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Abstract

As modulators of gene expression, microRNAs (miRNAS) are essential for normal development.
Not surprisingly, aberrant expression of miRNAs is associated with many diseases, including
cancer. Studies of various breast cancer subtypes have demonstrated that, like gene expression
profiles and pathological differences, miRNA profiles can distinguish various tumor subtypes.
Over the last few years, roles for miRNAs during many stages of breast cancer progression have
been established. This includes potential breast cancer associated polymorphisms in miRNA target
sites or miRNAs themselves, miRNAs that can act as tumor suppressors or oncogenes, and
miRNAs that can modulate metastatic spread. Recent studies have also suggested key roles for
miRNAs in regulating cancer stem cells. Thus, miRNAs have now become important therapeutic
targets. This can be achieved by replacing miRNA expression where it has been lost or decreased,
or conversely by inhibiting miRNA expression where it has been amplified or overexpressed in
cancers. Ultimately, miRNAs should provide both important prognostic biomarkers as well as new
targetable molecules for the treatment of breast cancer.
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MicroRNAs: THE BASICS

microRNAs (miRNAs) are a specific class of endogenous non-coding RNAs that are
typically conserved across species. They are single-stranded RNAs of 21-25 nucleotides in
length, and function in post-transcriptional gene silencing [1]. An estimated 30%-60% of
the genome is regulated by miRNA-mediated silencing [2]. Regulation of expression of
these miRNAs is highly complex, as they often exist in clusters, can be encoded in intronic
regions of transcribed genes, reside within intergenic regions, or can be located within large
non-coding RNAs [3]. The biogenesis of miRNAs involves both nuclear and cytoplasmic
components [4]. Mirtrons, a new class of miRNAs derived from short introns of pre-
mMRNAs, have recently been discovered in flies, nematodes and mammals. These mirtrons
are spliced and debranched during pre-mRNA processing, forming pre-miRNA hairpin
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structures that bypass the need for Drosha cleavage, but then enter the canonical miRNA
pathway [5].

In the cytoplasm, mature miRNAs are incorporated into the RNA-induced silencing
complex (RISC) complex. The miRNA-RISC complex then mediates gene silencing by
targeting the 3’ untranslated region (UTR) of mMRNAs and induces translational silencing,
either by cleaving the mRNA or blocking ribosomal translation of the targeted mRNA.
Target mMRNAs are recognized by partial sequence similarity in the seed sequence of the
mature miRNA [6] and often these 3'UTR target sites are evolutionarily conserved within
the miRNA seed region [2,7]. Once the target MRNA is recognized by the miRNA-RISC
complex, it is unclear what mechanisms mediate mRNA repression: MRNA degradation in
the P-bodies or inhibition of translation by blocking ribosomes [8-10].

Although miRNA silencing of mMRNASs has traditionally been thought to occur at the 3'UTR,
emerging evidence suggests that miRNAs can regulate translation via seed sequencing
within the protein-coding sequences and the 5’UTR as well [2], however this 5UTR-
mediated mechanism of translational repression may differ. Additionally, reports of rare and
unconventional miRNA-mediated upregulation of mMRNA translation have recently been
described [11,12]. This complexity in miRNA-mediated mRNA translational regulation
highlights the multiple mechanisms by which miRNAs can modulate translation of the
genome.

MiRNAs IN NORMAL MAMMARY GLAND DEVELOPMENT AND STEM

CELLS

The requirement for normal miRNA functioning for proper stem cell maintenance has been
demonstrated in mouse Dicer-deficient ES cells and tissue-specific Dicer knockout mice.
Loss of mature miRNAs resulted in a failure of the cells to differentiate [13-16], providing
evidence that miRNAs may also be involved in maintaining stem cell populations by
keeping them in an undifferentiated state, controlling stem cell self-renewal and regulating
the transition of undifferentiated stem cells to more differentiated states. It has also been
demonstrated that cells originating from within the same lineage have miRNA profiles that
are more similar to each other than cells of different lineages [17]. In addition, a specific set
of miRNAs has been identified in ES cells that are not detectable in adult tissues [18]. These
data suggest that some miRNAs act as key modulators in normal development, regulating
stem cell maintenance and self-renewal by preventing differentiation. Furthermore, once
lineage-specific mMiRNAs become expressed, they may modulate a hierarchy of transcription
factors initiating differentiation along a specific lineage [19]. Finally, induction of a lineage-
specific mMiRNA expression in an uncommitted progenitor cell may result in differentiation
along specific lineages [19-24].

Many tissues, including the skin, blood and gut, contain a small population of lineage-
restricted stem cells to maintain the short lived mature cells (reviewed in [25]). While
mostly quiescent, these multipotent adult stem cells have the ability to self-renew and are
essential for tissue homeostasis because of their ability to differentiate into the cells that
make up a tissue. The existence of mammary gland stem cells was first suggested by studies
performed over half a century ago in which small fragments of donor mammary tissue were
transplanted into the cleared fat pad of recipient mice [26,27]. These seminal transplantation
studies demonstrated that not only could small populations of cells repopulate a full
mammary gland, consisting of all the differentiated cell types of the mammary ductal tree,
but also that these cells could be serially transplanted and still retain this ability [26,28].
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Identifying markers of normal mammary gland stem cells is essential for their isolation and
further functional studies. Studies from two laboratories recently identified such markers
within the mouse mammary gland [29,30]. Stingl and colleagues isolated two
subpopulations from the adult mammary gland that exhibited different progenitor-like
behavior based on CD49f (a6-integrin)/CD24 (heat stable antigen) profiling. Single cells
from the CD49f"//CD24* subpopulation from an adult mammary gland were able to
regenerate a functional mammary gland in vivo, while the CD49f1°%/CD24M subpopulation
displayed clonogenic potential in vitro [30]. In related studies, the Lineage(Lin)"/CD29(B1-
integrin)"/CD24* subpopulation from the adult mammary gland also was shown to be
capable of repopulating the mammary gland [29]. It has been estimated that the stem cell
activity within the CD49f/CD24* or Lin~/CD29"/CD24"* subpopulations represents only
about 1 in 2000 cells, although this estimate is approximately ten-fold higher than the stem
cell frequency by limiting dilution transplantation of unsorted mammary cells [31]. In
humans, studies have shown that cells with high aldehyde dehydrogenase (ALDH1) activity
[32] or a CD49f*/EpCAM™ immunnotype have stem cell properties [33].

While miRNAs important to somatic stem cells, including hematopoietic stem cells [21,34],
cardiac and skeletal muscle stem cells [20], neural stem cells [24], and skin stem cells [22],
have been identified, the role that mMiRNAs play in normal mammary gland stem cells has
yet to be fully investigated. A recent study used a mouse mammary cell line model to
identify miRNAs in the Aldefluorhi/Sca-1 progenitor cell population found that the
different cell populations have distinct miRNA profiles [35,36], suggesting miRNAs may be
involved in the regulation of mammary gland progenitor cell populations. Additionally, the
miR-200 family (consisting of two clusters, miR-200c-141 and miR-200b-200a-429) and the
miR-183-96-182 cluster are expressed at lower levels in both normal mammary stem cells
and breast cancer stem cells. Furthermore, the investigators demonstrated that these
miRNAs target the self-renewal factor BMI1, a polycomb ring finger oncogene, providing a
possible mechanism for blocking self-renewal in normal and cancer stem cells [37].

miRNAs IN BREAST CANCER

MiRNAs have been shown to be associated with many of the classic hallmarks of cancer,
including defects in proliferation, differentiation and apoptosis. The early studies on miRNA
profiling of tumors demonstrated that aberrant expression occurs as a function of either
deletions associated with frequent fragile sites or genomic amplification. MiRNAs may also
be involved in carcinogenesis [38—42], suggesting that they may be critical biomarkers of
cancer. Additionally, miRNA profiling can be used to cluster cancer types with the cell of
origin [43]. Thus, miRNA profiling may provide useful information for classifying and
diagnosing metastases of unknown origin. Furthermore, breast cancers can be classified by
their miRNA profile into a specific tumor pathological phenotype (i.e., Estrogen Receptor
(ER) and Progesterone Receptor (PR) status, proliferation, tumor stage, metastatic state,
HER?2 status) [44,45] as well as the tumor subtype (Luminal A, Luminal B, Basal-like,
HER2+ and Normal-like) [42]. Thus, miRNAs may provide additional information for the
prognosis and treatment of cancer when combined with standard gene profiling. Because
miRNAs play a role in directing stem cell fate, it is plausible that altered regulation of
miRNA expression elicited in a stem cell by chromosomal changes, such as amplification or
deletion, or epigenetic changes, may induce the transformation of a lineage-restricted stem
cell to a cancer stem cell. Thus, tumor-specific miRNA differences may prove to be useful
as both prognostic and predictive factors.

One of the most important prognostic markers in breast cancer is ER status. By miRNA
expression profiling, miR-206 was found to be highly expressed in ER-negative breast
cancers, but not in ER-positive [44]. It was subsequently shown that miR-206 regulates ERa
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via seed sites within the 3'UTR [46]. Additionally, transfection of miR-206 into an estrogen-
dependent breast cancer cell line was shown to inhibit cell growth in a dose-dependent and
time-dependent manner [47]. miR-221 and miR-222 are also direct regulators of ERa and
their expression reduced sensitivity to tamoxifen when expressed in ER-positive cell lines
[48]. miR-221/222 were highly expressed in tamoxifen-resistant MCF7 cell lines and
HER2+ primary tumors associated with resistance to endocrine therapy [49]. While
miR-206 and miR-221/222 are all capable of negatively regulating ERa, a recent study
showed that their overexpression resulted in different effects and global changes in gene
expression in ER-positive cell lines. miR-206 inhibited cell proliferation, while miR-221 and
miR-222 increased proliferation. They also discovered a negative regulatory loop where
ERa could in turn negatively modulate miR-221/222 through the recruitment of
transcriptional corepressors to the miR-221/222 locus [50]. Similarly, miR-22 negatively
regulates ERa via evolutionarily conserved seed sites in the 3'UTR and treatment of ERa-
positive breast cancer cells with miR-22 results in repression of growth in vitro [51]. It has
been proposed that some of these miRNAs may promote the transition from ER-positive to
ER-negative breast tumors.

BREAST CANCER STEM CELLS

Since normal stem cells and cancer stem cells have many similar properties, including self-
renewal and unlimited replicative potential, understanding the regulation of normal stem
cells may be important in understanding cancer stem cells. Unlike normal stem cells, cancer
stem cells may have gained mutations to make them more tumorigenic or metastatic, and
may have intrinsic mechanisms for survival to evade traditional chemotherapeutic agents
that target more differentiated tumor cells. Thus, traditional cancer therapies may be
eliminating the non-tumorigenic differentiated cells, but leave the cancer stem cells,
potentially leading to cancer relapse and/or metastasis [52]. Clinical studies have shown that
these cancer stem cells, unlike the bulk of a tumor, have increased DNA damage repair
activity and are thus resistant to conventional cancer therapies [52,53].

Like normal mammary gland stem cells, putative breast cancer stem cells have been isolated
based on cell surface markers. Using the normal breast stem cell profile of Lin=/CD29"/
CD24*, breast cancer stem cells were identified in a p53"!! genetically engineered mouse
model of breast cancer [54]. Serial and limiting dilution transplantation of the tumor cells
isolated by Lin=/CD29M/CD24" profiling indicated that they were enriched 65-fold in
tumor-initiating frequency as compared with the majority of the tumor cells isolated using
the other three surface marker profiles. In addition, they had characteristic stem cell
properties defined by in vitro assays. Furthermore, the four CD29/CD24 subtypes could be
separated based on a 710 mRNA gene signature. Since tumor types can be classified based
on miRNA expression patterns [55,56], it would be expected that cancer stem cells within
breast cancers also should have unique miRNA expression profiles.

Originally isolated in 2003, human breast cancer stem cells were identified by FACS sorting
for expression of a different set of cell surface markers, identifying the cancer stem cell
population as CD44*/CD24~/1oW [57]. Studies on the CD44*/CD24~/1°W population in
human breast cancer have shown decreased expression of the let-7 family (let-7a to let-7i)
compared to differentiated cells. Additionally, induction of these cells to express let-7 was
shown to inhibit tumor formation and reduce the metastatic capability of the CD44%/
CD24~oW cancer stem cells. The tumor-suppressor activity of let-7 was shown to act via
regulation of the oncogenic H-Ras and HMGAZ2 (High mobility group AT-hook 2) genes
(Fig. 1). Thus, tumors expressing low let-7 had higher levels of H-Ras and HMGAZ2, which
correlated with poor prognosis. Conversely, tumors expressing high levels of let-7 were less
tumorigenic and had lower levels of metastasis [58].
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The miRNA expression profiles of human CD44* CD24~/1oW preast cancer stem cells
compared to non-tumorigenic cancer cells identified 37 differentially expressed miRNAs
[37]. Included in these 37 miRNAs were three genomic miRNA clusters, miR-200c-141,
miR-200b-200a-429, and miR-183-96-182 that were down-regulated in human breast cancer
stem cells as well as mouse mammary stem cells and embryonal carcinoma cells, suggesting
they may play key roles in the regulation of self-renewal. The miR-200 family, which is
contained in two of these clusters, negatively regulates the process of epithelial to
mesenchymal transition (EMT) through down-regulation of Zebl and Zeb2, which are
transcriptional repressors of E-cadherin, and also regulated by TGFp signaling (Fig. 1) [59-
62]. Interestingly, induction of differentiated human mammary epithelial cells to undergo an
EMT confers a stem cell-like phenotype [63]. In addition to Zeb1 and Zeb2, miR-200c
directly targets BMI1, a known regulator of stem cell self-renewal, and miR-200c
suppresses both normal mammary outgrowth and tumorigenicity of human breast cancer
stem cells [37]. Furthermore, expression of the miR-200 family of miRNAs appears to
depend on the balance between Aktl and Akt2 rather than overall Akt activity [64]. In
addition to a negative feedback loop whereby Zeb1 inhibits the expression of the miR-200
family, Zeb1 also represses miR-203, another stemness-inhibiting miRNA. Sox2 and Klf4,
two of the pleuripotency genes used to generate iPS cells have been shown to be potential
miR-200 family targets [65]. Two additional miRNAs, miR-203 and miR-183 cooperate to
suppress the expression of BMI1. This may be a general mechanism of suppression of EMT
and stem cell factors by a coordinated group of miRNAS, and accordingly this network
represents a promising new treatment area for targeting cancer stem cells (CSCs).

ONCOGENIC miRNAs

There have been several miRNASs associated with cancers due to genomic changes, implying
that miRNAs can act either as tumor suppressors or oncogenes (“oncomiRs”). Oncogenic
miRNAs are up-regulated in cancer and have the potential to target many tumor suppressor
genes, cell cycle regulation genes, and other genes contributing to the pathology of disease.

The long non-coding RNA B-cell Integration Cluster (BIC) was originally identified as a
proto-oncogene in B-cell lymphomas because it was a common integration site for the avian
leukosis virus [66]. It was later found that BIC encodes for a miRNA, miR-155, that is
required for proper B and T cell immunity and for the function of antigen-presenting cells
[67]. By miRNA expression profiling, miR-155 was shown to be highly expressed in breast
cancers [56], as well as other solid tumors and lymphomas [68] and is one of the miRNAs
that defines a 29-miRNA breast cancer-specific signature (including down-regulation of
miR-10b, miR-125b and miR-145 and upregulation of miR-21 and miR-155) [44]. In breast
cancer cell lines, over-expression of miR-155 led to increased growth and colony formation,
increased growth in a cell transplantation assay, and miR-155 was shown to act as an
oncomiR by targeting the tumor suppressor gene suppressor of cytokine signaling 1
(SOCS1), a negative regulator of the JAK/STAT pathway[69].

miR-21 is frequently found to be up-regulated in solid tumors [55,56] and cancer cell lines
[70] and is classified as an oncomiR. Targets of miR-21 include the tumor suppressor genes
PTEN [71], Programmed Cell Death 4 (PDCD4) [72], maspin [73], and Tropomyosin 1
(TPM1) [74] as well as several tumor suppressor genes in glioblastomas, including p53 and
TGFp [75], which have been associated with tumor invasion and metastasis. Inhibition of
miR-21 with antisense oligos was found to slow cell growth in vitro as well as inhibit tumor
growth in a xenograft mouse model [74], suggesting that miR-21 may have potential as a
therapeutic target.
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TUMOR SUPPRESSOR miRNAs

Tumor suppressor miRNAs are frequently lost or down-regulated in cancer, and have targets
that include oncogenes. Calin, et al., identified a fragile site in human chromosome 13 that is
frequently deleted in B-cell chronic lymphocytic leukemia cases, in addition to several other
cancers, and it was shown that miR-15-a and miR-16-1 were located at this fragile site [76].
As a result of the genomic deletion of the chromosome 13 fragile site, expression of
miR-15-a and miR-16-1 was eliminated. Normal B cells have high expression of these two
miRNAs and the frequent association of the loss of heterozygosity at this locus implicated
these two miRNAs as essential for normal B cell function. Further investigation into
miR-15-a and miR-16-1 identified that these two miRNAs target the BCL2 oncogene, in
addition to other targets frequently enriched in B-cell lymphomas [77]. Genomic and
miRNA profiling in human breast cancers demonstrated these miRNAs were among nine
differentially expressed between luminal A and luminal B breast cancer subtypes that could
be associated with genomic alterations [42].

The ErbB family of receptor tyrosine kinases is important for cell proliferation and survival.
Amplification of HER2/neu and HER3 is implicated in many primary human breast tumors,
and is significantly correlated with poor prognosis. Recently, it was found that HER2 and
HERS3 are suppressed by miR-125a or miR-125b via seed regions in their 3’'UTRs. Further,
over-expression of either miR-125a or miR-125b resulted in suppression of HER2 and
HER3 at both the transcript and protein level in a breast cancer cell culture model selected
for HER2 and HER3 dependence. This also resulted in decreased proliferation as well as
impaired anchorage-dependent growth and reduced cell migration and invasion capacities,
thus reducing the malignant phenotype [78]. Additionally, a germline SNP mutation in
miR-125a, resulting in a block of the maturation of miR-125a, is correlated with breast
cancer tumorigenesis [79]. These data suggest that the tumor suppressor activity miR-125a
and miR-125b may become important therapeutic targets in HER-amplified breast cancers.
It was also recently shown that miR-205, which is highly expressed in normal mammary
epithelial stem cells [35], also targets HER3 in several breast cancer cell lines, thus
conferring tumor-suppressor activity in these metastatic cell lines [80,81].

CONTEXT-DEPENDENT miRNAs

Like some protein coding genes, there are miRNASs that can act either as a tumor suppressor
or an oncogene, depending on cell context. For example, the polycistronic miRNA cluster
miR-17-92 has been implicated as a potential oncomiR. miR-17-92 encodes a cluster of 7
miRNAs, and is within an amplified region associated with Small Cell Lung Cancer [82], as
well as in B-cell lymphomas and other tumor types when over-expressed [40]. Human breast
cancers, in addition to tumors in the colon, lung, pancreas, and prostate, were also observed
to have amplified miR-17-92 expression [56]. In contrast, loss of this locus was observed in
human breast cancer cell lines [83]. Targets of the miRNAs encoded by the miR-17-92
locus include the E2F transcription factors, which are regulators of the cell cycle and
apoptosis [84]. The E2F factors, in turn, promote transcription of the miR-17-92 locus,
creating a negative feedback loop [85]. Other targets of miR-17-92 include the proapoptotic
genes phosphatase and tensin homolog (PTEN) and Bcl2-interacting mediator of cell death
(Bim) [86,87]. In breast cancer cell line models, miR-17-5p, a member of the miR-17-92
locus, is low, and was found to regulate the expression of the oncogene amplified in breast
cancer-1 (AIB1), a member of the p160/SRC family of co-activators, implicating it as a
tumor suppressor [88]. Other studies in breast cancer cell lines also identified Cyclin D1 as a
miR-17-92 target, and accordingly over-expression of this cluster resulted in decreased
proliferation and cell cycle arrest. Interestingly, Cyclin D1 binds to the promoter of the
miR-17-92 locus, inducing its expression, indicating another negative feedback loop to
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modulating the oncogenic potential of Cyclin D1 expression [83]. This cluster may also be
regulated in a context-dependent manner as it is directly transactivated by c-Myc, which is
frequently up-regulated in cancers [89].

Conflicting reports of miR-205 expression within breast cancer subtypes illustrates the
complexity of understanding miRNA function. Studies indicate that miR-205 is highly
expressed in normal mammary epithelial cells, and enriched in mouse mammary stem cell
populations [35], and it is also developmentally regulated [90]. In prostate and breast cancer
cell lines over-expression of miR-205 lead to a reduction of growth, possibly via regulation
of the oncogenes HER3, E2F1, E2F5, ZEB1/ZEB2 and PKCe [35,60,80,81]. High
expression of miR-205 has been observed in ER+/PR+ HER2+ breast cancers, compared to
other subtypes [45] and genomic analysis indicated that miR-205 is within a genomically
amplified region in some human breast cancers [42]. Other reports indicate low expression
of miR-205 in human breast cancers compared to normal tissue [56], however these studies
did not indicate the specific breast cancer subtype(s) analyzed, so loss of miR-205
expression in these samples should not be considered a universal breast cancer feature. Loss
of miR-205 expression in breast cancer may be a late event during breast cancer progression.
In fact, invasive breast cancer cell lines have lower expression of miR-205 than non-
invasive breast cancer cell lines [60], and human metastatic breast cancer biopsies had low
expression of miR-205 compared to non-metastatic lesions [44]. This is also supported by
recent studies demonstrating that miR-205 is a negative regulator of EMT, a process
required for vascular invasion and metastasis, by means of silencing ZEB2/SIP1 and ZEB1,
repressors of E-cadherin and regulators of EMT [60]. Thus, over-expression of miR-205
may lead to different phenotypes depending on cell type.

miRNAs AND p53

The p53 tumor suppressor is the most commonly altered gene in human breast cancer. It is
mutated in about 30-40% of all human breast tumors with much higher frequency associated
with poor outcome. Aberrant cell growth can continue unchecked when p53 function is
abrogated and the cells become genomically unstable. Not surprisingly, p53 has been
connected recently to miRNA expression and processing (reviewed in [91]).

p53 can directly bind to promoters of the miR-34 family members, miR-34a and miR-34b/c
to activate their transcription [92]. These miRNAs target a set of genes promoting cell cycle
progression, thus over-expression of miR-34a and miR-34b/c results in cell cycle arrest,
apoptosis and senescence. As part of a regulatory feedback loop, p53 also negatively
regulates the expression of the c-Myc proto-oncogene. It was recently shown that p53
directly activates transcription of the tumor suppressor miRNA, miR-145, which in turn
directly silences c-Myc via target sites in the 3'UTR. Thus, induction of miR-145 expression
both in vitro and in vivo lead to suppression of tumor cell growth [93]. Other miRNAs have
been found to up-regulate p53 activity. Over-expression of miR-29 is able to up-regulate
p53 as a result of the reduction of two miR-29 targets, p85a and CDC42, both of which
regulate p53. Thus, over-expression of miR-29 can result in p53-mediated apoptosis via the
PI3K pathway [94]. Other p53-responsive miRNAs include miR-192, miR-194 and
miR-215. These miRNAs target CDKN1A/p21 levels, resulting in cell cycle arrest when
induced [95].

In addition to transcriptional regulation, p53 is involved in post-transcriptional maturation of
miRNAs by interacting with the Drosha microprocessing complex in response to DNA
damage. In this mechanism, p53 associates with Drosha via the p68 helicase (DDX5) to
process pri-miRs into pre-miRs, and mutant p53 results in decreased mature miRNA
expression [96]. Thus, in tumors where p53 is likely to be altered, the availability of mature
miRNAs may be depleted.

Curr Drug Targets. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

BREAST CANCER METASTASIS

Complications from metastatic disease are the major reason for cancer mortality. Metastasis
is multi-step process involving local invasion of cells from the primary tumor, entry into the
circulation, survival in the circulation, invasion into other tissues, the establishment of
micrometastases, and growth of secondary tumors. Analogous to oncomiRs and tumor
suppressor miRNAs, miRNAs can also promote or suppress these steps in migration and
metastasis without influencing primary tumor development. Welch and colleagues recently
coined the term “metastamir” to refer to these metastasis regulatory miRNAs [97]. These
metastamirs regulate key steps in the metastatic program and processes such as EMT,
apoptosis, and angiogenesis. Furthermore, as recently discussed and reviewed by Calin and
colleagues, there is an emerging theme that many of the same miRNAs are involved both in
CSC regulation and in steering metastasis [98].

The process of EMT has been associated with tumor cell invasion and metastasis. As
mentioned above, the miR-200 family, as well as miR-205, regulate EMT through targeting
Zebl and Zeb2. While miR-205 was shown to suppress cell growth in MCF7 cells, it was
shown to inhibit invasion and metastasis in MDA-MB-231 cells [81]. Most of these studies
have used in vitro assays to show that miR-200 family members can suppress the invasive
properties of cells in culture [60-62]. Unexpectedly, over-expression of miR-200 in the non-
metastatic murine mammary tumor cell line 4TO7 enables these cells to metastasize to the
lung and liver [99]. This may be due to the fact that some tumors may have the requirement
of a mesenchymal to epithelial transition (MET) occurring for efficient tumor colonization
at the metastatic site. Further studies using in vivo metastasis models are surely warranted to
elucidate the role of the miR-200 family in metastasis. Furthermore, miR-200c targets class
[11 B-tubulin (TUBB3), and restoration of miR-200c expression in cells with low miR-200
family levels results in increased chemosensitivity to microtubule-directed agents [100]. As
a pro-metastatic miRNA, miR-9 targets E-cadherin, loss of which results in loss of epithelial
characteristics, cell migration and invasion, ultimately leading to an EMT [101]. Further
studies on breast cancer cells demonstrated miR-9 is directly regulated by MYC and
MYCN, and over-expression of miR-9 resulted in an EMT, increased proliferation,
enhanced metastasis, and induced angiogenesis when transplanted [101].

Breast cancer metastasis suppressor 1 (BRMS1) is a protein that suppresses metastasis in
multiple tumor types. By analyzing the miRNA expression profiles of metastatic MDA-
MB-231 and MDA-MB-435 cells compared to BRMS1-transduced non-metastatic
counterparts, Welch and colleagues found that BRMS1 coordinately regulates a number of
these metastamirs [102]. BRMSL1 decreased metastasis-promoting miRNAs: miR-10b,
miR-373, and miR-520c. Metastasis suppressing miRNAs: miR-146a, miR-146b, and
miR-335 were up-regulated following BRMS1 overexpression. This shows that BRMS1-
containing SIN3/HDAC complexes may be recruited to and regulate miRNA promoters in
addition to coding genes involved in regulating cancer metastasis.

miR-10b, which is highly expressed in metastatic breast cancer, is also involved in breast
cancer metastasis [103]. This control is due to a feedback loop where the transcription factor
Twist regulates transcription of miR-10b via direct E-box binding, which in turn represses
translation of HOXD10 via a highly conserved miR-10b binding site in the 3'UTR.
Decreased levels of HOXD10 then resulted in increased expression the pro-metastatic gene,
RHOC, although a direct connection here has not been established. miR-10b has also been
shown to directly repress Tiam1 expression in breast carcinoma cells [104]. This inhibits
Tiam1-mediated Rac activation suppressing migration and invasion. Furthermore, over-
expression of miR-10b in non-metastatic breast cancer cells promoted metastasis, while
inhibition of miR-10b in metastatic breast cancers decreased metastatic phenotypes of cells
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in vitro. However, systemic administration of miR-10b antagomirs to mice bearing highly

metastatic 4T1 cells was not able to reduce growth of the primary lesion, but was shown to
markedly suppress formation of lung metastases, representing a promising approach for an
anti-metastasis agent [105].

By comparing miRNA expression profiles between MDA-MB-231 parental cells and
derivatives with higher metastatic ability, Tavazoie, et al., identified miR-335 and miR-126
as low in more metastatic lines. Both miR-126 and miR-335 were significantly down-
regulated in the metastatic breast cancers, and this decreased expression was correlated with
poor prognosis. Induction of miR-335 expression is sufficient to suppress lung and bone
metastasis in a metastatic breast cancer cell line. SOX4, which is critical in cell migration,
was shown to be a functional target of miR-335, as well as the extracellular matrix
component tenascin C [106]. A miR-335 six-gene target signature (SOX4, PTPRN2,
MERTK, PLCB1, COL1A1 and TNC) is associated with poor metastasis-free survival in a
large patient dataset. Additionally, miR-126 expression reduced overall tumor growth and
proliferation. This inhibition of cell cycle progression was shown to be possibly through
inhibition of Insulin Receptor Substrate-1 (IRS-1) [107]. Other studies of the metastatic
MDA-MB-231 cell line indicated that miR-146 inhibits invasion and metastasis of cells by
downregulating NFkB, in addition to targeting IRAK1 and TRAF6 [108].

Valastyan et al. demonstrated that miR-31, which is expressed in normal mammary cells, is
specifically lost in metastatic breast cancer cell lines. Overexpression of miR-31 expression
in metastatic cells can inhibit multiple steps in metastasis, and in non-metastatic cell lines,
deletion of miR-31 is sufficient to confer metastatic properties. [109]. In a subsequent study,
the authors demonstrate that while miR-31 is predicted to modulate the expression of >200
mRNAs, its regulation of metastasis can be accounted for primarily by three targets, integrin
a5 (ITGAB), radixin (RDX), and RhoA [110]. Interestingly, each of these targets affects
distinct steps in the metastatic process and re-expression of these three genes concurrently
abrogates metastasis suppression by miR-31.

miR-373 and miR-520c were identified as promoters of tumor invasion and metastasis
through a genetic screen using MCF7 cells subjected to a trans-well migration assay. These
miRNAs can stimulate the normally non-metastatic MCF7 cell line to display metastatic
behavior of cell invasion and migration, interestingly by targeting CD44 [111].

In MDA-MB-231 cells, unlike MCF7 cells, miR-21 does not affect growth of the primary
tumor. It was however shown that miR-21 promotes cell invasion and lung metastasis in this
model [73]. This is likely through the down-regulation of multiple targets including several
other tumor suppressor genes.

miR-145 was recently shown to suppress invasion and experimental metastasis assays using
metastatic breast cancer cell lines MDA-MB-231 and the LM2-4142 lung metastatic subline
[112]. This was in part due to miR-145 directly targeting MUC1, which in turn down-
regulates B-catenin, Cyclin D, and Cadherin 11.

Liu et al. found that the miR-17-92 cluster was expressed at higher levels in metastatic
breast cancer cell lines. The expression of the cluster was diminished by treatment with a
ROCK inhibitor (Y27632). They further showed that blockade of miR-17 using anti-miR-17
molecules decreased breast cancer cell invasion in vitro and lung metastasis from the
orthotopic site [113]. In contrast, another group found that miR-17/20 (miR-17-5p and
miR-20a) were reduced in highly invasive breast cancer cell lines and node-positive breast
tumors, and in vitro miR-17/20 could inhibit migration and invasion of neighboring cells via
a unigue mechanism of heterotypic secreted signaling [114].
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Recently, Baffa et al. performed a miRNA microarray analysis of 43 matched primary
tumors (13 breast, 10 lung, 10 bladder, and 10 colon cancers) and corresponding lymph node
metastasis to identify deregulated miRNAS in metastasis. They identified 32 differentially
expressed miRNA [115]. These included a number of the above mentioned metastasis-
regulating miRNAs including the upregulation of miR-10b and miR-21 and the down-
regulation of miR-141, miR-200b, miR-200c, and miR-205 in metastatic samples.

miRNAs that regulate the process of metastasis may become useful prognostic markers and/
or targets for anti-metastatic therapy. Inhibition of metastasis promoting miRNAs and/or
expression of metastasis suppressing miRNAS using tools we review later in the article may,
therefore, provide therapeutic strategies for metastatic breast cancer.

Tumor hypoxia results from inadequate access to vasculature and the blood supply and may
be associated with poor prognosis and recurrence. This state stimulates tumor growth and
may confer radiation resistance. When cancer cell lines, including MCF7 and MDA-
MB-231 breast cancer cells, were kept in hypoxic conditions, the expression of miR-210
was induced [116-118], and this up-regulation was shown to be via hypoxia-inducible
factor-1a (HIF-1a) at the transcriptional level [116,118]. Not surprisingly, during miRNA
profiling studies, miR-210 was highly expressed in breast cancers [44], and high expression
of miR-210 in triple negative cancers was significantly associated with early relapse and
poor prognosis [119]. The targets of miR-210 include the DNA repair genes RAD52 and
RAD23B [117], possibly providing a mechanism for increased genomic instability by
inhibiting DNA repair. Induction of miR-210 may also prevent cells from undergoing
apoptosis [118]. Another consequence of hypoxia-induced miR-210 induction is increased
angiogenesis, as a result of down-regulation of the miR-210 target Ephrin-A3 (EFNA3)
[120]. Further analysis found that miR-210 targets the iron-sulfur cluster assembly proteins
ISCU1/2, and this may affect downstream metabolic functions, such as reduced ATP
generation, elevated glycolysis, and mitochondrial metabolism [121]. Furthermore, acting
upstream of HIF-1a, miR-519c can act as a hypoxia-independent regulator of HIF-1a by
directly binding to the 3" UTR, leading to reduced tumor angiogenic activity [122].

GENETIC ASSOCIATION

Genetic association studies have recently uncovered a number of single nucleotide
polymorphisms associated with susceptibility to common diseases including breast cancer.
While most of these studies have initially focused on coding genes many of these
polymorphisms may be found in regulatory regions and regions containing non-coding
RNAs. A SNP (or mutation) in a miRNA could have a significant effect on its hybridization
to the target sites or, alternatively, could effect the transcription or the processing of the
miRNA. In addition, polymorphisms in the miRNA target sites in mRNASs can also be
associated with cancer risk. For example, a polymorphism within the KRas 3'UTR encoding
a let-7 binding site results in increased KRAS expression in lung cancer as a result of
reduced let-7 inhibition [123]. Similarly, a SNP within the 3'UTR of SET8, a methyltrans-
ferase that represses p53 activity, generates a new miR-502 binding site and is associated
with early breast cancer onset in premenopausal women [124].

Using a large familial study population of BRCAZ1/2 mutation negative cases, Tchatchou et
al. analyzed the impact on breast cancer risk of 11 miRNA target site SNPs located in the
3'UTR of cancer associated genes [125]. There was a significant association with familial
breast cancer risk for a variant affecting a putative miR-453 binding site in the 3’'UTR of ER.
The protective effect was stronger in pre-menopausal women and in high-risk familial cases.
The binding of the miRNA was predicted to be stronger when the protective allele is
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present, potentially leading to lower levels of ER and making biological sense with the role
of estrogen and ER in breast cancer progression. Nicoloso and colleagues analyzed SNPs
associated with breast cancer risk for their ability to modify miRNA binding sites [126].
They identified SNPs in TGFB1 and XRCC1 that could modulate their expression by
differential interaction with miR-187 and miR-138, respectively. A genome-wide
bioinformatics analysis of human HapMap data predicted approximately 64% of transcribed
SNPs can increase or decrease the binding energy of putative miRNA::mRNA duplexes. To
assess whether SNPs affecting miRNA target sites are implicated in breast cancer
susceptibility, the authors conducted a case-control population study. They observed that
occurrence of miRNA target SNPs found in BRCAL and TGFR1 significantly varied among
populations with different risks of developing breast cancer. These predictions and
biological effects were validated using in vitro luciferase reporter assays as well as testing
the effects of overexpression of the two interacting miRNAs (miR-638 and miR-628-5p) on
protein levels in cell lines with different genotypes.

Two recent studies each found a SNP in a miRNA to have protective effect against breast
cancer. Hoffman et al. performed a genetic association study by screening genetic variants
in 15 miRNAs [127]. They detected a common sequence variant in miR-196a-2 that was
significantly associated with decreased breast cancer risk. Interestingly, when a CpG island
upstream of miR-196a-2 is hypermethylated it is associated with reduced breast cancer risk.
In cell line experiments, the mutant miR-196a-2 precursor was less efficiently processed to
its mature form and had a diminished ability to regulate its target genes compared to the
wildtype miRNA precursor. Additionally, evaluation of 11 SNPs found in miRNAs known
to be involved in breast cancer revealed a SNP located in the terminal loop of pre-
miRNA-27a, possibly also affecting processing to the mature form, with a protective effect
in a large familial breast cancer study [128]. The authors also showed that this effect was
stronger in the subgroup of <50 years of age while not being observed in the >50 years of
age group, although the reason for this difference was not determined. Most of these studies
await further validation in larger study populations in multicenter collaborations. Further
functional and mechanistic studies also are needed to explain some of these associations.
Genetic variations in miRNAs or their binding sites may represent useful targets for
prevention in high-risk individuals. In addition, the impact of miRNA and target site variants
on therapeutic and clinical outcome has yet to be explored.

CLINICAL SIGNIFICANCE AND PROGNOSTIC IMPLICATIONS

As discussed previously, miRNA expression profiling can be used to classify human cancers
and differentiate tumor tissue from normal tissue [42,44,70]. For example, expression of the
let-7 family members is generally decreased in breast cancer tissue compared to normal
tissue. Additionally, the lower expression of specific let-7 family members can be further
used to identify the pathological features of breast cancer tumors: PR negative (let-7c),
positive lymph nodes/increased metastasis (let-7f-1, let-7a-2 and let-7a-3), and increased
proliferation of cells within a tumor (let-7c and let-7d) [44]. Thus, lower expression of the
let-7 family members is correlated with poor prognosis. In addition to the let-7 family
members, this miRNA expression signature in human breast cancers was correlated with
other pathological features such as estrogen receptor positive and progesterone receptor
positive, HER2 negative and tumor stage, proliferation index and metastatic state [44,45]
(Table 1).

miRNA THERAPEUTICS

Until recently, most cancer therapeutics have been either small molecule inhibitors designed
to disrupt functional domains, such as the ATP pocket in protein kinases, or humanized
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monoclonal antibodies, which may inhibit cell surface receptor signaling. Since miRNAs are
capable of interacting with hundreds of protein-coding genes, they are becoming attractive
potential therapeutic targets. Several methods for inhibiting and mimicking miRNA function
recently have been described as summarized below.

Antisense oligos that bind to the mature miRNA sequence have been exploited to inhibit
specific miRNAs. Antisense oligos are 17-22 nucleotides long and are designed to have the
exact nucleic acid complement of the mature miRNA sequence such that the targeted
miRNA will bind to the miRNA inhibitor by means of Watson-Crick base pairing, and not
to its endogenous target mRNA. One of the first methods used for inhibiting specific
miRNAs was the use of 2'-O-Methyl antisense oligos. The unique design of the 2'-ribose
modification made the oligo resistant to cellular nucleases, such that the oligo would have an
increased stability and half-life as compared to a conventional oligo, and the inhibitor-
miRNA interaction was thus irreversible [129,130]. Originally used for detection of miRNA
expression by in situ hybridization and Northern Blot analysis, locked nucleic acids (LNAS)
were also used as miRNA inhibitors in vitro [131,132]. Like the 2'-O-Methyl oligos, LNAs
are resistant to cellular nucleases, but the conformational change design has given the LNA/
RNA interaction increased stability [133]. The use of these 2’-O-Methyl and LNA antisense
oligos were effective in vitro, but the need to deliver antisense oligos in vivo has lead to the
design of more advanced oligos. The addition of a cholesterol modification to the 3’ end of a
2'-O-Methoxyethyl antisense oligo, now called “antagomirs”, helped facilitate the uptake of
this miRNA inhibitor into cells in vivo [134]. This method allowed injection of antagomirs
intravenously, and was used to target several miRNAs in many tissues, with the exception of
the brain, likely due to the blood-brain barrier [134]. Although the mechanism is not fully
understood, an anta-gomir-miRNA duplex will result in the degradation of the target
miRNA and subsequent recycling of the antagomir, allowing it to act on more target
miRNAs [135]. Therapeutically, antagomirs have been used in mouse models of human
diseases and have been shown to revert phenotypes associated with over-expression of
miRNAs [134,136-139].

As mentioned previously, the oncogenic miR-21 was found to be up-regulated in human
breast cancers compared to normal tissue. The use of an antisense oligo to miR-21 in a
breast cancer cell culture model was successful at inhibiting tumor growth when treated cells
were transplanted into recipient mice. As expected, when miR-21 was inhibited, resulting
tumors had a longer latency, were proliferating slower, had increased apoptosis and had
increased susceptibility to anti-cancer drugs [140].

A second more recent approach is the use of miRNA mimics to restore a miRNA in diseases
where a miRNA is lost. Mimics are generally chemically synthesized artificial miRNAs,
designed to be stable and less susceptible to endogenous RNases, that can be delivered
systemically. In mouse models of heart disease, several miRNAs were deregulated following
a myocardial infarction. In particular, miR-29 expression was significantly lower in both
mouse models and human samples of myocardial infarction. Cell culture models were
employed to study the effects of replacing miR-29 with a miRNA. These resulted in the
reversal of cardiac fibrosis, a result of myocardial infarction; however, these studies have
not yet been validated in vivo [141]. Additionally, a miRNA mimic for the well-studied
tumor suppressor miRNA let-7 was used therapeutically in mouse models of lung cancer.
Expression of let-7 is frequently lower in many cancers, and is thought to act as a tumor
suppressor by modulating expression of multiple oncogenes, including Ras, Myc and
HMGAZ2 [142-144], as well as cell cycle genes Cyclin D2, Cdké and Cdc25 [145]. Addition
of a let-7miRNA mimic to lung cancer cell culture models was shown to decrease
proliferation by induction of cell cycle arrest and cell death in vitro, as well as in mouse lung
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cancer xenograft models. Additionally, genetically engineered mouse models of lung cancer
were also inhibited by the let-7 mimic [146].

Chemotherapeutic resistance in primary and metastatic breast cancer presents a major
clinical challenge, as many patients will become resistant to multiple cytotoxic agents,
termed mutlidrug resistance. The use of mMiRNA-based therapy to enhance anticancer drug
activity was recently investigated in the NCI-60 human cancer cell line panel. These
investigators used the NCI-60 cell line panel and miRNA mimics and inhibitors of let7i,
miR-16, and miR-21, and found that altering miRNA levels could affect the efficacy of a
number of the anticancer agents tested [147]. These results provide a potential for using
miRNAs in a clinical setting to improve current chemotherapy strategies. Additionally, in a
cisplatin-resistant MCF-7 cell culture model of human breast adenocarcinoma, several
miRNAs were found to be disregulated, including miR-345 and miR-7, which both target
the human multidrug resistance-associated protein 1 (MRP1) [148]. This disregulation may,
in part, account for some of the acquired drug resistance in these cells.

Although miRNAs appear to be promising therapeutic targets, it should be noted that since
they have the potential to regulate hundreds of genes simultaneously, there is a greater
potential for unexpected effects. Since the target repertoire of each miRNA will likely be
context-, cell type- and even disease stage-dependent, more investigation into targets
specificity must be done before they can be used clinically. Another potential caveat to the
use of miRNA-based therapeutics is that it has been shown that increased proliferation in
normal T cells is associated with an increase in expression of mMRNAs terminating at
upstream polyadenylation sites [149]. Likewise, compared to normal cells, cancer cells may
display shorter 3'UTRs as a result of their use of alternative cleavage and polyadenylation
sites [150]. These events result in shorter 3'UTRs and fewer miRNA target sites. Therefore,
highly proliferative cancer cells may exhibit a resistance to miRNA-based therapeutics if the
target mMRNAS contain truncated 3'UTRs.

PERSPECTIVES

Breast cancer is the second most common type of cancer worldwide and the fifth most
common cause of cancer deaths. Historically, breast cancers were classified by histological
appearance (ductal, lobular or mixed), tumor pathology (well-differentiated low grade,
poorly differentiated high grade, moderately differentiated intermediate grade), and tumor
stage, including metastasis and lymph node lesions. With immunchistochemistry profiling,
breast cancers were further classified by protein and gene expression status (Estrogen
Receptor, Progesterone Receptor and HER2/neu) for prognostic and predictive purposes.
Micro-array studies have been able to demonstrate that these tumor subtypes can be
classified by gene expression profiles. Based on these classifications, at least four major
tumor subtypes have been identified: estrogen receptor negative/HER2 positive; basal-like
estrogen receptor negative; and estrogen receptor positive and Keratin 8/18 positive
(designated as “luminal™), which has been further subdivided into “luminal A” and “luminal
B” tumors [151]. These tumor subtypes have distinct mRNA gene expression signatures,
prognoses, and phenotypes and are thus treated in a clinical setting differently. More
recently, miRNA microarray profiling has been used to demonstrate that these breast cancer
subtypes can be identified by their unique miRNA expression profiles [42,44,70,152].

Since there are targeted therapies against estrogen receptor positive breast cancers (such as
tamoxifen and aromatase inhibitors) and Her2/neu positive breast cancers (such as
trastuzumab), these breast cancer subtypes generally have better prognoses and lower
mortality. Estrogen receptor negative and Her2/neu negative breast cancers, however, are
resistant to these targeted therapies, and therefore have poor prognoses with increased
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mortality. This heterogeneity highlights the need to understand breast cancer biology and the
underlying changes within stem and progenitor cell populations that may be the cancer cell
of origin to design new therapeutic targets. It is for these reasons that miRNAs represent a
new and exciting set of therapeutic targets with enormous potential.
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ABBREVIATIONS

miRNA
RISC
UTR
Lin
ALDH1
Sca-1
BMI1

HER2/neu, ErbB2
ER

PR
FACS
HMGA2
H-Ras
EMT
TGFB
Zebl1/2
Sox

KIf4

iPS
CsC
BIC
PTEN
PDCD4
TPM1
BCL2
SNP
Bim

microRNA

RNA-induced silencing complex
Untranslated region

Lineage

Aldehyde dehydrogenase

Stem cell antigen-1

B lymphoma Mo-MLYV insertion region 1/polycomb ring finger
oncogene

Human Epidermal growth factor Receptor 2
Estrogen Receptor

Progesterone Receptor

Fluorescent activated cell sorting

High mobility group AT-hook 2

Harvey rat sarcoma viral oncogene homolog
Epithelial to mesenchymal transition
Transforming growth factor 8

Zinc finger E-box-binding homeobox 1/2
Sex determining region Y (SRY)-box
Krueppel-like factor 4

Induced Pluripotent Stem Cells

Cancer stem cell

B-cell Integration Cluster

Phosphatase and tensin homolog
Programmed Cell Death 4

Tropomyosin 1

B-cell CLL/lymphoma 2

Single nucleotide polymorphism
Bcl2-interacting mediator of cell death
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PKCse
CDC42
MET
BRMS1
HOXD10
RHOC
PTPRN2
MERTK
PLCB1
COL1A1
TNC
IRS-1
NFkB
IRAK1
TRAF6
ITGAS
RDX
RhoA
MUC1
ROCK
LNA
MRP1
HNPRK
MCL1
TCL1
DNMT3
FzI3
MMP
M-RIP
GAX
Rafl
ERKS5
EGFR
CXCR4
KIT

Amplified in breast cancer-1

Protein Kinase Ce

Cell division control protein 42

Mesenchymal to epithelial transition

Breast cancer metastasis suppressor 1
Homeobox D10

Ras homolog gene family, member C
Receptor-type tyrosine-protein phosphatase N2
c-Mer proto-oncogene tyrosine kinase
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1-Phosphatidylinositol-4,5-bisphosphate phosphodiesterase beta-1

Collagen, type I, alpha 1
Tenascin C

Insulin Receptor Substrate-1

Nuclear factor kappa-light-chain-enhancer of activated B cells

Interleukin-1 receptor-associated kinase 1
TNF receptor associated factor 6

Integrin a5

Radixin

Ras homolog gene family, member A
Mucin 1

Rho-associated kinase

Locked nucleic acid

Multidrug resistance-associated protein 1
Heterogeneous nuclear ribonucleoprotein K
Nduced myeloid leukemia cell differentiation protein
T-cell leukemia/lymphoma protein 1A
DNA methyltransferase 3

Frizzled 3

Matrix metalloproteinase

Myosin phosphatase Rho-interacting protein
Growth arrest-specific homeobox

Murine leukemia viral oncogene homolog 1
Mitogen-activated protein kinase 7
Epidermal growth factor receptor

CXC chemokine receptor
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IL8 Interluekin 8
FOXO03 Forkhead box O3
MITF Microphthalmia-associated transcription factor
Z0-1 Tight junction protein 1, zona occludens 1
LATS2 Large tumor suppressor, homolog 2
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Fig. 1. miRNA network regulating breast cancer stem cells
Several miRNAs have been identified, including the miR-200 and let-7 families, that target
key genes involved in regulating stem cell properties in both normal and cancer stem cells.

Curr Drug Targets. Author manuscript; available in PMC 2011 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Greene et al.

Table 1

Expression of miRNAs in Breast Cancer and their Targets
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Expression in Breast

miRNA Cancer Subtypes Activity Targets
let-7 family 1L, tHer2—, |[NL TS Ras[142], HMGA2[144]
miR-9 TER+, |Her2+ Pro-metastatic CDH1[101]
miR-10a/b 1L, |M, THer2— OG/Pro-metastatic HOXD10[103], Tiam1[104]
miR-17-5p 1B, TNL TS AIB1[88]
miR-15/16 INL BCL2[153], CCND1[154]
miR-21 1ER+, |Her2+ OG/Pro-metastatic PTEN[71], TPM1[74], PDCDA4[72], Maspin[73],
BCL2[140], p63[75], HNRPK[75]
miR-22 |ER+ ERa[51]
miR-26a/b 1PR+, 1ER+
miR-29b L, tHer2+ TS MCL1[155], TCL1[156], DNMT3[157], p85a[94],
CDC42[94]
miR-30a-5p, -30b, -30c, 1PR+, 1ER+
-30d
miR-31 Anti-metastatic Fzd3, ITGA5, MMP16, M-RIP, RDX and RhoA[110]
miR-107 THer2— CDK®[158]
miR-125a/b |Her2+ Anti-metastatic/TS HER2 and HER3[78]
miR-126 L, THer2— TS IRS-1[107], p85B[159]
miR-130a INL, [Her2+ GAX and HOXA5[160]
miR-143 THer2— TS Raf1[161], ERK5[162]
miR-145 1B, |L, tHer2— Anti-metastatic/TS Raf1[161], ERK5[162]
miR-146a/b INL Anti-metastatic EGFR[163], CXCR4[164], IRAK1[165], KIT[166],
TRAF5[165], IL8 and 1L6[108], MMP-9[108]
miR-150 1ER+, |Her2+ c-Myb[167]
miR-154 THer2—
miR-182 Pro-metastatic FOXO3 and MITF[168]
miR-185 |ER+ AKT1, CDK6 and HMGAZ2[158]
miR-191 1ER+
miR-195 THer2—
miR-200 family IM, 1ER+ Anti-metastatic/TS | TCF8/ZEB1 and ZEB2[60-62], BMI1[37], TUBB3[100],
SOX2 and KIf4[65]
miR-205 IM, 1ER+, |Her2+ HER3[80], E2F and PKCe[169], PTEN[35], ZEB1 and
ZEB2[60]
miR-206 |ER+, 1NL Anti-metastatic/TS ERa[46]
miR-210 TER+, Pro-metastatic EFNA3, E2F3, NPTX1, RAD52, and ACRVBL1[170]
RAD23B[117], EFNA3[120], ISCU1/2[121]
miR-212 |ER+ Z0-1[171]
miR-214 L PTEN[172]
miR-221/222 THer2+ FOXO03 and ERa[49]
miR-335 Anti-metastatic/TS SOX4, PTPRN2, MERTK, and TNC[106]
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Expression in Breast
miRNA Cancer Subtypes Activity Targets
miR-373 ™ Pro-metastatic/OG CD44[111], RAD23B[117], LATS2[173]
miR-520c Pro-metastatic CD44[111]

NL=Normal like, L=luminal, B=Basal, M=Metastatic disease, TS=Tumor Suppressor, OG=0Oncogenic
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