant expansion of the progenitor population [49, 50].
Despite the similar roles of the miR-200 family and miR-
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205 in regulating ZEB expression and EMT [4], differences
in the response of mammary stem cells to these miRNAs
highlights the differences in the range of targets regulated
by these miRNAs. Other miR-205 targets have been
identified, including PTEN, protein kinase Ce, LRP1 and
HER3 [49, 51-53], as well as many other potential targets
predicted from a microarray conducted on miR-205-
expressing cells [49]. Further experiments are required to
fully understand the role of miR-205 in mammary stem
cells, development and tissue homeostasis.

miRNAs, EMT and Mammary Gland Development

While there are reports of miRNA involvement in mam-
mary gland development [54, 55], there is very little
discussion of EMT in mammary gland development.
However, a process reminiscent of wound healing and
EMT occurs between lactation and involution. Mammary
involution is initiated at the end of lactation, which involves
cessation of milk secretion, massive cell death, collapse of
the alveoli, clearance of apoptotic cells and remodelling of
the epithelial compartment to restore a simple ductal
structure (reviewed by [56, 57]). By day 4 of involution,
TGF-3 signalling pathways increase [58—60], coinciding
with decreased levels of E-cadherin [61, 62]. miRNA
expression profiles suggest that miRNAs may play a role
in this EMT-like process in late involution, with decreased
levels of miR-200a, miR-429 and miR-141 and increased
expression of miR-29a, miR-21, and miR-10b [54]. Similar
to the changes observed in mammary progenitor cells [49,
50], changes in miR-205 levels are in direct contrast to the
miR-200 family. However, the precise roles of EMT and
associated miRNAs in mammary gland development have
yet to be explored.

miRNAs, EMT and Breast Cancer Metastasis

Metastasis is the most common cause of death for breast
cancer patients. Evidence for the involvement of miRNAs
in the metastatic process is rapidly accumulating, presenting
an attractive novel therapeutic possibility. Altered expres-
sion of the miRNA processing machinery is observed in
more invasive, aggressive breast cancers. For example,
levels of Dicer are lower in mesenchymal compared to
epithelial breast cancer cell lines and also in the more
aggressive basal-like, HER2+ and luminal B type tumours
compared to luminal A type breast cancer [63—65]. The
latter maybe linked to the frequent hemizygous deletion of
Dicer associated with breast tumors [66]. Specific miRNAs
have also been directly linked to metastasis. For example,
miR-31, miR-373, miR-520c, miR-126 and miR-335
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potentially regulate metastasis through a range of mRNA
targets [67-70].

One theory to explain how metastases arise from a primary
breast tumor is that peripheral epithelial cells receive signals
from the surrounding stroma to undergo the EMT program,
thus enhancing tumor cell motility and invasiveness (reviewed
in [16]). This hypothesis is supported by studies showing a
loss E-cadherin and higher levels of mesenchymal markers
in invasive ductal, basal-like and metaplastic carcinoma of
the breast [71-73]. The links between metastasis and EMT
are also reflected in the expression of EMT-related miRNAs.
MiR-21, miR-9 and miR-155 levels are increased in
malignant breast cancer and breast cancer cell lines
compared to normal tissues and human mammary epithelial
cells [74-76]. Both basal and metaplastic breast cancers have
reduced expression of the miR-200 family compared to
ductal breast tumors, which correlates with their invasiveness
[4, 17]. This contrasts miR-205 levels, which are not
significantly different between ductal and metaplastic prima-
ry breast carcinomas [4], once again highlighting differences
in the mRNA targets of between the miR-200 family and
miR-205. However, direct links between these EMT-related
miRNAs and metastasis are most clear upon comparison of
primary tumour samples to metastases — higher levels of
miR-10b, miR-21 and miR-155 and lower levels of the miR-
200 family were observed in metastatic samples compared to
matched primary tumours [77]. These observations have led
to the hypothesis that manipulation of the EMT program
through EMT-regulating miRNAs may limit metastasis.

Given the key role that the miR-200 family plays in
regulation of the epithelial phenotype and EMT, it has been
hypothesized that enforced expression of these miRNAs
will limit metastasis [78]. In support of this hypothesis,
knockdown of the key miR-200 target ZEB1 in Pancl cells
decreases primary pancreatic tumour size and inhibits local
infiltration and metastasis upon intrapancreatic injection
into nude mice [79]. A role for miR-200 in suppressing
metastasis is supported by work with a lung adenocarcino-
ma model, where miR-200 family expression in metastasis-
prone cells did not affect primary tumor growth rate but
inhibited metastasis from tumors formed by subcutaneous
injection of the cells into the posterior flank of 129Sv mice
[80]. The potential for the miR-200 family to suppress
metastasis is also inferred from other identified miR-200
family targets, leptin receptor and cofilin 2, which are
known promoters of metastasis [17]. This suggests that the
miR-200 family maybe capable of limiting metastasis
through suppression of a range of mRNA targets involved
in multiple pathways. Numerous studies have found that
miR-200 inhibits migration or invasion of cells in vitro.
This includes MDCK cells [4], 344SQ lung adenocarcino-
ma cells [80], NPC nasopharyngeal carcinoma cells [24],
SW480 colorectal cancer cells [17], Hec50 endometrial
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cancer cells [81], ovarian cancer SKOV-3 cells [82],
LNCaP prostate cancer cells [83], TGF-f1 treated
MCFI10A breast cancer cells [84], MDA-MB-231 cells
[17, 20, 85] and 4T07 breast cancer cells [22]. This latter
result with 4T07 cells is contradicted by a report that
ectopic expression of miR-200c~141 in 4TO7 cells in-
creased migration, despite the cells having undergone an
MET (according to their epithelial-like morphology, loss of
ZEB2 and gain of E-cadherin) [86]. One difference between
the two studies is that the latter investigated migration
through membranes coated with a mixture of basement
membrane components whereas the former study used
uncoated membranes, although it is not clear that this
accounts for the differences in effect of miR-200 on
migration, especially since other reports show miR-200
reducing invasion through matrigel [17, 24, 80, 81, 83, 85].
Consistent with the enhanced in vitro migration of miR-
200-expressing 4TO7 cells, they produced more metastases
from mammary tumors formed by injection into the
mammary fat pad of BALB/cJ mice [86]. Clearly more
work is required to resolve why miR-200 appears to inhibit
invasion and metastasis in some systems but to apparently
promote it in the 4T07 model.

Loss of E-cadherin is a key characteristic of EMT and is
associated with tumour progression, metastasis and poorer
prognosis in breast cancer [72, 87, 88]. Knockdown of E-
cadherin in breast cancer cells is sufficient to dramatically
increase metastasis when these cells are injected into nude
mice [42]. In accordance with its ability to suppress E-
cadherin, miR-9 can regulate metastasis [43]. However, the
increased migration and invasion of miR-9 expressing
HMLE or SUMI149 cells in vitro can only partially be
rescued by ectopic expression of E-cadherin, suggesting
that miR-9 may have other mRNA targets that effect
migration and invasion. Importantly, the link between
miR-9 and metastasis is likely to be clinically relevant,
because significantly higher miR-9 levels were observed in
primary breast tumours from patients with metastases
compared to patients with no metastases [43]. Since miR-
9 levels are lower in metastases compared to matched
primary tumour samples [77], miR-9 maybe involved in an
early step in the metastatic process.

Suppression of the EMT-inducer, Twist, inhibits metastasis
of breast cancer cells injected into the mammary gland of Balb/
c mice [40]. A key target of Twist is miR-10b, as loss of miR-
10b suppresses the Twist-induced migration and invasion of
HMLE cells in vitro [41]. MiR-10b is capable of promoting
invasion in vitro and metastasis upon orthotopic injection into
NOD/SCID mice, as shown with over-expression of miR-10b
in non-invasive, non-metastatic SUM149 breast cancer cells.
MiR-10b suppresses homeobox D10 (HOXD10), thus per-
mitting the expression of the pro-metastatic protein RHOC
[41]. While it is clear that miR-10b can initiate metastasis, the

correlation of miR-10b and breast cancer is complicated. miR-
10b levels are reduced in breast cancer samples compared to
normal tissue [75, 89] and miR-10b expression does not
correlate with distant metastases, recurrence-free survival or
distant relapse free survival [89]. To reconcile these observa-
tions, a likely hypothesis is that induction of EMT at the
invasive front of a breast tumour may lead to transient
activation of Twist and miR-10b, thus promoting invasion and
metastasis [41, 90]. Further investigation is required to assess
the precise role of miR-10b in metastasis and its link to EMT.
The pro-tumorigenic, pro-metastatic role of miR-21 has
been firmly established [91]. Increased miR-21 expression
is consistently observed in breast cancer, particularly
invasive breast cancer [92-95] and high levels of miR-21
correlate with poor disease free survival and high levels of
TGF-B1 [96]. MiR-21 directly suppresses known metasta-
sis suppressors, including Tropomyosin 1 (TPM1), PDCD4
and maspin [91]. Further investigation is required to
determine whether reversion of mesenchymal, metastatic
cells to an epithelial phenotype would lead to a reduction in
miR-21 and a suppression of metastasis. Manipulation of
EMT, through the differential expression of these EMT-
related miRNAs, may present a novel therapeutic strategy
for the treatment of advanced breast cancer although many
obstacles remain, with delivery being one of them.

miRNAs, EMT and Breast Cancer Stem Cells

The concept of cancer stem cells is controversial and may not
apply to all human cancers, but support for the cancer stem cell
model comes from the ability to fractionate cancer cells into
populations enriched for tumour-initiating cells. Breast cancer
stem cells (bCSCs) can be enriched from solid breast tumours
or pleural effusions from metastatic breast cancer patients
according to cell surface markers (CD44'CD24 °%) and
serially passaged in immunocompromised mice, generating
tumours each time that have the same heterogeneous mix of
cells present in the initial tumour, consistent with the notion of
stem cell-like properties [97]. Aldehyde dehydrogenase 1
(ALDH1) activity is also used to enrich for bCSCs and is
associated with metastatic ability and poor prognosis of breast
cancer [98, 99]. These studies indicate that bCSC frequency
varies depending on treatments, grade and sub-type of breast
cancer. Regardless of the method of enrichment, bCSCs have
increased tumorigenic potential and propensity to metastasise
compared to other cancer cells [97, 99]. This has led to the
generation of an “invasiveness” signature by expression
profiling of CD44"CD24 "% (bCSC-like) cells relative to
normal breast epithelium, which is highly predictive of the
propensity of a tumour to metastasise [100]. Importantly,
bCSCs are resistant to current chemotherapy and radiation
therapies [101—104]. The combination of the bCSC properties
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of self-renewal, ability to reconstitute a tumour and resistance
to therapy facilitate recurrence in advanced breast cancer.

There is much evidence linking bCSCs and EMT.
BCSCs enriched from breast tumours and metastatic breast
pleural effusions express markers similar to cells that have
undergone an EMT [105-107]. Similarly, EMT and stem
cell markers are frequently associated with breast cancers
that have a propensity to metastasise, such as basal-like
[73] and metaplastic [108] breast cancers. Consistent with
the expression of EMT markers in bCSCs, there is
differential expression of EMT-related miRNAs in bCSCs
compared to other breast cancer cells. miRNA expression
profiling of bCSCs isolated from human breast tumours
compared to the remaining breast cancer cells showed high
levels of miR-155 and low levels of the miR-200 family in
bCSCs [48]. In addition, low to undetectable levels of the
miR-200 family are found in chemotherapy-resistant
bCSCs isolated from breast cancer cell lines [104].
However, the most direct association between bCSCs and
EMT comes from studies showing that the induction of
EMT in vitro in transformed mammary epithelial cells [106,
109] or in vivo in epithelial breast cancer cells in mouse
models [110] generates cells with bCSC properties. This
suggests that through the EMT program breast epithelial
cells can gain bCSC properties. Accordingly, the EMT
program is involved in cancer progression. To assess
whether reversal of EMT may suppress cancer stem cell
properties, several groups have manipulated levels of
regulators of EMT. For example, knockdown of ZEB in
pancreatic cancer cell lines suppresses cancer stem cell
properties [79]. Similarly, miR-200c expression in bCSCs
suppresses cancer stem cell properties, as demonstrated by
reduced tumorigenicity of miR-200c-expressing
CD44°CD24 % cells (isolated from an early passage
human breast xenograft tumour) [48]. This study showed
that in addition to enforcing the epithelial phenotype
through repression of ZEB, miR-200c acts upon self-
renewal pathways through regulation of BMII. Further
miR-200 family targets have been identified that are
involved in self-renewal and cancer stem cell properties,
such as Sox2 and KIf4 [79]. Therefore, the miR-200 family
is able to affect two key properties of cancer stem cells —
differentiation and self-renewal.

miRNAs that Affect Breast Cancer Response
to Endocrine- or Chemotherapy

There are many determinants of sensitivity and resistance to
cancer therapies such as drug metabolizing enzymes, drug
transporters, proteins involved in DNA repair, cell division,
and apoptosis, and levels of the drug targets themselves
(such as estrogen receptor « for breast cancer endocrine
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therapy). MiRNAs can regulate these determinants and
thereby influence sensitivity to therapeutic agents, as
evidenced by knockdown of Dicer in breast cancer cells
increasing sensitivity to cisplatin [111]. Furthermore,
chronic exposure to anti-cancer agents can affect expression
of miRNAs and lead to changes in the pharmacokinetic and
pharmacodynamic properties of the agents.

The most global study to date on this topic examined the
effects of three miRNAs, let7i, miR-16 and miR-21, which
target RAS, BCL2, and PTEN respectively, and also used in
silico methods to compare drug potency patterns of 3,089
compounds to miRNA expression profiles across the entire
NCI-60 human cancer cell line panel [112]. The three
miRNAs tested were capable of altering the potency of a
number of anti-cancer agents by up to 4 fold and the in
silico comparison of drug potencies to miRNA expression
profiles across the NCI-60 panel demonstrated that 30 miR-
NAs, including miR-21, showed significant correlation with
the potency of numerous anti-cancer agents, indicating a
substantial role for miRNA in determining drug respon-
siveness [112]. Specific examples of miRNA affecting drug
response by directly targeting important determinants of
drug sensitivity or resistance are rapidly accumulating,
including targeting of BCRP/ABCG2 and CYPIBI by
miR-328 and miR-27b [113, 114].

Increasing evidence links EMT and drug resistance.
Epithelial markers are lost in cetuximab-resistant urothelial
carcinoma cell lines [115], gemcitabine-resistant pancreatic
cancer cells [116] and in erlotinib- and gefitinib-resistant
non-small cell lung carcinoma and head and neck squa-
mous cell carcinomas [117, 118], suggesting that these
drug-resistant cells have undergone an EMT. Similarly,
residual breast cancers after chemotherapy have low
expression of E-cadherin and high expression of mesen-
chymal markers [119]. Additionally, EMT induced by
knockdown of E-cadherin in HMLE cells increases resis-
tance to doxorubicin, actinomycin D and paclitaxel [120].

Specifically linking the process of EMT with chemo-
therapy resistance is the finding that miR-200 not only
represses ZEB1 and ZEB2, but also directly represses other
mesenchymal and neuronal genes such as fibronectin,
moesin, NTRK2 and class III beta-tubulin (TUBB3), not
normally expressed in epithelial cells, but aberrantly
expressed in high-grade, de-differentiated carcinoma cells
that have undergone EMT [81]. Expression of TUBB3 (an
isoform of tubulin normally limited to neuronal cells) is a
common mechanism of resistance to microtubule-binding
chemotherapeutic agents in many types of carcinoma,
including breast cancer [121-124]. Enhanced miR-200c
expression in carcinoma cells dramatically increases sensi-
tivity to microtubule-targeting agents [81]. The ability of
miR-200c to restore chemosensitivity to taxanes is attribut-
able to its ability to directly target TUBB3 since introduc-
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tion of exogenous non-targetable TUBB3 lacking its
3’UTR miR-200c target site, reverses the effect [125].
Similarly, miR-200b and miR-200c can increase the
sensitivity of breast cancer cells to doxorubicin in vitro
[85]. Additionally, miR-205 suppresses ERBB3/HER3 (a
ligand binding, kinase inactive receptor tyrosine kinase of
the epidermal growth factor receptor (EGFR) family). MiR-
205 expression increases the sensitivity of breast cancer
cells to the epidermal growth factor receptor inhibitors,
gefitinib and lapatinib [52].

Nearly, 70% of breast cancers express estrogen receptor
alpha (ESR1) and are consequent candidates for endocrine
therapy. Tamoxifen, is the most commonly prescribed
endocrine therapy for pre-menopausal women (while
aromatase inhibitors are commonly used in post-
menopausal women) and tamoxifen has also been recom-
mended as a preventative. Nevertheless, 30-40% of
patients with ESR1-positive tumours fail adjuvant tamox-
ifen therapy and nearly all patients with metastatic disease
develop tamoxifen resistance [126-128]. De novo and
acquired tumor resistance to endocrine therapy remains a
poorly understood clinical problem. Recent studies have
identified multiple miRNAs that target ER and affect ER-
signalling [22, 86, 129-136]. MiR-206 has been demon-
strated to directly target ESR1 [135] and may modulate
tamoxifen resistance [130] and this miRNA appears to be
up-regulated in ESR1-negative tumours [75]. However, the
most compelling evidence of the critical role of miRNAs in
downregulating ER and contributing to the acquisition of
tamoxifen resistance has emerged from studies of miR-221/
222, which are highly expressed in ESR1 negative breast
tumours and cells lines, directly target ERoc and render cells
resistant to tamoxifen [132, 133]. While additional miR-
NAs differentially expressed in tamoxifen-resistant cell
lines have been identified, their functional role in
tamoxifen-resistance has not been elucidated [133].

Conclusions

Manipulation of EMT-related miRNAs may represent a
novel therapeutic strategy for the treatment of advanced
breast cancer. The attractiveness of using miRNAs as
targeted therapeutics arises from the fact that unlike
traditional gene therapy, the miRNA can simultaneously
target many key genes/proteins involved in the process of
EMT. As an example, expression of the differentiation- and
“stemness”’-associated miR-200 or miR-203 cannot only
suppress transcription factors that repress E-cadherin, but
they also target genes normally only expressed in mesen-
chymal cells or stem cells. Some of these targets may only
be elucidated following proteomic analysis. In theory EMT-
related miRNAs hold potential as a form of “differentiation

therapy” that would drive differentiation, reduce invasion,
and enhance chemosensitivity. However, in reality many
obstacles remain, with delivery and timing being the largest
hurdles to overcome. It remains to be determined how
miRNAs introduced to prevent or reverse EMT in breast
carcinoma cells will affect normal differentiated epithelium
or normal stem cells. Furthermore, recent findings raise the
question as to whether it will be detrimental to drive an
MET in cancer [137].
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