
diagnostics

Review

Advances of Exosomal miRNAs in Breast Cancer Progression
and Diagnosis

Wenwen Chen 1,2,†, Zhongyu Li 3,† , Pengwei Deng 1,2, Zhengnan Li 4, Yuhai Xu 5, Hongjing Li 5, Wentao Su 6,*
and Jianhua Qin 1,2,7,8,*

����������
�������

Citation: Chen, W.; Li, Z.; Deng, P.;

Li, Z.; Xu, Y.; Li, H.; Su, W.; Qin, J.

Advances of Exosomal miRNAs in

Breast Cancer Progression and

Diagnosis. Diagnostics 2021, 11, 2151.

https://doi.org/10.3390/

diagnostics11112151

Academic Editor: Gustavo

Baldassarre

Received: 11 October 2021

Accepted: 1 November 2021

Published: 20 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 CAS Key Laboratory of Separation Science for Analytical Chemistry, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian 116023, China; chenwenwen@dicp.ac.cn (W.C.);
dengpengwei@dicp.ac.cn (P.D.)

2 University of Chinese Academy of Sciences, Beijing 100049, China
3 College of Life Science, Dalian Minzu University, Dalian 116600, China; lizhongyu2019@yeah.net
4 Clinical Laboratory, Dalian University Affiliated Xinhua Hospital, Dalian 116021, China; lzn04@163.com
5 First Affiliated Hospital of Dalian Medical University, Dalian 116000, China; xyh114@icloud.com (Y.X.);

lhj68430@163.com (H.L.)
6 School of Food Science and Technology, Dalian Polytechnic University, Dalian 116034, China
7 Institute for Stem Cell and Regeneration, Chinese Academy of Sciences, Beijing 100049, China
8 CAS Centre for Excellence in Brain Science and Intelligence Technology, Chinese Academy of Sciences,

Shanghai 200031, China
* Correspondence: suwentao2020@yeah.net (W.S.); jhqin@dicp.ac.cn (J.Q.)
† These authors equally contributed to this work.

Abstract: Breast cancer is one of the most commonly diagnosed malignancies and the leading cause of
cancer death in women worldwide. Although many factors associated with breast cancer have been
identified, the definite etiology of breast cancer is still unclear. In addition, early diagnosis of breast
cancer remains challenging. Exosomes are membrane-bound nanovesicles secreted by most types of
cells and contain a series of biologically important molecules, such as lipids, proteins, and miRNAs,
etc. Emerging evidence shows that exosomes can affect the status of cells by transmitting substances
and messages among cells and are involved in various physiological and pathological processes.
In breast cancer, exosomes play a significant role in breast tumorigenesis and progression through
transfer miRNAs which can be potential biomarkers for early diagnosis of breast cancer. This review
discusses the potential utility of exosomal miRNAs in breast cancer progression such as tumorigenesis,
metastasis, immune regulation and drug resistance, and further in breast cancer diagnosis.
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1. Introduction

Breast cancer has been the most commonly diagnosed cancer worldwide, with an
estimated 2.3 million new cases (11.7%) in 2020. It is also one of the leading causes of cancer
death with a mortality rate of 6.9% [1,2]. Several genetic and environmental risk factors
have been proved to favor breast cancer development [3–6], however, the exact cause of
breast cancer still remains unclear. The five-year survival rates of breast cancer patients are
decreased with the malignant degree of the tumor, with more than 95% for localized breast
cancer and less than 25% after metastasis [7]. Early diagnosis and the control of tumor
procession are of great importance for the mortality of breast cancer patients. Biomedical
imaging combined with tissue biopsy remains the most widely used method for detecting
breast cancer [8], despite the fact that it can only detect breast cancer with obvious focus.
Liquid biopsy including exosomes [9], circulating tumor cells (CTCs) [10], and circulating
tumor deoxyribonucleic acids (ctDNAs) [11] has been recently proposed as a promising
diagnosis method in oncology because it is less invasive and can be detected in the early
stage of breast cancer without obvious focus.
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Exosomes are nanoscale extracellular vesicles released by all cells of prokaryotes
and eukaryotes [12]. They inherit many constituents from their donor cells, including
proteins [13,14], lipids, nucleic acids [15], and metabolites, which play important roles
in the transmission of messages and exchange of substances among cells [16]. Emerg-
ing evidence shows that exosomes can affect the physiological status of cells and have
significant effects on adaptive immunity, inflammatory processes, and tumorigenesis pro-
cesses through transfer micro-ribonucleic acids (miRNAs) [17–19]. MiRNAs are a group
of noncoding ribonucleic acid (RNA) with 20–25 nucleotides which always regulate the
post-transcriptional level of gene expression negatively [20]. It has been well recognized
that miRNAs are involved in the diagnosis, initiation, progression, prognosis, and response
to treatment of breast cancer [21,22]. Compared with free ones, the exosomal miRNAs are
more stable since the phospholipid bilayer surrounding exosomes can protect them from
being degraded by nuclease in the body fluids [23,24].

In this review, we focus on exosomal miRNAs associated with breast cancer. Since sub-
stantial evidence predicts that exosomal miRNAs are essential for breast cancer procession
and can be used for diagnosis [25,26], we introduce the recent novel findings from those
two aspects. For the role of exosomal miRNAs in breast cancer procession, we mainly intro-
duce the aspects of the tumor microenvironment, tumorigenesis, invasion and migration,
immune regulation, and drug resistance. For the cancer diagnosis, we mainly introduce
the biological sources, summarize the miRNAs which have the potential to be biomarkers
for breast cancer diagnosis, and present detection methods reported by previous articles.
Finally, we discuss the future opportunities, challenges, and perspectives on how exosomal
miRNAs can accelerate their clinical applications in breast cancer.

This systematic review was conducted in PubMed and Web of Science. The publication
date was all years (1900–2021). The search identified a total of 271 articles with the keywords
“breast cancer” AND “exosome” AND “miRNA”. Then we analyzed these articles. Seventy-
eight publications met the inclusion criteria and were included in the systematic review.

2. Exosomal miRNAs in Breast Cancer Progression

The tumor microenvironment (TME) often refers to areas close to solid tumors. Despite
breast cancer cells, TME also contains a large number of other different types of cells,
including cancer-associated fibroblasts (CAFs), vascular endothelial cells (VECs), immune
cells, adipocytes, and myoepithelial cells, etc. In addition, some non-cellular components
are also involved, including extracellular matrix (ECM), exosomes, signaling molecules, or
soluble cytokines [27–30]. Additionally, TME differs from normal tissues in high interstitial
fluid pressure, hypoxia, and acidity, etc.

In the tumor microenvironment, cancer-related cells usually exhibit enhanced exo-
somes release to communicate with adjacent or distant cells. These exosomes mediate the
intercellular communications between cancer cells, adjacent stromal cells, mesenchymal
stem cells, and immune cells by exchanging bioactive substances such as miRNAs and
proteins, resulting in the development of the tumor microenvironment [31–33]. This com-
munication network is crucial for almost all major tumor hallmarks, such as tumorigenesis,
pre-metastasis niche formation, invasion and migration, immune regulation, and drug
resistance (Figure 1). The existing literature shows that exosomes function mainly by
transferring miRNAs, which can regulate their target mRNAs post-transcriptionally thus
leading to the expression/inhibition of target genes [26]. Therefore, exosomal miRNAs
play important roles in the tumorigenesis and progression of breast cancer.

2.1. Tumorigenesis

Tumorigenesis is the process of abnormal proliferation of cells formed by the loss of
regulation of the normal cells’ growth at the gene level due to various factors. Its biological
basis is gene abnormalities. The pathogenic factor is that somatic gene mutation leads
to normal gene deletions and disordered gene expressions, which affect the biological
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and genetic activities of cells and forms tumor cells that are different from normal cells in
morphology, metabolism, and function.
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Figure 1. Breast cancer-related exosomal miRNAs in breast cancer progression.

Breast cancer cell-derived exosomal miRNAs have been implicated in tumorigene-
sis [34,35]. Cancer exosomes mediate effective and rapid mRNAs silencing to reprogram
the target cell transcriptome through miRNAs. Exosomes with RNA-induced silencing
complex-associated (RISC-associated) miRNAs can induce tumor formation by nontumori-
genic mouse mammary cells (MCF10A cells) [36]. Breast cancer patients’ exosomes switch
nontumorigenic epithelial cells into tumors in a Dicer-dependent manner [36]. Additionally,
miRNA-205 affects breast cancer cells proliferation via targeting E2F1 [37].

Exosomal miRNAs also participate in the regulation of cancer-related fibroblast induce
and angiogenesis [38]. Baroni et al. [39] found exosomal miR-9 could affect the statuses
of human normal breast fibroblasts, enhancing the switch from normal fibroblasts (NFs)
to cancer-associated fibroblasts (CAFs), thus promoting tumor growth. miR-9 secreted by
CAFs can be transferred to receptor NFs through exosomes and mainly involve extracellular
matrix remodeling and cell motility pathways. Jung et al. [40] used a miR-210 specific
reporting system to observe miR-210 mediated metastasis from hypoxic breast cancer cells
to adjacent cells. Through in vitro and in vivo visualization, they found that miR-210 was
transmitted through exosomes in the tumor microenvironment, and it was associated with
the regulation of vascular remodeling related genes, including Ephrin A3 and PTP1B,
thus, promoting angiogenesis. These results suggest that miRNAs from breast cancer cells
spread through exosomes to adjacent cancer cells in the tumor microenvironment and
affect tumor tumorigenesis.

2.2. Invasion and Migration

Breast cancer is the most common malignancy in women, and 20% of them may
develop metastases, which is the main cause of breast cancer death. About 6% of patients
with breast cancer have distant metastases in lung/pleura, liver, bone, non-axillary lymph
nodes, and brain [41–44]. In 1889, Stephen Paget put forward the famous “seed and
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soil” metastasis hypothesis, which believes that tumor cells can form metastasis only in a
suitable tissue and organ microenvironment [45]. With the development of technology, the
metastasis mechanism of tumors is constantly improved. Nowadays, it has been found
that a tumor can actively change the microenvironment of metastasis and contribute to
pre-metastatic niche formation by secreting exosomes, while there are few examples of
microenvironments providing convenience for tumor cells directly [46]. The key process
required for the invasiveness of breast cancer to secondary organs is cancer cell invasion,
which can be mediated by determined cell interaction mechanisms such as collective
invasion, epithelial-to-mesenchymal transition, and macrophage cancer cell feedback loop.
These involve multiple interactions between tumor cells and stromal cell subsets and are
carried out through direct intercellular adhesion, soluble factor signal transduction, and
extracellular matrix (ECM) reconstruction [47,48].

Yuan et al. [49] used xenograft models to study the function of breast cancer-related
exosomes on bone metastasis. They indicated that breast cancer cells promoted bone
metastasis via transferring exosomal miR-21 to osteoclasts, which could facilitate osteoclas-
togenesis through regulating PDCD4 and forming a pre-metastatic niche. While marrow
stroma can transfer exosomal miRNAs to breast cancer cells to impair metastases [50].
Wang et al. [51] studied the lymph node metastasis of breast cancer. They identified exoso-
mal miRNAs from plasma of breast cancer patients with/without lymph node metastasis
and found miR-363-5p, which was significantly downregulated in lymph node-positive
patients, could modulate platelet-derived growth factor (PDGF) signaling activity by tar-
geting PDGFB, thus, inhibiting breast cancer cell proliferation and migration to lymph
node. Besides, lymphatic endothelial cells can promote breast cancer metastasis through
exosomal miRNAs including miR-503-3p, miR-4269, and miR-30e-3p [52]. Other miRNAs,
such as miR-7641 [53], miR-155 which targets PTEN and DUSP14 [54], and miR-1226-3p
which targets aquaporin-5 [55] have also been reported to associate with breast cancer
invasiveness and migration.

Breast cancer stem cells are a subtype of cancer cells with stem-like characteristics.
Their development is closely related to the successful metastasis cascade of cancer cells.
Cancer-associated fibroblast exosomes with low miR-7641 can promote the stemness of
breast cancer cells through HIF-1 alpha [53]. Exosomal miR-130a-3p has been reported
to inhibit migration and invasion by regulating RAB5B in human breast cancer stem-like
cells [56]. In addition, tumor-associated macrophages can also promote the invasion of
breast cancer through the exosomes secreted by macrophages, which can transfer carcino-
genic miRNAs into breast cancer cells [57,58].

2.3. Immune Regulation

TME also contains a large number of immune cells, including lymphocytes, dendritic
cells, monocytes/macrophages, granulocytes and hypertrophic cells, which involve or
relate to immune responses. In breast cancer, exosomal miRNAs also participate in the
communication between cancer cells and immune cells, thus, regulating adaptive immu-
nity [59]. Breast cancer cells can escape the detection of the immune system through
exosome-mediated secretions of proinflammatory cytokines from macrophages and de-
creases in the cytotoxicity of NK and T-cells.

Tumor-associated macrophages (TAMs) play a critical role in the tumor inflammatory
microenvironment. Guo et al. [60] reported that mouse 4T1 breast cancer cell-derived
exosomes enhanced IL-1β, IL-6, and TNF α expressions of TAMs. This is mainly because
miR-183-5p, which inhibits the expression of PPP2CA, can be transferred from breast cancer
cells to macrophages through exosomes, thus, promoting the secretion of proinflammatory
cytokines and contributing to tumor progression in breast cancer.

Immune escape of breast cancer cells is important in the pathogenesis of breast cancer.
Endoplasmic reticulum (ER) stress can be produced by destroying protein homeostasis.
MiRNA mediated mRNA translation inhibition has been widely studied in regulating ER
stress and immune escape in human cancer. Yao et al. [61] reported that in breast cancer,
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exosomal miR-27a-3p increased PD-L1 expression via MAGI2/PTEN/PI3K axis, thus,
promoting immune evasion. Jiang et al. [62] found that both miR-181a and miR-9 could
promote the expansion and infiltration of immature early myeloid-derived suppressor cells
(eMDSCs), and have a strong inhibitory effect on T cell immunity in humans and mice by
targeting SOCS3 and PIAS3 respectively. This may provide a potential therapeutic target
for the treatment of IL-6 (high) breast cancer.

2.4. Drug Resistance

The current death rate of breast cancer has decreased due to improved early moni-
toring and advanced treatment strategies. Treatment strategies for breast cancer usually
combine surgeries with a variety of adjuvant treatments, such as radiotherapy, chemother-
apy, targeted therapy, hormone therapy, or a combination thereof. Nevertheless, resistance
to therapeutic drugs remains a big obstacle to the success of systematic treatments [63]. The
drug resistance of breast cancer cells arises from different mechanisms, among which the
drug resistance mediated by exosomal miRNAs has attracted much attention. Emerging
evidence reveals that the up-regulation/down-regulation of miRNAs can induce the drug
resistance of breast cancer cells through various signal pathways [7,64,65].

Doxorubicin (Adriamycin) [66,67], docetaxel [68], paclitaxel [69], and cisplatin [70] are
the commonly used chemotherapeutic drugs in breast cancer therapies. They inhibit the
process of breast cancer either by killing tumor cells or arresting tumor cells divisions [71].
Several miRNAs from docetaxel-resistant cells derived exosomes have been proved can
modulate target genes associated with mTOR, TGF-beta, MAPK, PI3K/Akt, and Wnt sig-
naling pathways, thus, participating in kinase activities interfering, transcription regulation,
protein binding, and protein phosphorylation [72,73]. For example, exosomal miR-100,
miR-222, and miR-30a were implicated in breast cancer cell’s resistance to adriamycin and
docetaxel [67]. Some modulators of estrogen receptor-α, such as tamoxifen, a commonly
used hormone therapy drug, have also been studied [74]. Exosomal miR-9-5p augments the
resistance of breast cancer cells to tamoxifen by down-regulating ADIPOQ [75]. Exosomal
miRNAs involved in mediating therapeutic drugs resistance may provide a new target for
therapeutic intervention.

Drug resistant breast cells can affect the properties of normal cells through exosomal
miRNAs. Ozawa et al. [76] isolated extracellular vesicles from triple-negative breast cancer
cells and used these vesicles to treat non-tumorigenic breast cells. They found vesicles
from cancer cells could promote the proliferation and drug resistance of normal cells
by changes in miRNAs associated with cell proliferation, invasion, and apoptosis. This
indicates drug-resistant breast cancer cells can change gene expression in sensitive cells by
transferring specific miRNAs through exosomes, so as to manipulate a more deleterious
microenvironment and transmit drug resistance.

In addition, some upstream factors which affect miRNAs have also been reported.
For example, it has been found that β-elemene can regulate the expression of multidrug
resistance specific miRNAs in cells, thereby affecting the content of exosomes, reducing
the drug resistance through exosomes, and reversing the drug resistance of breast cancer
cells [77]. D Rhamnose β-hederin, which could decrease the formation and release of
exosomes and reduce the expressions of the most abundant miRNAs (miR-16, miR-23a,
miR-24, miR-26a, and miR-27a) in docetaxel-resistant related exosomes, has been used to
reverse the chemoresistance of breast cancer cells by regulating the resistance transmission
mediated by exosomes [78]. Exosomal miRNAs may be considered as excellent biomarkers
for the determination of specific drug resistance in breast cancer therapy and regulating
miRNAs in exosomes may help us reduce the resistance of breast cancer cells.

Finally, we summarized miRNAs involved in breast cancer progression and showed
them in Table 1.
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Table 1. Exosomal miRNAs involved in breast cancer progression.

Exosomal miRNA Target Gene/Signal Pathway Function Ref.

miR-205 E2F1 Affect breast cancer cells proliferation [37]
miR-9 E-cadherin Regulate cancer-related fibroblast induce [39]

miR-210 Ephrin A3 and PTP1B Promote angiogenesis [40]
miR-181d-5p CDX2/HOXA5 Promote EMT [79]

miR-21 PDCD4 Facilitate osteoclastogenesis [49]
miR-363-5p PDGFB Modulate platelet-derived growth factor [51]
miR-7641 HIF-1 alpha Promote the stemness of breast cancer cells [53]
miR-200 ZEB2 and SEC23A Promote metastatic capability [80]
miR-155 DUSP14 Enhance metastasis [54]

miR-1226-3p AQP5 Inhibit migration [55]
miR-130a-3p RAB5B Inhibit migration and invasion [56]
miR-183-5p PPP2CA Enhance IL-1β, IL-6 and TNF α expressions [60]
miR-27a-3p MAGI2/PTEN/PI3K Increase PD-L1 expression [61]

miR-181a and miR-9 SOCS3 and PIAS3 Promote the expansion and infiltration of
immature eMDSCs [62]

miR-127, miR-197, miR-222 and
miR-223 CXCL12 Contribute to breast cancer cell quiescence [50]

miR-770 STMN1 Suppress chemo-resistance and metastasis [81]
miR-100, miR-222 and miR-30a PTEN Resist to adriamycin and docetaxel [67]

miR-9-5p ADIPOQ Resist to tamoxifen [75]

miR-1246 CCNG2 Promote cell proliferation, invasion and drug
resistance [82]

miR-567 ATG5 Reverse trastuzumab resistance [83]

3. Exosomal miRNAs in Breast Cancer Diagnosis

Breast cancer is a diverse disease with different subtypes and stages [84]. Traditional
diagnostic methods, such as mammography [85] and tissue biopsy [86], are very effective
but they are limited by the need for the smallest tumor size and may lead to radiation
exposure. In addition, not all breast tumors can be found by mammography in the early
stage. The specificity of mammography is 62.7% with a sensitivity ranging from 62.2 to
89.5% [87]. Based on these facts, multiple researchers have paid attention to blood-based
biomarkers, which can help detect breast cancer in infancy before it spreads from the
primary site. miRNAs show great potentials in this regard [87]. As mentioned above, these
short and non-encoding RNA sequences are involved in the tumorigenesis and progression
of breast cancer [21,88]. However, the lack of standardized methods makes it difficult
to implement in a clinical environment. Whole blood [89], plasma [90], and serum [91]
all have been reported as sources of breast cancer-related miRNAs. Using miR-10b as an
example, it has been observed a significant upregulation in the serum [91] has no significant
difference on the whole blood [92] of breast cancer patients when compared with healthy
individuals. In addition, researchers are working to discover miRNAs that may distinguish
breast cancer subtypes from each other.

Compared to free miRNAs in whole blood or serum, miRNAs in exosomes are more
stable and reliable since the phospholipid bilayer surrounding exosomes can protect
them from being degraded by nuclease in the body fluids. Therefore, exosomal miRNAs
have been a promising biomarker for breast cancer diagnosis and attached more and
more attention.

3.1. Sources for Isolating Breast Cancer Related Exosomal miRNAs

Almost all body fluids contain exosomes, such as blood, urine, milk, sweat, various
tissue fluids, and even tear [12,93]. Exosomes separated from several biological samples
have been extensively studied to isolate breast cancer-related exosomal miRNAs, including
serum [94], plasma [95], and tear [96].

The serum is the main source for the study of breast cancer-related exosomal miR-
NAs. It is reported that the exosomes in breast cancer patients’ serum contain RNA-
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induced silencing-loading complex proteins, TRBP, Dicer, and AGO2, which can process
pre-miRNAs into mature miRNAs. And the level of exosomes in the serum of breast cancer
patients is higher than that of healthy donors [36]. From the diagnostic point of view,
miRNAs in circulating exosomes can reflect the composition of donor breast cancer cells
and the response of the tumor microenvironment to the growth of cancer cells [97]. There-
fore, analysis of exosomal miRNAs from serum can be used for early disease detections or
monitoring treatment responses and disease progressions of breast cancer. Plasma is also
a common choice for exosomal miRNAs detection [51]. Although there may have some
differences between plasma and serum in the level of free miRNAs, their levels of exosomal
miRNAs are almost the same. In addition, Inubushi et al. [96] separated exosomal miRNAs
from tear successfully and found that compared with healthy controls, the expression of
breast-cancer-specific miR-200c and miR-21 was higher in tear exosomes of breast cancer
patients, which indicates tear can be a potential source for breast cancer related exosomal
miRNAs detection.

For the analysis of breast cancer-related exosomal miRNAs, there are mainly two
strategies: separating exosomes firstly followed by miRNAs extraction and detection;
testing the miRNAs in the serum directly without isolation. For the first strategy, exosomes
are usually separated by ultracentrifugation, which is the traditional and most commonly
used method for exosome separation [98]. In brief, cells and cell fragments are removed
by centrifuging at 1000× g for 10 min followed by centrifuging at 10,000× g for 30 min
to remove larger vesicles. After filtration using a 220 nm filter membrane, the filtrate
is transferred into a centrifuge to precipitate and wash exosomes at 100,000~120,000× g.
Other methods such as microfluidic-based strategies have also been reported for the
separation of breast cancer-related exosomes [99,100]. miRNAs extraction is performed
on the isolated exosomes by using nucleic acid extraction kits, some biochemical analysis
can be carried out on the extracted miRNAs subsequently. For the second strategy, the
development of biosensors and molecular beacons makes direct detection of miRNAs in
complex body fluids possible, and these will be introduced in the detection approaches
in detail.

3.2. Exosomal miRNAs Related to Breast Cancer Diagnosis

Multiple miRNAs have been identified for breast cancer diagnosis, even for distin-
guishing breast cancer subtypes [84,101]. For example, miR-423-5p [102], miR-18a-3p [99],
miR-101, miR-372 [103], and eight miRNAs of miR-106a-363 cluster [104] which are associ-
ated with cancer proliferation, migration, and cell properties, can distinguish breast cancer
patients with healthy ones. Other miRNAs, such as miR-373, are higher in triple-negative
patients than that in luminal cancer patients or healthy controls; miR-223-3p [105], is higher
in invasive ductal carcinoma patients than that in diagnosed preoperatively with ductal
carcinoma in situ; and miR-93 [106], is also upregulated in ductal carcinoma in situ.

Single miRNA may have limitations in the breast cancer diagnosis included but not
limited to low sensitivity and low specificity, resulting in low accuracy for breast cancer
diagnosis. Combining multiple miRNAs together is a good solution. Jang et al. [87] chose
four miRNAs (miR-373, miR-24, miR-206, and miR-1246) as biomarkers for breast cancer
detection and they achieved the specificity of 96% and the sensitivity of 98% with an
accuracy of 97%.

Despite distinguishing disease patients from healthy ones, exosomal miRNAs can
also use to judge the therapeutic effects and prognosis of patients [107]. Bao et al. [108]
identified three genomic instability-derived miRNAs (miR-421, miR-128-1, and miR-128-2),
which can be used as minimally invasive biomarkers for poor prognosis. Sueta et al. [109]
found three upregulated miRNAs (miR-124-3p, miR-340-5p, and miR-338-3p) and eight
downregulated miRNAs (miR-29b-3p, miR-20b-5p, miR-17-5p, miR-130a-3p, miR-18a-5p,
miR-195-5p, miR-486-5p, and miR-93-5p), which may be useful biomarkers for recurrences.
Exosomal miRNAs associated with breast cancer diagnosis are shown in Table 2.
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Table 2. Exosomal miRNAs involved in breast cancer diagnosis.

Exosomal miRNA Application Expression Ref.

miR-423-5p,
miR-21,

miR-1246

Distinguish breast
cancer patients from

healthy ones
Upregulated [102,110,111]

miR-18a-3p
Distinguish breast
cancer from breast

fibroma
Upregulated [99]

miR-373

Distinguish
triple-negative

patients from luminal
cancer patients and

healthy controls

Upregulated [103]

miR-101, miR-372
Distinguish breast
cancer from benign

tumors
Upregulated [103]

miR-106a-363 cluster Breast cancer
diagnosis Upregulated [104]

miR-223-3p

Distinguish invasive
ductal carcinoma

from ductal
carcinoma in situ

Upregulated [105]

miR-16

Distinguish breast
cancer and ductal
carcinoma in situ

from healthy women

Upregulated [106]

miR-30b Predict recurrence Downregulated [106]

miR-93 Ductal carcinoma in
situ diagnosis Upregulated [106]

miR-373, miR-24,
miR-206 and

miR-1246

Breast cancer
detection Upregulated [87]

miR-421, miR-128-1
and miR-128-2

Predict risk and
unfavorable
prognosis

Upregulated [108]

miR-340-5p Predict recurrence Upregulated [109]
miR-17-5p,

miR-130a-3p, and
miR-93-5p

Predict recurrence Downregulated [109]

miR-155, miR-301 Predict pathological
complete response

Before therapy:
upregulated After

therapy:
downregulated

[107]

3.3. Detection Approaches

Exosomal miRNAs play an important role in the diagnosis of breast cancer. The great
interest in these molecules has led to the significant development and continuous release
of detection methods for basic and advanced exosomal miRNA diagnosis. In the following
article, we outline several methods for breast cancer-related exosomal miRNA analysis
(Figure 2).
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Figure 2. Detection approaches for breast cancer-related exosomal miRNA analysis. (A) RT-qPCR method for exosomal
miRNA analysis, the length of miRNA was increased by stem-loop (left) or poly (A) tailing (right) method [112]. (B) Flow
chart for miRNA sequencing. The length of miRNA was increased by an adapter at both 3′ and 5′ sides. (C) Molecular
beacon for single (left) [110] and multiple (right) [113] exosomal miRNA analysis. (D) Schematic representation of the
electrochemical platform for exosomal miRNA detection [114].

3.3.1. RT-qPCR

RT-qPCR (quantitative reverse transcription-polymerase chain reaction) is a technol-
ogy combining real-time fluorescence quantification, reverse transcription (RT) of RNA
and polymerase chain amplification (PCR) of cDNA. It has been used as a “gold” standard
for nucleic acid assay [115]. The process of RT-qPCR contains two steps: using reverse
transcriptase to synthesize cDNA from RNA; using DNA polymerase to amplify and syn-
thesize target fragment with cDNA as template and the fluorescence signals in the reaction
process are collected for real-time monitoring. Compared with RNAs, miRNAs are shorter
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with only 20–25 nucleotides. It is usually necessary to increase its length during the reverse
transcription process by poly (A)-tailing [116] or stem-loop [117] method.

RT-qPCR has been widely used in the detection of breast cancer-related miRNAs.
Li et al. [118] used RT-qPCR to screen candidate miRNAs for breast cancer detection. They
profiled miRNA expression in plasma-derived exosome samples from 32 breast cancer
patients and 32 normal controls and found miR-122-5p was significantly up-regulated in the
plasma-derived exosome of breast cancer patients. Chen et al. [119] used 24 serum samples
from clinical breast cancer and breast fibroma patients and found miR-18a-3p might have
the potential to be a new biomarker to distinguish breast cancer from breast fibroma by
using miRNA sequencing combing with RT-qPCR. In addition to screening the potential
biomarkers, RT-qPCR can also help to explore the functions of exosomal miRNAs in the
process of breast cancer. Zhao et al. [37] verified exosomal miRNA-205 might promote
drug resistance and tumorigenesis in breast cancer with the help of RT-qPCR. The source
of exosomes in this article was a human breast cancer cell line. Sueta et al. [109] compared
miRNAs derived from exosome between breast cancer patients with recurrence (n = 16)
and without recurrence (n = 16) by miRNA PCR array and identified four miRNAs (miR-
340-5p, miR-17-5p, miR-130a-3p, and miR-93-5p) which were significantly associated with
recurrence of breast cancer. In general, RT-qPCR is one of the major methods for exosome
identification. It can quantify miRNAs accurately, but it can only detect miRNAs with
known sequences.

3.3.2. MiRNA Sequencing

MiRNA sequencing is another commonly used method for exosomal miRNAs de-
tection, especially for the analysis of unknown miRNAs in samples. It can provide us
with various information of miRNAs including length, sequence, structure, and content.
Combing with GO (Gene Ontology) or KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway database, we can also speculate the signal pathways associated with target miR-
NAs and explore some biological mechanisms [120].

In breast cancer, miRNA sequencing is often used to screen biomarkers for breast
cancer diagnosis and treatment. Wu et al. [121] used miRNA sequencing to identify
three healthy controls and 27 breast cancer patients and these cases were followed up for
two years. They found 54 differentially expressed miRNAs that could distinguish triple-
negative breast cancer patients with healthy controls and 3 miRNAs which could assess
the risk of recurrence of breast cancer. Zhang et al. [122] isolated plasma-derived exosomes
from seven post-chemotherapy patients and discovered miR-1-3p might be associated with
anthracycline-induced liver injury during the chemotherapy for breast cancer patients with
the help of miRNA sequencing. Despite their high price and cumbersome operation steps,
miRNAs sequencing plays an irreplaceable role in the study of breast cancer exosomal
miRNAs, especially in the search of disease mechanisms and new biomarkers for breast
cancer diagnosis and subtypes distinguishment. With the abundance of the sequencing
library, breast cancer-related exosomal miRNAs database can be established and new
sequencing samples can be classified with the help of artificial intelligence [123].

3.3.3. Molecular Beacons

Both RT-qRCR and miRNA sequencing methods need pre-separation of exosomes
before the test which may cause loss of target analytes. Moreover, they are laborious and
time-consuming which makes them unsuitable for high-throughput exosomal miRNA
detection for diagnosis in clinical. Under this premise, more and more attention has been
paid to PCR-free diagnosis methods. A molecular beacon is a dual-labeled oligonucleotide
hairpin probe with a fluorophore and a quencher at each end [124,125]. This stem and
loop structure has low background fluorescence and high specificity, making molecular
beacon a suitable probe for the imaging of RNAs in cells directly [126]. Excess unreacted
molecular beacons do not need to be removed from the reaction system since they have
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self-quenching ability. In order to confirm the specificity of the molecular beacon, it is
necessary to design and screen the target sequences.

Nowadays, miRNAs have been quantified successfully by a molecular beacon with
high specificity [127] in breast cancer. Lee et al. [110] detected miR-21 in the exosomes
from breast cancer cells successfully by using molecular beacons. Streptolysin O was used
to improve the permeability of exosome membranes, thus enhancing the transmission of
molecular beacons into exosomes and increasing the signal of target miRNA. Furthermore,
they investigated a simultaneous and multiplexed detection method of breast cancer-
related exosomal miRNAs in their following work [113]. They chose miR-21, miR-375, and
miR-27a as the target miRNAs. In order to realize simultaneous detection, the fluorescent
dye of different molecular beacons has different excitation wavelengths such as Cy5 and
FAM. Using this method, they detected multiple miRNAs in breast cancer cell line derived-
exosomes successfully within 1 h. Due to the low abundance of miRNAs in exosomes,
some strategies which can increase the concentration of miRNAs including rolling circle
amplification have also been used in the molecular beacon detection process of breast
cancer related exosomal miRNAs [128].

3.3.4. Other miRNA Biosensors

Besides molecular beacons, other biosensor strategies have also been used in the de-
tection of breast cancer -exosomal miRNAs. Zhang et al. [114] proposed an electrochemical
biosensor for exosomal miRNA analysis using multifunctional DNA tetrahedrons assisted
catalytic hairpin assembly (MDTs-CHA). The electrochemical platform can measure exoso-
mal miRNAs of breast cancer quantitatively in 30 min with good specificity. In addition, by
profiling four breast cancer-related exosomal miRNAs (miR-375, miR-21, miR-1246, and
miR-221), the platform showed high sensitivity (90.5%) and efficiency (AUC:0.989) for the
diagnosis of serum from 9 healthy donors and 21 breast cancer patients. Wang et al. [129]
designed an all-in-one biosensor based on a DNA three-way junction that can realize the
detection of three miRNAs (miR-21, miR-375, and miR-27a) simultaneously. Based on the
integration of multiple recognition sequences, the biosensor can ensure that three different
sensing probes are transmitted into the exosomes equivalently, thus, reducing signal inter-
ference and improving the accuracy of multiple detections of exosomal miRNAs. Using
this biosensor, the author differentiated the serum of three breast cancer patients from
two healthy controls effectively. In order to improve the sensitivity, some ultrasensitive
detection methods such as surface-enhanced Raman scattering [130] combing with nucleic
acid probes have also been used in the detection of breast cancer-related exosomal miRNAs.
Overall, biosensors including molecular beacons have benefits in the high-throughput
diagnosis of breast cancer in clinical, but efforts are still needed in their design, sensitivity,
and standardization.

4. Conclusions

There is growing evidence to support the emerging role of exosomal miRNAs in
tumorigenesis, proliferation, metastasis, and drug resistance. The identification of breast
cancer-specific exosomal miRNAs and their potential mechanism will help early diagnosis
of disease, determine the sensitivity to therapeutic drugs, and formulate appropriate
treatment strategies. In addition, the breast cancer process can be controlled by regulating
specific miRNAs through exosomes. For example, Samaneh et al. [131] used mesenchymal
stem cell-derived exosomes to deliver miR-381-3p to inhibit triple-negative breast cancer
aggressiveness; Ohno et al. [132] injected exosomal let-7a to breast cancer tissue for anti-
tumor; and Kim et al. [133] used let7c-5p for breast cancer therapy. Exosomal miRNAs
therapy will be a new strategy for breast cancer treatment. Besides, some techniques,
such as molecular beacons, next-generation sequencing, microarrays, and miRNA enzyme
immunoassay have made the detection of breast cancer based on miRNAs possible.

However, there are still have some difficulties in exosomal miRNAs applications in
clinical. Establishing standards is one of the major limitations in exosomal miRNAs-based
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breast cancer diagnosis. Most of the existing methods are based on small numbers of
samples and miRNAs are detected using different methods. Although in these articles,
breast cancer and health groups can be well-differentiated, there is no clear numerical range
to identify breast cancer. It is very necessary to test a large number of samples and establish
standard test methods. Specificity is another limitation for exosomal miRNAs application
in breast cancer. Many miRNAs reported now are not breast cancer-specific, such as miR-21.
Combining multiple means and detecting multiple miRNAs at one time are expected to
improve the detection accuracy. In conclusion, exosomal miRNAs play an important role
in breast cancer progressions and may further be considered as an excellent biomarker for
the prevention, early diagnosis, and treatment of breast cancer in the near future.

Author Contributions: Writing—original draft preparation, W.C. and Z.L. (Zhongyu Li); validation,
P.D. and Z.L. (Zhengnan Li); resources, Y.X. and H.L.; writing—review & editing, J.Q. and W.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Key R&D Program of China (No. 2017YFB0405404),
Strategic Priority Research Program of the Chinese Academy of Sciences, Grant (No. XDA16020900,
XDB29050301, XDB32030200), National Nature Science Foundation of China (No.202003AD150009),
China Postdoctoral Science Foundation (No. 2019M66065), Science and Technology Innovation
Foundation of Dalian City (2021JJ13SN51), Joint Research Fund for Dalian Minzu University-Tibet
Agricultural and Animal Husbandry University (DLMZ-NMXY2021003), National Nature Science
Foundation of China (81803492) and Innovation Program of Science and Research from DICP, CAS
(DICP1201934).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
3. Noor, F.; Noor, A.; Lshaq, A.R.; Farzeen, I.; Saleem, M.H.; Ghaffar, K.; Aslam, M.F.; Aslam, S.; Chen, J.Y. Recent Advances

in Diagnostic and Therapeutic Approaches for Breast Cancer: A Comprehensive Review. Curr. Pharm. Des. 2021, 27,
2344–2365. [CrossRef]

4. Spei, M.-E.; Samoli, E.; Bravi, F.; La Vecchia, C.; Bamia, C.; Benetou, V. Physical activity in breast cancer survivors: A systematic
review and meta-analysis on overall and breast cancer survival. Breast 2019, 44, 144–152. [CrossRef]

5. Brody, J.G.; Rudel, R.; Maxwell, N.I.; Swedis, S.R. Mapping out a search for environmental causes of breast cancer. Public Health
Rep. 1996, 111, 494–507. [PubMed]

6. Akram, M.; Iqbal, M.; Daniyal, M.; Khan, A.U. Awareness and current knowledge of breast cancer. Biol. Res. 2017, 50, 33.
[CrossRef] [PubMed]

7. Najminejad, H.; Kalantar, S.M.; Abdollahpour-Alitappeh, M.; Karimi, M.H.; Seifalian, A.M.; Gholipourmalekabadi, M.; Sheikhha,
M.H. Emerging roles of exosomal miRNAs in breast cancer drug resistance. IUBMB Life 2019, 71, 1672–1684. [CrossRef]

8. Matsutani, A.; Udagawa, C.; Matsunaga, Y.; Nakamura, S.; Zembutsu, H. Liquid biopsy for the detection of clinical biomarkers in
early breast cancer: New insights and challenges. Pharmacogenomics 2020, 21, 359–367. [CrossRef] [PubMed]

9. Wang, M.; Ji, S.; Shao, G.; Zhang, J.; Zhao, K.; Wang, Z.; Wu, A. Effect of exosome biomarkers for diagnosis and prognosis of
breast cancer patients. Clin. Transl. Oncol. 2018, 20, 906–911. [CrossRef]

10. Khatami, F.; Aghayan, H.R.; Sanaei, M.; Heshmat, R.; Tavangar, S.M.; Larijani, B. The Potential of Circulating Tumor Cells in
Personalized Management of Breast Cancer: A Systematic Review. Acta Med. Iran. 2017, 55, 175–193. [PubMed]

11. Bacolod, M.D.; Huang, J.M.; Giardina, S.F.; Feinberg, P.B.; Mirza, A.H.; Swistel, A.; Soper, S.A.; Barany, F. Prediction of blood-
based biomarkers and subsequent design of bisulfite PCR-LDR-qPCR assay for breast cancer detection. BMC Cancer 2020, 20,
85. [CrossRef]

12. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef] [PubMed]
13. Yanez-Mo, M.; Siljander, P.R.M.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.;

et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]
14. Tkach, M.; Thery, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go. Cell 2016, 164,

1226–1232. [CrossRef]
15. Alexander, M.; Hu, R.; Runtsch, M.C.; Kagele, D.A.; Mosbruger, T.L.; Tolmachova, T.; Seabra, M.C.; Round, J.L.; Ward, D.M.;

O’Connell, R.M. Exosome-delivered microRNAs modulate the inflammatory response to endotoxin. Nat. Commun. 2015, 6,
7321. [CrossRef]

http://doi.org/10.3322/caac.21660
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.2174/1381612827666210303141416
http://doi.org/10.1016/j.breast.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/8955694
http://doi.org/10.1186/s40659-017-0140-9
http://www.ncbi.nlm.nih.gov/pubmed/28969709
http://doi.org/10.1002/iub.2116
http://doi.org/10.2217/pgs-2019-0130
http://www.ncbi.nlm.nih.gov/pubmed/32284011
http://doi.org/10.1007/s12094-017-1805-0
http://www.ncbi.nlm.nih.gov/pubmed/28282718
http://doi.org/10.1186/s12885-020-6574-4
http://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
http://doi.org/10.3402/jev.v4.27066
http://doi.org/10.1016/j.cell.2016.01.043
http://doi.org/10.1038/ncomms8321


Diagnostics 2021, 11, 2151 13 of 17

16. Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Thery, C. Specificities of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nature 2019, 21, 9–17. [CrossRef]

17. Kanada, M.; Bachmann, M.H.; Contag, C.H. Signaling by Extracellular Vesicles Advances Cancer Hallmarks. Trends Cancer 2016,
2, 84–94. [CrossRef]

18. Jeong, K.; Yu, Y.J.; You, J.Y.; Rhee, W.J.; Kim, J.A. Exosome-mediated microRNA-497 delivery for anti-cancer therapy in a
microfluidic 3D lung cancer model. Lab Chip 2020, 20, 548–557. [CrossRef]

19. Su, W.; Li, H.; Chen, W.; Qin, J. Microfluidic strategies for label-free exosomes isolation and analysis. TrAC-Trends Anal. Chem.
2019, 118, 686–698. [CrossRef]

20. Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant,
K.C.; Allen, A.; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008,
105, 10513–10518. [CrossRef]

21. Calin, G.; Croce, C.M. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6, 857–866. [CrossRef]
22. Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebet, B.L.; Mak, R.; Ferrando, A.A.; et al.

MicroRNA expression profiles classify human cancers. Nature 2005, 435, 834–838. [CrossRef] [PubMed]
23. Kirschner, M.B.; Edelman, J.J.B.; Kao, S.C.H.; Vallely, M.P.; van Zandwijk, N.; Reid, G. The Impact of Hemolysis on Cell-Free

microRNA Biomarkers. Front. Genet. 2013, 4, 94. [CrossRef] [PubMed]
24. Kim, C.K.; Pak, T.R. miRNA degradation in the mammalian brain. Am. J. Physiol.-Cell Physiol. 2020, 319, C624–C629. [CrossRef]
25. Khazaei-Poul, Y.; Shojaei, S.; Koochaki, A.; Ghanbarian, H.; Mohammadi-Yeganeh, S. Evaluating the influence of Human

Umbilical Cord Mesenchymal Stem Cells-derived exosomes loaded with miR-3182 on metastatic performance of Triple Negative
Breast Cancer cells. Life Sci. 2021, 286, 120015. [CrossRef]

26. Lakshmi, S.; Hughes, T.A.; Priya, S. Exosomes and exosomal RNAs in breast cancer: A status update. Eur. J. Cancer 2020, 144,
252–268. [CrossRef]

27. Soysal, S.; Tzankov, A.; Muenst, S.E. Role of the Tumor Microenvironment in Breast Cancer. Pathobiology 2015, 82,
142–152. [CrossRef]

28. Suzuki, H.I.; Katsura, A.; Matsuyama, H.; Miyazono, K. MicroRNA regulons in tumor microenvironment. Oncogene 2015, 34,
3085–3094. [CrossRef]

29. Hui, L.; Chen, Y. Tumor microenvironment: Sanctuary of the devil. Cancer Lett. 2015, 368, 7–13. [CrossRef]
30. Liu, Q.; Peng, F.; Chen, J. The Role of Exosomal MicroRNAs in the Tumor Microenvironment of Breast Cancer. Int. J. Mol. Sci.

2019, 20, 3884. [CrossRef] [PubMed]
31. Ramteke, A.; Ting, H.; Agarwal, C.; Mateen, S.; Somasagara, R.; Hussain, A.; Graner, M.; Frederick, B.; Agarwal, R.; Deep, G.

Exosomes secreted under hypoxia enhance invasiveness and stemness of prostate cancer cells by targeting adherens junction
molecules. Mol. Carcinog. 2015, 54, 554–565. [CrossRef]

32. Lowry, M.C.; Gallagher, W.; O’Driscoll, L. The Role of Exosomes in Breast Cancer. Clin. Chem. 2015, 61, 1457–1465. [CrossRef]
33. Skog, J.; Wurdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T. Glioblastoma microvesicles

transport RNA and proteins that promote tumour growth and provide diagnostic biomarkers. Nat. Cell Biol. 2008, 10, 1470–1476.
[CrossRef] [PubMed]

34. Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208–1215. [CrossRef]
35. Liu, T.; Hooda, J.; Atkinson, J.M.; Whiteside, T.L.; Oesterreich, S.; Lee, A.V. Exosomes in Breast Cancer-Mechanisms of Action and

Clinical Potential. Mol. Cancer Res. 2021, 19, 935–945. [CrossRef]
36. Melo, S.A.; Sugimoto, H.; O’Connell, J.T.; Kato, N.; Villanueva, A.; Vidal, A.; Qiu, L.; Vitkin, E.; Perelman, L.T.; Melo, C.A.;

et al. Cancer Exosomes Perform Cell-Independent MicroRNA Biogenesis and Promote Tumorigenesis. Cancer Cell 2014, 26,
707–721. [CrossRef]

37. Zhao, Y.; Jin, L.-J.; Zhang, X.-Y. Exosomal miRNA-205 promotes breast cancer chemoresistance and tumorigenesis through E2F1.
Aging 2021, 13, 18498–18514. [CrossRef]

38. Ribeiro, M.F.; Zhu, H.; Millard, R.W.; Fan, G.-C. Exosomes Function in Pro- and Anti-Angiogenesis. Curr. Angiogenesis 2013, 2,
54–59.

39. Baroni, S.; Romero-Cordoba, S.; Plantamura, I.; Dugo, M.; D’Ippolito, E.; Cataldo, A.; Cosentino, G.; Angeloni, V.; Rossini, A.;
Daidone, M.G.; et al. Exosome-mediated delivery of miR-9 induces cancer-associated fibroblast-like properties in human breast
fibroblasts. Cell Death Dis. 2016, 7, e2312. [CrossRef]

40. Jung, K.O.; Youn, H.; Lee, C.-H.; Kang, K.W.; Chung, J.-K. Visualization of exosome-mediated miR-210 transfer from hypoxic
tumor cells. Oncotarget 2016, 8, 9899–9910. [CrossRef]

41. Barinoff, J.; Hils, R.; Bender, A.; Gross, J.; Kurz, C.; Tauchert, S.; Mann, E.; Schwidde, I.; Ipsen, B.; Sawitzki, K.; et al. Clinicopatho-
logical differences between breast cancer in patients with primary metastatic disease and those without: A multicentre study. Eur.
J. Cancer 2012, 49, 305–311. [CrossRef]

42. Cummings, M.C.; Simpson, P.T.; Reid, L.E.; Jayanthan, J.; Skerman, J.; Song, S.; Reed, A.E.M.; Kutasovic, J.R.; Morey, A.L.; Mar-
quart, L.; et al. Metastatic progression of breast cancer: Insights from 50 years of autopsies. J. Pathol. 2013, 232, 23–31. [CrossRef]

43. Andre, F.; Slimane, K.; Bachelot, T.; Dunant, A.; Namer, M.; Barrelier, A.; Kabbaj, O.; Spano, J.P.; Marsiglia, H.; Rouzier,
R.; et al. Breast cancer with synchronous metastases: Trends in survival during a 14-year period. J. Clin. Oncol. 2004, 22,
3302–3308. [CrossRef]

http://doi.org/10.1038/s41556-018-0250-9
http://doi.org/10.1016/j.trecan.2015.12.005
http://doi.org/10.1039/C9LC00958B
http://doi.org/10.1016/j.trac.2019.06.037
http://doi.org/10.1073/pnas.0804549105
http://doi.org/10.1038/nrc1997
http://doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://doi.org/10.3389/fgene.2013.00094
http://www.ncbi.nlm.nih.gov/pubmed/23745127
http://doi.org/10.1152/ajpcell.00303.2020
http://doi.org/10.1016/j.lfs.2021.120015
http://doi.org/10.1016/j.ejca.2020.11.033
http://doi.org/10.1159/000430499
http://doi.org/10.1038/onc.2014.254
http://doi.org/10.1016/j.canlet.2015.07.039
http://doi.org/10.3390/ijms20163884
http://www.ncbi.nlm.nih.gov/pubmed/31395836
http://doi.org/10.1002/mc.22124
http://doi.org/10.1373/clinchem.2015.240028
http://doi.org/10.1038/ncb1800
http://www.ncbi.nlm.nih.gov/pubmed/19011622
http://doi.org/10.1172/JCI81135
http://doi.org/10.1158/1541-7786.MCR-20-0952
http://doi.org/10.1016/j.ccell.2014.09.005
http://doi.org/10.18632/aging.203298
http://doi.org/10.1038/cddis.2016.224
http://doi.org/10.18632/oncotarget.14247
http://doi.org/10.1016/j.ejca.2012.07.027
http://doi.org/10.1002/path.4288
http://doi.org/10.1200/JCO.2004.08.095


Diagnostics 2021, 11, 2151 14 of 17

44. Green, T.M.; Alpaugh, M.L.; Barsky, S.H.; Rappa, G.; Lorico, A. Breast Cancer-Derived Extracellular Vesicles: Characterization
and Contribution to the Metastatic Phenotype. BioMed Res. Int. 2015, 2015, 634865. [CrossRef]

45. Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Mark, M.T.; Molina, H.; Kohsaka, S.; Di Giannatale, A.;
Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature 2015, 527, 329–335. [CrossRef]

46. Zhang, L.; Zhan, S.; Yao, J.; Lowery, F.J.; Zhang, Q.; Huang, W.-C.; Li, P.; Li, M.; Wang, X.; Zhang, C.; et al. Microenvironment-
induced PTEN loss by exosomal microRNA primes brain metastasis outgrowth. Nature 2015, 527, 100–104. [CrossRef]

47. Cheung, K.J.; Ewald, A.J. Illuminating breast cancer invasion: Diverse roles for cell-cell interactions. Curr. Opin. Cell Biol. 2014, 30,
99–111. [CrossRef]

48. Fridrichova, I.; Zmetakova, I. MicroRNAs Contribute to Breast Cancer Invasiveness. Cells 2019, 8, 1361. [CrossRef]
49. Yuan, X.; Qian, N.; Ling, S.; Li, Y.; Sun, W.; Li, J.; Du, R.; Zhong, G.; Liu, C.; Yu, G.; et al. Breast cancer exosomes contribute to

pre-metastatic niche formation and promote bone metastasis of tumor cells. Theranostics 2021, 11, 1429–1445. [CrossRef]
50. Lim, P.K.; Bliss, S.A.; Patel, S.A.; Taborga, M.; Dave, M.A.; Gregory, L.A.; Greco, S.J.; Bryan, M.; Patel, P.S.; Rameshwar, P. Gap

Junction-Mediated Import of MicroRNA from Bone Marrow Stromal Cells Can Elicit Cell Cycle Quiescence in Breast Cancer
Cells. Cancer Res. 2011, 71, 1550–1560. [CrossRef]

51. Wang, X.; Qian, T.; Bao, S.; Zhao, H.; Chen, H.; Xing, Z.; Li, Y.; Zhang, M.; Meng, X.; Wang, C.; et al. Circulating exosomal
miR-363-5p inhibits lymph node metastasis by downregulating PDGFB and serves as a potential noninvasive biomarker for
breast cancer. Mol. Oncol. 2021, 15, 2466–2479. [CrossRef]

52. Kim, K.-S.; Park, J.-I.; Oh, N.; Cho, H.-J.; Park, J.-H.; Park, K.-S. ELK3 expressed in lymphatic endothelial cells promotes breast
cancer progression and metastasis through exosomal miRNAs. Sci. Rep. 2019, 9, 8148. [CrossRef]

53. Liu, Y.; Hua, F.; Zhan, Y.; Yang, Y.; Xie, J.; Cheng, Y.; Li, F. Carcinoma associated fibroblasts small extracellular vesicles with low
miR-7641 promotes breast cancer stemness and glycolysis by HIF-1 alpha. Cell Death Discov. 2021, 7, 176. [CrossRef]

54. Kia, V.; Paryan, M.; Mortazavi, Y.; Biglari, A. Evaluation of exosomal miR-9 and miR-155 targeting PTEN and DUSP14 in highly
metastatic breast cancer and their effect on low metastatic cells. J. Cell. Biochem. 2018, 120, 5666–5676. [CrossRef]

55. Park, E.-J.; Jung, H.J.; Choi, H.-J.; Jang, H.-J.; Park, H.-J.; Nejsum, L.N.; Kwon, T.-H. Exosomes co-expressing AQP5-
targeting miRNAs and IL-4 receptor-binding peptide inhibit the migration of human breast cancer cells. FASEB J. 2020, 34,
3379–3398. [CrossRef]

56. Kong, X.; Zhang, J.; Li, J.; Shao, J.; Fang, L. MiR-130a-3p inhibits migration and invasion by regulating RAB5B in human breast
cancer stem cell-like cells. Biochem. Biophys. Res. Commun. 2018, 501, 486–493. [CrossRef]

57. Yang, M.; Chen, J.; Su, F.; Yu, B.; Su, F.; Lin, L.; Liu, Y.; Huang, J.-D.; Song, E. Microvesicles secreted by macrophages shuttle
invasion-potentiating microRNAs into breast cancer cells. Mol. Cancer 2011, 10, 117. [CrossRef]

58. Moradi-Chaleshtori, M.; Shojaei, S.; Mohammadi-Yeganeh, S.; Hashemi, S.M. Transfer of miRNA in tumor-derived exo-
somes suppresses breast tumor cell invasion and migration by inducing M1 polarization in macrophages. Life Sci. 2021,
282, 119800. [CrossRef]

59. Moradi-Chaleshtori, M.; Bandehpour, M.; Heidari, N.; Mohammadi-Yeganeh, S.; Hashemi, S.M. Exosome-mediated miR-
33 transfer induces M1 polarization in mouse macrophages and exerts antitumor effect in 4T1 breast cancer cell line. Int.
Immunopharmacol. 2021, 90, 107198. [CrossRef]

60. Guo, J.; Duan, Z.; Zhang, C.; Wang, W.; He, H.; Liu, Y.; Wu, P.; Wang, S.; Song, M.; Chen, H.; et al. Mouse 4T1 Breast Cancer
Cell-Derived Exosomes Induce Proinflammatory Cytokine Production in Macrophages via miR-183. J. Immunol. 2020, 205,
2916–2925. [CrossRef]

61. Yao, X.; Tu, Y.; Xu, Y.; Guo, Y.; Yao, F. Endoplasmic reticulum stress-induced exosomal miR-27a-3p promotes immune escape in
breast cancer via regulating PD-L1 expression in macrophages. J. Cell. Mol. Med. 2020, 24, 9560–9573. [CrossRef]

62. Jiang, M.; Zhang, W.; Zhang, R.; Liu, P.; Ye, Y.; Yu, W.; Guo, X.; Yu, J. Cancer exosome-derived miR-9 and miR-181a promote
the development of early-stage MDSCs via interfering with SOCS3 and PIAS3 respectively in breast cancer. Oncogene 2020, 39,
4681–4694. [CrossRef]

63. Hu, W.; Tan, C.; He, Y.; Zhang, G.; Xu, Y.; Tang, J. Functional miRNAs in breast cancer drug resistance. OncoTargets Ther. 2018, 11,
1529–1541. [CrossRef] [PubMed]

64. Chen, W.-x.; Cai, Y.-q.; Lv, M.-m.; Chen, L.; Zhong, S.-l.; Ma, T.-f.; Zhao, J.-h.; Tang, J.-h. Exosomes from docetaxel-resistant breast
cancer cells alter chemosensitivity by delivering microRNAs. Tumor Biol. 2014, 35, 9649–9659. [CrossRef]

65. Yu, S.; Wei, Y.; Xu, Y.; Zhang, Y.; Li, J.; Zhang, J. Extracellular vesicles in breast cancer drug resistance and their clinical application.
Tumor Biol. 2016, 37, 2849–2861. [CrossRef]

66. Gao, M.; Miao, L.; Liu, M.; Li, C.; Yu, C.; Yan, H.; Yin, Y.; Wang, Y.; Qi, X.; Ren, J. miR-145 sensitizes breast cancer to doxorubicin
by targeting multidrug resistance-associated protein-1. Oncotarget 2016, 7, 59714–59726. [CrossRef]

67. Chen, W.-x.; Liu, X.-m.; Lv, M.-m.; Chen, L.; Zhao, J.-h.; Zhong, S.-l.; Ji, M.-h.; Hu, Q.; Luo, Z.; Wu, J.-z.; et al. Exosomes from
Drug-Resistant Breast Cancer Cells Transmit Chemoresistance by a Horizontal Transfer of MicroRNAs. PLoS ONE 2014, 9,
e95240. [CrossRef]

68. Patel, K.; Chowdhury, N.; Doddapaneni, R.; Boakye, C.H.A.; Godugu, C.; Singh, M. Piperlongumine for Enhancing Oral
Bioavailability and Cytotoxicity of Docetaxel in Triple-Negative Breast Cancer. J. Pharm. Sci. 2015, 104, 4417–4426. [CrossRef]

69. Patt, D.; Gauthier, M.; Giordano, S. Paclitaxel in breast cancer. Womens Health 2006, 2, 11–21. [CrossRef]

http://doi.org/10.1155/2015/634865
http://doi.org/10.1038/nature15756
http://doi.org/10.1038/nature15376
http://doi.org/10.1016/j.ceb.2014.07.003
http://doi.org/10.3390/cells8111361
http://doi.org/10.7150/thno.45351
http://doi.org/10.1158/0008-5472.CAN-10-2372
http://doi.org/10.1002/1878-0261.13029
http://doi.org/10.1038/s41598-019-44828-6
http://doi.org/10.1038/s41420-021-00524-x
http://doi.org/10.1002/jcb.27850
http://doi.org/10.1096/fj.201902434R
http://doi.org/10.1016/j.bbrc.2018.05.018
http://doi.org/10.1186/1476-4598-10-117
http://doi.org/10.1016/j.lfs.2021.119800
http://doi.org/10.1016/j.intimp.2020.107198
http://doi.org/10.4049/jimmunol.1901104
http://doi.org/10.1111/jcmm.15367
http://doi.org/10.1038/s41388-020-1322-4
http://doi.org/10.2147/OTT.S152462
http://www.ncbi.nlm.nih.gov/pubmed/29593419
http://doi.org/10.1007/s13277-014-2242-0
http://doi.org/10.1007/s13277-015-4683-5
http://doi.org/10.18632/oncotarget.10845
http://doi.org/10.1371/journal.pone.0095240
http://doi.org/10.1002/jps.24637
http://doi.org/10.2217/17455057.2.1.11


Diagnostics 2021, 11, 2151 15 of 17

70. Prabhakaran, P.; Hassiotou, F.; Blancafort, P.; Filgueira, L. Cisplatin induces differentiation of breast cancer cells. Front. Oncol.
2013, 3, 134. [CrossRef]

71. Wei, Y.; Li, M.; Cui, S.; Wang, D.; Zhang, C.-Y.; Zen, K.; Li, L. Shikonin Inhibits the Proliferation of Human Breast Cancer Cells by
Reducing Tumor-Derived Exosomes. Molecules 2016, 21, 777. [CrossRef] [PubMed]

72. Chen, W.-X.; Xu, L.-Y.; Cheng, L.; Qian, Q.; He, X.; Peng, W.-T.; Zhu, Y.-L. Bioinformatics analysis of dysregulated mi-
croRNAs in exosomes from docetaxel-resistant and parental human breast cancer cells. Cancer Manag. Res. 2019, 11, 5425–
5435. [CrossRef] [PubMed]

73. Mao, L.; Li, J.; Chen, W.-x.; Cai, Y.-q.; Yu, D.-d.; Zhong, S.-l.; Zhao, J.-h.; Zhou, J.-w.; Tang, J.-h. Exosomes decrease sensitivity of
breast cancer cells to adriamycin by delivering microRNAs. Tumor Biol. 2015, 37, 5247–5256. [CrossRef]

74. Muluhngwi, P.; Klinge, C.M. Roles for miRNAs in endocrine resistance in breast cancer. Endocr.-Relat. Cancer 2015, 22, R279–R300.
[CrossRef] [PubMed]

75. Liu, J.; Zhu, S.; Tang, W.; Huang, Q.; Mei, Y.; Yang, H. Exosomes from tamoxifen-resistant breast cancer cells transmit drug
resistance partly by delivering miR-9-5p. Cancer Cell Int. 2021, 21, 15.

76. Murobushi Ozawa, P.M.; Alkhilaiwi, F.; Cavalli, I.J.; Malheiros, D.; de Souza Fonseca Ribeiro, E.M.; Cavalli, L.R. Extracellular
vesicles from triple-negative breast cancer cells promote proliferation and drug resistance in non-tumorigenic breast cells. Breast
Cancer Res. Treat. 2018, 172, 713–723. [CrossRef]

77. Zhang, J.; Zhang, H.-d.; Yao, Y.-F.; Zhong, S.-L.; Zhao, J.H.; Tang, J.H. beta-Elemene Reverses Chemoresistance of Breast Cancer
Cells by Reducing Resistance Transmission via Exosomes. Cell. Physiol. Biochem. 2015, 36, 2274–2286. [CrossRef]

78. Chen, W.-x.; Xu, L.-y.; Qian, Q.; He, X.; Peng, W.-t.; Fan, W.-q.; Zhu, Y.-l.; Tang, J.-h.; Cheng, L. D Rhamnose beta-hederin
reverses chemoresistance of breast cancer cells by regulating exosome-mediated resistance transmission. Biosci. Rep. 2018, 38,
BSR20180110. [CrossRef]

79. Wang, H.B.; Wei, H.; Wang, J.S.; Li, L.; Chen, A.Y.; Li, Z.G. MicroRNA-181d-5p-Containing Exosomes Derived from CAFs Promote
EMT by Regulating CDX2/HOXA5 in Breast Cancer. Mol. Ther. Nucleic Acids 2019, 19, 654–667. [CrossRef]

80. Le, M.T.N.; Hamar, P.; Guo, C.Y.; Basar, E.; Perdigao-Henriques, R.; Balaj, L.; Lieberman, J. miR-200-containing extracellular
vesicles promote breast cancer cell metastasis. J. Clin. Investig. 2014, 124, 5109–5128. [CrossRef]

81. Li, Y.M.; Liang, Y.R.; Sang, Y.T.; Song, X.J.; Zhang, H.W.; Liu, Y.; Jiang, L.Y.; Yang, Q.F. MiR-770 suppresses the chemo-resistance
and metastasis of triple negative breast cancer via direct targeting of STMN1. Cell Death Dis. 2018, 9, 14. [CrossRef]

82. Li, X.J.; Ren, Z.J.; Tang, J.H.; Yu, Q. Exosomal MicroRNA MiR-1246 Promotes Cell Proliferation, Invasion and Drug Resistance by
Targeting CCNG2 in Breast Cancer. Cell. Physiol. Biochem. 2017, 44, 1741–1748. [CrossRef] [PubMed]

83. Han, M.; Hu, J.; Lu, P.; Cao, H.; Yu, C.; Li, X.; Qian, X.; Yang, X.; Yang, Y.; Han, N.; et al. Exosome-transmitted miR-567 reverses
trastuzumab resistance by inhibiting ATG5 in breast cancer. Cell Death Dis. 2020, 11, 43. [CrossRef] [PubMed]

84. Joyce, D.P.; Kerin, M.J.; Dwyer, R.M. Exosome-encapsulated microRNAs as circulating biomarkers for breast cancer. Int. J. Cancer
2016, 139, 1443–1448. [CrossRef] [PubMed]

85. Bicchierai, G.; Di Naro, F.; De Benedetto, D.; Cozzi, D.; Pradella, S.; Miele, V.; Nori, J. A Review of Breast Imaging for Timely
Diagnosis of Disease. Int. J. Environ. Res. Public Health 2021, 18, 5509. [CrossRef]

86. Tsafas, V.; Oikonomidis, I.; Gavgiotaki, E.; Tzamali, E.; Tzedakis, G.; Fotakis, C.; Athanassakis, I.; Filippidis, G. Application of a
deep-learning technique to non-linear images from human tissue biopsies for shedding new light on breast cancer diagnosis.
IEEE J. Biomed. Health Inform. 2021. [CrossRef]

87. Jang, J.Y.; Kim, Y.S.; Kang, K.N.; Kim, K.H.; Park, Y.J.; Kim, C.W. Multiple microRNAs as biomarkers for early breast cancer
diagnosis. Mol. Clin. Oncol. 2020, 14, 31. [CrossRef]

88. Lawrie, C.H.; Gal, S.; Dunlop, H.M.; Pushkaran, B.; Liggins, A.P.; Pulford, K.; Banham, A.H.; Pezzella, F.; Boultwood, J.; Wainscoat,
J.S.; et al. Detection of elevated levels of tumour-associated microRNAs in serum of patients with diffuse large B-cell lymphoma.
Br. J. Haematol. 2008, 141, 672–675. [CrossRef]

89. Zhang, K.; Wang, Y.W.; Wang, Y.Y.; Song, Y.; Zhu, J.; Si, P.C.; Ma, R. Identification of microRNA biomarkers in the blood of breast
cancer patients based on microRNA profiling. Gene 2017, 619, 10–20. [CrossRef]

90. Uyisenga, J.P.; Debit, A.; Poulet, C.; Freres, P.; Poncin, A.; Thiry, J.; Mutesa, L.; Jerusalem, G.; Bours, V.; Josse, C. Differences in
plasma microRNA content impair microRNA-based signature for breast cancer diagnosis in cohorts recruited from heterogeneous
environmental sites. Sci. Rep. 2021, 11, 15. [CrossRef]

91. Mar-Aguilar, F.; Mendoza-Ramirez, J.A.; Malagon-Santiago, I.; Espino-Silva, P.K.; Santuario-Facio, S.K.; Ruiz-Flores, P.; Rodriguez-
Padilla, C.; Resendez-Perez, D. Serum circulating microRNA profiling for identification of potential breast cancer biomarkers.
Dis. Markers 2013, 34, 163–169. [CrossRef] [PubMed]

92. Heneghan, H.M.; Miller, N.; Kelly, R.; Newell, J.; Kerin, M.J. Systemic miRNA-195 Differentiates Breast Cancer from Other Malig-
nancies and Is a Potential Biomarker for Detecting Noninvasive and Early Stage Disease. Oncologist 2010, 15, 673–682. [CrossRef]

93. Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569–579.
[CrossRef] [PubMed]

94. Zou, X.; Xia, T.; Li, M.; Wang, T.; Liu, P.; Zhou, X.; Huang, Z.; Zhu, W. MicroRNA profiling in serum: Potential signatures for
breast cancer diagnosis. Cancer Biomark. 2021, 30, 41–53. [CrossRef]

http://doi.org/10.3389/fonc.2013.00134
http://doi.org/10.3390/molecules21060777
http://www.ncbi.nlm.nih.gov/pubmed/27322220
http://doi.org/10.2147/CMAR.S201335
http://www.ncbi.nlm.nih.gov/pubmed/31354350
http://doi.org/10.1007/s13277-015-4402-2
http://doi.org/10.1530/ERC-15-0355
http://www.ncbi.nlm.nih.gov/pubmed/26346768
http://doi.org/10.1007/s10549-018-4925-5
http://doi.org/10.1159/000430191
http://doi.org/10.1042/BSR20180110
http://doi.org/10.1016/j.omtn.2019.11.024
http://doi.org/10.1172/JCI75695
http://doi.org/10.1038/s41419-017-0030-7
http://doi.org/10.1159/000485780
http://www.ncbi.nlm.nih.gov/pubmed/29216623
http://doi.org/10.1038/s41419-020-2250-5
http://www.ncbi.nlm.nih.gov/pubmed/31969559
http://doi.org/10.1002/ijc.30179
http://www.ncbi.nlm.nih.gov/pubmed/27170104
http://doi.org/10.3390/ijerph18115509
http://doi.org/10.1109/JBHI.2021.3104002
http://doi.org/10.3892/mco.2020.2193
http://doi.org/10.1111/j.1365-2141.2008.07077.x
http://doi.org/10.1016/j.gene.2017.03.038
http://doi.org/10.1038/s41598-021-91278-0
http://doi.org/10.1155/2013/259454
http://www.ncbi.nlm.nih.gov/pubmed/23334650
http://doi.org/10.1634/theoncologist.2010-0103
http://doi.org/10.1038/nri855
http://www.ncbi.nlm.nih.gov/pubmed/12154376
http://doi.org/10.3233/CBM-201547


Diagnostics 2021, 11, 2151 16 of 17

95. Huang, M.-B.; Xia, M.; Gao, Z.; Zhou, H.; Liu, M.; Huang, S.; Zhen, R.; Wu, J.Y.; Roth, W.W.; Bond, V.C.; et al. Characterization of
Exosomes in Plasma of Patients with Breast, Ovarian, Prostate, Hepatic, Gastric, Colon, and Pancreatic Cancers. J. Cancer Ther.
2019, 10, 382–399. [CrossRef] [PubMed]

96. Inubushi, S.; Kawaguchi, H.; Mizumoto, S.; Kunihisa, T.; Baba, M.; Kitayama, Y.; Takeuchi, T.; Hoffman, R.M.; Sasaki, R.
Oncogenic miRNAs Identified in Tear Exosomes from Metastatic Breast Cancer Patients. Anticancer. Res. 2020, 40, 3091–3096.
[CrossRef] [PubMed]

97. Sempere, L.F.; Keto, J.; Fabbri, M. Exosomal MicroRNAs in Breast Cancer towards Diagnostic and Therapeutic Applications.
Cancers 2017, 9, 71. [CrossRef]

98. Zhang, H.Y.; Lyden, D. Asymmetric-flow field-flow fractionation technology for exomere and small extracellular vesicle separation
and characterization. Nat. Protoc. 2019, 14, 1027–1053. [CrossRef]

99. Zhang, J.J.; Nguyen, L.T.H.; Hickey, R.; Walters, N.; Wang, X.Y.; Kwak, K.J.; Lee, L.J.; Palmer, A.F.; Reategui, E. Immunomagnetic
sequential ultrafiltration (iSUF) platform for enrichment and purification of extracellular vesicles from biofluids. Sci. Rep. 2021,
11, 8034. [CrossRef]

100. Chen, W.; Li, H.; Su, W.; Qin, J. Microfluidic device for on-chip isolation and detection of circulating exosomes in blood of breast
cancer patients. Biomicrofluidics 2019, 13, 054113. [CrossRef]

101. Meng, Y.; Sun, J.; Wang, X.; Hu, T.; Ma, Y.; Kong, C.; Piao, H.; Yu, T. Exosomes: A Promising Avenue for the Diagnosis of Breast
Cancer. Technol. Cancer Res. Treat. 2019, 18. [CrossRef]

102. Liu, D.; Li, B.; Shi, X.; Zhang, J.; Chen, A.M.; Xu, J.; Wang, W.; Huang, K.; Gao, J.; Zheng, Z.; et al. Cross-platform genomic
identification and clinical validation of breast cancer diagnostic biomarkers. Aging-Us 2021, 13, 4258–4273. [CrossRef] [PubMed]

103. Eichelser, C.; Stuckrath, I.; Muller, V.; Milde-Langosch, K.; Wikman, H.; Pantel, K.; Schwarzenbach, H. Increased serum levels of cir-
culating exosomal microRNA-373 in receptor-negative breast cancer patients. Oncotarget 2014, 5, 9650–9663. [CrossRef] [PubMed]

104. Li, M.; Zhou, Y.; Xia, T.; Zhou, X.; Huang, Z.; Zhang, H.; Zhu, W.; Ding, Q.; Wang, S. Circulating microRNAs from the miR-106a-363
cluster on chromosome X as novel diagnostic biomarkers for breast cancer. Breast Cancer Res. Treat. 2018, 170, 257–270. [CrossRef]

105. Yoshikawa, M.; Iinuma, H.; Umemoto, Y.; Yanagisawa, T.; Matsumoto, A.; Jinno, H. Exosome-encapsulated microRNA-223-
3p as a minimally invasive biomarker for the early detection of invasive breast cancer. Oncol. Lett. 2018, 15, 9584–9592.
[CrossRef] [PubMed]

106. Ni, Q.; Stevic, I.; Pan, C.; Mueller, V.; Oliviera-Ferrer, L.; Pantel, K.; Schwarzenbach, H. Different signatures of miR-16, miR-30b
and miR-93 in exosomes from breast cancer and DCIS patients. Sci. Rep. 2018, 8, 12974. [CrossRef]

107. Stevic, I.; Mueller, V.; Weber, K.; Fasching, P.A.; Karn, T.; Marme, F.; Schem, C.; Stickeler, E.; Denkert, C.; van Mackelenbergh,
M.; et al. Specific microRNA signatures in exosomes of triple-negative and HER2-positive breast cancer patients undergoing
neoadjuvant therapy within the GeparSixto trial. BMC Med. 2018, 16, 179. [CrossRef]

108. Bao, S.; Hu, T.; Liu, J.; Su, J.; Sun, J.; Ming, Y.; Li, J.; Wu, N.; Chen, H.; Zhou, M. Genomic instability-derived plasma
extracellular vesicle-microRNA signature as a minimally invasive predictor of risk and unfavorable prognosis in breast cancer. J.
Nanobiotechnology 2021, 19, 22. [CrossRef]

109. Sueta, A.; Yamamoto, Y.; Tomiguchi, M.; Takeshita, T.; Yamamoto-Ibusuki, M.; Iwase, H. Differential expression of exosomal
miRNAs between breast cancer patients with and without recurrence. Oncotarget 2017, 8, 69934–69944. [CrossRef]

110. Lee, J.H.; Kim, J.A.; Kwon, M.H.; Kang, J.Y.; Rhee, W.J. In situ single step detection of exosome microRNA using molecular
beacon. Biomaterials 2015, 54, 116–125. [CrossRef]

111. Hannafon, B.N.; Trigoso, Y.D.; Calloway, C.L.; Zhao, Y.D.; Lum, D.H.; Welm, A.L.; Zhao, Z.Z.J.; Blick, K.E.; Dooley, W.C.; Ding,
W.Q. Plasma exosome microRNAs are indicative of breast cancer. Breast Cancer Res. 2016, 18, 90. [CrossRef]

112. Chen, C.F.; Ridzon, D.A.; Broomer, A.J.; Zhou, Z.H.; Lee, D.H.; Nguyen, J.T.; Barbisin, M.; Xu, N.L.; Mahuvakar, V.R.; Andersen,
M.R.; et al. Real-time quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005, 33, e179. [CrossRef] [PubMed]

113. Lee, J.H.; Kim, J.A.; Jeong, S.; Rhee, W.J. Simultaneous and multiplexed detection of exosome microRNAs using molecular
beacons. Biosens. Bioelectron. 2016, 86, 202–210. [CrossRef]

114. Zhang, Y.; Zhang, X.H.; Situ, B.; Wu, Y.; Luo, S.H.; Zheng, L.; Qiu, Y.R. Rapid electrochemical biosensor for sensitive profiling of
exosomal microRNA based on multifunctional DNA tetrahedron assisted catalytic hairpin assembly. Biosens. Bioelectron. 2021,
183, 113205. [CrossRef] [PubMed]

115. Nolan, T.; Hands, R.E.; Bustin, S. Quantification of mRNA using real-time RT-PCR. Nat. Protoc. 2006, 1, 1559–1582.
[CrossRef] [PubMed]

116. Shi, R.; Chiang, V.L. Facile means for quantifying microRNA expression by real-time PCR. Biotechniques 2005, 39,
519–525. [CrossRef]

117. Wang, Y.; Zhou, J.; Chen, Y.; Wang, C.; Wu, E.; Fu, L.; Xie, C. Quantification of distinct let-7 microRNA family members by a
modified stem-loop RT-qPCR. Mol. Med. Rep. 2018, 17, 3690–3696. [CrossRef] [PubMed]

118. Li, M.; Zou, X.; Xia, T.; Wang, T.; Liu, P.; Zhou, X.; Wang, S.; Zhu, W. A five-miRNA panel in plasma was identified for breast
cancer diagnosis. Cancer Med. 2019, 8, 7006–7017. [CrossRef]

119. Chen, W.; Cao, R.; Su, W.; Zhang, X.; Xu, Y.; Wang, P.; Gan, Z.; Xie, Y.; Li, H.; Qin, J. Simple and fast isolation of circulating
exosomes with a chitosan modified shuttle flow microchip for breast cancer diagnosis. Lab Chip 2021, 21, 1759–1770. [CrossRef]

120. Jiang, X.; Li, J.Y.; Zhang, B.Q.; Hu, J.M.; Ma, J.L.; Cui, L.L.; Chen, Z.J. Differential expression profile of plasma exosomal
microRNAs in women with polycystic ovary syndrome. Fertil. Steril. 2021, 115, 782–792. [CrossRef]

http://doi.org/10.4236/jct.2019.105032
http://www.ncbi.nlm.nih.gov/pubmed/33833900
http://doi.org/10.21873/anticanres.14290
http://www.ncbi.nlm.nih.gov/pubmed/32487603
http://doi.org/10.3390/cancers9070071
http://doi.org/10.1038/s41596-019-0126-x
http://doi.org/10.1038/s41598-021-86910-y
http://doi.org/10.1063/1.5110973
http://doi.org/10.1177/1533033818821421
http://doi.org/10.18632/aging.202388
http://www.ncbi.nlm.nih.gov/pubmed/33493140
http://doi.org/10.18632/oncotarget.2520
http://www.ncbi.nlm.nih.gov/pubmed/25333260
http://doi.org/10.1007/s10549-018-4757-3
http://doi.org/10.3892/ol.2018.8457
http://www.ncbi.nlm.nih.gov/pubmed/29805680
http://doi.org/10.1038/s41598-018-31108-y
http://doi.org/10.1186/s12916-018-1163-y
http://doi.org/10.1186/s12951-020-00767-3
http://doi.org/10.18632/oncotarget.19482
http://doi.org/10.1016/j.biomaterials.2015.03.014
http://doi.org/10.1186/s13058-016-0753-x
http://doi.org/10.1093/nar/gni178
http://www.ncbi.nlm.nih.gov/pubmed/16314309
http://doi.org/10.1016/j.bios.2016.06.058
http://doi.org/10.1016/j.bios.2021.113205
http://www.ncbi.nlm.nih.gov/pubmed/33813210
http://doi.org/10.1038/nprot.2006.236
http://www.ncbi.nlm.nih.gov/pubmed/17406449
http://doi.org/10.2144/000112010
http://doi.org/10.3892/mmr.2017.8297
http://www.ncbi.nlm.nih.gov/pubmed/29257343
http://doi.org/10.1002/cam4.2572
http://doi.org/10.1039/D0LC01311K
http://doi.org/10.1016/j.fertnstert.2020.08.019


Diagnostics 2021, 11, 2151 17 of 17

121. Wu, H.; Wang, Q.; Zhong, H.; Li, L.; Zhang, Q.; Huang, Q.; Yu, Z. Differentially expressed microRNAs in exosomes of patients
with breast cancer revealed by next-generation sequencing. Oncol. Rep. 2019, 43, 240–250. [CrossRef]

122. Zhang, Y.; Wang, D.; Shen, D.; Luo, Y.; Che, Y.-Q. Identification of exosomal miRNAs associated with the anthracycline-induced
liver injury in postoperative breast cancer patients by small RNA sequencing. PeerJ 2020, 8, e9021. [CrossRef] [PubMed]

123. Al-Sowayan, B.S.; Al-Shareeda, A.T. Nanogenomics and Artificial Intelligence: A Dynamic Duo for the Fight against Breast
Cancer. Front. Mol. Biosci. 2021, 8, 219. [CrossRef]

124. Bao, G.; Rhee, W.J.; Tsourkas, A. Fluorescent Probes for Live-Cell RNA Detection. Annu. Rev. Biomed. Eng. 2009, 11, 25–47.
[CrossRef] [PubMed]

125. Tyagi, S.; Alsmadi, O. Imaging native beta-actin mRNA in motile fibroblasts. Biophys. J. 2004, 87, 4153–4162. [CrossRef] [PubMed]
126. Yang, L.; Liu, B.; Wang, M.; Li, J.; Pan, W.; Gao, X.; Li, N.; Tang, B. A Highly Sensitive Strategy for Fluorescence Imaging of

MicroRNA in Living Cells and In Vivo Based on Graphene Oxide-Enhanced Signal Molecules Quenching of Molecular Beacon.
ACS Appl. Mater. Interfaces 2018, 10, 6982–6990. [CrossRef] [PubMed]

127. Baker, M.B.; Bao, G.; Searles, C.D. In vitro quantification of specific microRNA using molecular beacons. Nucleic Acids Res. 2011,
40, e13. [CrossRef]

128. Wang, Z.L.; Zong, S.F.; Liu, Y.; Qian, Z.T.; Zhu, K.; Yang, Z.Y.; Wang, Z.Y.; Cui, Y.P. Simultaneous detection of multiple exosomal
microRNAs for exosome screening based on rolling circle amplification. Nanotechnology 2021, 32, 085504. [CrossRef]

129. Wang, H.; He, D.; Wan, K.; Sheng, X.; Cheng, H.; Huang, J.; Zhou, X.; He, X.; Wang, K. In situ multiplex detection of serum
exosomal microRNAs using an all-in-one biosensor for breast cancer diagnosis. Analyst 2020, 145, 3289–3296. [CrossRef]

130. Lee, J.U.; Kim, W.H.; Lee, H.S.; Park, K.H.; Sim, S.J. Quantitative and Specific Detection of Exosomal miRNAs for Accurate
Diagnosis of Breast Cancer Using a Surface-Enhanced Raman Scattering Sensor Based on Plasmonic Head-Flocked Gold
Nanopillars. Small 2019, 15, 10. [CrossRef]

131. Shojaei, S.; Hashemi, S.M.; Ghanbarian, H.; Sharifi, K.; Salehi, M.; Mohammadi-Yeganeh, S. Delivery of miR-381-3p Mimic by
Mesenchymal Stem Cell-Derived Exosomes Inhibits Triple Negative Breast Cancer Aggressiveness; an In Vitro Study. Stem Cell
Rev. Rep. 2021, 17, 1027–1038. [CrossRef] [PubMed]

132. Ohno, S.-i.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.; Ochiya, T.; et al.
Systemically Injected Exosomes Targeted to EGFR Deliver Antitumor MicroRNA to Breast Cancer Cells. Mol. Ther. 2013, 21,
185–191. [CrossRef] [PubMed]

133. Kim, H.; Rhee, W.J. Exosome-mediated Let7c-5p Delivery for Breast Cancer Therapeutic Development. Biotechnol. Bioprocess Eng.
2020, 25, 513–520. [CrossRef]

http://doi.org/10.3892/or.2019.7401
http://doi.org/10.7717/peerj.9021
http://www.ncbi.nlm.nih.gov/pubmed/32355577
http://doi.org/10.3389/fmolb.2021.651588
http://doi.org/10.1146/annurev-bioeng-061008-124920
http://www.ncbi.nlm.nih.gov/pubmed/19400712
http://doi.org/10.1529/biophysj.104.045153
http://www.ncbi.nlm.nih.gov/pubmed/15377515
http://doi.org/10.1021/acsami.7b19284
http://www.ncbi.nlm.nih.gov/pubmed/29405060
http://doi.org/10.1093/nar/gkr1016
http://doi.org/10.1088/1361-6528/abc7d4
http://doi.org/10.1039/D0AN00393J
http://doi.org/10.1002/smll.201970091
http://doi.org/10.1007/s12015-020-10089-4
http://www.ncbi.nlm.nih.gov/pubmed/33410095
http://doi.org/10.1038/mt.2012.180
http://www.ncbi.nlm.nih.gov/pubmed/23032975
http://doi.org/10.1007/s12257-020-0002-0

	Introduction 
	Exosomal miRNAs in Breast Cancer Progression 
	Tumorigenesis 
	Invasion and Migration 
	Immune Regulation 
	Drug Resistance 

	Exosomal miRNAs in Breast Cancer Diagnosis 
	Sources for Isolating Breast Cancer Related Exosomal miRNAs 
	Exosomal miRNAs Related to Breast Cancer Diagnosis 
	Detection Approaches 
	RT-qPCR 
	MiRNA Sequencing 
	Molecular Beacons 
	Other miRNA Biosensors 


	Conclusions 
	References

