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Abstract: The development of human cancers is a multistep process in which normal cells
acquire characteristics that ultimately lead to their conversion into cancer cells. Many
obstacles must be overcome for this process to occur; of these obstacles, is the ability to
survive an inhospitable microenvironment. It is recognized that the intercommunication
between tumor cells and their surrounding microenvironment is essential to overcoming
this obstacle and for the tumor to progress, metastasize and establish itself at distant sites.
Exosomes are membrane-derived vesicles that have recently been recognized as important
mediators of intercellular communication, as they carry lipids, proteins, mRNAs and
microRNAs that can be transferred to a recipient cell via fusion of the exosome with the
target cell membrane. In the context of cancer cells, this process entails the transfer of
cancer-promoting cellular contents to surrounding cells within the tumor microenvironment
or into the circulation to act at distant sites, thereby enabling cancer progression. In this
process, the transfer of exosomal microRNAs to a recipient cell where they can regulate
target gene expression is of particular interest, both in understanding the basic biology of
cancer progression and for the development of therapeutic approaches. This review
discusses the exosome-mediated intercellular communication via microRNAs within the
tumor microenvironment in human cancers, with a particular focus on breast cancer exosomes.
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1. Introduction
1.1. Historical Perspective

Most cell types are known to continually release soluble factors and to exfoliate membrane derived
vesicles into the extracellular space, including mast cells, dendritic cells, B-lymphocytes, platelets,
neurons, adipocytes, endothelial cells and epithelial cells [1]. These membrane-derived vesicles are
generally discriminated by size with two major classes; the larger class is called microvesicles
(200-1000 nm) and the smaller class of nanometer size vesicles is called exosomes (30-200 nm). It is
important to note that these are distinctly different from apoptotic bodies (0.5-3 um), which are
released from cells undergoing apoptosis or mechanical stress and are of a different cellular origin and
molecular composition (see, for review, [2]). Exosomes were first observed three decades ago in
differentiating reticulocytes. It was shown that during reticulocyte maturation, the transferrin receptor
and many membrane-associated proteins were shed in small membrane vesicles via an unknown
secretory process [3,4]. This process was considered as a way for cells to eliminate unwanted proteins
and molecules, with exosomes functioning as cellular garbage disposals. However, in recent years,
exosomes have emerged as important mediators of cellular communication that are involved in both
normal physiological processes, such as lactation [4], immune response [5] and neuronal function [4],
and also in the development and progression of diseases, such as liver disease [6], neurodegenerative
diseases [7] and cancer. Exosomes have been identified in most bodily fluids, including urine and
amniotic fluid [8], serum [9], saliva [10], breast-milk [5], cerebrospinal fluid [11], and nasal
secretions [12]. Importantly, cancer cells have been shown to secrete exosomes in greater amounts than
normal cells [13], indicating their potential use as biomarkers for diagnosis of disease.

1.2. Exosome Biogenesis and Secretion

Although the detailed mechanism for exosome biogenesis remains incompletely defined, current
models suggest that exosomes are formed within the endocytic pathway and released from the plasma
membrane via multivesicular bodies (MVBs) [14]. MVBs are formed during the maturation of early
endosomes into late endosomes with the accumulation of intraluminal vesicles (ILVs), which
correspond to exosomes [15]. Upon maturation, MVBs are either destined for fusion with the
lysosome, where their contents will undergo lysosomal degradation, or with the plasma membrane,
where their contents are released into the extracellular space. How these vesicles are sorted for either
destination is not well understood. However, central players in this process are thought to be the
endosomal sorting complexes required for transport (ESCRT). The ESCRT machinery is made up of
five distinct complexes (ESCRT-0, -I, -II, -III and Vsp4; reviewed in [16]). This process is best
characterized in yeast [17], where it was shown that the ESCRT machinery is responsible for
generating MVB vesicles by initiating the budding of the endosome away from the cytoplasm and
scission of the membrane to release of the mature MVB vesicles into the lumen of the lysosome
(reviewed in [18]). ESCRT-0, -I and -II complexes recognize ubiquitinated proteins in the endosomal
membrane [19], whereas the ESCRT-III complex may be responsible for membrane budding and
vesicle scission [20]. However, there are additional pathways for MVB formation, sorting and
exosome secretion. Most recently, an ESCRT-independent mechanism was described involving the
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sphingolipid, ceramide. Ceramide is generated during cellular stress and apoptosis either by de novo
synthesis or by sphingomyelinase, the enzyme that hydrolyzes sphingomyelin into ceramide. Ceramide
contributes to cellular signaling by playing a role in membrane microdomain coalescence, receptor
clustering, vesicle formation, membrane fusion/fission and vesicular trafficking [21]. Additionally,
ceramide is enriched in exosome membranes (see, for review, [21,22]). Further validating the
ESCRT-independent process, inhibition of neutral sphingomyelinase (nSMase) decreased exosome
formation and release, whereas depletion of different ESCRT components did not reduce exosome
secretion or the formation of MVBs [23]. Interestingly, exosomes produced by the ESCRT-independent/
sphingomyelinase pathway are enriched in tetraspanins, which are transmembrane proteins that may
also be involved in endosomal sorting pathways [24]. Based on these observations, ESCRT-dependent
sorting mechanisms may target proteins loaded into ILVs for lysosomal degradation, whereas
ESCRT-independent sorting mechanisms may target ILVs for secretion. However, it is likely that this
process is much more complex and may depend on the cell type, cargo or other stimulus. Furthermore,
the signals that may control the switch between the two mechanisms remain unknown.

Exosome secretion is not considered a random event, but rather, a highly controlled process.
Control of exosome secretion or “exocytosis”, although largely still under investigation, is thought to
be coordinated through the transport and fusion of MVBs with the plasma membrane by the
microtubule and actin cytoskeleton, t- and v-SNAREs and Rab GTPases [25]. Rab GTPases are
ubiquitously expressed proteins that are responsible for the coordination of various vesicle trafficking
events [26]. For example, overexpression of Rabl1 has been shown to stimulate exocytosis [27], and
Rab27a and Rab27b control different steps of the exosome secretion pathway [28]. Exosome secretion
can be initiated by many different mechanical, chemical and biological stimuli. For example, DNA
damage due to y-irradiation activates the p53 tumor suppressor gene and induces the release of
exosomes [29]. When breast cancer cells were cultured under hypoxic conditions (1% to 0.1% O),
their exosome secretion was significantly enhanced, whereas siRNA knockdown of HIF-1a prior to
hypoxic exposure prevented this increase in exosome secretion [30]. Heparanase, an enzyme that
cleaves heparan sulfate, which is upregulated in many cancers and is associated with enhanced tumor
growth, was shown to dramatically increase exosome secretion in several human cancer cell lines [31].
Interestingly, heparanase could also alter the protein cargo carried by these exosomes, with increases
in levels of syndecan-1, VEGF and HGF. Mechanical changes can also affect exosome secretion. For
example, it was recently shown that detachment of adherent breast cancer cells from various surfaces
could induce rapid exosome secretion [32]. Treatment with chemicals, such as calcium ionophores or
statins to reduce membrane cholesterol levels and cholesterol biosynthesis, can also stimulate the
release of exosomes in many cell types [23,33,34]. Finally, low pH level, a common hallmark of
malignancy, in melanoma cells has been shown to increase exosome release and uptake, and
pre-treatment with a proton pump inhibitor led to an inhibition of exosome uptake [35].

In order for secreted exosomes to exert any biological function, they must be absorbed by and
deliver their contents to a recipient target cell. However, the specific targeting of exosomes to target
cells and how this process unfolds in normal physiology or in the diseased state is not well understood.
This process must critically depend on the specific adhesion molecules, integrins and antigenic factors
expressed on the exosome, as well as the receptors or other docking molecules found on the surface of
target cells. Presumably, any cell capable of endocytosis or phagocytosis may participate in the uptake
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of exosomes. Many studies have documented the uptake of exosomes by target cells; however, to date,
only a handful of examples have described specific exosome and target-cell interactions. For example,
exosomes from T-, B- and dendritic immune cells were shown to communicate with antigen presenting
cells by transferring their contents in a unidirectional manner and modulating gene expression in the
recipient cell [36]. Uptake of ovarian cancer secreted exosomes by NK cells has been demonstrated
and was found to require the surface expression of phosphatidylserine (PS) as an uptake signal [37].
Lastly, the expression of galectin-5 on the surface of rat reticulocyte exosomes was also found to
modulate their uptake by macrophages [38]. These studies have demonstrated that there are distinct
signals that mediate exosome and target-cell interactions; however, more work is required to fully
understand the distinct mechanisms controlling this process.

1.3. Exosome Components

According to the current version of the exosome content database, Exocarta (Version 4;
http://www.exocarta.org), 4,563 proteins, 194 lipids, 1,639 mRNAs and 764 microRNAs have been
identified in exosomes of many different cell types and from multiple organisms [39,40], thus
demonstrating their complexity. The most frequently identified proteins in exosomes (as compiled by
Exocarta) include membrane transport and fusion proteins, such as tetraspanins (CD9, CD63, CD81),
heat-shock proteins (Hspa8, Hsp90), GTPases (EEF1A1, EEF2), and MVB biogenesis proteins (Alix).
Other identified proteins include cytoskeletal proteins (actin, syntenin, moesin), metabolic enzymes
(GAPDH, LDHA, PGKI1, aldolase, PKM), signal transduction proteins (annexin, 14-3-3¢, 14-3-3&)
and the carrier protein, albumin. The specific protein composition will depend on the cell type or tissue
source from which the exosome originates and may fluctuate according to physiological changes. In
addition, many of these proteins may function as specific exosome markers, particularly the
tetraspanins, CD63 and CD&8I1.

Beyond proteins, exosomes are also enriched in lipids and may act as cell-to-cell lipid mediators.
Exosomes predominantly contain lipids, such as cholesterol, diglycerides, sphingolipids (including
sphingomyelin and ceramide), phospholipids, glycerophospholipids (including phosphatidylcholine
(PC), phosphatidylserine (PS), phosphatidylethanolamine (PE) and phosphatidylinositol (PI)) and
polyglycerophospholipids (i.e., bisphosphate). The ratio is increased for certain exosomal lipids when
compared to parental cell lipids; these include sphingomyelin, PS, PC, PI and cholesterol, which can
be present at as much as four times greater amounts and may account for the increased membrane
rigidity of exosomes. Exosomes have also been reported to contain bioactive lipids, such as
prostaglandins and leukotrienes, and active enzymes of lipid metabolism that may generate these
lipids [13,41]. The presence of certain lipids, such as PS, on the outer membrane of exosomes can
function in exosome recognition and internalization [42]. In this way, exosomes function as lipid
carriers, allowing the transport of the bioactive lipids they carry to a recipient cell. This process of
exosomal trafficking, particularly in the context of the tumor microenvironment, could lead to an
enrichment of certain tumor progressive/immunosuppressive lipids, such as prostaglandins [43]. On
the other hand, it may also lead to a replacement of harmful exosome lipid contents with beneficial
ones. For example, docosahexaenoic acid (DHA), an omega-3 polyunsaturated fatty acid with many
health and anticancer benefits, could be supplied by exosomes throughout the tumor microenvironment
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to affect cell-to-cell communication, reduce tumor cell growth and increase sensitivity to therapeutic
interventions, particularly in breast tumors [44]. However, further studies are required to determine,
which lipids participate in exosomal cell-to-cell communication and whether ex vivo manipulation is a
plausible and/or effective therapeutic approach.

Exosomal transport of mRNAs and other non-coding RNAs, including microRNAs, was discovered
only recently [45], and due to this exciting discovery, the interest in exosomes as carriers of genetic
information is burgeoning, particularly in cancer research. Current reports have shown that the
majority of the RNA present in exosomes is somewhat degraded and less than 200 nucleotides in
length; however, recognizable proteins could be generated from in vitro translation of exosomal RNA
extracts, thus demonstrating that full-length mRNAs are present [45]. Several studies have demonstrated
that the RNA present in exosomes is very different from the parental cell RNA content, with the
apparent lack of ribosomal RNA [36,45—47]. In contrast, the exosomal microRNA content is similar to
that in the original tumor, thus peaking researchers’ interests in the use of exosomal microRNA
profiles for cancer diagnostics [9,48]. However, an abundance of certain microRNAs that are not
present or present at very low levels in the parental cells has recently been observed [49,50]. These
results suggest that certain microRNAs may be preferentially secreted. However, the mechanisms for
selective packaging and release of exosomal microRNAs are currently unknown, and whether these
microRNAs may serve as reliable markers of disease is yet to be determined.

The first in-depth screening study was recently conducted to examine the entire transcriptome,
miRNome and proteome of exosomes derived from melanoma cells and normal melanocytes [51].
Thousands of mRNAs that are associated with melanoma progression and metastasis, as well as
several microRNAs (miR-31, miR-185 and miR-34b) that are involved in melanoma invasion were
identified. In addition, several differentially expressed proteins, such as HAPLN1, GRP78, syntenin-1,
annexin Al and annexinA2, were identified, which were specific to the melanoma exosomes and may
be involved in the malignant conversion of melanocytes. This study demonstrates the need for more
in-depth explorations of exosome contents, so that specific targets may be identified and translated into
clinical applications for disease biomarkers or potential therapeutic targets for cancer patients.

1.4. Exosome Isolation and Examination

Because exosome membranes are enriched in cholesterol, sphingomyelin, ceramide and lipid
raft-associated proteins [52,53], they are highly stable and can be collected from various bodily fluids
or from cell culture mediums [54]. Due to their small size and low density, exosome isolation usually
involves multiple centrifugation and ultracentrifugation steps with a rotational force up to 100,000 x g
for sedimentation. Centrifugation is also sometimes combined with 0.1 um to 0.22 pum filtration in
order to separate the nano-sized particles and to exclude larger particles and cellular debris, (see, for
review of methods, [54]). For reduction of protein aggregate contamination and for obtaining a purer
exosome preparation, sucrose, iodixanol [55], deuterium oxide density gradients (also called cushions)
or proprietary reagents, such as ExoQuick (System Biosciences), have also be utilized [56,57].
Immunoaffinity capture methods can be used to isolate exosomes from cancer cells or patient serum
using beads coated with antibodies against presumably any exosome-specific surface marker, such as
the tetraspanins, CD63 or CD82, as a way to forego any ultracentrifugation. Epithelial cell adhesion
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molecule (Ep-CAM)-positive exosomes have been collected from the serum from lung [38] and
ovarian cancer [48,58] patients, and HER2-positive exosomes have been isolated from HER2
overexpressing breast cancer cells [59] using this method.

Electron microscopy (EM) combined with negative staining is the standard method for visualization
of whole-mount exosome preparations. Typical EM results show rounded vesicles with lipid bilayers,
and sometimes, a “cup-shaped” morphology is observed, which may depend on the preparation process
used. A review of these various isolation procedures and a comparison of the images obtained by EM
analysis has been recently published [60].

Once the exosomes are collected, there are many downstream analysis options available. Exosomal
proteins may be extracted utilizing standard cell lysis buffers or the TRIzol® reagent (Life
Technologies-Invitrogen) [61]. Proteins may be detected and analyzed by immunoblot procedures [61]
or mass spectrometry (see, for review, [62]). Because the RNA content of exosomes is mostly small
RNAs, the selection of RNA isolation technique is an important consideration. Various RNA
extraction techniques, including phenol-based techniques (TRIzol®), silica column (e.g., RNeasy®
(Qiagen) or miRCURY™ (Exiqon)) and combined phenol and silica column approaches (e.g., TRIzol®
followed by RNeasy (Qiagen), miRNeasy (Qiagen) or mirVana™ (Ambion)) have been utilized and
compared [63—65]. The RNA yield can be determined by spectrophotometric analysis at 260 nm, and a
profile of the exosomal RNAs can be determined using the Agilent 2100 Bioanalyzer Lab-on-a-Chip
instrument system (Agilent Technologies). Typical profiles of RNA extracted from exosomes contain a
size distribution of 25-2000 nucleotides and are characteristically absent of ribosomal RNAs [63].
Detection of specific small RNA or microRNA species can be determined by real-time
reverse-transcription PCR assay and oligonucleotide microarray analysis [51], or more in-depth
analysis next-generation RNA sequencing can be applied [47,51,66].

Due to their nanometer size, the process of quantifying exosomes is somewhat of a challenge. There
are two primary approaches currently used to quantify the amount of exosomes isolated from a
preparation: quantification of the amount of exosomal protein using enzyme-linked immunosorbent
assays (ELISA) or by immunoblotting. However, new approaches to quantify exosome secretion have
been demonstrated using cell lines stably expressing GFP tagged CD63 (a specific marker of
exosomes), thus generating exosomes with a traceable marker that can be easily measured by
fluorescent spectrometry [32]. New nanoparticle/exosome tracking analysis technologies have recently
been developed by Nanosight Ltd. [67]. These systems are equipped with a blue laser and camera that
can visualize and measure nanoparticles within the 30 nm to 1,000 nm range (as demonstrated
in [30,68]). Because the field of exosome research is in a phase of rapid growth, the refinement of
isolation, imaging and visualization methods are expected to improve, along with the identification of
specific molecular markers for isolation and the development of new technological approaches.

2. Exosomes and Intercellular Communication in Tumor Progression
2.1. Exosome Mediation of Intercellular Communication

It is well recognized that tumor development and progression is dependent on the reciprocal
relationship between cancerous cells and their surrounding microenvironment. While the cancerous
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cells, which harbor many pro-tumorigenic genetic mutations, are the main driving force of tumor
development, the surrounding stroma, which includes fibroblasts, endothelial and infiltrating immune
cells, play a supportive and enabling role (reviewed in [69]). This reciprocal relationship requires not
only a particular spatial interaction, but also the ability for the cancerous cells to communicate with the
microenvironment by exchange of certain soluble proteins and genetic factors. Cancer cells are known
to secrete factors that can promote the formation of new blood vessels, known as angiogenesis, to
obtain oxygen to feed the tumor and to modify their adhesive properties in order to promote migration
and invasion into the newly formed vasculature. Tumor cells of many different cancer types have been
shown to secrete exosomes in greater amounts than normal cells [13], thus allowing the transfer of
tumor-associated signaling molecules, including microRNAs, via fusion of the exosome with the target
cell membrane [70].

Tumor-derived exosomes (TD-exosomes) are generally considered pro-tumorigenic. However,
some anti-tumorigenic abilities have also been described. For example, exosome-like nanoparticles
isolated from pancreatic cancer cells were shown to induce apoptosis in tumor cells [71]. Other studies
have focused on the use of TD-exosomes as a source for tumor antigens for the development of
exosome-based immunotherapies [72—74]. One report demonstrated that modified cell lines expressing
interleukin-2 (IL-2) produced TD-exosomes containing IL-2 with increased antitumor effects [72].
A Chinese phase 1 clinical trial demonstrated that ascites-derived exosomes combined with
granulocyte-macrophage colony stimulating factor could modulate the immune response and induce an
antitumor cytotoxic T-lymphocyte (CTLs) response in 40 patients with colorectal cancer [73]. Another
study showed that exosomes derived from IL-2 GPI-anchored renal cancer cells could induce CTLs
and significant cytotoxic and antitumor effects in vitro, suggesting a novel strategy for an
exosome-based vaccine for renal cell carcinoma [75]. Heat-stressed tumor cells were shown to produce
exosomes that could attract and activate dendritic and T-cells, induce specific antitumor immune
responses and inhibit tumor growth in vivo [76]. However, despite the above-described antitumor
characteristics of exosomes, it is still unclear whether the immunomodulatory effects of exosomes
secreted from tumor cells are either cancer-promoting or cancer-inhibiting, as no studies have
demonstrated any immune stimulatory effects of TD-exosomes. Rather, many immune-evasion
characteristics have been described. In this context, TD-exosomes from the ascites of ovarian cancer
patients were recently shown to express the death ligands, FasL and TRAIL, which could trigger
apoptosis in immune system cells, thereby inhibiting a tumor growth inhibitory immune response [77].

As described above, most initial studies on TD-exosomes were focused on their interaction with the
immune system, while the effects of TD-exosomes on the tumor microenvironment has been less
characterized. However, recent studies have shown that TD-exosomes have many pro-tumorigenic
functions and are able to transfer their phenotypic traits (such as onco-proteins or onco-microRNAs) to
a recipient cell and promote cancer stimulatory activities, such as proliferation, extracellular matrix
remodeling, migration and invasion and angiogenesis, and contribute to the pre-metastatic niche formation
for the promotion of metastasis. The following sections will discuss these topics in greater detail.
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2.2. Exosome Modulation of Extracellular Matrix, Stromal Cells and Invasion

Remodeling of the extracellular matrix and alterations in cell-cell and cell-extracellular matrix
interactions are the first barriers that must be overcome for a cancer cell to migrate and travel to distant
sites. Several studies have shown that TD-exosomes can alter the extracellular matrix through
secretion of matrix metalloproteinases (MMPs) or activators of MMPs, such as heat shock proteins.
MMPs are zinc-dependent plasma membrane endo-peptidases that can degrade extracellular matrix
proteins, such as collagen, fibronectin, proteoglycans and laminins. In fibrosarcoma and melanoma
cells, it was shown that MT1-MMP was secreted in exosomes and could activate pro-MMP-2 and
degrade collagen and gelatin [78]. Other studies have demonstrated that heat shock proteins, such as
hsp90, are also secreted via exosomes and can activate MMP-2 to enhance invasion of cancer
cells [79]. The role of platelets in tumor progression has been recently investigated, where it was found
that platelet-derived microvesicles contribute to cancer progression in lung cancer cell lines by
stimulating proliferation, cyclin D2 expression, adhesion to endothelial cells, invasion and angiogenesis
through activation of mitogen-activated protein kinase (MAPK) p42/44, MT1-MMP, MMP-9, IL-8
and VEGF and other factors controlling these processes [80]. The effects of TD-exosomes on
mesenchymal stem cells (MSCs) have also been explored. For example, TD-exosomes from ovarian
cancer cells can induce a tumor-associated myofibroblast-like phenotype on adipose-derived MSCs,
suggesting that exosomes contribute to the generation of tumor-associated fibroblasts in the tumor
stroma [81]. Recently, Bobrie ef al. showed that inhibition of Rab27a in breast cancer cells decreases
the secretion of exosomes and MMP-9, resulting in a decrease in primary tumor growth and lung
dissemination in vivo, thus further demonstrating that exosome secretion promotes tumor formation
and progression and that inhibition of exosome secretion may impede tumor growth [82].

2.3. Exosome Stimulation of Tumor Angiogenesis and Metastatic Niche Formation

In order for a tumor to sustain its growth and survival, they have to obtain greater amounts of
oxygen and nutrients through the formation of new blood vessels or by metastasizing to more
hospitable organ sites. TD-exosomes have been shown to transport oncogenic and pro-angiogenic
factors to cells within the tumor microenvironment to induce neoangiogenic activity and to promote
premetastatic niche formation. For example, a hypoxic tumor microenvironment has been shown to
enhance the secretion and transport of exosomes and pro-angiogenic protein factors that could
potentially modulate the microenvironment to facilitate angiogenesis and metastasis [83]. Recently,
in vitro hypoxia experiments in glioma cells and patient samples showed an enrichment of
hypoxia-regulated mRNAs and proteins, such as MMPs, IL-8, platelet derived growth factor (PDGF),
caveolin-1 and lysyl oxidase, in secreted exosomes. In addition, it was demonstrated that these
exosomes are also potent inducers of angiogenesis through possessing these growth factors and
cytokines [84]. Colorectal cancer cell-derived microvesicles/exosomes are enriched in cell
cycle-related mRNAs that could promote proliferation of vascular endothelial cells [85] and in several
metastatic and signal transduction molecules [86]. Microvesicles released from human renal cancer
stem cells were shown to stimulate angiogenesis and promote the formation of a premetastatic niche in
the lungs in vivo [87]. As mentioned above, MSCs can also promote tumor growth; for example, bone
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marrow MSC-derived exosomes can enhance VEGF expression in tumor cells by activating the
ERK1/2 pathway [88]. Likewise, platelet-derived exosomes have also been shown to stimulate mRNA
expression of angiogenic factors (such as MMP-9), as described above [80]. Exosomes released by
chronic myeloid leukemia cells were shown to promote angiogenesis in a Src-dependent fashion [89].
Melanoma-derived exosomes were found to prepare bone marrow progenitor cells for a pro-metastatic
phenotype through the receptor tyrosine kinase, MET [90]. A recent review proposes that the
interaction and bidirectional exchange of genetic information, via secreted microvesicles, between
macrophages and endothelial cells may work to promote vascular growth in the tumor
microenvironment [91]. Overall, these studies clearly demonstrate that exosomes indeed function as
pro-tumorigenic factors that can mediate intercellular communication in the tumor microenvironment
and contribute to cancer progression.

3. Exosome-Derived microRNAs in Tumor Progression
3.1. Exosomes as Transporters of microRNAs

microRNAs are small (17-21 nt), non-coding RNAs that regulate gene expression at the
post-transcriptional level through the RNA interference pathway. microRNAs are transcribed by RNA
polymerase II as primary-microRNAs (pri-miRNAs) [92-94] and are processed in the nucleus by the
enzyme, Drosha, into shorter hairpin structures of approximately 70 nucleotides in length, called
pre-miRNAs. Pre-miRNAs are then transported from the nucleus, to the cytoplasm via Exportin 5 [95],
where they are further processed into mature microRNA transcripts by the enzyme, Dicer [93]. The
mature microRNA is then loaded into the ribonucleoprotein complex, known as the RNA induced
silencing complex (RISC), and can bind in a sequence specific manner to the 3' untranslated region
(UTR) of target mRNAs, resulting in either translational inhibition or mRNA degradation [96].
Presently, ~2000 microRNAs have been described in humans [97] and a single microRNA may
regulate many mRNAs; likewise, a single mRNA may be targeted by many microRNAs, establishing
microRNAs as the largest class of gene regulators [98]. Through this mechanism, microRNAs are an
essential component to regulating most cellular and developmental processes, including developmental
timing, organ development, differentiation, proliferation, apoptosis and immune regulation (see, for
review, [99]). Therefore, it is of no surprise that microRNAs are involved in cancer development and
progression, and depending upon their target gene and level of expression, microRNAs may function
as either tumor suppressors or oncogenes and assist in the promotion or suppression of cancer growth
and progression [100]. Aberrant microRNA expression has been described across many cancer types,
with global downregulation of microRNA expression seen as a common trend [101,102]. The transport
of mRNAs and microRNAs by exosomes was realized only recently, but has led to an explosion of
interest in cancer research. The first study to demonstrate exchange of nucleic acids via exosomes
examined secreted exosomes from mouse and human mast cell lines [45]. Using standard RNA and
DNA extraction techniques of exosomes isolated by ultracentrifugation, Valadi et al. discovered the
presence of small RNAs and mRNAs (but not DNA) from approximately 1300 genes present in
exosomes that are not present in the parental cell and proposed that these RNAs be referred to as
exosomal shuttle RNAs (esRNAs) to distinguish them from circulating microRNAs [45].
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In addition, these esRNAs could be in vitro translated into functional proteins and transferred to other
human and mouse mast cells, where new proteins were generated in the recipient cells [45]. This
seminal study has generated much interest in the study of cell-cell communication via delivery of small
RNAs by transfer through exosomes.

3.2. Secretion and Uptake of Exosome-Derived microRNAs

The exact mechanism of microRNA loading into MVBs in the endocytic pathway and secretion via
exosomes is not well understood. Studies thus far have demonstrated that MVBs are associated with
GW-bodies, also known as P-bodies, which are cytoplasmic foci, where post-transcriptional regulation
of mRNAs occurs, and are enriched in GW182 and AGO2 proteins, two main components of the
RISC [103]. In this study, it was shown that endosomes or MVBs are sites of microRNAs,
microRNA-repressible mRNAs and RISC accumulation and action and that exosomes secreted via
MVB:s are enriched in GW182, suggesting a mechanism for microRNA loading. Depletion of some of
the ESCRT components compromised microRNA-mediated gene silencing and led to an
over-accumulation of GW182, thus suggesting that GW182 and microRNA-loaded AGO2 are sorted in
to MVBs via ESCRT components [103]. However, as previously mentioned, a more recent study has
demonstrated that microRNAs are released through a ceramide-dependent secretory mechanism [104].
Furthermore, a tumor-suppressive microRNA, secreted via this mechanism, was taken up by a
recipient cell, where it exerted gene silencing and growth inhibition [104]. The GW182 protein may
also be important for microRNA stability and secretion via exosomes [105]. In this study, it was shown
that knockdown of GW182 by siRNA increased microRNA instability and reduced secretion via
exosomes, whereas replenishment of GW182 restored microRNA stability, thereby demonstrating a
role of GW182 in protecting AGO2-bound microRNA [105].

Other studies have demonstrated that certain microRNAs are selectively secreted in exosomes. For
example, the let-7 microRNA family is selectively secreted via exosomes in metastatic gastric cancer
cell lines. Since this family of microRNAs targets oncogenes, such as Ras and HMGA?2, they are
generally considered a tumor-suppressive group of microRNAs; however, whether their release via
exosomes is to promote or inhibit oncogenesis remains unclear [106]. Breast cancer cell lines
selectively release the majority of miR-451 and miR-1246 via exosomes as compared to their parental
cell, whereas these specific microRNAs are retained in non-malignant mammary epithelial cells and
normal fibroblast cells [49]. The authors note that the biogenesis of miR-451 is dicer-independent [107],
thus raising the possibility that non-canonical processing of microRNAs may target them for selective
exosome release. Overall, these results suggest that there is a specific selection mechanism for
microRNA release. However, the exact mechanism remains to be elucidated.

While the exact mechanism of exosome-derived microRNA uptake and processing in recipient cells
is largely unknown, many types of cells have been shown to absorb exosomal microRNAs, where they
can induce post-translational repression of target mRNAs. For example, T-cells have been shown to
transfer microRNAs-loaded exosomes in an antigen-driven unidirectional manner to antigen presenting
cells in the immune synapsis, where they modulate gene expression [36]. Additionally, mouse
dendritic cells (DCs) release exosomes containing different microRNAs, depending on their level of
maturation. These microRNAs were absorbed by recipient DCs, where they were shown to repress
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target mRNA expression [108]. One of the first studies to show that this unique intercellular method of
communication could contribute to the initiation and progression of cancer demonstrated that
hepatocellular carcinoma cells produce exosomes that can be internalized by other cells. These
exosomes were shown to transmit microRNAs that modulated the expression of transforming growth
factor B activated kinase-1 (TAK1), whose loss is implicated in hepatocarcinogenesis [109]. Thus,
these studies have begun to shed light on the potential mechanisms of exosome uptake and the
functional consequences of microRNA transfer.

3.3. microRNA Profiling of Tumor-Derived Exosomes in Clinical Samples

The discovery of the transport and exchange of microRNAs via exosomes has also generated much
interest in the use of circulating TD-exosomes and their resident esRNAs as clinical diagnostic
markers for cancer. To this end, a handful of studies have examined the microRNA profile from
circulating TD-exosomes and compared the expression levels to the original tumor cells. For example,
circulating TD-exosomes isolated from the serum of patients with ovarian cancer, age-matched
controls and primary tumor cell cultures and matched sera were examined for microRNA expression
changes. This study found that the expression of eight microRNAs, previously demonstrated to be
diagnostic in ovarian cancer, were similar between cellular and exosomal microRNA preparations,
thus suggesting that circulating TD-exosomes could be used as surrogate diagnostic markers for biopsy
profiling, particularly in asymptomatic patient populations [9]. Another study from Taylor et al.
evaluated the levels of microRNAs from the plasma of patients with lung adenocarcinoma, matched
tumor samples and controls; they similarly observed no significant differences in exosome microRNA
levels between microRNAs derived from circulating exosomes or from microRNAs from the primary
tumors [48]. In another study, circulating exosomal/microvesicle-derived microRNAs were profiled
from the plasma of prostate cancer patients with and without metastases [110], and a distinct set of
11 microRNAs was present at significantly greater amounts in patients with metastases compared to
those without metastases. The association of two of these 11 microRNAs (miR-141 and miR-375)
were confirmed in plasma exosomes from a separate patient cohort with recurrent or non-recurrent
disease, thus demonstrating that changes in microRNA concentrations present in circulating exosomes
from prostate cancer patients may be used for diagnosis and tumor staging [110]. In serum obtained
from esophageal squamous cell carcinoma (ESCC) patients, microRNA expression profiling showed
that miR-1246 was consistently elevated in patients versus controls and was an independent risk factor
for poor survival [111]. The authors also indicate that miR-1246 was not upregulated in ESCC tissue
samples; however, this observation is consistent with the previously mentioned report of preferential
exosome secretion of miR-1246 from breast cancer cells [49]. Overall, these exosomal microRNA
profiling studies, summarized in Table 1, have found that microRNA expression signatures are not
significantly different between TD-exosomes and tumor cells, with the exception of miR-1246,
suggesting that these circulating TD-exosome microRNAs could be utilized as a surrogate for biopsy
microRNA profiling. In addition, a database called miRandola has been created to catalog all
extracellular circulating microRNAs and currently contains 2312 entries with 581 unique mature
microRNAs identified in circulation from 21 different types of samples [112].
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Table 1. Summary of clinical microRNA profiling studies of circulating tumor exosomes/microvesicles.

14251

Cancer type Clinical samples Exosome isolation Major findings Potential diagnostic  Reference
method microRNAs
Ovarian cancer Sera from patients with serous Magnetic activated cell Exosomal microRNA profiles were similar in miR-21, miR-141, [9]
papillary adenocarcinoma (n = 50); sorting using beads ovarian cancer patient samples and distinctly miR-200a,
sera from age-matched controls with coupled with different from benign disease samples. microRNAs miR-200c, miR-203,
benign ovarian adenoma (n = 10); anti-EpCAM. were elevated in exosomes versus tumor cells (31 miR-205 and
primary ovarian adenocarcinoma out of 467). miR-214
tumor cell cultures and matched
patient sera (n = 6).
Lung Plasma from patients with lung Size exclusion No significant differences in exosome microRNA ~ miR-17-3p, miR-21,  [48]
adenocarcinoma adenocarcinoma (n = 27); chromatography and levels between microRNAs derived from miR-106a, miR-146,

plasma from controls (r = 9);
matched plasma and lung tumor
tissue (n = 4).

magnetically activated
cell sorting using beads
coupled with
anti-EpCAM.

circulating exosomes or from microRNAs from the
primary tumor were observed.

miR-155, miR-191,
miR-192, miR-203,
miR-205, miR-210,
miR-212, miR-214

Prostate cancer

Plasma from prostate cancer patients
(n="178);

plasma from normal controls (n = 28);
urine samples (n = 135);

serum from patients with recurrent

Filtration of plasma
through a 1.2 pm filter,
concentrated with

a 150 kDa molecular
weight cut-off.

The levels of 12 microRNAs were different
between plasma exosomes of prostate cancer
patients compared to control. Eleven microRNAs
were present in significantly greater amounts in
patients with metastases versus without.

miR-107, miR-130b,
miR-141,
miR-181a-2%,
miR-2110, miR-
301a, miR-326,

[110]

metastatic prostate cancer (n =47) or The association of exosomal miR-141 and miR-331-3p,
non-recurrent disease (n = 72). miR-375 with metastases was confirmed in a miR-432, miR-438,
second patient population. miR-574-3p,
miR-625%
Esophageal Serum from ESCC patients (n =101);  Sequential miR-1246 was markedly elevated in serum and miR-1246 [111]
squamous cell Serum from healthy controls (n =46).  centrifugation, exosomes from ESCC patients and was a strong

carcinoma

0.22 um filtration and
ultracentrifugation.

independent risk factor for poor survival.
miR-1246 expression was not increased in ESCC
tissue samples.

Abbreviations: EpCAM = epithelial cell adhesion molecule; ESCC = esophageal squamous cell carcinoma.
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Figure 1. Biogenesis, secretion and uptake of tumor-derived exosomes in the tumor
microenvironment. Exosomes are formed by the inward budding of the multivesicular
body (MVB) membrane in the form of intraluminal vesicles (ILVs). Exosome formation
and cargo sorting into lysosomes involves the endosomal sorting complex required for
transport (ESCRT), which recognizes ubiquitinated proteins. Exosome production and
secretion also occurs through an ESCRT-independent process involving the sphingolipid,
ceramide, and the enzyme neutral, sphingomyelinase (the enzyme that converts sphingomyelin
to ceramide). Exosomes secretion can be stimulated by various chemical, environmental
and mechanical stimuli, such as gamma-irradiation, hypoxia (low oxygen), low pH, matrix
detachment, efc. Exosomes are secreted in exocytic MVBs following fusion of MVBs with
the cell membrane, a process that depends on Rab GTPases (Rab27A, Rab27B). Exosomes
released from a primary tumor cell will display similar membrane components as their cell
of origin, such as receptor ligands or antigens. Endocytosis of exosomes may occur
through activation of cell surface receptors or bioactive lipid ligands. Upon endocytosis by
a secondary recipient cell, such as fibroblasts or vascular endothelial cells, exosomes can
release their microRNA cargo. The transferred microRNAs are functionally active and can
regulate gene expression in the recipient cell through post-translational regulation
of target mRNA expression, leading to mRNA degradation or de-stabilization.
microRNA-dependent gene regulation can activate various processes involved in tumor
development and progression. Abbreviations: TAK1, transforming growth factor B activated
kinase-1; MMPs, matrix metalloproteinases; MAPK, mitogen activated protein kinase;
NF«B, nuclear factor kappa-light-chain-enhancer of activated B-cells; EZH2, enhancer of
zeste homolog 2; VEGF/VEGF, vascular endothelial growth factor/receptor; ECM,
extracellular matrix.
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3.4. Pro-Tumorigenic Effects of Exosome-Derived microRNAs in Vitro

The pro-tumorigenic effects of exosome-derived microRNAs after uptake by a recipient cell have
recently begun to emerge. Thus far, exosome-derived microRNAs, through target gene transcriptional
repression, have the demonstrated ability to induce cell migration, inflammation, immune responses,
angiogenesis (including endothelial cell migration and tube formation), invasion, pre-metastatic niche
formation and metastasis; see Figure 1. Therefore, these studies have implicated cancer cell
exosome-derived microRNAs in most aspects of tumor progression. For example, leukemia cell
exosomes have been shown to communicate with human umbilical vein endothelial cells (HUVECsS),
leading to increased cell migration and tube formation [113]. In this study, K562 leukemia cells were
transfected with a Cy3-labeled pre-miR-92a and co-cultured with HUVECs. The Cy3-labeled
miR-92a, derived from the K562 cells, could be detected in the cytoplasm of the endothelial cells and
was co-localized with the exosomal marker, CD63. In addition, the expression of integrin a5, a target
of miR-92a, was also greatly reduced in the recipient cells, thus demonstrating that an
exosome-derived microRNA can function as an endogenous microRNA in a recipient cell and that
exosomal microRNAs play an important role in cancer-to-endothelial cell communication [113]. As
previously mentioned, microvesicles released from human renal cancer stem cells containing
pro-angiogenic mRNA, and microRNA were shown to greatly stimulate endothelial cell growth and
vessel formation and enhance lung metastases after in vivo implantation in a severe combined
immunodeficient (SCID) mouse model [87]. In this study, molecular characterization of microvesicles,
derived from CD105-positive (a mesenchymal stem cell marker) renal cancer stem cells, was
conducted and was found to contain a set of pro-angiogenic mRNAs and microRNAs that are
implicated in tumor progression and metastases [87]. The previously mentioned study, which profiled
the miRNome of melanoma exosomes, identified 228 microRNAs that were differentially regulated in
melanoma exosomes versus normal melanocyte exosomes, 15 of which are known to be associated
with melanoma invasion and metastasis [51].

Tumor-associated macrophages, which are known to promote invasion and metastasis, have been
shown to secrete microvesicles containing microRNAs that could be taken up by breast cancer cells. In
a co-culture system, it was demonstrated that uptake of IL-4 activated macrophage secreted exosomes
could promote the invasion of breast cancer cells, due to uptake of miR-223 (a microRNA specific for
IL-4 activated macrophages) and disruption of the Mef2c-B-catenin pathway [114].

Through pathogen recognition receptors, such as Toll-like receptors (TLRs), and their associated
downstream signaling pathways, such as nuclear factor kappaB (NF-kB) and MAPK, exosomal
microRNAs may also play a large role in the regulation and homeostasis of the innate immune response
by fine-tuning the mechanisms responsible for the production and release of cytokines/chemokines,
adhesion and co-stimulatory molecules in epithelial cells (see, for review, [115]). These mechanisms,
in the context of cancer, could be disrupted, thereby promoting an immune-evasion response and
cancer promotion. For example, an interesting recent study has demonstrated that secreted microRNAs
may act as ligands by binding to TLRs on recipient cells. Specifically, miR-21 and miR-29a secreted
in exosomes from lung cancer cell lines were shown to bind to murine TLR7 and human TLRS8 and
triggered a TLR-mediated pro-metastatic inflammatory response that could lead to tumor growth
and metastasis [116].
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The process of malignant transformation may also alter the specific species of microRNAs that are
secreted in exosomes or retained in cells. For instance, selective release of certain microRNA
populations has been demonstrated in malignant breast cancer cells. Specifically, the microRNAs,
miR-451 and miR-1246, produced by malignant breast epithelial cells are released, whereas the
majority of these microRNAs are retained in non-malignant mammary epithelial cells [49].
A follow-up study from this same group demonstrated that these selectively exported microRNAs are
packaged in exosomes that are larger than conventional exosomes and are enriched in CD44, a protein
relevant to breast cancer metastasis. In contrast, they showed that normal cells release microRNAs in a
homogenous type of vesicle, suggesting that the process of malignant transformation may alter the
pathways by which microRNAs are exported from cells, thus leading to differences in exosome
content and morphology [117].

TD-exosomes may also modulate pre-metastatic niche formation via long-range transfer of
microRNAs. One study has demonstrated that exosomes from metastatic rat adenocarcinoma cells are
preferentially taken up by lymph node stroma cells and lung fibroblasts [118]. The transferred
microRNAs significantly affected mRNA translation of many genes, including proteases, adhesion
molecules, chemokine ligands, cell cycle- and angiogenesis-promoting genes and oxidative stress
response. In particular, miR-494 and miR-542-3p modulated the expression of cadherin-17 with
concomitant upregulation of matrix metalloproteinases. Together, these findings demonstrate that
TD-exosomes may target non-transformed cells in pre-metastatic tissues, leading to modulation of
gene expression in these cells specifically through transfer of microRNA and priming distant tissues
for tumor cell hosting [118].

Exosomal transfer of microRNAs could also induce permanent changes in recipient cell phenotypes
via transfer of microRNAs that are known to regulate genes involved in epigenetic reprogramming
(i.e., miR-101 regulation of the histone methyltransferase EZH2). For example, it has been
demonstrated that microvesicles derived from one cell type can deliver mRNAs that could mediate
gene expression and alter cell fate in a secondary recipient cell type (reviewed in [119]). While we are
unaware of any studies demonstrating changes in epigenetic programming or cell fate through the
exchange of exosomal microRNAs, it is certainly a highly plausible occurrence. In conclusion, it is
clear from these studies, summarized in Table 2, that transfer of microRNAs via exosomes is indeed a
mechanism of intercellular communication that can initiate and promote tumor progression via transfer
of genetic information at local and distant cells and tissues.
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Table 2. Summary of in vitro studies of microRNAs derived from cancer cell exosomes.

Cell Line model Major findings Predominant microRNAs Target genes or pathways Reference
Human and mouse Identified small RNAs, including 121 microRNAs and 1,300 specific let-7, miR-1, miR-15, None tested [45]
mast cells mRNAs. Detected mouse exosomal RNA and new mouse proteins in miR-16, miR-181, miR-375.

human mast cells after treatment with mouse mast cell exosomes. Coined

the term “exosomal shuttle RNA (esRNA)”.
Metastatic gastric Profiled microRNA expression by microarray in exosomes isolated from let-7 family None tested [106]
cell line gastric cancer cells. let-7 microRNA family was enriched in exosomes.
Co-culture of miRNAs can be transferred from macrophages to breast cancer cells. miR-223 Mef2c-f-catenin pathway [114]
IL-4-activated miR-223 released by macrophages was found in MCF7 and MDA-MB-231
macrophages and cells and promoted invasion.
breast cancer cells
Mouse dendritic Exosomal microRNA from dendritic cells can be transferred to a recipient ~ miR-148a, miR-451 Luciferase reporter containing [108]
cells dendritic cell and repress microRNA target mRNAs in the acceptor cell. tandem microRNA

target sequences

Leukemia cellsand  Leukemia cells released microRNAs from the miR-17-92 cluster and were  miR-92a Integrin a5 [113]
endothelial cells taken up by human umbilical vein endothelial cells (HUVECs) and

repressed a target mRNA. Did not affect the growth of HUVEC cells, but

did enhance cell migration and tube formation.
Hepatocellular Transmission of exosome microRNAs from hepatocellular carcinoma cells  miR-584, miR-517c, Transforming growth factor 8 [109]
carcinoma cells could contribute to the initiation and progression of hepatocellular miR-378, miR-520f, activated kinase-1

carcinoma by targeting a tumor suppressor frequently lost in miR-142-5p, miR-451, (TAK1) pathway

hepatocarcinogenesis. miR-518d, miR-215,

miR-376a*, miR-133b,
miR-367

Renal cancer Microvesicles were secreted from human renal cell carcinoma that could miR-92, miR-141, miR-29a, Increase in VEGFR1 and MMP-9 [87]

stem cells

trigger angiogenesis and premetastatic niche formation in a severe
combined immunodeficient (SCID) mouse model.

miR-650, miR-151,
miR-19b, miR-29¢

expression
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Cell Line model Major findings Predominant microRNAs Target genes or pathways Reference
Breast cancer cells Selective release of certain microRNA populations was demonstrated in miR-451, miR-1246 None tested [49]
malignant breast cancer cells that are retained in non-malignant mammary
epithelial cells.
Metastatic rat Exosomes were preferentially taken up by lymph node stroma cells and miR-494, miR-542-3p Cadherin-17 and many proteases, [118]

adenocarcinoma

cells

lung fibroblasts. The transferred microRNAs affected mRNA translation of

many genes.

adhesion molecules, chemokine
ligands, cell cycle- and
angiogenesis-promoting and

oxidative stress response genes.

Lung cancer

cell lines

miR-21 and miR-29a were secreted in exosomes and could bind to murine
TLR7 and human TLRS and trigger a Toll-like receptor (TLR)-mediated
prometastatic inflammatory response that could lead to tumor growth and

metastasis.

miR-21 and miR-29a

Toll-like receptor (TLR) 8 and 9

[116]

Melanoma and
normal melanocyte

cells

The first in-depth screening to examine the entire exosome transcriptome,
miRNome and proteome. Thousands of mRNAs and 15 microRNAs that

are associated with melanoma progression and metastasis were identified.

let-7 family, miR-138,
miR-125b, miR-130a,
miR-34a, miR-196a,
miR-199b-3p, miR-25,
miR-27a, miR-200b,
miR-23b, miR-146a,
miR-613, miR-205, miR-149

None tested

[51]
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4. Exosomes and Breast Cancer
4.1. Exosomes in Normal Mammary Epithelium

The human mammary gland is comprised of two main compartments: the branching epithelial
ductal-lobular system and the supporting stroma. The epithelial component is comprised of two
epithelial cell types: the luminal cells, whose function is to maintain the apical-basal polarity within
the lumen and to produce and secrete milk into the ducts, and the myoepithelial cells, whose function
is to maintain the organization of the mammary gland and to contract and eject the milk in response to
hormonal signals. The mammary gland is one of the few organs to undergo significant developmental
changes after birth, including growth at the onset of puberty and pregnancy, lactation and regression
upon cessation of lactation [120]. Breast milk, which is a complex and nutrient rich liquid that contains
proteins, lipids, carbohydrates and trace elements, is known to be the optimal nutrition and an important
source of immunoprotective components for infants during their first months of life [121]. Exosomes
have been identified in both colostrum and mature human breast milk that have the capacity to
potentially influence the immune response in infants [5]. Specifically, breast milk exosomes were
found to inhibit anti-CD3-induced IL-2 and interferon (IFN)-y production and could increase the
number of T-regulatory cells from peripheral blood mononuclear cells when incubated with milk vesicle
preparations [3]. Furthermore, breast milk exosomes are also known to contain microRNAs [122].
Over 600 unique microRNAs, originating from ~450 microRNA precursors, have been identified in
human breast milk exosomes using deep sequencing technology, and greater than 65% of the known
immune-related microRNAs were enriched in these exosomes [122]. These results suggest that
microRNAs can be transferred from the mother’s milk to the infant via the digestive tract, where they
could play an important role in the development of the infant’s immune system, although further work
must be done to confirm these speculations. At this time, however, it is unknown if exosomes are
secreted in breast luminal epithelial cells during the growth phase of puberty or pregnancy, during
regression or during the mammary resting state. It is also unknown what role the myoepithelial cells
play in exosome secretion or in crosstalk between the two epithelial lineages and the breast stroma in
the normal mammary gland. Furthermore, the aberrant secretion of exosomes and their specific
contribution to breast cancer development and early progression are also unknown at this time.

4.2. Exosomes in Breast Cancer Development and Progression

Breast cancer is one of the most frequently observed cancers in industrialized countries and is the
second leading cause of cancer death among women in the US. Every year, ~200,000 new cases of
invasive breast cancer will be diagnosed, and around 40,000 women are expected to die from breast
cancer [123]. The general view of the tumorigenic process involves cells that have acquired critical
genetic and epigenetic abnormalities that inhibit their responsiveness to normal growth and regulatory
signals. In the mammary gland, the majority of these critical genetic changes occurs in the luminal
epithelium at the transition from normal, to hyperplastic, to pre-invasive lesions and contains greater
measures of genetic and morphological abnormalities, including aneuploidy [124—126], oncogene
amplification [127,128] or allele imbalance [129,130]. It is thought that fewer abnormalities exist in
precursor lesions and more are acquired as the cancer progresses. In addition, the loss of the normal
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myoepithelium cell layer and apical-basal polarity are early signs of tumorigenesis. It has also been
demonstrated that the microenvironment also undergoes changes and has a dramatic influence on the
tumor, even at the pre-invasive stage [131]. It is suggested that a reciprocal relationship between breast
cancer cells and their surrounding microenvironment predominantly influences the energetics and
growth of the cancer. However, the role of exosomes in mediating this reciprocal relationship is only
beginning to emerge. Early studies in breast cancer exosomes demonstrated that exosomes might play
a role in the control of tumor growth. For example, mice pretreated with exosomes derived from
murine mammary carcinomas had increased rates of tumor growth, due to inhibition of natural killer
cells [132]. In co-culture experiments, tumor-associated macrophages were shown to transfer miR-223,
a microRNA specific for IL-4 activated macrophages, into breast cancer cells, where it promoted
invasion through activation of the Mef2c-B-catenin pathway [114]. Uptake of the epidermal growth
factor receptor (EGFR) ligand, amphiregulin, carried by exosomes to breast cancer cells, increased
their invasiveness compared to exosomes carrying other EGFR ligands, suggesting a role for exosomes
in the cancer “field effect” and metastatic niche priming [133]. Another study examined the effects of
exosomes derived from a triple-negative breast cancer (TNBC) cell line (Hs578T) versus its more
invasive variant (Hs578T(i)s) on three recipient TNBC cell lines. It was shown that exosomes from the
more invasive variant increase proliferation, migration, and invasion and stimulate significantly more
endothelial tubule formation in all recipient cell lines [134]. The intercellular communication between
fibroblasts and breast cancer cells was recently examined, which showed that fibroblast-secreted
exosomes could promote breast cancer cell protrusive and motile activity through Wnt-planar cell
polarity (PCP) signaling and that co-injection of fibroblasts with breast cancer cells in an orthotopic
mouse model could dramatically increase metastasis that was dependent on the PCP pathway [135].
A recent study utilized GFP-tagged CD63 expressing breast cancer cells to examine the fate of
cancer-cell derived exosomes in a nude mouse model of breast cancer. They demonstrated that breast
cancer cells could transfer their exosomes to other cancer cells and normal lung tissue in vitro and into
the tumor microenvironment and the circulation of mice with breast cancer metastases in vivo [136].

While very few studies thus far have profiled or examined the microRNAs present in breast cancer
exosomes, a previously mentioned study has identified a specific set microRNAs that are secreted in
exosomes or retained in cells that differ between non-malignant and malignant breast cancer cells [49].
Further studies demonstrated that the selectively exported microRNAs from breast cancer cells are
packaged in exosomes that differ from conventional exosomes [117]. However, the mechanism of this
selective microRNA transport and altered exosome formation in malignant breast cancer cells is
unknown at this time.

In summary, these studies suggest that breast cancer derived-exosomes may contribute significantly
to breast tumor growth and development, promotion of angiogenesis, invasion and formation of a
pre-metastatic niche to promote tumor growth and metastasis. Moreover, further elucidation of the
mechanisms of how exosomes and their residual components mediate the intercellular communication
in the breast tumor microenvironment and how this process unfolds during early malignant
transformation and cancer progression are of great research interest.
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4.3. Potential for Diagnostic, Prognostic and Therapeutic Interference

Much of the excitement surrounding TD-exosome research is due to its high clinical relevance. In
particular, because breast cancer exosomes can be easily isolated through minimally invasive
procedures, such as from the blood or ductal lavage of breast cancer patients, they have great potential
in breast cancer diagnosis. Because exosomal microRNA profiles of circulating tumor exosomes tend
to be unique from those in normal controls, breast cancer-specific exosomal-microRNA signatures
may also be developed to predict tumor development. It is accepted that breast cancer is a highly
heterogeneous disease with phenotypically diverse tumors, which have been categorized by their gene
expression profiles as the intrinsic molecular subtypes of breast cancer. These are generally defined as:
basal-like breast cancer, which generally corresponds to estrogen receptor (ER) negative, progesterone
receptor (PR) and HER-2 negative (i.e., triple negative), luminal A (ER positive, low grade), luminal B
(ER positive, high grade) and HER-2 (or ErbB2) positive [137]. These subtypes have distinctly
different gene and microRNA expression profiles [138,139]. Therefore, their secreted exosomes may
also have distinctly different RNA profiles that could correspond to the molecular subtype of their host
tumors. Exosomes may also be important players in chemotherapy and chemoresistance. For example,
release of exosomes from HER2-overexpressing breast cancer cell lines (BT474 and SKBR3) or from
HER2-positive breast cancer patient serum could bind to Trastuzumab (a monoclonal antibody therapy
that interferes with the HER2 receptor) and lead to an inhibition of the anti-proliferative effects of
Trastuzumab on SKBR3 cells. These results suggest that HER2-positive exosomes may interfere with
anticancer therapy and may promote HER-2 driven tumor aggressiveness [140]. These findings have
led to the development of a novel therapeutic strategy for exosome removal as an adjuvant to
chemotherapy. In particular, Aethlon Medical, Inc. (San Diego, CA, USA) has introduced the
HER20some'™ as a new therapeutic strategy to maximize the effects of anti-HER2 therapies in
combating breast cancer [141]. Furthermore, exosomes may also function to shuttle chemotherapies,
such as cisplatin, out of the tumor cell, thus reducing their effectiveness [142]. For example, acquired
resistance to cisplatin is associated with abnormalities of protein trafficking and secretion.
Cisplatin-resistant ovarian cancer cells release more protein via exosomes, including greater levels of
the lysosome-associated protein 1 (LAMP1), the putative cisplatin export transporter, MRP2, and the
copper export proteins, ATP7A and ATP7B, than those released by cisplatin-sensitive cells [142]. This
implicates the exosome secretion pathway in the resistance of breast cancer to cancer therapy. Lastly,
because exosomes are naturally produced, cell-derived nucleic acid carriers, they also hold the
potential to function as biological therapeutic delivery systems. For example, exosomes engineered to
express the transmembrane domain of the PDGF receptor fused to the GE11 peptide were shown to
successfully deliver the let-7a microRNA to EGFR-expressing breast cancer cells in vitro and
EGFR-expressing xenograft breast cancer tissue in vivo, thus demonstrating the potential of exosomes
to be used therapeutically to specifically target cancer cells with nucleic acid drug targets [143].

5. Future Directions

Current knowledge of TD-exosomes suggests that they can play an important role in the development
and progression of cancer through modulation of intercellular communication within the tumor
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microenvironment by the transfer of protein, lipid and RNA cargo. A further exploration of exosome
secretion in the normal physiological state and during cancer development and progression, as well as
the specific content exosomes transport under these conditions, will increase our understanding of their
role in intercellular communication and tumorigenesis. Identification and modification of cancer
cell-derived exosome contents may allow for the development of novel diagnostic, preventive and
therapeutic approaches, with potentially minimally invasive procedures. Utilization of exosomes for
therapeutic delivery may also prove to be the answer for the field of RNA therapeutics, whose main
roadblock has been the development of an effective RNA delivery system. Furthermore, the concept of
exploiting these extracellular vesicles or the creation of synthetic exosomes, called ‘“exosome
mimetics” for drug delivery may also allow for specific targeting of cancer cells by developing
exosomes that harbor cell-specific targeting factors [144]. Although this field is in its infancy, it is easy
to imagine all the future possibilities these natural nanoparticles hold.
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