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Abstract
MicroRNAs (miRNAs) are master regulators of gene expression. By degrading or blocking
translation of messenger RNA targets, these non-coding RNAs can modulate the expression of
more than half the protein-coding genes in mammalian genomes. MiRNAs play important
regulatory roles in a variety of cellular functions and in several diseases, including cancer.
Aberrant miRNA expression has been well characterized in cancer, with implications for
progression and prognosis. Recently, the discovery of miRNAs in body fluids, such as serum and
plasma, opens up the possibility of using them as noninvasive biomarkers of disease and therapy
response. In this chapter, we discuss the use of circulating miRNAs as biomarkers of disease and
therapy response and as diagnostic and prognostic markers in breast cancer. We also discuss the
main issues related to establishing circulating miRNAs as biomarkers in cancer.

1 Introduction
MicroRNAs (miRNAs) are short (~22-nucleotide) non-coding RNAs that play important
roles in post-transcriptional gene silencing of target messenger RNAs (mRNAs) [1].
MiRNAs are involved virtually in all biologic processes, including cell proliferation and
apoptosis, development, differentiation, metabolism, immunity, neuronal patterning, stress
response, aging, and cell-cycle control [1–5]. MiRNAs are strongly conserved among
distantly related invertebrates, vertebrates, and plants [6], and more than 1,400 have been
identified in humans [7]. It has been estimated that more than 50% of protein-coding genes
are regulated by miRNAs in mammalian genomes [8, 9]. MiRNAs negatively regulate gene
expression through mRNA cleavage in cases of perfect complementarity to the 3′-UTR of
the target mRNA or through translational repression in cases of partial complementarity
[10–12]. However, the results of recent studies demonstrate that miRNAs can also target the
5′-UTR of a target mRNA, both open reading frames and promoter regions [13, 14]. Recent
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studies have demonstrated that the open reading frames of many repeat-rich genes contain
strikingly large numbers of particular miRNA target sites [15, 16].

Because a single miRNA can target hundreds of mRNAs, aberrant miRNA expression is
capable of disrupting the expression of several mRNAs and proteins and is involved in the
initiation of many diseases, such as cancer [17]. The first evidence of miRNAs’ involvement
in cancer was found in a study on miR-15a and miR-16a, which are located on chromosome
region 13q14, a region that is deleted in more than half of all B-cell chronic lymphocytic
leukemia patients [18, 19]. Since then, several studies have detected aberrations in miRNA
expression in virtually all cancer types [20–25]. In breast cancer, Iorio et al. [26] identified
29 miRNAs differentially expressed in 76 breast tumor and 34 normal tissue specimens. In
addition, miR-30 expression is associated with biopathologic features such as estrogen
receptor (ER) and progesterone receptor (PR) expression, and miR-213 and miR-203
expression is related to tumor stage. Mattie et al. [27] identified unique sets of miRNAs
associated with breast cancers currently defined by their HER2/neu or ER/PR status.

With the exception of leukemias, for which malignant cells are easily available, tissues for
profiling solid cancers are obtained either by biopsy or surgery. Therefore, studies that
demonstrate the diagnostic and prognostic usefulness of circulating miRNAs in body fluids,
such as serum and plasma, are of high interest. MiRNAs have also been detected in other
body fluids, such as tears, breast milk, bronchial lavage, colostrum, and seminal, amniotic,
pleural, peritoneal, and cerebrospinal fluids [28]. Specific compositions and concentrations
are found in each body fluid type analyzed. These findings might be useful if a correlation
exists between specific miRNA levels in body fluids and various disease states.

In this chapter, we discuss detecting circulating miRNAs in serum and plasma and their
applicability as diagnostic and prognostic markers in breast cancer.

2 Circulating MicroRNAs in Breast Cancer
The first study that measured miRNA levels in serum was conducted by Lawrie et al. [29],
who found that sera levels of miR-21 were associated with relapse-free survival in patients
with diffuse large B-cell lymphoma. Since then, several studies have assessed the potential
use of serum or plasma miRNAs as biomarkers in different types of cancers, such as prostate
cancer [30], lung cancer, colorectal cancer [31, 32], ovarian cancer [33], renal cell
carcinoma [34], squamous cell carcinoma of the tongue [35], and glioblastoma [36].

In breast cancer, some studies have assessed the use of circulating miRNAs as biomarkers to
differentiate normal from diseased states and monitor response to therapy. In one of the first
studies, Zhu et al. [37] demonstrated that PR-positive tumors had higher miR-155 expression
levels than did negative tumors in serum specimens from 21 women with and without breast
cancer. In another study, Heneghan et al. [38] identified cancer-specific miRNAs that were
significantly altered in the circulation of 148 breast cancer patients and that increased
systemic miR-195 levels in breast cancer patients were reflected in breast tumors.
Furthermore, the authors found that circulating levels of miR-195 and let-7a decreased in
cancer patients after tumor resection and that specific circulating miRNAs were correlated
with certain clinicopathologic variables, namely nodal status and ER status.

In one study, serum miRNA levels were highly correlated with breast tumor tissue types.
miR-21, miR-106a, and miR-155 were significantly overexpressed in tumor specimens
compared with in normal controls, whereas miR-126, miR-199a, and miR-335 were
significantly underexpressed. Furthermore, the relative expression levels of miR-21,
miR-126, miR-155, miR-199a, and miR-335 were closely associated with breast cancer
histologic tumor grades and sex hormone receptor expression status [39]. Asaga et al. [40]
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demonstrated that circulating miR-21 concentrations could be used to distinguish breast
cancer patients from healthy women and further distinguish patients with distant metastases
from those with locoregional disease. Expression levels of circulating miR-10b, miR-34a,
and miR-155 were used to discriminate 59 breast cancer patients from 29 healthy individuals
[41]. Zhao et al. [42] identified 26 differentially expressed miRNAs in 20 breast cancer
patients compared with 20 healthy donors. In this study, let-7c and miR-589 were
significantly downregulated and upregulated in breast cancer patients, respectively. Using a
deep sequencing technique, Wu et al. [43] found significantly higher miR-29a and miR-21
in the serum of breast cancer patients compared to controls. Another avenue of current
research is the identification of miRNAs in circulating tumor cells (CTCs) in the peripheral
blood. Sieuwerts et al. [44] identified 10 miRNAs that were more abundantly expressed in
32 patients with CTCs than in 9 patients with no detectable CTCs and healthy blood donors.
Technical issues regarding CTC isolation must be addressed to establish CTCs’ relevance in
clinical use, but they represent a promising approach because they are shed from the primary
tumor or its metastases.

Some studies have identified differentially expressed circulating miRNAs in breast cancer
patients and controls; few cases of overlapping expression have been reported. The main
reason for these disparities is the lack of a standardized and robust method, with universal
parameters, for detecting tumor-specific miRNA in body fluids. Nonetheless, studies of the
circulating miRNAs associated with breast cancer have been limited to date. Therefore,
more extensive studies are needed to establish circulating miRNA as noninvasive
biomarkers and predictors of therapy response. Furthermore, not only technical aspects
compromise the establishment of circulating miRNAs as biomarkers in breast cancer and
also in other types of cancer; to date the source of circulating miRNAs is not clear.
Therefore, more studies are necessary to clarify whether circulating miRNAs detected in
body fluids are tumor-specific or the product of dead cells, either from tumor or healthy
tissues.

In the following section, we discuss the main findings regarding the origin of circulating
miRNAs, as well as recently published data that may explain the stability of circulating
miRNAs in the bloodstream.

3 Stability and Origin of Circulating MicroRNAs
The potential of circulating miRNAs as cancer biomarkers relies mainly on their high
stability and their capacity to reflect tumor status and predict therapy response. Many studies
have systematically demonstrated that circulating miRNAs remain stable after being
subjected to severe conditions that would normally degrade RNAs, such as boiling, low or
high pH levels, extended storage, and ten freeze–thaw cycles [45, 46]. This remarkable
stability is partly explained by miRNAs’ association with protein complexes and the
presence of these small RNAs in circulating microvesicles called exosomes.

Recently, Arroyo et al. [47] found that most circulating miRNAs in plasma are
cofractionated with Argonaute2 (Ago2), suggesting that circulating Ago2 complexes are the
mechanisms responsible for plasma miRNA stability. Ago2 is part of an RNA-induced
silencing complex and is the key effector protein of miRNA-mediated silencing. The results
of Arroyo et al. study suggest that vesicle-associated versus Ago2 complex-associated
miRNAs originate from different cell types and reflect cell type-specific miRNA expression
or release mechanisms. However, only 10% of circulating miRNAs were vesicle associated
in plasma. These findings were confirmed by Turchinovich et al. [48], who also
demonstrated that extracellular miRNA is ultra filtrated with Ago2 and that most miRNA in
plasma and cell culture remains in the supernatant after ultracentrifugation at 110,000 g,
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indicating a non-vesicular origin for extracellular miRNA. Furthermore, non-miRNA
species such as U6 RNA, RNU24, RNU43, RNU44, RNU48, RNU6B, and mRNAs, which
are not associated with Ago proteins, are absent in the extracellular environment or present
in only low amounts. Other proteins may be associated with circulating miRNAs because
some were present in the supernatant after Ago2 immunoprecipitation [47]. Recent findings
demonstrate that the RNA-binding protein nucleophosmin 1 plays a role in the exportation,
packaging, and protection of extracellular miRNAs [36]. Another mechanism that may
involve the nSMase2 pathway was discovered, demonstrating that high-density lipoprotein
transports circulating miRNAs and can alter gene expression by transferring miRNAs to
recipient cells [49]. Nevertheless, miRNAs may also be involved in autocrine and paracrine
miRNA signaling through exosomes. Of note, studies that have demonstrated that most
circulating miRNAs are exosome-free only used samples from healthy donors or culture
media [47, 48]. The two populations of circulating miRNAs (i.e., extracellular and
exosomal) were not assessed or compared between healthy donor and cancer patients in
these studies. Importantly, the results indicate that cancer patients have elevated levels of
tumor-derived exosomes in plasma compared with those in healthy donors [50].
Furthermore, exosomes containing miRNAs were found not only in blood [51] but also in
other body fluid types, such as saliva [52]. In Fig. 1, we depicted a hypothetical way in
which circulating miRNAs are generated in the bloodstream. Nonetheless, further studies are
necessary to explain the origin of these small RNAs in body fluids.

Interestingly, one group of researchers demonstrated the existence of tumor-derived
exosomes [53] and an miRNA signature for circulating ovarian cancer exosomes [54]. This
miRNA signature was significantly correlated with primary tumor miRNA expression in
cancer patients compared with in benign disease patients and was not identified in normal
controls. A similarity between miRNA signatures in circulating exosomal miRNAs and
originating tumor cells was also found in lung adenocarcinoma [55], with a significant
difference in exosomal miRNA levels between cancer patients and controls. Therefore,
exosomes may be a newly discovered mechanism by which donor cells can communicate
and influence the gene expression of recipient cells. More studies are needed to elucidate its
importance in cancer progression [56]. Indeed, one study confirmed these findings and
demonstrated that exosomes released by glioblastoma cells containing mRNA, miRNAs,
and angiogenic proteins, such as epidermal growth factor receptor vIII, are taken up by
normal recipient cells, such as brain micro-vascular endothelial cells [50]. Another study
showed that exosomal miRNAs are associated with maintenance of dormant breast cancer
cells in bone marrow stroma, which is related to recurrence and poor prognosis in breast
cancer. In this study, Lim et al. [57] found that miRNAs play a role in breast cancer cell
quiescence by demonstrating their passage through gap junctional intercellular
communication and stroma-derived exosomes between breast cancer quiescent cells and
bone marrow stroma.

Because Ago2/miRNA complexes are extremely stable and found in the cellular cytoplasm,
some researchers have hypothesized that extracellular circulating miRNAs originate from
dead cells [41, 48]. Indeed, miRNAs in body fluids can originate from apoptotic and
necrotic cells of tumors and other sources, such as blood cells, the liver, the lungs, the
kidneys, and other organs in which extensive contact between cells and the blood plasma
occurs [48]. This hypothesis suggests that caution should be applied in using extracellular
circulating miRNAs as biomarkers because cancer-specific miRNAs can be masked by
circulating miRNAs from healthy tissues. It is necessary to clarify whether differential
expression between tumors and normal tissues is affected solely by the tumor or by the
affected organ or system. The real origin of circulating miRNAs, the mechanisms by which
miRNAs are generated in the bloodstream, and the biologic effects of these molecules at
distant sites are unknown and require further study.
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4 Conclusions
Successful breast cancer treatment relies on early disease detection. Because aberrant
miRNA expression is an early event in tumorigenesis, circulating miRNAs may represent
noninvasive biomarkers in breast cancer. Nonetheless, studies in large populations are
needed and some aspects of experimental reliability must be assessed before circulating
miRNAs can be used as biomarkers. Likewise, given that most current approaches to cancer
screening are invasive and unable to detect early stage disease, it is important to determine
when tumor-related circulating miRNAs are detectable in the bloodstream during disease
evolution. Moreover, important issues need to be addressed to establish circulating miRNAs
as biomarkers for cancer.

First, larger prospective clinical trials are needed to validate these results because most
published studies have small sample sizes and lack long-term outcome data. Second,
because common upregulated miRNAs in body fluids are shared by several cancer types,
especially those with common origins, further studies are necessary to establish a well-
characterized panel of miRNAs specific to each tumor type. The use of known biomarkers
as cancer antigens, along with miRNAs, can also increase cancer detection specificity and
sensitivity. Third, more studies are necessary to determine which circulating miRNAs
indicate early or advanced cancer stage, response to treatment, and patient outcome. Fourth,
a robust method for tumor-specific miRNA detection in body fluids with universal
parameters is needed. Finally, to use miRNAs as biomarkers in cancer, it is important to
determine the source of tumor-specific miRNAs in body fluids and establish a signature
capable of differentiating diseased from healthy states.
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Fig. 1.
After being transcribed in the nucleus, pre-miRNA molecules can be processed further by
dicer in the cytoplasm. In addition, based on recent findings [36, 47, 49] there are at least
two ways that pre-miRNAs can be packaged and transported using exosomes and MVBs or
other (not fully explored) pathways together with RNA-binding proteins. After fusion with
the plasma membrane, MVBs release exosomes into the circulating compartments and
bloodstream. Likewise, pre-miRNA inside the donor cell can be stably exported in
conjunction with RNA-binding proteins, such as NPM1, and Ago2, or by HDL. Circulating
miRNAs enter the bloodstream and are taken up by the recipient cells by endocytosis or,
hypothetically, by binding to receptors present at the recipient cellular membrane capable of
recognizing RNA-binding proteins. More studies are necessary to elucidate how miRNAs
are loaded into exosomes and how they can be internalized by recipient cells. Exosomal
miRNAs are processed by the same machinery used in miRNA biogenesis and thus have
widespread consequences within the cell by inhibiting the expression of target protein-
coding genes. MVBs multivesicular bodies, NPM1, nucleophosmin 1, Ago2 Argonaute2,
HDL high-density lipoprotein. Figure modified with permission from Cortez etal. [58]
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