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Breast cancer progression including bone metastasis is a complex process involving numerous changes in gene expression and
function. MicroRNAs (miRNAs) are small endogenous noncoding RNAs that regulate gene expression by targeting protein-coding
mRNAs posttranscriptionally, often affecting a number of gene targets simultaneously. Alteration in expression of miRNAs is
common in human breast cancer, possessing with either oncogenic or tumor suppressive activity. The expression and the functional
role of several miRNAs (miR-206, miR-31, miR-27a/b, miR-21, miR-92a, miR-205, miR-125a/b, miR-10b, miR-155, miR-146a/b, miR-
335, miR-204, miR-211, miR-7, miR-22, miR-126, and miR-17) in breast cancer has been identified. In this review we summarize the
experimentally validated targets of up- and downregulated miRNAs and their regulation in breast cancer and bone metastasis for

diagnostic and therapeutic purposes.

1. Introduction

Breast cancer is a malignant breast neoplasm originating
from breast tissues, and its advanced form tends to metas-
tasize into bone. It comprises 10.4% of all cancer incidences
among women, and it is the most common type of nonskin
cancer in women. Breast cancer is about 100 times more
common in women than in men although males tend to
have poorer outcomes due to delays in diagnosis [1-3]. Breast
cancer metastasizes into bone is the process of spreading of
the advanced form of breast tumor cells into bone. Thus the
interactions between breast tumor cells and bone cells lead to
impede the bone remodeling, in specific breast tumor which
is recorded to predominantly increase the osteoclastic activity
[4]. The radiation and chemotherapy are the potential and
effective for cancer treatment, but they lead to side effects by
destroying noncancerous cells or healthy cells, and this type
of heavy toxic burden impedes the immune system; hence the
patient would be susceptible to other infections. In addition,
the continuous treatment of radiation and chemotherapy
results in less effective destroying cancer cells because of
resistance gained [5, 6]. There is an urge to bring out novel
technique(s) for facilitating the diagnostic and therapeutic
approaches for cancer treatment.

L1 Molecular Diagnostics and Therapies for Breast Cancer.
The traditional clinical approach to treat breast cancer
involves a combination of existing surgical-, chemical-, and
radiation-based therapies. Surgical options include lumpec-
tomy, quadrantectomy, mastectomy, and modified radical
mastectomy. These procedures are sometimes followed by
adjuvant therapy depending on the body conditions of
patients [7]. Hormonal therapies include selective estro-
gen receptor modulators (SERMs), such as tamoxifen, and
aromatase inhibitors, such as anastrozole. Chemotherapy
includes traditional chemotherapies as well as specific drugs
such as trastuzumab, a monoclonal antibody to the HER2/
neu receptor. There may be possibility of toxicities or
unwanted side effects associated with their administration
that negatively affect the patient [8, 9].

Molecular diagnostic tests deal with personalized diag-
nostic information and allow specific treatment plans con-
fining resistance, non response, and toxicity. The analysis of
miRNAs may identify their role in decision making process
for diagnostic and therapeutic approaches. Several RNA-
based molecular diagnostic tools such as microarrays or
quantitative reverse transcription (qRT)-PCR analysis focus
on gene expression [9, 10]. Recently several studies indicate
the significant differential expression and functional role of
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FIGURE I: Biogenesis and function of microRNAs. RNA polymerase 2/3 binds to the promoter region of specific DNA sequence and forms a
hair pin structure of the pri-miRNA. DGCRS8 (Pasha) associates with protein Drosha which process pri-miRNA to pre-miRNA (by cleaving
nucleotides from hair pin). Pre-miRNA is exported into cytoplasm with shuttle protein exportin. In mammals, the pre-miRNA is loaded onto
a multiprotein complex consisting minimally of Dicer, Tar RNA Binding Protein (TRBP), and Ago2. The RNase III enzyme Dicer processes
the precursor by cleaving the stem loop to produce the mature miRNA (canonical pathway) [11-13]. The precursor can be loaded directly onto
Ago2 protein, and this Argonaute cleaves the precursor RNA of this miRNA [13]. The 5" nucleotide of the miRNA guide strand, especially 5’
U, functions as an additive anchor and helps Ago proteins to load mismatch-containing miRNA/miRNA duplexes [14]. Of the two strands
the guide strand is integrated with RISC forming miRNA-RISC complex, and other strand is degraded [13-16]. RISC is involved in inhibition
of translation initiation, inhibition of translation elongation, or mRNA deadenylation [15-17].

miRNAs in breast cancer, bone metastases, and other cancers,
suggesting that miRNAs could be a valuable biomarker for
cancers. However, the regulatory mechanisms of miRNAs in
breast cancer and bone metastasis remain unclear. Here we
have systematically summarized the experimentally validated
targets of up- and downregulated miRNAs along with their
regulation in breast cancer and bone metastasis for diagnostic
and therapeutic purposes.

1.2. MicroRNAs Synthesis. MicroRNAs (miRNAs) are a class
of tiny noncoding endogenous RNA molecules, only 18-25
nucleotides long. These small molecules have been shown
to play critical regulatory roles in a wide range of bio-
logical and pathological processes. miRNAs may regulate
cellular gene expression at the posttranscriptional level by
suppressing translation of protein coding genes or cleaving
target mRNAs to induce their degradation through imperfect
pairing with target mRNAs of protein coding genes at 3'UTR
(untranslated region). The interacting region of 5' end of
miRNA nucleotides (2 to 8nt) is called seed sequence [18-
20]. However, few reports emphasized that miRNAs can also
target at 5'UTRs and protein coding regions of mRNA [18,
19, 21, 22]. According to miRBase, 2578 mature and 1872
precursor forms of miRNAs have been identified in human
(http://www.mirbase.org/). MicroRNAs are transcribed with

RNA polymerase II (Figure 1). The RNA polymerase binds
to the promoter region of specific DNA sequence and forms
a hair pin structure of the pri-miRNA. The transcript thus
obtained is methylated at 5' region and polyadenylated
at 3' region which undergoes posttranscriptional splicing
resulting in pri-miRNA. If the stem loop is found in 3'UTR,
the transcript serves as pri-miRNA [11, 18]. The pri-miRNA
(poly or monocystronic) has about 1 kb nucleotides in length,
and its double stranded region of hair pin structure is
recognized by nuclear protein DiGeorge syndrome critical
region 8 (DGCRS or “Pasha” in invertebrates) [11,12]. DGCR8
associates with protein Drosha which process pri-miRNA
to pre-miRNA (by cleaving nucleotides from hair pin). Pre-
miRNAs (~70 nt) have 3" overhang due to cleavage by RNA
pol II. Pre-miRNA is exported into cytoplasm with shuttle
protein exportin. This is an energy coupled transport with
GTP bound Ran protein, a nuclear transport receptor [13].
In cytoplasm the Dicer, an RNase III enzyme, cleaves pre-
miRNA to give double stranded miRNA duplex [14]. In mam-
mals, the pre-miRNA is loaded onto a multiprotein complex
consisting minimally of Dicer, Tar RNA Binding Protein
(TRBP), and Ago2. The Dicer processes the precursor by
cleaving the stem loop to produce the mature miRNA. Ago2
binds with mature miRNA to form the RISC (RNA induced
silencing complex) complex to target specific mRNA. This is
canonical miRNA biogenesis (Figure 1). miRNA biogenesis
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FIGURE 2: Heat map of differential expression of miRNAs in human normal and tumor breast cells. Differential expression of miR-206, miR-
31, miR-27a, miR-21, miR-27b, miR-205, miR-125b, miR-125a-5p, miR-10b, miR-155, miR-146b-5p, and miR-146a was identified in normal
breast and breast tumor cells by miRNA body map along with the hierarchical cluster analysis. Expression of miRNAs is represented as blue
(downregulated), red (upregulated), and white colors (no significant change or absence of data). Here, T represents breast tumor cells and N

represents breast normal cells.

can also depend on Ago2 protein, instead of Dicer. In case
of miR-451, the precursor is loaded directly onto Ago2, and
this protein cleaves the pre-miRNA. The mature miR-451 is
bound by Ago2 to form the RISC (RNA induced silencing
complex) that targets erythropoietic-specific mRNAs [15].
The 5' phosphate of the miRNA strand is essential for duplex
loading into Ago, and the preferred 5' nucleotide (uridine)
of the miRNA strand (guide strand) and the base pairing
status in the seed region and the middle of the 3’ region
function as additive anchors to Ago [16]. Of the two strands
the guide strand is integrated with RISC and other strand; that
is, passenger stand is degraded due to its instability [16, 17].
The miRNA/RISC complex attaches to the messenger RNA
(mRNA) in one of the two ways. (1) When the sequences
are perfectly complementary, the miRNA/RISC complex
binds tightly to the mRNA and, via the enzyme Ago2, the
mRNA is degraded [23]. The poly A binding protein (PABP-)
dependent poly(A) nuclease 2 (Pan2-) Pan3 deadenylases are
involved in mRNA deadenylation that could lead to mRNA
degradation [16, 18, 23]. Poly A seems to give stability to the
mRNA. (2) More commonly, when the sequences are imper-
fectly complementary, the miRNA/RISC complex binds and
inhibits translation of the mRNA without degradation. The
final outcome of either of these pathways is a decrease in the
protein level of the target gene. The question of whether a
miRNA induces translation inhibition or mRNA degradation
would depend on the level of individual miRNA, specific
targets, and cell backgrounds [18, 19] (Figure 1).

2. miRNAs Expression

MicroRNAs play an important role in normal functioning
of the cells. Deregulation of miRNAs has been associated

with several disease conditions [19]. Most of the miRNAs
are either upregulated or downregulated, thereby acting as
oncogenes or tumor suppressor genes by regulating their tar-
get genes. To evaluate the differential expression of preferred
miRNAs between normal and breast cancer cells we per-
formed miRNA body map analysis (http://www.mirnabody-
map.org/) based on database instructions [24]. This database
holds expression of miRNAs from normal and diseased
tissues by RT-qPCR analysis, and the data allows the analysis
of differential expression of miRNAs between specific tissues
or samples. The heat map provided here emphasizes the
differential expression of miR-206, miR-31, miR-27a, miR-21,
miR-27b, miR-205, miR-125b, miR-125a-5p, miR-10b, miR-
155, miR-146b-5p, and miR-146a in 51 breast cancer samples
and 4 normal breast samples of human (Figure 2). The
heat map based on color (blue: down regulation and red:
up regulation) and cluster clearly depicts the differential
expression of preferred miRNAs between normal and tumor
breast cells. The up- or downregulated miRNAs are correlated
with the expression of their targeted genes, which could
provide valuable physiological and pathological information
about their systems [18-20].

2.1. Oncogenic miRNAs

2.1.1. miR-21. In breast cancer, miR-21 was found to be
overexpressed [10, 25]. The proteomic analysis revealed that
TPMI1 (Tropomysin) expression is reduced in tumor cells
and it is a target gene of miR-21 [25]. TPMI is a tumor
suppressor gene which regulates microfilament organization
and anchorage-independent growth [26]. It was found that
there is a putative miR-21 binding site at the 3'UTR of TPMI1
variants. When TPM1 was overexpressed in breast cancer
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(MCEF-7) cells, the anchorage-independent growth was sup-
pressed [25]. A tumor suppressor gene, phosphatase and
tensin homolog (PTEN), is also targeted by miR-21 [27]. Up-
regulation of miR-21 limits the activity of PTEN, and PTEN
is known to limit the activity of PI3K pathway [28]. Another
tumor suppressor gene product, PDCD4 (programmed cell
death), was originally characterized as an inhibitor of cellular
transformation in a mouse cell culture model [29]. Studies
have shown that the levels of PDCD4 mRNA as well as
protein were upregulated by miR-21 inhibition indicating
that PDCD4 is an important functional target for miR-21
[30, 31]. In all-transretinoic acid (ATRA) treatment, miR-
21 was selectively induced in ER-« positive cells and not in
ER-«a negative cells. Based on differential expression of genes
regulated by ATRA in ER-« positive and ER-« negative cells,
three more direct miR-21 targets (proinflammatory cytokine
(IL1B), adhesion molecule (ICAM-1 and PLAT), tissue-type
plasminogen activator (tPA)) have been predicted [32]. miR-
21 downregulated MSH2 and SMAD7 in TGF- 8 pathway and
caused breast cancer progression and upregulated human
epidermal growth factor receptor 2, and thus it acted as
oncogene [33, 34]. miR-21 with numerous gene targets in
breast cancer progression is positively regulated by a protein,
named nucleolin (NCL), a major nucleolar protein, at post-
transcriptional level. Overall it is emphasized that miR-21 is
one of the important miRNAs involved in the regulation of
cancer cells [35, 36].

2.1.2. miR-10b. In metastatic breast cancer cell lines, miR-
10b was upregulated after activation of twist transcription
factor, and its overexpression increased with tumor size and
invasiveness. It appeared that miR-10b inhibits translation
of homeobox D10 (HOXDI0) resulting in induction of the
prometastatic gene product, RHOC [37]. This RHOC in
turn favors cell migration and invasion. The initiation of
metastasis in nonmetastatic cancer with overexpression of
miR-10b in an in vivo experiment proved its role in the
metastasis of breast cancer. Interestingly it was identified that
miR-10b was down-regulated in breast cancer cells compared
to normal breast cells providing evidence that miR-10b does
not play any role during initial tumor development [38] and
proliferation [39]. In contrast to its oncogenic role, it was
also identified that miR-10b targeted various oncogenic genes
such as FLT1, BDNE and SHCI, a signal transduction factor
[10]. The targets of miR-10b identified are BUBI, PLK1, and
CCNA2 [40]. miR-10b also targets syndecan-1 and promotes
breast cancer metastasis and invasiveness [41].

2.1.3. miR-125. Data reported that miR-125 is likely to down
regulate genes which promote tumorigenesis. Overexpres-
sion of miR-125a or mir-125b in an erb2-dependent cancer
cell line (skbr3) suppressed her2 and her3 transcript and
protein levels, which decreased cell motility and invasiveness
[42]. miR-125a and miR-125b were significantly downregu-
lated in her2-positive breast cancers. Computation analysis
confirmed target sites at the 3'UTR regions of her2 and her3
for these miRNAs [43]. The role of miR-125 as an oncogene
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has been validated by its role in suppressing various tumor
suppressor genes including p53 gene [44].

2.1.4. miR-155. miR-155 has been shown as over-expressed in
breast cancer, and further it is upregulated in normal mouse
mammary gland epithelial cells (NMuMG cells) by the TGF-
pB/Smad4 pathway, and it mediates TGF-3-induced EMT and
cell invasion [10, 45, 46]. The ectopic expression of miR-155
in NMuMG cells disrupted proper tight junction formation
and promoted cell migration and invasion. Conversely, antag-
onizing miR-155 in NMuMG cells reduced the occurrence
of TGF-f-induced EMT and cell migration and invasion.
miR-155 directly inhibits the expression of RhoA, a gene that
regulates many cellular processes including cell adhesion,
motility, and polarity and is an important modulator of
cell junction formation and stability. It is speculated that
TGF-3/Smad4 regulates expression of miR-155 resulting in
down regulation of RhoA protein expression to drive EMT
progression. In another study, it was shown that miR-155 is
associated with cancer invasiveness in human primary breast
carcinoma; that is, miR-155 is highly expressed in invasive
tumors but not in noninvasive cancer tissues [45, 46].

Ectopic expression of miR-155 induces cell survival but its
knockdown leads cell to apoptosis and enhances chemosen-
sitivity. FOXO3a has been identified as direct target for
miR-155. Inverse correlation of FOXO3a and miR-155 has
been observed in breast cancer cell lines and tumors. miR-
155 directly interacts with 3'UTR of FOXO3a and blocks
its translation. Hence, FOXO3a is negatively regulated by
miR-155, and FOXO3a mediates miR-155 function in the
control of breast cancer cell survival and growth [47].
Further, the phenomenon of up regulation of hexokinase
2 (hk2), which enhances the metabolic activity of breast
cancer cells by miR-155, makes it as a potential candidate for
anticancer therapy. miR-155 first activates signal transducer
and activator of transcription 3 (STAT3), a transcriptional
activator for hk2, and secondly target C/EBPS [48]. It has
been shown that tumor-associated circulating miRs (miR-
10b, miR-34a, miR-141, and miR-155) are elevated in the blood
of breast cancer patients, and hence there would be feasibility
and clinical utility of circulating miRNAs as biomarkers
for the detection and staging of breast cancer [49]. It was
evident that miR-155 inhibited BMP2-, BMP6-, and BMP7
and induced ID3 expression by targeting SMADI, SMADS,
HIVEP2, CEBPB, RUNX2, and MYOI10, components of the
BMP signaling cascade [50]. Recent findings indicate that
miR-155 contributes to cell proliferation by down regulation
of TP53INP1 in estradiol promoted breast cancer cells [51].
miR-155 also downregulated tumor suppressor genes such as
p53 [52], CDC73 [53], and VHL [54] in breast cancer cells. In
Table 1, the detailed information about oncogenic miRNAs,
their target genes, and their regulation during breast cancer
progression is provided.

2.2. Tumor Suppressor miRNAs

2.2.1. miR-206. A differential expression of miR-206 was
observed in cancer and normal tissues. miR-206 targets
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hormone related gene ER-a (estrogen receptor alpha) [98].
ER-« is important in estrogen related growth, and its expres-
sion level is marked in prognosis of ER-a positive breast
cancer cells [99]. There are two miR-206 binding sites within
the 3'-UTR of human ER-a, and miR-206 downregulates
ER-o« mRNA and protein expression in breast cancer cells
[99]. The expression levels of miR-206 have been shown
to be much higher in ER-« negative than in ER-« positive
breast cancer tumors and that the more ER-« positive cells
present in the tumor, the less miR-206 expression seen,
suggesting that miR-206 is a key factor for the regulation
of ER-« expression in the development and progression of
human breast cancer [99]. There was decreased miR-206
expression in ER-a positive human breast cancer tissues
and that introduction of miR-206 into estrogen dependent
breast cancer cells inhibited cell growth [98]. Thus, it appears
that miR-206 could be a novel candidate for ERa-specific
endocrine therapy in breast cancer. Esterogen involves in
breast cancer cell proliferation by activating ER« receptor.
It is recorded that around 70% of breast cancers are ER
positive. Inhibitors of ERa such as tamoxifen and aromatase
are widely used for treatment of ER« positive breast cancer
patients, but, during the treatment, they are likely to prone for
endocrine resistance [100]. Hence, there is a need for genetic
level modifiers of ERa expression which could be achieved by
miRNAs. In the mammary epithelium, it was seen that miR-
206 down regulates Tachykininl and GATA3 genes, which are
known as breast cancer markers [101]. The down regulation
of miR-206 could lead to cancer progression by up regulating
expression of cyclin D2 [102].

2.2.2. miR-31. miR-31 prevents metastasis at multiple steps by
inhibiting the expression of prometastatic genes. Introduc-
tion of miR-31 in metastatic breast cancer cells suppressed
metastasis-related functions like motility, invasion, and resis-
tance to anoikis in vitro and metastasis in vivo [103]. The
ability of miR-31 to inhibit metastasis was attributable to
inhibiting expression of RhoA. The miR-31-mediated repres-
sion of RhoA affected both local invasion and early postin-
travasation events. It was suggested that the full spectrum of
miR-31’s effects on metastasis is elicited via the coordinate
repression of multiple targets [103]. The expression of SATB2
gene is associated with increased tumor cell migration and
invasion, and miR-31 acts as a tumor suppressor by directly
binding to the 3'UTR of SATB2 mRNA [104]. miR-31 also
directly regulates FOXP3 by binding to the 3'UTR of FOXP3
mRNA. [105]. miR-31-P directly represses Dicer in MCE-7
breast cancer cells [106]. It has recently shown that miR-31
expression inhibits the oncogenic NF-«B pathway, and thus
it acts as a tumor suppressor miRNA [107].

2.2.3. miR-146. Breast cancer metastasis suppressor 1
(BRMS1) regulates expression of multiple genes linked to
metastasis, including osteopontin (OPN), urokinase-type
plasminogen activator (uPA), epidermal growth factor recep-
tor (EGFR), fascin, and connexins [108]. miR-146 is more
abundantly expressed in BRMSI-expressing cells. miR-146a
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and miR-146b are distinct genes encoded on chromosomes
5q33 and 10q24, respectively. The mature products have simi-
lar targets because they differ only by two nucleotides near the
3" end [108]. miR-146a negatively regulates IFN pathway by
targeting the IFN regulatory factor 5 and STATI [109]. miR-
146a and miR-146b have been shown to inhibit both migra-
tion and invasion, suggesting that they play a role in metas-
tasis [110]. Since miR-146a and miR-146b both reduce epider-
mal growth factor receptor (EGFR) expression and suppress
metastasis [110], it is suggested that these miRNAs could have
a therapeutic potential to suppress breast cancer metastasis.

2.2.4. miR-91. miR-91 is also known as miR-17-5p, located
on chromosome 13q31, a genomic region that undergoes
loss of heterozygosity in breast cancer [111]. The oncogene
amplified in breast cancer (AIBI) is a direct target of miR-
17-5p. The protein encoded by the AIBI1 gene is a steroid
receptor coactivator that enhances the transcriptional activity
of ERar and E2F1. miR-17-5p represses the translation of AIBI
mRNA, thereby inhibiting the function of E2F1 and ER«
genes. Down regulation of AIB1 by miR-17-5p results in sup-
pression of estrogen stimulated proliferation and estrogen/ER
independent breast cancer cell proliferation [112]. In breast
cancer cells, cyclin D1 (CCNDI1), which is over expressed
in cancers, was identified as a direct target of miR-17-5p. It
was shown that miR-17-5p inhibits the proliferation of breast
cancer cells by suppressing cyclin DI protein [113]. There
is higher expression of miR-17-5p in the noninvasive breast
cancer cell lines (BT474, MCF7, MDA-MB-468, and T-47D)
compared with highly invasive lines (MDA-MB-231, Hs578T,
and SKBR3) [114]. The detailed information about tumor
suppressor miRNAs, their target genes, and their regulation
in breast cancer is listed in Table 2.

2.3. Oncogenic/Tumor Suppressor miRNAs

2.3.1. miR-205. The miRNA profiling data indicated that
breast cancers without vascular invasion had high level
expression of miR-205 compared to breast cancers with
vascular invasion. miR-205 was downregulated in breast
tumor tissues as well as breast cancer cell lines; in contrast,
miR-205 was highly expressed in normal breast tissues and in
the nonmalignant breast epithelial cell line MCF-10A [72,
125]. Cell proliferation was inhibited in MCF-7 cells when
they were transfected and over-expressed with miR-205
vector. Over-expression of miR-205 allowed cells to grow on
soft agar very slowly indicating the reduced anchorage-inde-
pendent growth. The in vivo metastasis assays showed that
miR-205 suppressed invasiveness in human breast cancer
cells (MDA-MB-231) [72]. miR-205 targets and affects expres-
sion of ErbB3 and VEGFA genes which are involved in
tumorogenecity [72,125]. ErbB3 is a member of ErbB tyrosine
kinase receptor family, which is frequently overexpressed in
breast cancer. There are correlations between ErbB3 expres-
sion levels and tumorigenesis in breast cancer [126, 127].
VEGF-A is a key regulator of angiogenesis, and it plays a key
role particularly in tumor metastasis. miR-205 directly targets
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VEGEF-A by interacting with the putative miR-205 binding
site in its 3'-UTR. Therefore, miR-205 can negatively regulate
the expression of ErbB3 and VEGF-A [72], and the results
suggested that miR-205 may function as a tumor suppressor
in breast cancer. miR-205 can act as either tumor suppressor
or oncogene and that is context-dependent [127]. The expres-
sion profile and the function of miRNAs vary in different
breast cancer phenotypes (positive and negative ErbB2). In
addition, the patients’ history such as age, tumor virulence,
stage of tumor, node status, tumor proliferation index, and
other physical and chemical parameters may influence the
activity of miRNAs [43, 72, 128-130].

2.3.2. miR-27. miR-27a was upregulated in breast cancer, and
it appears to target the transcriptional cofactor, zinc finger
and BTB domain containing 10 (ZBTB10) [131]. ZBTBI10
represses the specificity protein 1 (SP1) transcription factor.
The SP1 transcription factor is over expressed in many cancers
and plays a role in the GO-Gl to S phase progression in breast
cancer cells [132]. So it implies if expression of ZBTBIO is
reduced, miR-27a indirectly up regulates SP1 thus increasing
S phase progression and functions as an oncogene. miR-
27a can regulate E2-responsiveness in MCF-7 cells through
suppression of ZBTB10, thereby enhancing expression of ER
[131]. miR-27a also suppresses the cdc2/cyclin B inhibitor
Myt-1 in MDA-MB-231 cells and thereby facilitates breast
cancer cell proliferation. Thus, the oncogenic activity of miR-
27ain MDA-MB-231 cells is due to suppression of expression
of ZBTB10 and Myt-1 proteins [132]. It was hypothesized
that miR-27 indirectly regulates the SP family protein with
the up regulation of the zinc finger ZBTBIO gene, a putative
SP repressor [133]. miR-27b, a homologous to miR-27a,
sharing 20 out of 21 nucleotides, is potentially associated
with cytochrome p4501bl (CYP1BI), which is known to
catalyze the metabolism of certain procarcinogens and is
over-expressed in a wide range of cancers [134, 135]. In
most patients, the expression level of miR-27b was found to
be decreased in cancerous tissues, accompanied by a high
level of CYPIBI protein. A significant inverse association
was observed between the expression levels of miR-27b and
CYPIBI protein. Thus, the decreased expression of miR-27b
would be one of the causes of high expression of CYP1BI
protein in cancerous tissues, thus assuming the role for miR-
27b as a tumor suppressor gene [135]. Moreover, it is evident
that the HER2/neu (ERBB2), EGF, and TNFA promote
miR-23 and miR-27b expression (a prooncogenic factor)
through the AKT/NF-«B signaling cascade [136]. Thus, the
expression and the function of miR-27 are likely to depend
on the internal and external context of breast cancer and
its phenotype. As we mentioned earlier, the patients” history
such as age, tumor virulence, stage of tumor, node status,
tumor proliferation index, and other physical and chemical
parameters may influence the activity of miRNAs, that is,
to act as either tumor suppressor or oncogene [43, 72, 128-
130]. In Table 3, we provide more detailed information about
miR-205 and miR-27, their target genes, and their regulation
during breast cancer progression.
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3. Breast Cancer Bone Metastasis

Bone metastases are common in patients with advanced
breast cancer. Breast cancer cells preferentially select bone to
metastasize since bone matrix is enriched with nutrients that
support breast cancer cell growth. Once tumor cells embed
within the bone environment, increased bone remodeling
and bone destruction are common and are likely to mediate
enhanced tumor growth in bone [137]. Metastatic cancer
cells show a distinct biological profile from that of primary
tumor cells by enhanced survival, motility, invasiveness, and
resistance to chemotherapy [4]. Understanding the biological
controls that signal tumor cell metastasis to bone and investi-
gating the extent to which metastatic cancer cells differ from
primary tumor cells with respect to miRNAs expression can
provide valuable insight into growth of tumors in the bone
microenvironment.

There are several lines of evidence indicating the involve-
ment of specific miRNAs in suppressing or promoting
breast cancer metastasis and in other cancers [138, 139].
miRNA signatures that regulate breast cancer metastasis can
be observed either by tumor suppression or oncogenesis.
They could either be downregulated (miR-30a/31/34a/125s/
200s/203/205/206/342) or upregulated (miR-10b/21/135a/155/
221/222/224/373/520c). In turn they influence the expression
of various target genes positively or negatively. Nevertheless
they are potentially considered to be therapeutic agents in
tumor therapy [140]. Metastasis otherwise known as tumor
migration is regulated by a number of miRNAs via direct
or indirect pathways. The differential expression of miRNAs
between metastatic cell lines was compared with the primary
tumor, and there was a down regulation of expression of
miR-22 in metastatic cancer cells [141, 142]. Expression of
the tumor suppressor miRNAs such as let-7 and miR-22 was
also consistently downregulated in metastatic cancer cells.
These miRNASs’ target genes were found to be oncogenes
(ERBB3, CDC25C, and EVI-1T). Due to down regulation
of miRNAs, there were higher levels of expression of these
signaling proteins in metastatic cells [141]. Expression of
tumor suppressor miRNAs such as let-7, miR-335, miR-126,
and miR-206 were downregulated [143] resulting in increased
metastatic potential via up regulation of genes involved in
motility and proliferation. miR-335, miR-206, and miR-126
were selectively downregulated across a number of highly
metastatic human cell lines compared to the general tumor
cell population, and they had the ability to suppress metas-
tasis of breast cancer cells to different organ sites. miR-335
suppresses metastasis and migration through targeting of the
progenitor cell transcription factor SOX4 and extracellular
matrix component tenascin C [143].

Up regulation of miRNAS’ expression in metastases could
also regress metastatic conditions. Valastyan et al. assessed
the therapeutic potential of acutely expressing miR-31 in
already-formed breast cancer metastases [142]. Activation of
miR-31 in established metastases elicits metastatic regression
and prolongs survival. In contrast, acute miR-31 expression
fails to affect primary mammary tumor growth [142]. It is
most likely that a distinct role is played by specific miRNA,
and its expression of either down- or upregulation may not
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have impact on both primary tumor growth and metastatic
conditions. Dicer is the key enzyme (ribonuclease) required
for the biogenesis of miRNAs, and recent evidence indicates
that Dicer may also be involved in tumorigenesis. The
Dicer RNA variants a and b contain a very long 3'UTR,
whereas ¢, d, and e variants contain very short 3'UTR.
Multiple let-7-binding sites were found in Dicer coding
as well as 3'UTR. Dicer mRNA expression is significantly
correlated with the occurrence of distant metastases, even
after adjusting for other prognostic parameters. In addition,
Dicer mRNA expression has an independent prognostic
value on metastatic disease in breast cancers [151]. The
downregulation of Dicer expression by let-7 miRNA may be
related to the metastatic spread of tumors [151]. The recent
researches evolved with an understanding that there is a high
probability of interaction of three different genes (c-myc,
cyclin DI, and Runx2) in bone metastasis. Hence, studying
the regulation of these genes by miRNAs would be a valuable
approach for understanding of breast cancer progression to
bone metastasis. Since a number of miRNAs target c-myc,
cyclin DI, and Runx2 genes, in the following session, we are
focusing on how these genes are regulated by miRNAs during
bone metastasis.

3.1. c-myc. The signaling pathways or components play
fundamental role in regulating cell morphology, adhesion,
and motility. Altering the signaling pathway could lead to
tumorigenesis and metastasis, and miRNAs are found to
be involved in this process. Rho-associated kinase (ROCK)
is likely to enhance the metastatic propensity of breast
cancer cells by stabilizing the actin cytoskeleton, enhancing
actin-myosin contraction and promoting the c-myc path-
way, including transcription of c-myc regulated miRNAs.
Inhibition of ROCK-mediated signaling appears to be a
promising and potentially specific approach to inhibit the
breast cancer metastases. Further the expression of the c-
myc regulated miR-17-92 cluster was elevated in metastatic
breast cancer cells compared with nonmetastatic cells [152].
Furthermore, blockade of miR-17 decreased breast cancer cell
invasion/migration in vitro and metastasis in vivo. Together,
these findings suggest that augmented ROCK signaling
contributes to breast cancer metastasis via indirectly up
regulating miR-17 [152]. Raf kinase inhibitory protein (RKIP;
also PEBP1), a member of the evolutionarily conserved
phosphatidylethanolamine-binding protein family, has been
implicated as a suppressor of metastatic progression. RKIP
represses invasion, intravasation, and bone metastasis of
breast tumor cells in part through a signaling cascade
involving inhibition of MAPK, myc, and LIN28, leading to
induction of let-7 and down regulation of its targets [153].

c-myc protein (oncoprotein) can induce tumors with a
high frequency and can induce massive programmed cell
death in most transgenic mouse model systems, with greater
efficiency than other oncogenes [154]. It was substantiated
with evidence that miR-142 is involved in overexpression
of c-myc as it was translocated under the positive control
of the promoter region of miR-142 during a casual chro-
mosomal rearrangement. A mutation at the 3'-UTR of
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activation-induced cytidine deaminase (AID) mRNA, the
binding site of miR-155, caused an increase in protein expres-
sion of c-myc resulting in high Myc-Igc translocation, a cause
of cancer in Aicda mice [155]. It was noticed that miR-24
indirectly regulates c-myc via E2F2 thereby inhibiting cell
proliferation [156]. It has been shown that myc activates
expression of miR-9 which gives cancer a metastatic status
[157]. The anaerobic metabolism of cancer cells (Warburg
effect) is the major cause for creating an acidic environ-
ment to them, and the cancer cells’ energy source (ATP)
is generated via glutaminolysis. Mitochondrial glutaminase,
an important enzyme in this process, is synthesized by
transcriptional repression of miR-23a and 23b by c-myc in
human P-493 B lymphoma cells and PC3 prostate cancer cells
[158]. p53 can bind to its response element present in miR-145
promoter and can up regulate miR-145 expression. Since miR-
145 directly targets the 3'UTR of c-myc gene, it is likely that
P53 can regulate c-myc expression via miR-145 [159].

3.2. Cyclin DI. Cyclin D1 is widely accepted gene in the
contribution of oncogenesis of various cancerous cells, and
the increased levels of cyclin D1 and c-myc in mouse breast
cancer showed enhanced level of invasion and metastasis
[154]. Additionally, cyclin D1, which upon genomic rear-
rangement, forms clonal lesions by overexpression in mul-
tiple types of cancers [160]. The highly conserved cluster of
miR-17-92 acts as a negative regulator of cell proliferation.
They sequentially are involved in the regulation of cyclin D1
[113] and are regulated by c-myc via E-boxes in the promoter
[161] whose dysregulation results in tumor. A research on the
regulatory feedback of miRNA 17/20 suggested that miR-17-
5p/miR-20a down regulates cyclin D1in human breast cancer
and their cell lines resulted in inhibition of serum-induced
S phase entry, while in mammary epithelial cells cyclin D1
after sufficient transcription induces the expression of miR-
17 and miR-20 forming a cluster which results in a feedback
loop which in turn limits cell proliferation [113]. In a gene
target prediction study, it was notably identified that miR-
193b in melanoma cell lines down regulates around 18 genes.
One among these genes is cyclin D1. This prediction can stand
as a basis for the study of the role of miR-193b in breast
cancer [162]. miR-200 is a family of miRNA that regulates
cyclin D1 indirectly. It was identified that in HeLa cells miR-
200b binds to the 3'UTR of RND3 directly and reduces its
expression transcriptionally and translationally. This in turn
upregulated cyclin D1 protein expression and increased S
phase entry [163]. Besides, the up regulation of miR-98 and
miR-21 is known to decrease the expression of c-myc and
E2F2 proteins through estrogen receptor « [164], and they
act as tumor suppressors. miR-503 is known to act as putative
tumor suppressor, and it targets cyclin D1 [165].

3.3. Runx2. There are several transcription factors being
implicated with cancer progression. The transcription factor
Runx2 has an established role in cancers that metastasize to
bone. Runx2 is critical for regulation of genes that support
bone formation and is abnormally expressed in tumors that
metastasize to bone. The Runx genes comprise a family of
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three closely related transcription factors: Runxl, Runx2, and
Runx3, which together with a common partner (CBFp) form
the core binding factor (CBF) complex and bind DNA to
either activate or repress gene transcription. While Runxl
and Runx3 mutations are linked with leukemia and gastric
cancer, respectively [166, 167], Runx2 has been proposed
as one of the pivotal factors in the process of osteogenesis
and metastasis in human malignancies including breast
cancer [18-20]. Runx2 can function as a metastasis-related
oncoprotein in nonosseous cancer cells [168]. In normal
mammary epithelial cells Runx2 is expressed at low levels,
but it is expressed at high levels in metastatic breast cancer
cells [169, 170]. It is now widely recognized that breast cancer
cells preferentially metastasize to bone [50, 171]. It has shown
that inhibition of Runx2 activity abolishes the ability of
breast cancer cells to form osteolytic lesions in vivo [50].
Furthermore, perturbation of Runx2 subnuclear localization
in breast cancer cells inhibits formation of osteolytic lesions
in bone in vivo.

It was proposed that Runx2 activates cancer related genes
in response to deregulated cell signaling pathways during
early stages of breast cancer. In recent years, several miRNAs
have been identified which can target Runx2. For example,
miR-155 and miR-355 directly target Runx2 [172, 173]. miR-
155 targets the 3" untranslated region of multiple components
of the BMP signaling cascade, including SMADI1, SMADS,
HIVEP2, CEBPB, Runx2, and MYOI10. miR-155 is expressed
at elevated levels in human cancers including cancers of the
lung, breast, colon, and a subset of lymphoid malignancies
[50]. Runx2 expression can be downregulated by miRNAs
such as miR-133, miR-204/211 [174, 175]. It is evident that
the role of Runx2 is associated with breast cancer mediated
bone metastasis [50]. Understanding miRNAs that regulate
Runx2 activity supporting transformation of normal cells
to bone metastatic cancer cells would provide options for
therapeutic targets. The role of miR-106b was determined in
regulating Runx2, Cyclin D1, and myc via Wnt pathway with
B-catenin over expression. Also the reduced expression level
of Cyclin D1 by miR-145 via ESR-1 endorsed the fact that the
gene supports cell cycle progression [176]. In silico validation
identified that miR-296 disrupts the EGFR signaling [177].
Runx2 promotes differentiation of osteoblasts in wild type
with regulation of various cyclins. The up regulation of Runx2
during early G1 and down regulation prior to S phase indicate
its role in cell proliferation [178-180].

Runx2 is functionally coupled with the cell motility in
MDA-MB-231 cells. This shows its role in the metastatic
potential of breast cancer cells with its capability to promote
invasiveness and osteolytic property through a set of genes
required for cell adhesion and motility by gain of function
effect [180, 181]. Osteogenesis can be negatively regulated
by miR-204 and miR-211 in mesenchymal progenitor and
BMSCs. The repression of osteogenesis process could be
due to binding of miR-204/211 to the 3'-UTR of Runx2
gene [174]. It is reported that Runx2 stimulates Cyclin D1
and reduces apoptosis by a synergy between Runx2 and
c-myc [180, 182]. miR-204, 205, 217, 133, and 135 were
downregulated in osteogenesis while miR-133, 135, 137, 204,
205, 217, and 218 were upregulated during chondrogenesis,
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and these miRNAs are recorded to regulate Runx2 [18]. The
regulatory mechanism of miRNAs by Runx2 was identified in
osteoblast differentiation with the formation of Runx2/miR-
3960/miR-2861 feedback loop. miR-3960 regulates the BMP2
induced osteogenesis by targeting the Hoxa2, a repressor of
Runx?2 [183]. Eventhough it is evident that the role of Runx2
is associated with breast cancer mediated bone metastasis,
further studies are needed to explore the miRNA expression
profile targeting Runx2 in primary breast cancer growth
and bone metastasis. These studies suggest that the up- or
downregulation of one or more miRNAs would be a valid
approach to alter expression of c-Myc, Cyclin D1, and Runx2
genes, thereby prohibiting breast cancer progression to bone
metastasis.

4. Conclusions and Future Perspectives

miRNAs are emerging group of ribonucleotides, and studies
on miRNAs and their expression are supportive for better
understanding of the network of genes and cellular pathways
regulated by these miRNAs. Recently, the increased numbers
of miRNAS analysis and their multiple target validation in
different contexts of breast cancer are attaining a strong
insight in the field of miRNA based diagnosis and therapy
for breast cancer and bone metastasis. There is differential
expression and regulation of miRNAs associated with breast
cancer growth and bone metastasis, which would help identi-
fying them as possible biomarkers. Potential therapies such as
miRNA silencing, antisense blocking, miRNA modifications,
or over-expression of miRNAs may be considered, and they
would provide new opening avenues for more treatment
strategies for patients with breast cancer and bone metastasis.
Before stepping into miRNA based diagnosis and treat-
ment of breast cancer, miRNA experimental expression tool
and oligonucleotides strategies should be further developed.
miRNA based therapy for breast cancer and bone metastasis
requires clinical evaluation of preferred miRNAs" actions
at various levels. Prior to systemic administration, clinical
trial is important to determine their exclusive targets, site
specificity, and dose requirement. The synthetic miRNAs
require chemical modification(s) so that they can be stable
in systems’ fluid and can also be tissue specific. Delivery of
miRNAs to a specific tissue would also require an appropriate,
nontoxic, degradable delivery system. Thus, the maximized
drug activity and the minimized side effects like toxicity and
antigenicity should be considered for utilization of miRNAs
in breast cancer therapy.
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