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Breast cancer is a leading type of cancer among women in India as well as worldwide.
According to the WHO 2015 report, it has been anticipated that there would be a twofold
rise in the death due to breast cancer among women. The heterogeneous property of
breast carcinoma has been suggested to be linked with dedicated set of communication
and signaling pathway with their surroundings, which culminate into progression and
development of the cancer. Among the plethora of communication tools in the hand of
breast carcinoma cells is the recently appreciated exocytosis of the tightly packed short
non-coding RNA molecules, predominantly the microRNAs (miRNAs). Recent studies
suggest that miRNAs may work as courier messengers to participate in endocrine and
paracrine signaling to facilitate information transfer between breast carcinoma and their
neighboring cells. Evidence suggests that breast tumor cells communicate via packaged
miRNAs in the tumor-released microvesicles, which enrich the tumor microenvironment.
There is a strong view that dissecting out the mechanistic and regulatory aspects of
mMIiRNA export and role may uncover many prospects for overcoming the signaling
defects and thereby controlling aberrant cell division. The detection of circulating miRNAs
associated with breast carcinoma can also be used as biomarkers for early diagnosis.
This review article is an attempt to provide updated knowledge on implications of short
RNAs and their transport in the breast cancer pathophysiology.

Keywords: non-coding short RNA, microRNA, breast tumor, signaling, extracellular vesicles, targeting, breast
carcinoma

INTRODUCTION

According to the WHO World Cancer Report 2015, there are about 14 million newly diagnosed
and 8.2 million cancer-related mortality cases worldwide (1). Among several types of cancer, breast
cancer is the most noticeable carcinoma among women in developed and developing countries,
where estimated cases until 2012 were 1.7 million that resulted in 521,900 deaths, accounting
for 25% of all cancer cases and 15% death in females (1-3). The bottleneck to surmount breast
cancer lies in drugs/inhibitors resistance, aberrant signaling, appetite to continuously grow, and
manipulated communication skills among the breast carcinoma cells (4, 5).

Among several signaling approaches, one is autocrine where the signal is produced and accepted
by the same cell. In case of juxtacrine signaling, the signal is only received by the adjacent cells
through the cell membrane via membranous lipids and integral proteins. In addition to autocrine
and juxtacrine, paracrine signaling involves signal transfer to the number of cells in its vicinity
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and endocrine signaling deals with the target cells placed at
a distance involving circulation through blood (6, 7). Several
types of cancer cells, including breast carcinoma, communicate
with each other as well as their neighboring cells via number
of signaling pathways, including NF-xB (7, 8), Hedgehog (9),
phosphatidylinositol 3-kinase-Akt (PI3K-Akt) (7, 10), Notch-
epidermal growth factor receptor (Notch-EGFR) (11), and
short non-coding RNA export and import (12-14). The tumor
microenvironment has a crucial part in the survival and growth
of the cancer cells (15, 16).

The success or failure of these pathways is a key to regulate
cell growth, proliferation, differentiation, apoptosis, and resist-
ance against genotoxic insults (17). Small non-coding RNAs are
a group of highly conserved molecules responsible for controlling
gene expression and dictating cellular signaling. microRNAs
(miRNAs) as a type of short non-coding RNAs with a sequence of
21-25 nt have widely been appreciated for their role in transcrip-
tional repression, mRNA degradation, and extra-environmental
signaling (13, 18, 19). Recently, there are sufficient data pointing
to upregulation and downregulation of miRNAs in setting up the
platform for augmented pathophysiology of breast carcinoma
(20). The concerted efforts of protein family cause the miRNA to
be stabilized in the exterior region of the cells, making it accessible
to get transported to local vicinity (13, 14, 19). Currently, signal-
ing pathways mediated by miRNAs have garnered wide attention
in breast cancer pathophysiology. The abnormal exchange of
signals involving non-coding short RNAs, including miRNAs,
are found to create tumor-friendly microenvironment (21). One
of the approaches to establish bridges between breast carcinoma
and their microenvironment cellular community is exocytosis
of tightly packed miRNAs (22-25). The current understanding
and consensus have pointed out that distribution and expression
of miRNAs are of utmost importance for disease prognosis and
potential target in cancer therapy (26, 27).

In this review, we summarize biogenesis of miRNAs and their
export mediated by exosome to target the neighboring cells in
the microenvironment. The focus of this paper is to mark the
miRNAs as a potent extracellular signaling molecule responsible
for breast carcinoma pathophysiology.

CELL SIGNALING OVERVIEW
IN BREAST TUMOR

Signaling is the key element for any cell to survive, grow, and
proliferate. The mechanism of signaling is categorized into four
types, autocrine, paracrine, juxtacrine, and endocrine signaling,
which is described in the Section “Introduction.” Signaling path-
ways are based on the ligand-receptor binding complex, which
leads to a much stronger downstream signal, thereby regulating
the genetic expression. Signaling upon binding of a ligand in the
cells mostly involves phosphorylation of the receptor at specific
amino residues, which recruits various intracellular proteins
amplifying the intensity toward the nucleus. There are a number
of signaling pathways that are responsible for the cells growth,
differentiation, proliferation, and also for resisting apoptosis and
further metastasizing (28).

One of the signaling pathways is Notch pathway that is
responsible for survival, growth, and proper development of cells.
Notch is a transmembrane receptor, which has a strong affinity
for the delta ligands and with its proteolytic cleavage travels
to the nucleus and acts as transcriptional regulator activating
gene expression. Some miRNAs either act as the notch receptor
inhibitors or as the nuclear transcriptional inhibitors. As such,
notch receptor inhibitor is miRNA-141, whereas Snail and zinc
finger E-box binding homeobox 1 (ZEB1) transcriptional fac-
tors are inhibited by miRNA-34a (11). miRNA-374a is found
to be overexpressed in Wnt/B-catenin pathway. For example,
miRNA-451 acts as a potent inhibitor for the downstreaming
signaling of the Wnt/p-catenin, decreasing the levels of f-catenin
(29). Hedgehog is a developmental signaling pathway, which
focuses on the embryogenesis, carcinogenesis, and tissue repair
caused due to chronic inflammation. The oncogenic miRNA
cluster family (miRNA17-92) regulates the Hedgehog signal-
ing (9). Signaling pathway NF-«xB plays a crucial role in the
cell proliferation, tumor development, inflammation, and also
regulation of the innate and adaptive immune response (8). The
pathway is also known to be guided by the expression of different
miRNAs. There are several mechanisms by which NF-kB pathway
is regulated. miRNA-21 targets signal transducer and activator of
transcription 3 (STAT3), which is downregulated. Furthermore,
miRNA-21 targets phosphatase and tensin homolog (PTEN),
thereby inhibiting Akt phosphorylation and promoting NF-«kB
activation (30).

Cancer-associated fibroblasts are the stromal cells, non-
malignant in nature, which arise from the differentiation of the
progenitor cells to promote tumor health by satisfying their
nutrient needs (31, 32). Highly activated growth and proliferation
of the cancer cells is due to unregulated signaling pathways. The
tumor microenvironment helps the cancer cells for this aberrant
signaling, as these cells are highly dependent on the microenvi-
ronment for their increased need of energy for their proliferation.
This tumor microenvironment is solely responsible for causing
apoptosis and drug resistance by cell-cell communication via
some matrix soluble factors enhancing the cellular growth and its
development (33). Overexpression of soluble growth factor such
as cytokines, mediated by cancer-associated fibroblast cells, act-
ing as nutrient benefactor for the cells can decrease the integrin
expression, further leading to metastatic progression (33).

TYPES OF NON-CODING RNAs

Short non-coding RNAs consist of 1% of the genome (34), with
size ranging from 20 to 25 nt. Small non-coding RNAs consist
of miRNA, small interfering RNA (siRNA), piwi-interacting
RNA (piRNA), small nucleolar RNA (snoRNA), and extracel-
lular RNA (exRNA) (35). These classes of short RNAs differ
in the biogenesis and their mechanism of action (36). There is
another category of non-coding RNA that is the long non-coding
RNA (IncRNA). Short non-coding RNAs are directed by protein
family, Argonaute (Ago), which guide the RNAs to their specific
targets, thereby reducing the expression of the target gene (36).
Among the class of non-coding RNA, miRNAs are known to
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play a pivotal role in the extracellular signaling of the cells. The
flow diagram of different small non-coding RNAs is depicted
in Figure 1.

Small interfering RNAs (siRNAs) are small (20-25 nt) double-
stranded RNAs that act through the RNA interference (RNA1)
pathway to interfere with the expression of a specific gene
containing a complementary sequence. RNAi can downregulate
expression by inducing degradation of the targeted RNA, inter-
fering with transcription or inducing epigenetic changes to the
gene (37).

Piwi-interacting RNAs also known as piRNA is a category of
small non-coding RNAs with length slightly greater than miRNAs
of about 26-31 nt. These categories of RNAs act as gene silencers.
piRNA carries an anti-sense sequence to the transposons, thereby
targeting the silencing of the transposons (38).

Small cajal body RNA (scaRNA) is an important player in the
splicing mechanism, which regulates the spliceosome machinery
by biochemically modifying specific nucleotide (39).

The extracellular miRNAs (exRNA) are one of the forms
by which non-coding RNAs are exported. These exRNAs are
loaded onto high-density lipids (HDLs) or bound by AGO2
protein outside the donor cell, thereby protecting miRNA
from RNA degrading enzymes. These are known to regulate
cell-cell communication and are used as biomarkers in
various diseases as these RNAs circulate stably in the blood
stream (40, 41).

Small nucleolar RNA generally range from 60 to 300 nt in
length and guide the site-specific modification of nucleotides
in target RNAs via short regions of base pairing. There are two
major classes, the box C/D snoRNAs, which guide 20-O-ribose-
methylation, and the box H/ACA snoRNAs, which guide
pseudouridylation of target RNAs. These RNAs take part in the
development of cancer, where they promote transformation,
tumorigenesis, and metastasis (42).

Small nuclear RNA (snRNA) is one of the many small RNA
species confined to the nucleus; several of the snRNAs are
involved in splicing or other RNA processing reactions. The
snRNAs are extremely conserved in both primary and second-
ary structure. Moreover, some residues seem to be completely
invariant between organisms. They promote exon ligation and
intron excision by acting as a catalyzing agent in the spliceosome
machinery and thereby aiding the protein translation (43).

snoRNA

siRNA

|

FIGURE 1 | Types of non-coding RNAs.

Long ncRNA

Non-coding RNA

Long non-coding RNAs have received wide attention in gene
regulation and are considered as non-protein coding transcripts
longer than 200 nt. This nucleotide length limit differentiates long
ncRNAs from small regulatory RNAs, such as miRNAs, short
interfering RNAs (siRNAs), piRNAs, snoRNAs, and other short
RNAs (44).

BIOGENESIS OF microRNA

First miRNA discovered was lin-4 of 22-nt length and was
identified in a gene responsible for postembryonic development
in C. elegans carrying a complementary sequence in the 3' UTR
of its regulatory target gene (34, 45, 46). There are about 6930
miRNAs discovered in animals and their viruses (47). The miRNA
gene is transcribed by RNA polymerase II to produce a primary
microRNA (pri-miRNA) precursor molecule whose length varies
greatly may be up to 3-4 kb (13, 19, 34, 45, 46). Furthermore,
pri-miRNA undergoes nuclear cleavage with sequential actions
by nuclear RNase III Drosha and a partner called DGCR8 with
double-stranded RNA-binding domain forming a pre-miRNA,
60-70 nt long, as a hairpin structure with two overhangs at their
3’ and 5’ phosphate groups (34, 45, 46). Exportin-5 recognizes
the 2-nt overhang generated by RNase III enzyme Drosha at the
3’ end of pre-miRNA hairpin. The protein Exportin-5 (XPO5)
plays a crucial role in escorting the pre-miRNA bound to Ran-
GTP from the nucleus to the cytoplasm through the nuclear pore
(13, 19, 45). Cytoplasmic cleavage of the pre-miRNA occurs
with cytoplasmic RNase III Dicer into ~22-nt miRNA duplexes.
The Dicer, an endoribonuclease, interacts with the ends and
cuts away the loop joining it, generating an imperfect duplex of
miRNA:miRNA. In cytoplasm, the Dicer and TAR RNA-binding
protein (TRBP) separates the two strands which are incorporated
into the RNA-induced silencing complex (RISC), also known as
miRISC (45). The strand with higher stability and the stronger
base pairing is associated with the silencing complex and other
proteins like Argonaute. The weaker strand in aspect of the two
criteria can be either degraded or can act as a functional unit,
further recruiting the RISC and protein complex (48).

The outline of miRNA biogenesis is illustrated in Figure 2.
miRNA plays an important role in the posttranscriptional regula-
tion by recognizing the specific nRNA and incompletely pairing
with the 3’ untranslated region causing translational suppression
and inhibition of protein synthesis or by degrading the mRNA.
They play a major role in making diverse biological decisions
such as proliferation, differentiation, and apoptosis. miRNA
can be secreted as circulating miRNA (49) that can either exist
outside the cells with the help of various binding proteins or can
be exported outside by extracellular vesicles such as exosomes,
microvesicles, or apoptotic bodies (50). RNA-binding protein
(RBP), Ago-1, and high-density lipopolysaccharides have been
reported to assist miRNA out of the cells and prevent its degrada-
tion. miRNAs present in the blood plasma are most stable in the
microenvironment carrying the property of resisting high and
low temperature and varied pH (40). Among all the non-coding
RNAs, only miRNAs are seen to play a pivotal role in tumor
signaling and also in cardiovascular, neurological, and other
developmental diseases (51, 52).
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FIGURE 2 | This illustration depicts the miRNA biogenesis. This represents the canonical maturation where primary miRNA transcripts (pre-miRNAs)
are generated by RNA polymerase Il or lll and cleavage of the pre-miRNAs by the microprocessor complex Drosha-DGCRS8 (Pasha) in the nucleus.
The pre-miRNAs exit from the nucleus to the cytoplasm by exportin 5 (XPO5). In the cytoplasm, it is further processed by DICER1, a ribonuclease Il (RIIl)
enzyme, that gives rise to the mature miRNAs. One strand of the mature miRNA (the guide strand) is loaded into the miIRNA-induced silencing complex (miRISC)
comprising DICER1 and Argonaute (AGO) proteins. The binding of mIRNA to target mMRNAs is facilitated by sequence complementary binding, leading to
translational repression. This schematic diagram is modified from Lin and Gregory (42).

PACKAGING AND SHIPPING OF miRNAs

microRNAs are protected from the potent degrading factors
such as RNase during circulation and signaling through the
microenvironment. The diagram showing mode of miRNA
export is provided in Figure 3. These miRNAs are shielded by
two ways, one being encapsulation in the extracellular vesicles,
namely, exosomes, microvesicles, or apoptotic bodies (53) and
the other being complexing with number of RBPs, such as Ago
protein family, or HDL, that occurs in the blood plasma (54). All
the three categories of the extracellular vesicles share the same
membrane composition, thereby making it tedious to separate
out, but they carry different pathways of biogenesis and secretary
mechanism (55).

Exosomes are lipid vesicles ranging between 40 and 100 nm in
diameters, which arise from the inward budding of plasma mem-
brane of the cell forming an intraluminal vesicle (56). They are
associated with the plasma membrane through ligand-receptor
interactions (57, 58) or lipids. Exosomes carry a property of taking
up various miRNAs, mRNAs, and proteins without eliciting any
immune response (59). These vesicles are relatively stable in the
cell’s external environment and can easily cross the blood-brain
barrier. Exosomes are composed of numerous protein families
such as tetraspanin proteins, CD63, CD9, and CD81. Primarily,
the cell membrane is internalized to form an endosome, fol-
lowed by the formation of small vesicles inside the endosomes.
These endosomes are then called multivesicular bodies, and
they transfer the vesicles into the extracellular space in the form
of exosomes (60). The exosome membrane contains lipid rafts
containing cholesterol, sphingolipids, glycerophospholipids, and

ceramide. The protein content is also significant for the vesicle
to travel and target the cell membrane. Various proteins, such as
integrin family, cytoskeletal proteins, heat-shock protein family,
and vesicle trafficking proteins, play a role in making the vesicular
environment habitual for shipping the RNAs and proteins (61).

The levels of signaling via exosomes or vesicular transport
have seen to be elevated in tumor cells as compared with the
normal cells. There are lots of compounds which are studied to
act on a target molecule to inhibit the formation of the extracel-
lular vesicles carriers, thereby creating a signaling gap within
the tumor microenvironment. Molecules, such as proton pump
inhibitors, methyl-p-cyclodextrin, and annexin, are known to
inhibit the vesicle formation by targeting the Na* reabsorption,
cholesterol, and phosphatidylserine, respectively, and thereby
blocking the membrane fusion, lipid raft-mediated endocytosis,
and phagocytosis (62).

Microvesicles also referred as shedding microvesicles or
ectosomes are small membranous sacs, which are the product
of the budding and blebbing of plasma membrane (56, 63).
Microvesicles are large vesicles, which are 50-1000 nm in diam-
eter. Microvesicles participate in the cells growth, proliferation,
and its death. There are tumor-originated microvesicles, which
are secreted into the tumor microenvironment, which helps the
neighboring cells to secrete cytokines, which can help the tumor
replenish and can mask the immune response (64).

Apoptotic bodies also called apo-bodies arise from the cells
undergoing cell death by apoptosis. These are the largest of the
extracellular vesicles of 400-4000 nm in diameter. These bodies
consist of the condensed chromatin and cytoskeletal proteins
(65). As these arise from the shrinkage of the cell, there are many

Frontiers in Oncology | www.frontiersin.org

June 2016 | Volume 6 | Article 147


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Jahagirdar et al.

Export of Short RNAs in Breast Carcinoma

"4EN
—
DONOR CELL

miRNA

®
@ O

Exosomes

@

from Thery (55) and Crescitelli et al. (53).
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RNA and DNA fragments present whose uptake can result into
the transcriptional repression (66).

Extracellular miRNAs are associated with lipid-based carriers
and lipid-free proteins (62). Circulating miRNAs are stable when
they are associated with plasma, which serves as the disease bio-
markers (67). The miRNA-223 is found to be transported using
HDL molecule, and the Ago protein family is associated with the
extracellular miRNA transport accompanying both in and out of
the cell (67). Exosome circulate for a short time in the body fluids
before getting internalized into the recipient cell, a process called
free floating. Furthermore, adhesion requires a conformational
change in the status of the low affinity to high affinity binding to
integrin-bound exosome (68). Uptake of exosome is dependent
upon the signaling status of the recipient cell and the protein
composition of the vesicle (69). Exosome internalization involves
various mechanisms such as membrane fusion, soluble signaling,
juxtacrine signaling, lipid raft-mediated endocytosis, and macro-
pinocytosis (68). These mechanisms are either receptor-based
or involve actin filament protrusions, which engulf the vesicle
dispatching the cargo in the cytoplasm (70).

Release of exosomes or microvesicles occurs in the similar
fashion like the viral budding (63, 71). The property of the plasma
membrane forming a protrusion is driven by a number of proteins
and lipids associated with the membrane. The budding of the
exosomes via endocytosis and membrane trafficking is mediated
via various coat proteins like clathrins and others like annexing,
a Ca®* binding protein, which are present in the cell and which
has the ability to recruit phosphatidylinositol 4,5-bisphosphate
[PI1(4,5)P,], sphingolipids, and cholesterol (72). A protein motif
called amphipathic helix that acts on the integral site and mem-
brane proteins that bind on the periphery senses the membrane
curvatures and are inserted into the membrane, facilitating the
budding, and thereby the vesicle formation (69). Lipid rafts play
a major role in the promotion of signaling mediated through

proteins anchored by glycophosphatidylinositol and help in sort-
ing and membrane trafficking in the secretory pathways (62, 73).

COMMUNICATION BRIDGE BETWEEN
miRNAs TO NEIGHBORING FIBROBLAST

Specific targeted therapies can be achieved by encapsulating the
drug into the exosomes with a clear prospect of the therapeutic
cargo, the peptide or DNA target of the drug, mode of uptake, and
mechanism of their action (74). Some miRNA-targeted therapies
are also being designed to deliver antitumor miRNA to the
breast tumor cells (75). Exosomes have natural ability to transfer
genetic material both locally and systemically, and, therefore,
many research groups investigated these vesicles as therapeutic
agents. As an instance, microvesicles isolated from endothelial
progenitor cells (EPCs) contained proangiogenic miRNA-126
and miRNA-296 (76), and transfer of these miRNAs triggered the
activation of the PI3K/Akt signaling pathway and phosphoryla-
tion of endothelial nitric oxide synthases and directed endothelial
cells to undergo angiogenic and antiapoptotic program (77).
The pivotal role played by the microenvironment-associated
resident cells in breast tumor progression has been widely appre-
ciated. In a recent attempt to emphasize the give and take type of
exosome-based connection between breast carcinoma and pread-
ipocyte, a type of cellular community in the tumor microenviron-
ment has been reported with clear role of miR-140/SOX2/SOX9
axis that may regulate tumor microenvironment signaling and
communication (78). Intentionally diverted glucose metabolisms
are a trademark of breast carcinoma. In recent findings, several
research groups have attempted to provide evidence that breast
carcinoma cells use the secreted vesicle-contained miRNAs as a
tool to deprive of the neighboring cells for their food availability,
in particular, they target the glucose uptake (79). They have also
convincingly mentioned that breast carcinoma may use such

Frontiers in Oncology | www.frontiersin.org

June 2016 | Volume 6 | Article 147


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Jahagirdar et al.

Export of Short RNAs in Breast Carcinoma

strategy to reprogram and progress with destructive metastasis
goal (80).

As an evidence of influencing the progression of breast phyl-
lodes tumor xenografts, miRNA-21 enhanced tumor growth
and facilitated metastasis by inducing myofibroblast differentia-
tion (81). The recurrence and relapse of breast carcinoma after
removal of primary tumor may be driven by well-communicated
cell-cell signaling, leading to cancer cell dormancy. In view of the
role of secreted miRNAs in maintaining the dormancy of breast
cancer cells, evidence has explained that exosomal transfer of
miRNA-23b from the bone marrow may promote breast cancer
cell dormancy in metastatic settings (82). Such observation
will lead to insights for therapeutic approaches by blocking the
miRNA-23b-mediated dormancy control in breast cancer cells so
that further cell cycling stages of cancer cells will succumb to the
drug regimen therapy (82).

The differential expressions of miRNAs in the context of
contribution of cancer-associated fibroblast in breast cancer pro-
gression are being unraveled. In the same line, the experimental
evidence points out that miRNA-26b is highly aberrant miRNAs
found in cancer-associated fibroblast and may be implicated in
breast carcinoma progression, growth, and recurrence (83).

There is growing view that the cancer-associated fibroblasts
and normal fibroblasts being in the neighborhood of breast tumor
act differently with the first responsible for inducing breast tumor
progression and second engaged in tumor blockade. In this
context, about 11 dysregulated miRNAs in cancer-associated
fibroblasts have been pinpointed that include three upregulated
(miRNA-221-5p, miRNA-31-3p, and miRNA-221-3p) and
eight downregulated (miRNA-205, miRNA-200b, miRNA-200c,
miRNA-141, miRNA-101, miRNA-342-3p, let-7g, and miRNA-
26b) (84). Furthermore, such observation accentuates the notion

that miRNAs derived from breast tumor neighboring cells may
influence the status of breast tumor through cell-cell commu-
nication (85).

The collaboration between stromal cell community and
breast tumor cell is being overwhelmingly recognized as a fac-
tor behind the tumor progression and development. In recent
evidence, there are highlighted reports that suggest that the
miRNA-320 is a vital component of the phosphatase and tensin
homolog deleted on chromosome 10 (Pten) tumor suppressor
axis that works in stromal fibroblasts to manipulate the tumor
microenvironment and restrain tumor progression (86). The
inducement of senescence has been considered as a blockade
for different cancer cell progression, including breast carcinoma.
There has been report on the contribution in tumor suppression
by senescence-associated microRNAs (SA-miRNAs), miRNA-22,
which is overexpressed in human senescent fibroblasts and
epithelial cells. Since, such reports validate the idea of commu-
nication bridge between stromal cell and tumor cell progression,
further studies will provide better understanding and platform
for therapy approaches by manipulating the miRNA level in the
tumor neighborhood cell community (87).

The Communication Bridge between

Carcinoma and Surrounding Macrophage

In an effort to delineate the collaboration between breast
carcinoma and their cellular community in microenvironment,
authors have reported that miRNA-21 and miRNA-29a expres-
sion are upregulated in tumor-infiltrated myeloid cells and
macrophages. Furthermore, authors have suggested that these
upregulated miRNAs act as helping hand for the breast tumor for
their progression and metastasis (88). In recent time, there are
emerging evidence of close association between breast carcinoma
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FIGURE 4 | Enhancement of interaction by miRNAs bridge breast tumor and their microenvironment.
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and carcinoma-trained or -taught macrophages, in tumor
microenvironment. Furthermore, the miRNA profiling data cor-
roborated the observation that deregulated miRNAs expression
level is linked with breast tumor progression and prognosis (89).
Recent convincing view is that breast tumor-associated mac-
rophages are being extensively causative in the trademark settings
of tumor microenvironment. To understand such phenomena,
one study suggested that a crucial extra player, miRNA-19a-3p,
highly expressed in tumor-associated macrophages may be able
to retard breast cancer progression and metastasis through the
downregulation of Fra-1 proto-oncogene (90).

The friendly promotion of breast cancer progression and
metastasis by tumor-associated macrophages has extensively
been highlighted in recent times. In the same direction, there
are reports on macrophage-secreted exosome-encapsulating
miRNAs such as miRNA-223 that are packed to deliver breast
carcinoma and upon entry into the cancer cells resulted into
better potentiation of carcinoma cells for their progression and
metastasis (91). Recently, appreciation has been received to find
the clue behind friendly neighborhood cell community in sup-
porting the survival strategy of breast carcinoma cells.

Crosstalk between Carcinoma and

Stromal Cells

In the line of reported macrophages, fibroblast, and epithelial
cells, there are findings on the contribution of human mesen-
chymal stem/stromal cells (hMSCs) to upkeep breast cancer
survival advantages mediated by the secretome. Furthermore,
Vallabhaneni et al. (92) have also demonstrated and characterized
the role of miRNA-21 and 34a as tumor-friendly miRNAs. Being
heterogeneous within the breast tumor milieu, the breast cancer
cells are always receptive toward any signals or messages coming
from the outside stromal cells populations. To investigate such
cell-cell crosstalk, the facts have established that communica-
tion between stromal stem cells with the breast carcinoma cells
mediated by Twistl protein player leads to aberrant expression
of miRNAs, specifically led by miRNA-199a, which ultimately
landed in repression of Forkhead box protein P2 (FOXP2)
transcription factor, that may be responsible to encourage breast
cancer survival and progression (93).

TABLE 1 | The summary of oncogenic microRNAs reported in literature.

Oncogenic Function in breast cancer when Reference

miRNAs overexpressed

(OncomiRNAs)

miRNA-10b Decreases E-cadherin level leading to (99, 100)
metastasis
Silences tumor suppressor homeoboxD10
(HOXD10) pathway

miRNA-373 Downregulates CD44 causes migration (8, 101, 102)
Makes the cell resistant to apoptosis
Promotes cell growth, migration, and invasion

miRNA-21 Targets PDCD4 and HIF1A gene causing (103)
increased cell growth, invasion, and EMT

miRNA-155 Downregulates FOXO3A gene which causes (104)
chemotherapy resistance and reoccurrence
of tumor

There has been interest in the clues or signals contributing
to molecular alterations in breast tumor stromal environment
that actually contribute in the betterment of breast carcinoma.
To follow such unrevealed, it was pointed out that upregulation
of miRNA-21 in stromal cells may be helping breast tumor for
progression and linked it as a prognostic factor (94). The release
of extracellular vesicular cargo containing vital messenger in the
form of proteins, miRNAs, or tRNAs has been reported from both
breast carcinoma and their neighborhood cells, and such cargo

TABLE 2 | The summary of tumor suppressor miRNAs reported in
literature.

Tumor Function in breast cancer Reference
suppressor
miRNAs
mMIRNA 17-92  Regulates TGF-p pathway by targeting TGF-p (105, 106)
family receptor Il and the Smad 2 and Smad 4
proteins
Targets Mekk2/Mek5/Erk5 pathway enhancing
the recognition of NK cells for the tumors
miRNA 125b Targets erbB2/erbB3 causing decrease in (107)
cell proliferation, differentiation, and induce
apoptosis
miRNA 200 Targets transcriptional repressors ZEB and (20, 84)
upregulate the E-cadherin level inhibiting the
epithelial to mesenchymal transition (EMT) and
cell proliferation
miRNA-146b Targets STAT3 and NF-kB signaling pathway (108, 109)
TABLE 3 | List of miRNAs and their status on clinical trails.
miRNAs Details of clinical trails Reference
microRNA miR- A multicenter phase | study of MRX34, (26, 27, 10)

RX34 (MRX34)  microRNA miR-RX34 to evaluate the safety of
MRX34 in patients with primary liver cancer
or other selected solid tumors or hematologic

malignancies

The use of a MiIRNAs panel to identify thyroid (111)
malignancy in FNA leftover cells and the effect
of these miRNAs on target genes

microRNAs (miRNAs) consisting of 6 miRNA (112)
(miRNA-21, miRNA-20a-5p, miRNA-103a-3p,
miRNA-106b-5p, miRNA-143-5p, and

miRNA-215) was found effective to identify

whether one should accept adjuvant

chemotherapy or not

miRNAs panel

mMiRNA 200

miRNAs panel  Plasma microRNA profiling as first line (113)
screening test for lung cancer detection: a

prospective study

miRNAs panel A perspective study of the predictive value (114)
of microRNA in patients with HER2 positive
advanced stage breast cancer who were

treated with herceptin

The role of microRNA-29b in the oral (115)
squamous cell carcinoma

MIiRNA-29b

Circulating
miRNAs

Circulating miRNAs: novel breast cancer (116)
biomarkers and their use for guiding and
monitoring response to chemotherapy

miRNA-10b Evaluating the expression levels of microRNA- (117)

10b in patients with gliomas
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gifs are released in the microenvironment to guide or mentor each
other type of cells (95). In future, better understanding of molecu-
lar interplay involved in the breast tumor microenvironment sup-
porting the breast tumor progression and metastasis may open up
the therapeutic intervention strategy or early detection (95, 96).

The contributions of stromal cells in the breast tumor
progression are being established through multiple molecular
mechanisms, such as augmented invasiveness, angiogenesis, and
immunosurveillance masking. The recent experimental data
report that miRNA-126/miRNA-126(pair) overwhelms the
sequential recruitment of mesenchymal stem cells and inflam-
matory monocytes into the tumor stroma, leading to the breast
tumor metastasis. In other words, downregulation of miRNA-
126/miRNA-126(pair) in the breast carcinoma cells may be a
strategy to avoid immunosurveillance in tumor (97) and more
such examples are depicted in the Figure 4.

The Summary of Therapeutic Relevant
miRNAs

Oncogenic microRNAs (OncomiRNAs) dysregulation causes
the onset of cancer. OncomiRs act as negative regulators of the
tumor suppressor genes. The most screened miRNAs as prog-
nostic markers of breast cancers are miRNA-10b, miRNA-21,
miRNA-373, and miRNA-27a (20, 98). The summarized reviews
on oncogenic miRNAs are presented in Table 1.

Tumor Suppressor miRNAs

Tumor progression can lead to increase and decrease of some
exosome-mediated miRNAs. The decreased miRNAs are known
to play a role as suppressor of the tumor. These miRNAs inhibit
the growth of tumor by negatively regulating the OncomiRNAs
(15, 26, 27). In wide prospects as oncogenic, tumor suppressor,
prognosis, and diagnosis tools in cancer, there are appreciable
efforts that have been reported in the form of clinical trails, and
few examples have been listed in Tables 2 and 3.

CONCLUSION AND FUTURE ASPECTS

Short RNAs participate in the intracellular as well as intercellular
metabolic and developmental signaling pathways in several types

REFERENCES

1. Stewart BWKP, Wild CP. World Cancer Report 2014. (2015). Lyon CEDEX,
France.

2. Drabsch Y, Ten Dijke P. TGF-f signalling and its role in cancer progression
and metastasis. Cancer Metastasis Rev (2012) 31:553-68. doi:10.1007/
510555-012-9375-7

3. Torre LA, Bray F, Siegel RL, Ferlay ], Lortettieulent J, Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin (2015) 65:87-108. doi:10.3322/caac.21262

4. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. Cancer drug
resistance: an evolving paradigm. Nat Rev Cancer (2013) 13:714-26.
d0i:10.1038/nrc3599

5. Timp W, Feinberg A. Cancer as a dysregulated epigenome allowing cel-
lular growth advantage at the expense of the host. Nat Rev Cancer (2013)
13:497-510. doi:10.1038/nrc3486

6. Cheung KJ, Ewald A. Illuminating breast cancer invasion: diverse roles for
cell-cell interactions. Curr Opin Cell Biol (2014) 30:99-111. doi:10.1016/j.
ceb.2014.07.003

of cancer, including breast carcinoma. Decades of research has
provided in-depth information regarding the non-coding RNA
pathways. miRNAs are known for their ability to communicate
with the extracellular microenvironment comprising of cells in
its proximity via vesicle-derived cargo or conjugated proteins.
Levels of various miRNAs differ according to the progression
and pathophysiology of breast cancer. Consequently, therapeutic
agents such as tumor suppressor miRNA can be designed based
on encapsulation in exosome-like vesicle to the neighboring cells
of breast tumor for reduced communication. In future, drugs/
inhibitors to disrupt friendly communication between breast car-
cinoma and neighboring cells should be appreciated. Oncogenic
miRNAs that are seen to be upregulated in breast tumor and
released in their surroundings may used as a biomarkers and
diagnostic tools. This review provides the summary in the field
of breast cancer pathophysiology focusing on the role of small
non-coding RNAs, including miRNA.

AUTHOR CONTRIBUTIONS

NS contributed by proposing the concept of the title of review
paper, designing the abstract, and drafting the manuscript. DJ
and SP contributed by reviewing the literature and converting
it into the manuscript form, and drawing of flow diagrams and
figures. All authors listed, have made substantial, direct and intel-
lectual contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The authors would like to thank the Cancer Biology Research
Group for their constant support and motivation and our host
institute Dr. D.Y. Patil Biotechnology & Bioinformatics Institute,
Dr. D.Y. Patil Vidyapeeth, Pune for providing resources. The
authors acknowledge the start up grant from DST, SERB,
New Delhi, Government of India and DPU, Pune. The authors
sincerely acknowledge the academic corrections and proofread-
ing of manuscript by Dr. Dalvi Prasad, Lecturer, School of Medical
Science, University of Bradford, UK. The authors would like to
convey their sincere apologies to the authors whose citations are
included indirectly and also to the ones which are not cited.

7. Kolch W, Halasz M, Granovskaya M, Kholodenko BN. The dynamic control
of signal transduction networks in cancer cells. Nat Rev Cancer (2015)
15(9):515-27. doi:10.1038/nrc3983

8. Keklikoglou I, Koerner C, Schmidt C, Zhang JD, Heckmann D,
Shavinskaya A, et al. microRNA-520/373 family functions as a tumor
suppressor in estrogen receptor negative breast cancer by targeting NF-xB
and TGEF-p signaling pathways. Oncogene (2012) 31:4150-63. d0i:10.1038/
onc.2011.571

9. Jia Y, Wang Y, Xie J. The Hedgehog pathway: role in cell differentiation,
polarity and proliferation. Arch Toxicol (2015) 89:179-91. doi:10.1007/
s00204-014-1433-1

10. Fruman D, Christian R. PI3K and cancer: lessons, challenges and opportuni-
ties. Nat Rev Drug Discov (2014) 13:140-56. doi:10.1038/nrd4204

11. Takebe N, Nguyen D, Yang SX. Targeting notch signaling pathway in cancer:
clinical development advances and challenges. Pharmacol Ther (2014)
141:140-9. doi:10.1016/j.pharmthera.2013.09.005

12. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and
friends. J Cell Biol (2013) 200:373-83. doi:10.1083/jcb.201211138

Frontiers in Oncology | www.frontiersin.org

June 2016 | Volume 6 | Article 147


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1007/s10555-012-9375-7
http://dx.doi.org/10.1007/s10555-012-9375-7
http://dx.doi.org/10.3322/caac.21262
http://dx.doi.org/10.1038/nrc3599
http://dx.doi.org/10.1038/nrc3486
http://dx.doi.org/10.1016/j.ceb.2014.07.003
http://dx.doi.org/10.1016/j.ceb.2014.07.003
http://dx.doi.org/10.1038/nrc3983
http://dx.doi.org/10.1038/onc.2011.571
http://dx.doi.org/10.1038/onc.2011.571
http://dx.doi.org/10.1007/s00204-014-1433-1
http://dx.doi.org/10.1007/s00204-014-1433-1
http://dx.doi.org/10.1038/nrd4204
http://dx.doi.org/10.1016/j.pharmthera.2013.09.005
http://dx.doi.org/10.1083/jcb.201211138

Jahagirdar et al.

Export of Short RNAs in Breast Carcinoma

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Majem B, Rigau M, Reventos J, Wong DT. Non-coding RNAs in saliva: emerg-
ing biomarkers for molecular diagnostics. Int ] Mol Sci (2015) 16:8676-98.
doi:10.3390/ijms16048676

Eastlack SC, Alahari SK. microRNA and breast cancer: understanding
pathogenesis, improving management. NonCoding RNA (2015) 1:17-43.
doi:10.3390/ncrnal010017

Zhang W, Huang P. Cancer-stromal interactions, role in cell survival, metab-
olism and drug sensitivity. Cancer Biol Ther (2011) 11:150-6. doi:10.4161/
cbt.11.2.14623

Raber-Durlacher JE, von Biiltzingsléwen I, Logan RM, Bowen J, Al-Azri AR,
Everaus H, et al. Systematic review of cytokines and growth factors for the
management of oral mucositis in cancer patients. Support Care Cancer (2013)
21:343-55. doi:10.1007/s00520-012-1594-5

Guille A, Chaffanet M, Birnbaum D. Signaling pathway switch in breast
cancer. Cancer Cell Int (2013) 13(1):66. doi:10.1186/1475-2867-13-66

Chou J, Shahi P, Werb Z. microRNA-mediated regulation of the tumor
microenvironment. Cell Cycle (2013) 12:3262-71. doi:10.4161/cc.26087
Melo SA, Sugimoto H, O’Connell JT, Kato N, Villanueva A, Vidal A, et al.
Cancer exosomes perform cell-independent microRNA biogenesis and
promote tumorigenesis. Cancer Cell (2014) 26(5):707-21. doi:10.1016/j.
ccell.2014.09.005

Schooneveld E, Wildiers H, Vergote I, Vermeulen PB, Dirix LY, Van
Laere SJ. Dysregulation of microRNAs in breast cancer and their potential
role as prognostic and predictive biomarkers in patient management. Breast
Cancer Res (2015) 17:21. doi:10.1186/s13058-015-0526-y

Kahlert C, Kalluri R. Exosomes in tumor microenvironment influence
cancer progression and metastasis. ] Mol Med (2013) 91:431-7. doi:10.1007/
$00109-013-1020-6

Aprelikova O, Green JE. microRNA regulation in cancer-associated fibro-
blasts. Cancer Immunol (2012) 61(2):231-7. doi:10.1007/s00262-011-1139-7
Nana Sinkam SP, Croce CM. Clinical applications for microRNAs in cancer.
Clin Pharmacol Ther (2013) 93:98-104. doi:10.1038/clpt.2012.192
Hannafon BN, Carpenter KJ, Berry WL, Janknecht R, Dooley WC, Ding WQ.
Exosome-mediated microRNA signaling from breast cancer cells is altered by
the anti-angiogenesis agent docosahexaenoic acid (DHA). Mol Cancer (2015)
14:133. doi:10.1186/s12943-015-0400-7

Silva SS, Lopes C, Teixeira A, Cameiro de Sousa MJ, Medeiros R. Forensic
miRNA: potential biomarker for body fluids? Forensic Sci Int Genet (2015)
14:1-10. doi:10.1016/j.fsigen.2014.09.002

Hayes ], Peruzzi PP, Lawler S. microRNAs in cancer: biomarkers, func-
tions and therapy. Trends Mol Med (2014) 20(8):460-9. doi:10.1016/j.
molmed.2014.06.005

Pichler M, Calin GA. microRNAs in cancer: from developmental genes in
worms to their clinical application in patients. Br ] Cancer (2015) 113(4):569-
73. doi:10.1038/bjc.2015.253

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
(2011) 144:646-74. doi:10.1016/j.cell.2011.02.013

Polakis P. Wnt signaling and cancer. Genes Dev (2000) 14:1837-51.
doi:10.1101/gad.14.15.1837

Niu J, Shi Y, Tan G, Yang CH, Fan M, Pfeffer LM, et al. DNA damage-induced
NF-kB activation promotes breast cancer metastasis via upregulation of
microRNA-21. J Biol Chem (2012) 26:531-8. doi:10.1074/jbc.M112.355495
Karagiannis GS, Poutahidis T, Erdman SE, Kirsch R, Riddell RH,
Diamandis EP. Cancer-associated fibroblasts drive the progression of metas-
tasis through both paracrine and mechanical pressure on cancer tissue. Mol
Cancer Res (2012) 10:1403-18. doi:10.1158/1541-7786.MCR-12-0307

Xiang M, Zeng Y, Yang R, Xu H, Chen Z, Zhong J, et al. U6 is not a suitable
endogenous control for the quantification of circulating microRNAs. Biochem
Biophys Res Commun (2014) 454(1):210-4. doi:10.1016/j.bbrc.2014.10.064
Hao NB, Lii MH, Fan YH, Cao YL, Zhang ZR, Yang SM. Macrophages in
tumor microenvironments and the progression of tumors. Clin Dev Immunol
(2012) 2012:948098. doi:10.1155/2012/948098

Bartel DP. microRNAs: genomics, biogenesis, mechanism, and function. Cell
(2004) 116:281-97. doi:10.1016/S0092-8674(04)00045-5

Taft R, Pang K, Mercer TR, Dinger M, Mattick JS. Non-coding RNAs: regula-
tors of disease. J Pathol (2010) 220:126-39. doi:10.1002/path.2638

Ghildiyal M, Zamore PD. Small silencing RNAs: an expanding universe. Nat
Rev Genet (2009) 10:94-108. doi:10.1038/nrg2504

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Carthew R, Sontheimer E. Origins and mechanisms of miRNAs and siRNAs.
Cell (2009) 136:642-55. doi:10.1016/j.cell.2009.01.035

Le Thomas A, Rogers AK, Webster A, Marinovv GK, Liao SE, Perkins EM,
etal. Piwi induces piRNA-guided transcriptional silencing and establishment
of a repressive chromatin state. Genes Dev (2013) 27:390-9. doi:10.1101/
gad.209841.112

Patil P, Kibiryeva N, Uechi T, Marshall ], O’'Brien JE, Artman M, et al. scaR-
NAs regulate splicing and vertebrate heart development. Biochim Biophys
Acta (2015) 1852:1619-29. doi:10.1016/j.bbadis.2015.04.016

Creemers E, Tijsen AJ, Pinto YM. Circulating microRNAs: novel biomarkers
and extracellular communicators in cardiovascular disease? Circ Res (2012)
110(3): 483-95. doi:10.1161/CIRCRESAHA.111.247452

Wang XP, Yin BC, Wang P, Ye BC. Highly sensitive detection of microR-
NAs based on isothermal exponential amplification-assisted generation of
catalytic G-quadruplex DNAzyme. Biosens Bioelectron (2013) 42:131-5.
doi:10.1016/j.bios.2012.10.097

Mannoor K, Liao J, Jiang E Small nucleolar RNAs in cancer. Biochim Biophys
Acta (2012) 1826:121-8. doi:10.1016/j.bbcan.2012.03.005

Edery P, Marcaillou C, Sahbatou M, Labalme A, Chastang ], Touraine R,
et al. Association of TALS developmental disorder with defect in minor
splicing component U4atac snRNA. Science (2011) 332:240-3. doi:10.1126/
science.1202205

Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into
functions. Nat Rev Genet (2009) 10(3):155-9. doi:10.1038/nrg2521

Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol
(2014) 15:509-24. doi:10.1038/nrm3838

Lin S, Gregory R. microRNA biogenesis pathways in cancer. Nat Rev Cancer
(2015) 15:321-33. d0i:10.1038/nrc3932

Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: tools for
microRNA genomics. Nucleic Acids Res (2008) 36:158. doi:10.1093/nar/
gkm952

Okamura K, Chung WJ, Lai EC. The long and short of inverted repeat genes
in animals: microRNAs, mirtrons and hairpin RNAs. Cell Cycle (2008)
7:2840-5. doi:10.4161/cc.7.18.6734

Bala S, Csak T, Momen-Heravi E Lippai D, Kodys K, Catalano D.
Biodistribution and function of extracellular miRNA-155 in mice. Sci Rep
(2015) 5:10721. doi:10.1038/srep10721

Falcone G, Felsani A, D’Agnano I. Signaling by exosomal microR-
NAs in cancer. JExp Clin Cancer Res (2015) 0148:3. doi:10.1186/
s13046-015-0148-3

Inui M, Martello G, Piccolo S. microRNA control of signal transduction. Nat
Rev Mol Cell Biol (2010) 11:252-63. doi:10.1038/nrm2868

Esteller M. Non-coding RNAs in human disease. Nat Rev Genet (2011)
12:861-74. doi:10.1038/nrg3074

Crescitelli R, Lasser C, Szab6 TG, Kittel A, Eldh M, Dianzani I, et al. Distinct
RNA profiles in subpopulations of extracellular vesicles: apoptotic bodies,
microvesicles and exosomes. ] Extracell Vesicles (2013) 2:3402. doi:10.3402/
jev.v2i0.20677

Chen X, Liang H, Zhang J, Zen K, Zhang CY. Secreted microRNAs: a new
form of intercellular communication. Trends Cell Biol (2012) 22:125-32.
doi:10.1016/j.tcb.2011.12.001

Thery C. Exosomes: secreted vesicles and intercellular communications.
F1000 Biol Rep (2011) 3:15. doi:10.3410/B3-15

Boon RA, Vickers KC. Intercellular transport of microRNAs. Arterioscler
Thromb Vasc Biol (2013) 33:186-92. doi:10.1161/ATVBAHA.112.300139
Escrevente C, Keller S, Altevogt P, Costa J. Interaction and uptake
of exosomes by ovarian cancer cells. BMC Cancer (2011) 11:108.
doi:10.1186/1471-2407-11-108

Mardekian SK, Bombonati A, Palazzo JP. Ductal carcinoma in situ of the
breast: the importance of morphologic and molecular interactions. Hum
Pathol (2016) 49:114-23. doi:10.1016/j.humpath.2015.11.003

Srivastava A, Filant ], Moxley KM, Sood A, McMeekin S, Ramesh R.
Exosomes: a role for naturally occurring nanovesicles in cancer growth,
diagnosis and treatment. Curr Gene Ther (2015) 15:182-92. doi:10.2174/156
6523214666141224100612

LiY, XuY, Yu C, Zuo W. Associations of miR-146a and miR-146b expression
and breast cancer in very young women. Cancer Biomark (2015) 15:881-7.
doi:10.3233/CBM-150532

Frontiers in Oncology | www.frontiersin.org

June 2016 | Volume 6 | Article 147


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.3390/ijms16048676
http://dx.doi.org/10.3390/ncrna1010017
http://dx.doi.org/10.4161/cbt.11.2.14623
http://dx.doi.org/10.4161/cbt.11.2.14623
http://dx.doi.org/10.1007/s00520-012-1594-5
http://dx.doi.org/10.1186/1475-2867-13-66
http://dx.doi.org/10.4161/cc.26087
http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://dx.doi.org/10.1186/s13058-015-0526-y
http://dx.doi.org/10.1007/s00109-013-1020-6
http://dx.doi.org/10.1007/s00109-013-1020-6
http://dx.doi.org/10.1007/s00262-011-1139-7
http://dx.doi.org/10.1038/clpt.2012.192
http://dx.doi.org/10.1186/s12943-015-0400-7
http://dx.doi.org/10.1016/j.fsigen.2014.09.002
http://dx.doi.org/10.1016/j.molmed.2014.06.005
http://dx.doi.org/10.1016/j.molmed.2014.06.005
http://dx.doi.org/10.1038/bjc.2015.253
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1101/gad.14.15.1837
http://dx.doi.org/10.1074/jbc.M112.355495
http://dx.doi.org/10.1158/1541-7786.MCR-12-0307
http://dx.doi.org/10.1016/j.bbrc.2014.10.064
http://dx.doi.org/10.1155/2012/948098
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1002/path.2638
http://dx.doi.org/10.1038/nrg2504
http://dx.doi.org/10.1016/j.cell.2009.01.035
http://dx.doi.org/10.1101/gad.209841.112
http://dx.doi.org/10.1101/gad.209841.112
http://dx.doi.org/10.1016/j.bbadis.2015.04.016
http://dx.doi.org/10.1161/CIRCRESAHA.111.247452
http://dx.doi.org/10.1016/j.bios.2012.10.097
http://dx.doi.org/10.1016/j.bbcan.2012.03.005
http://dx.doi.org/10.1126/science.1202205
http://dx.doi.org/10.1126/science.1202205
http://dx.doi.org/10.1038/nrg2521
http://dx.doi.org/10.1038/nrm3838
http://dx.doi.org/10.1038/nrc3932
http://dx.doi.org/10.1093/nar/gkm952
http://dx.doi.org/10.1093/nar/gkm952
http://dx.doi.org/10.4161/cc.7.18.6734
http://dx.doi.org/10.1038/srep10721
http://dx.doi.org/10.1186/s13046-015-0148-3
http://dx.doi.org/10.1186/s13046-015-0148-3
http://dx.doi.org/10.1038/nrm2868
http://dx.doi.org/10.1038/nrg3074
http://dx.doi.org/10.3402/jev.v2i0.20677
http://dx.doi.org/10.3402/jev.v2i0.20677
http://dx.doi.org/10.1016/j.tcb.2011.12.001
http://dx.doi.org/10.3410/B3-15
http://dx.doi.org/10.1161/ATVBAHA.112.300139
http://dx.doi.org/10.1186/1471-2407-11-108
http://dx.doi.org/10.1016/j.humpath.2015.11.003
http://dx.doi.org/10.2174/1566523214666141224100612
http://dx.doi.org/10.2174/1566523214666141224100612
http://dx.doi.org/10.3233/CBM-150532

Jahagirdar et al.

Export of Short RNAs in Breast Carcinoma

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Patton JG, Franklin JL, Weaver A, Vickers K, Zhang B, Coffey R], et al.
Biogenesis, delivery, and function of extracellular RNA. J Extracell Vesicles
(2015) 4:27494. doi:10.3402/jev.v4.27494

Mulcahy L, Pink R, Carter DR. Routes and mechanisms of extracellular
vesicle uptake. ] Extracell Vesicles (2014) 3:24641. doi:10.3402/jev.v3.24641
Muralidharan-Chari V, Clancy JW, Sedgwick A, D’Souza Schorey C.
Microvesicles: mediators of extracellular communication during cancer
progression. J Cell Sci (2010) 123:1603-11. doi:10.1242/jcs.064386
Baj-Krzyworzeka M, Szatanek R, Weglarczyk K, Baran ], Zembala M.
Tumour-derived microvesicles modulate biological activity of human
monocytes. Immunol Lett (2007) 113:76-82. doi:10.1016/j.imlet.2007.07.014
Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L, Denecke B,
et al. Delivery of microRNA-126 by apoptotic bodies induces CXCL12-
dependent vascular protection. Sci Signal (2009) 2(100):ra81. doi:10.1126/
scisignal.2000610

Turchinovich A, Samatov TR, Tonevitsky AG, Burwinkel B. Circulating
miRNAs: cell-cell communication function. Front Genet (2013) 4:119.
doi:10.3389/fgene.2013.00119

Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT.
microRNAs are transported in plasma and delivered to recipient cells by
high-density lipoproteins. Nat Cell Biol (2011) 13:423-33. doi:10.1038/
ncb2210

McKelvey KJ, Powell KL, Ashton AW, Morris JM, McCracken SA. Exosomes:
mechanisms of uptake. ] Circ Biomark (2015) 4:7. doi:10.5772/61186
Cornell R, Taneva S. Amphipathic helices as mediators of the membrane inter-
action of amphitropic proteins, and as modulators of bilayer physical proper-
ties. Curr Protein Pept Sci (2006) 7:539-52. doi:10.2174/138920306779025675
Zhang],LiS, LiL,LiM, Guo C, YaoJ, etal. Exosome and exosomal microRNA:
trafficking, sorting, and function. Genomics Proteomics Bioinformatics (2015)
13:17-24. doi:10.1016/j.gpb.2015.02.001

Taylor RC, Cullen SP, Martin SJ. Apoptosis: controlled demolition at the
cellular level. Nat Rev Mol Cell Biol (2008) 9:231-41. doi:10.1038/nrm2312
Driicker P, Peji M, Galla HJ, Gerke V. Lipid segregation and membrane
budding induced by the peripheral membrane binding protein annexin A2.
] Biol Chem (2013) 288:24764-76. doi:10.1074/jbc.M113.474023

Kraft M. Plasma membrane organization and function: moving past lipid
rafts. Mol Biol Cell (2013) 24:2765-8. doi:10.1091/mbc.E13-03-0165
Johnsen KB, Gudbergsson JM, Skov MN, Pilgaard L, Moos T, Duroux M.
A comprehensive overview of exosomes as drug delivery vehicles — endoge-
nous nanocarriers for targeted cancer therapy. Biochim Biophys Acta (2014)
1846:75-87. doi:10.1016/j.bbcan.2014.04.005

Ohno S, Takanashi M, Sudo K, Ueda S, Ishikawa A, Matsuyama N, et al.
Systemically injected exosomes targeted to EGFR deliver antitumor
microRNA to breast cancer cells. Mol Ther (2013) 21:185-91. d0i:10.1038/
mt.2012.180

Deregibus MC, Cantaluppi V, Calogero R, Lo lacono M, Tetta C, Biancone L,
etal. Endothelial progenitor cell-derived microvesicles activate an angiogenic
program in endothelial cells by a horizontal transfer of mRNA. Blood (2007)
110:2440-8. doi:10.1182/blood-2007-03-078709

Cantaluppi V; Gatti S, Medica D, Figliolini E, Bruno S, Deregibus MC, et al.
Microvesicles derived from endothelial progenitor cells protect the kidney
from ischemia-reperfusion injury by microRNA-dependent reprogramming
of resident renal cells. Kidney Int (2012) 82:412-27. doi:10.1038/ki.2012.105
Gernapudi R, Yao Y, Zhang Y, Wolfson B, Roy S, Duru N, et al. Targeting exo-
somes from preadipocytes inhibits preadipocyte to cancer stem cell signaling
in early-stage breast cancer. Breast Cancer Res Treat (2015) 150:685-95.
doi:10.1007/510549-015-3326-2

Rottiers V, Naar AM. microRNAs in metabolism and metabolic disorders.
Nat Rev Mol Cell Biol (2012) 213:239-50. doi:10.1038/nrm3313

Fong MY, Zhou W, Liu L, Alontaga AY, Chandra M, Ashby J, et al. Breast-
cancer-secreted miR-122 reprograms glucose metabolism in premetastatic
niche to promote metastasis. Nat Cell Biol (2015) 17:183-94. doi:10.1038/
ncb3094

Gong C, Nie Y, Qu S, Liao JY, Cui X, Yao H, et al. miR-21 induces myofi-
broblast differentiation and promotes the malignant progression of breast
phyllodes tumors. Cancer Res (2014) 74:4341-52. doi:10.1158/0008-5472.
CAN-14-0125

Ono M, Kosaka N, Tominaga N, Yoshioka Y, Takeshita F, Takahashi RU, et al.
Exosomes from bone marrow mesenchymal stem cells contain a microRNA

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

that promotes dormancy in metastatic breast cancer cells. Sci Signal (2014)
7:63. doi:10.1126/scisignal.2005231

Verghese ET, Drury R, Green CA, Holliday DL, Lu X, Nash C, et al. miR-26b
is down-regulated in carcinoma-associated fibroblasts from ER-positive
breast cancers leading to enhanced cell migration and invasion. J Pathol
(2013) 231:388-99. doi:10.1002/path.4248

Tryndyak VP, Beland FA, Pogribny IP. E-cadherin transcriptional down-reg-
ulation by epigenetic and microRNA-200 family alterations is related to
mesenchymal and drug-resistant phenotypes in human breast cancer cells.
Int ] Cancer (2010) 126:2575-83. doi:10.1002/ijc.24972

Zhao L, Sun Y, Hou Y, Peng Q, Wang L, Luo H, et al. miRNA expression
analysis of cancer-associated fibroblasts and normal fibroblasts in breast
cancer. Int ] Biochem Cell Biol (2012) 44(11):2051-9. doi:10.1016/j.
biocel.2012.08.005

Bronisz A, Godlewski ], Wallace JA, Merchant AS, Nowicki MO,
Mathsyaraja H, et al. Reprogramming of the tumor microenvironment
by stromal PTEN-regulated miR-320. Nat Cell Biol (2011) 14:159-67.
doi:10.1038/ncb2396

Xu D, Takeshita F, Hino Y, Fukunaga S, Kudo Y, Tamaki A, et al. miR-22
represses cancer progression by inducing cellular senescence. J Cell Biol
(2011) 193:409-24. doi:10.1083/jcb.201010100

Mathsyaraja H, Thies K, Taffany DA, Deighan C, Liu T, Yu L, et al. CSF1-
ETS2-induced microRNA in myeloid cells promote metastatic tumor growth.
Oncogene (2015) 34:3651-61. doi:10.1038/0nc.2014.294

Bleckmann A, Leha A, Artmann S, Menck K, Salinas-Riester G,
Binder C, et al. Integrated miRNA and mRNA profiling of tumor-ed-
ucated macrophages identifies prognostic subgroups in estrogen recep-
tor-positive breast cancer. Mol Oncol (2015) 9:155-66. doi:10.1016/j.
molonc.2014.07.023

Yang J, Zhang Z, Chen C, Liu Y, Si Q, Chuang TH, et al. microRNA-19a-3p
inhibits breast cancer progression and metastasis by inducing macrophage
polarization through down-regulated expression of Fra-1 proto-oncogene.
Oncogene (2014) 33:3014-23. doi:10.1038/0nc.2013.258

Yang M, Chen J, Su F, Yu B, Su E Lin L, et al. Microvesicles secreted by mac-
rophages shuttle invasion-potentiating microRNAs into breast cancer cells.
Mol Cancer (2011) 10:117. doi:10.1186/1476-4598-10-117

Vallabhaneni KC, Penfornis P, Dhule S, Guillonneau E Adams KV, Mo YY,
et al. Extracellular vesicles from bone marrow mesenchymal stem/stromal
cells transport tumor regulatory microRNA, proteins, and metabolites.
Oncotarget (2015) 6:4953-67. doi:10.18632/oncotarget.3211

Cuiffo BG, Campagne A, Bell GW, Lembo A, Orso E Lien EC, et al. MSC-
regulated microRNAs converge on the transcription factor FOXP2 and pro-
mote breast cancer metastasis. Cell Stem Cell (2014) 15:762-74. doi:10.1016/j.
stem.2014.10.001

MacKenzie TA, Schwartz GN, Calderone HM, Graveel CR, Winn ME,
Hostetter G, et al. Stromal expression of miR-21 identifies high-risk group in
triple-negative breast cancer. Am J Pathol (2014) 184:3217-25. doi:10.1016/j.
ajpath.2014.08.020

Chen WX, Zhong SL, Ji MH, Pan M, Hu Q, Lv MM, et al. microRNAs
delivered by extracellular vesicles: an emerging resistance mechanism for
breast cancer. Tumour Biol (2014) 35:2883-92. d0i:10.1007/s13277-013-
1417-4

Susman S, Tomuleasa C, Fekete Z, Pilato B, Irimie A, BerindanNeagoe I. The
importance of microRNAs in the stroma-breast cancer cell interplay. Cancer
Biomark (2014) 14:137-44. doi:10.3233/CBM-130318

ZhangY, Yang P, Sun T, Li D, Xu X, Rui Y, et al. miR-126 and miR-126* repress
recruitment of mesenchymal stem cells and inflammatory monocytes to
inhibit breast cancer metastasis. Nat Cell Biol (2013) 15:284-94. doi:10.1038/
ncb2690

LiuN, Cui RX, Sun Y, Guo R, Mao YP, Tang LL, et al. A four-miRNA signature
identified from genome-wide serum miRNA profiling predicts survival in
patients with nasopharyngeal carcinoma. Int ] Cancer (2014) 134(6):1359-68.
doi:10.1002/ijc.28468

LiuY, Zhao ], Zhang PY, Zhang Y, Sun SY, Yu SY, et al. microRNA-10b targets
E-cadherin and modulates breast cancer metastasis. Med Sci Monit (2012)
18:299-308. doi:10.12659/MSM. 883262

Ma L, Teruya FJ, Weinberg R. Tumour invasion and metastasis initiated
by microRNA-10b in breast cancer. Nature (2007) 449:682-8. doi:10.1038/
nature06174

Frontiers in Oncology | www.frontiersin.org

10

June 2016 | Volume 6 | Article 147


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.3402/jev.v4.27494
http://dx.doi.org/10.3402/jev.v3.24641
http://dx.doi.org/10.1242/jcs.064386
http://dx.doi.org/10.1016/j.imlet.2007.07.014
http://dx.doi.org/10.1126/scisignal.2000610
http://dx.doi.org/10.1126/scisignal.2000610
http://dx.doi.org/10.3389/fgene.2013.00119
http://dx.doi.org/10.1038/ncb2210
http://dx.doi.org/10.1038/ncb2210
http://dx.doi.org/10.5772/61186
http://dx.doi.org/10.2174/138920306779025675
http://dx.doi.org/10.1016/j.gpb.2015.02.001
http://dx.doi.org/10.1038/nrm2312
http://dx.doi.org/10.1074/jbc.M113.474023
http://dx.doi.org/10.1091/mbc.E13-03-0165
http://dx.doi.org/10.1016/j.bbcan.2014.04.005
http://dx.doi.org/10.1038/mt.2012.180
http://dx.doi.org/10.1038/mt.2012.180
http://dx.doi.org/10.1182/blood-2007-03-078709
http://dx.doi.org/10.1038/ki.2012.105
http://dx.doi.org/10.1007/s10549-015-3326-2
http://dx.doi.org/10.1038/nrm3313
http://dx.doi.org/10.1038/ncb3094
http://dx.doi.org/10.1038/ncb3094
http://dx.doi.org/10.1158/0008-5472.CAN-14-0125
http://dx.doi.org/10.1158/0008-5472.CAN-14-0125
http://dx.doi.org/10.1126/scisignal.2005231
http://dx.doi.org/10.1002/path.4248
http://dx.doi.org/10.1002/ijc.24972
http://dx.doi.org/10.1016/j.biocel.2012.08.005
http://dx.doi.org/10.1016/j.biocel.2012.08.005
http://dx.doi.org/10.1038/ncb2396
http://dx.doi.org/10.1083/jcb.201010100
http://dx.doi.org/10.1038/onc.2014.294
http://dx.doi.org/10.1016/j.molonc.2014.07.023
http://dx.doi.org/10.1016/j.molonc.2014.07.023
http://dx.doi.org/10.1038/onc.2013.258
http://dx.doi.org/10.1186/1476-4598-10-117
http://dx.doi.org/10.18632/oncotarget.3211
http://dx.doi.org/10.1016/j.stem.2014.10.001
http://dx.doi.org/10.1016/j.stem.2014.10.001
http://dx.doi.org/10.1016/j.ajpath.2014.08.020
http://dx.doi.org/10.1016/j.ajpath.2014.08.020
http://dx.doi.org/10.1007/s13277-013-
1417-4
http://dx.doi.org/10.1007/s13277-013-
1417-4
http://dx.doi.org/10.3233/CBM-130318
http://dx.doi.org/10.1038/ncb2690
http://dx.doi.org/10.1038/ncb2690
http://dx.doi.org/10.1002/ijc.28468
http://dx.doi.org/10.12659/MSM.883262
http://dx.doi.org/10.1038/nature06174
http://dx.doi.org/10.1038/nature06174

Jahagirdar et al.

Export of Short RNAs in Breast Carcinoma

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Mukherjee A, Di Bisceglie AM, Ray RB. Hepatitis C virus-mediated enhance-
ment of microRNA miR-373 impairs the JAK/STAT signaling pathway.
] Virol (2015) 89:3356-65. doi:10.1128/JV1.03085-14

Place RE Li LC, Pookot D, Noonan EJ, Dahiya R. microRNA-373 induces
expression of genes with complementary promoter sequences. Proc Natl Acad
Sci US A (2008) 105:1608-13. doi:10.1073/pnas.0707594105

Kumarswamy R, Volkmann I, Thum T. Regulation and function of miRNA-
21 in health and disease. RNA Biol (2011) 8(5):706-13. doi:10.4161/rna.8.
5.16154

Mattiske S, Suetani R], Neilsen PM, Challan DE. The oncogenic role of
miR-155 in breast cancer. Cancer Epidemiol Biomarkers Prev (2012) 21:1236.
doi:10.1158/1055-9965.EPI-12-0173

Jiang H, Wang P, Li X, Wang Q, Deng ZB, Zhuang X, et al. Restoration of miR-
17/20a in solid tumor cells enhances the natural killer cell antitumor activity
by targeting Mekk2. Cancer Immunol Res (2014) 2:789-99. doi:10.1158/2326-
6066.CIR-13-0162

Concepcion CP, Bonetti C, Ventura A. The miR-17-92 family of microRNA
clusters in development and disease. Cancer J (2012) 18:262-7. doi:10.1097/
PPO.0b013e318258b60a

Ferracin M, Bassi C, Pedriali M, Pagotto S, D’Abundo L, Zagatti B, et al. miR-
125b targets erythropoietin and its receptor and their expression correlates
with metastatic potential and ERBB2/HER2 expression. Mol Cancer (2013)
12:130. doi:10.1186/1476-4598-12-130

Yan LX, Wu QN, Zhang Y, Li YY, Liao DZ, Hou JH, et al. Knockdown of miR-
21 in human breast cancer cell lines inhibits proliferation, in vitro migration
and in vivo tumor growth. Breast Cancer Res (2011) 13:R2. doi:10.1186/
bcr2803

Bhaumik D, Scott GK, Schokrpur S, Patil CK. Expression of microRNA-146
suppresses NF-kB activity with reduction of metastatic potential in breast
cancer cells. Oncogene (2008) 27:5643-7. d0i:10.1038/0n¢.2008.171

Kim S. A Multicenter Phase I Study of MRX34, microRNA miR-RX34
Liposomal Injection. Mirna Therapeutics, Inc (2015). Available from: http://
clinicaltrials.gov/show/NCT01829971

111.

112.

113.

114.

115.

116.

117.

Mazeh H. microRNA in Thyroid Cancer. Hadassah Medical Organization
(2013). Available from: http://clinicaltrials.gov/show/NCT01964508

Song W. A 6 microRNA Tool for Stratifying Stage II Colon Cancer of Receiving
Adjuvant Chemotherapy. Sun Yat-Sen University (2015). Available from:
http://clinicaltrials.gov/show/NCT02466113

Pastorino U. Plasma microRNA Profiling as First Line Screening Test for Lung
Cancer Detection: a Prospective Study (BIOMILD). Milano: Fondazione
IRCCS Istituto Nazionale dei Tumori (2016). Available from: http://clinical-
trials.gov/show/NCT02247453

Song E. microRNA of Human Epidermal Growth Factor Receptor 2 (HER2)
Positive Patient Treated with Herceptin. Sun Yat-Sen University (2016).
Available from: http://clinicaltrials.gov/show/NCT02656589

Cheng SJ. The Role of microRNA-29b in the Oral Squamous Cell Carcinoma
(microRNA-29b). National Taiwan University Hospital (2013). Available
from: http://clinicaltrials.gov/show/NCT02009852

Murphy C, Hill A, Kennedy J, Kerin M]J, Duffy K, Marti M. Circulating
miRNAs. ICORG 10-11, V2. ICORG-AIl Ireland Cooperative Oncology
Research Group. (2015). Available from: http://clinicaltrials.gov/show/
NCT01722851

Gaur AB, Fadul CE. Evaluating the Expression Levels of microRNA-10b in
Patients with Gliomas. Dartmouth-Hitchcock Medical Center (2016).
Available from: http://clinicaltrials.gov/show/NCT01849952

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Jahagirdar, Purohit, Jain and Sharma. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

11

June 2016 | Volume 6 | Article 147


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1128/JVI.03085-14
http://dx.doi.org/10.1073/pnas.0707594105
http://dx.doi.org/10.4161/rna.8.
5.16154
http://dx.doi.org/10.4161/rna.8.
5.16154
http://dx.doi.org/10.1158/1055-9965.EPI-12-0173
http://dx.doi.org/10.1158/2326-6066.CIR-13-0162
http://dx.doi.org/10.1158/2326-6066.CIR-13-0162
http://dx.doi.org/10.1097/PPO.0b013e318258b60a
http://dx.doi.org/10.1097/PPO.0b013e318258b60a
http://dx.doi.org/10.1186/1476-4598-12-130
http://dx.doi.org/10.1186/bcr2803
http://dx.doi.org/10.1186/bcr2803
http://dx.doi.org/10.1038/onc.2008.171
http://clinicaltrials.gov/show/NCT01829971
http://clinicaltrials.gov/show/NCT01829971
http://clinicaltrials.gov/show/NCT01964508
http://clinicaltrials.gov/show/NCT02466113
http://clinicaltrials.gov/show/NCT02247453
http://clinicaltrials.gov/show/NCT02247453
http://clinicaltrials.gov/show/NCT02656589
http://clinicaltrials.gov/show/NCT02009852
http://clinicaltrials.gov/show/NCT01722851
http://clinicaltrials.gov/show/NCT01722851
http://clinicaltrials.gov/show/NCT01849952
http://creativecommons.org/licenses/by/4.0/

	Export of microRNAs: A Bridge between Breast Carcinoma and Their Neighboring Cells
	Introduction
	Cell Signaling Overview in Breast Tumor
	Types of Non-Coding RNAs
	Biogenesis of microRNA
	Packaging and Shipping of miRNAs
	Communication Bridge Between miRNAs to Neighboring Fibroblast
	The Communication Bridge between Carcinoma and Surrounding Macrophage
	Crosstalk between Carcinoma and Stromal Cells
	The Summary of Therapeutic Relevant miRNAs
	Tumor Suppressor miRNAs

	Conclusion and Future Aspects
	Author Contributions
	Acknowledgments
	References


