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Background: Recurrence of breast cancer remains a critical problem. Therefore,
it is imperative to identify biomarkers that accurately reflect disease state and
develop novel drug therapies that are effective even after recurrence. MicroRNAs
(miRNAs) are involved in the malignant transformation of various tumors.
Circulating miRNAs are promising biomarkers for the diagnosis and treatment of
cancers. Additionally, miRNAs are regarded as next-generation drug targets.
Currently, various clinical trials are being conducted for anti-cancer drugs using
miRNAs. In this review, we summarized recent studies on miRNA functions and
circulating miRNAs in breast cancer, and discussed the status of miRNAs as drug
discovery candidates. We also discussed the role of extracellular vesicles (EVs) in
the clinical application of miRNAs.
Methods: Relevant articles published from 2002 to 2021 were acquired from PubMed
database using the following key words: “miRNA” and “breast neoplasia”. Clinical trial data
were retrieved from the database, ClinicalTrials.gov.
Results: Regulating these miRNAs may provide a new therapeutic strategy.
Furthermore, miRNAs may be useful diagnostic and prognostic biomarkers for
breast cancer. In addition, miRNAs have potential as anti-cancer agents, and may
also be used in combination with other therapies to enhance the efficacies of other
drugs.
Conclusion: In summary, miRNAs have shown promise as biomarkers and
therapeutic targets. In addition, EVs will be the key to expanding the applications of
miRNAs.
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INTRODUCTION
According to GLOBOCAN statistics, 2.3 million
people worldwide have breast cancer.1 While good
survival rates for breast cancer patients have been
obtained with existing drugs, recurrence is often
observed 10 years after curative resection, and in most
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patients, it cannot be cured.2 In women, breast cancer
is the leading cause of cancer-related deaths.
Therefore, it is imperative to discover biomarkers that
accurately reflect the disease state of patients. There is
also an urgent need to discover novel drug therapies
that offer therapeutic effects even after recurrence.
MicroRNAs (miRNAs) regulate the expression of
several genes and proteins by negatively controlling
gene expression.3 In general, miRNAs bind to
complementary sequence sites present in the 3'untranslated region (UTR) of a target mRNA and
induce translational inhibition or degradation;
however, miRNAs may act as positive regulators if a
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complementary sequence site is present in the 5'-UTR.4
Since miRNAs do not require perfect sequence
complementarity to bind to the target, one miRNA can
suppress the expression of multiple mRNAs. Thus,
miRNAs are involved in virtually all the biological
processes, including development, differentiation, and
metabolism, contributing to the maintenance of
homeostasis. Abnormal expression of miRNAs has
been observed in many diseases, such as allergies,
asthma, diabetes, infectious diseases, and cancers.3 The
abnormal expression of miRNAs in cancer was first
reported by Croce et al. in 2002.5 It has been observed
that miRNAs are involved in the malignant transformation of various cancer types, including breast
cancer. Currently, information about all previously
discovered miRNAs can be found in public databases,
and data on more than 2,600 human mature miRNA
sequences are present in the miRbase database (http://www.mirbase.org).6
It is now known that miRNAs are transported to
surrounding cells via extracellular vesicles (EVs).7-10
All types of cells can secrete EVs that contain various
substances such as nucleic acids, lipids, and proteins.11
An increase in EV secretion is observed in cancer
patients and is termed cancer EVs. Cancer EVs have
been suggested as potential biomarkers and therapeutic
targets.12-14 The functional roles of miRNAs mediated
via cancer EVs has been elucidated in several studies,
suggesting that regulating miRNAs involved in cellcell communication will provide a new therapeutic
strategy in treating cancers. Since novel targets for low
molecular weight compounds, the mainstay of drug
discovery, have been decreasing, miRNAs are regarded as next-generation drug targets.15
Circulating miRNAs are considered as promising
biomarkers for diagnosis and treatment and are easy to
incorporate into daily medical care.16 Most circulating
miRNAs are co-fractionated with proteins such as

Argonaute 2, which are bound to high-density lipoproteins or encapsulated in 50–150 nm EVs called
exosomes, granting stability to the miRNAs in the
extracellular environment.7,11 As a result, extracellular
miRNAs can be detected in other body fluids such as
blood, tears, breast milk, and saliva. Currently, several
clinical trials for liquid biopsies using circulating
miRNAs have been conducted for multiple cancers,
including breast cancer.17-19
In this review, we outline recent findings on
miRNA functions and circulating miRNAs, and
summarize the status of miRNAs as drug discovery
candidates for breast cancer. In addition, we discuss the
role of EVs in the clinical application of miRNAs.
METHODS
Relevant articles published from 2002 to 2021 were
acquired (dated 31/03/2021) from PubMed database
using the following key words: “miRNA” and “breast
neoplasia”. Clinical trial data were retrieved from the
database, ClinicalTrials.gov. This research was supported by AMED under Grant Number JP21 ck0106555, and The Research Funding for Longevity
Sciences (21-22) from the National Center for
Geriatrics and Gerontology, Japan.
RESULTS
Functional roles of miRNAs in breast cancer
Increasing evidence has associated miRNA
dysregulation with tumor progression and drug resistance in breast cancers (Figure 1). miRNAs in cancer
are categorized as either oncogenic or tumor-suppressive depending on their action (Table 1). Certain
miRNAs can exhibit dual functions, depending on the
type of tissue.20 For example, miR-122, miR-22 and
miR-93 have been reported to have dual functions in
patients with breast cancer.21-25

Figure 1. Increase in the number of papers
about miRNAs in cancer. Each line
represents the numbers of papers as follows:
dotted for cancer and solid for breast cancer,
respectively.
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Table 1. List of functional miRNAs in breast cancer.
A. The role of oncogenic miRNAs.
Oncogenic
Target process/signaling pathway
miRNAs
miR-10b
Pro-metastatic genes

Ref
26

miR-105

Metabolic reprogramming of stromal cells

27

miR-122

Reprograming of glucose metabolism

28

miR-106b

PI3K/Akt pathway

25

miR-182-5p

TGF-β/SMAD pathway

29

miR-196a

Estrogen/SPRED1 cascade

30

miR-199a

Network that represses the expression of FOXP2

31

miR-21

Tumor cell apoptosis, IGF signaling

14, 32

miR-25-3p

Akt and MAPK/Erk pathways

33

miR-26a

Mitosis and cytokinesis

34

miR-27b

Cell metabolism through targeting PDHX

35

miR-29a

EMT (H4K20/SUV420H2 axis)

36

miR-31

Signaling pathways including Prlr/Stat5, TGF-β and Wnt/β-catenin

37

miR-93

PI3K/Akt pathway

25

B. The role of tumor-suppressive miRNAs.
Tumor-suppressive miRNAs

Target process/signaling pathway

Ref

miR-124

Survival and differentiation of osteoclast progenitor cells

38

miR-125b

Bone microenvironment promoting cancer spread

39

miR-190

40
41, 42

miR-205

TGF-β-induced EMT
CAF activation and ECM remodeling
EMT
EMT

miR-206

MKL1/IL11 pathway

44

miR-27b-3p

PI3K/Akt and MAPK/Erk pathways

45

miR-30a

EMT (p53/ZEB2 axis)

46

miR-3178

47

miR-375

EMT (Notch1)
EMT, and M2 macrophage polarization
(MCT-1/IL-6/IL-6R signaling)
EMT

miR-451

β-catenin/cyclin D1/c-Myc signaling

50

miR-770

Apoptosis
EMT (SREBP1)
MAPK/Erk pathway
pRB/E2F1 pathway and Akt phosphorylation

51

miR-200 family

miR-34a

miR-17-92 cluster
(miR-18a, miR-20a, miR-93)

43

48, 49

23, 52, 53

EMT: epithelial to mesenchymal transition, CAF: cancer-associated fibroblasts, ECM: extracellular matrix

miRNAs are involved in metastatic processes.
Cancer cells metastasize via their interactions with the
tumor microenvironment. The tumor microenvironment is mostly composed of cancer-associated
fibroblasts (CAFs), which are activated forms of
22

fibroblasts. CAFs can remodel the composition and
structure of the extracellular matrix to support tumor
growth. Chatterjee et al. reported that miR-222 is
involved in the reprogramming of CAFs.54 Wang et
al. reported that EV-associated miR-181d-5p is
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secreted from CAFs and promotes tumor growth via
the involvement of caudal-related homeobox 2
(CDX2) and homeobox A5 (HOXA5) proteins.8
miRNAs are also involved in breast cancer
treatment. Some miRNAs are related to radio-sensitivity, while others are associated with drug resistance.55 Shen et al. reported that miR-195-5p, miR203a-3p, and miR-9-5p are packed in EVs released by
cells exposed to cytotoxic agents.9 The same study
demonstrated that due to these miRNAs, the surrounding cancer cells acquired stem cell characteristics,
resulting in drug resistance.
Breast cancer is treated with either anti-hormone
therapy if the tumor is estrogen receptor (ER)/progesterone carbohy or with anti-human epidermal
receptor 2 (HER2) therapy if the tumor is HER2-positive.2 ER/PgR-negative and HER2-negative breast
cancer is defined as triple-negative breast cancer
(TNBC); TNBC lacks potential drug targets. Recently, cyclin dependent kinase (CDK)4/CDK6 inhibitors have become the standard cytotoxic agents
prescribed in ER/PgR-positive metastatic breast
cancers (MBC).2 For example, miR-135a, miR-222,
and miR-575 are involved in conferring resistance to
tamoxifen, a drug frequently used in anti-hormone
therapy; miR-126, miR-182, and miR-567 are
involved in resistance to trastuzumab, which is the
standard of anti-HER2 therapy.56-61 miRNA
involvement has also been reported in drug resistance
to palbociclib, a CDK4/6 inhibitor. Cornell et al.
showed that EV-mediated miR-432-5p suppresses the
TGF-β pathway and promotes the upregulation of
CDK6, which consequently leads to palbociclib
resistance; this oncogenic mechanism is different
from that involving genetic abnormalities.10
Circulating miRNAs as biomarkers of breast
cancer
In breast cancer, carbohydrate antigen 15-3
(CA15-3) is the commonly used blood-based
biomarker in clinical practice; however, it is
considered a poor marker of breast cancer owing to its
low sensitivity and specificity.2 Therefore,
biomarkers that can sensitively reflect new diseases
have been actively investigated. Numerous studies
have suggested that miRNAs can be used in routine
clinical practice as biomarkers for early breast cancer
diagnosis, prediction of prognosis, and drug response.
However, only a few results from these studies are
reproducible due to population diversity and variation
in research methods.62 Thus, we selected studies with
sample sizes of more than 100 breast cancer patients
with validated results since the miRNAs identified in
these studies can be reproducible and potentially be
used as biomarkers in clinical practice (Table 2).

Several clinical trials for the evaluation of
circulating miRNAs have been conducted. A total of
10,631 clinical trials recorded before the end of
March 2021 were returned after searching the
database, ClinicalTrials.gov, using the term “breast
cancer.” There are 50 studies focusing on the evaluation of miRNAs as biomarkers. From the database,
11 of these 50 clinical trials completed the
observation period, but none of the results have been
published.
There was a study using samples collected
prospectively within the large context of international
randomized clinical studies. Cosimo et al. examined
the miRNA signatures associated with pathological
complete response (pCR) using plasma samples from
a NEoALTTO trial in which neoadjuvant anti-HER2
therapy (lapatinib and/or trastuzumab) was administered.18 Since achieving a pCR after systematic
treatment correlates well with good prognosis, pCR is
often used for the assessment of therapeutic effects
instead of examining overall survival (OS). The
authors identified miRNA signatures that discriminate patients with pCR after neoadjuvant therapy
and demonstrated that miR-140-5p levels 2 weeks
after the start of trastuzumab correlated with eventfree survival.
A study using large-scale clinical samples was
conducted by Shimomura et al. through a microarray
profiling using miRNAs obtained from 1,280 breast
cancer patients, 2,836 controls, 451 patients with
other cancer types, and 63 women with benign breast
disease.69 The authors identified a panel of five
miRNAs that distinguished between breast cancer,
other cancers, and controls.
With respect to prognostic biomarkers for
operatable breast cancer, Wang et al. identified a
panel of five miRNAs (miR-130b-5p, miR-151a-5p,
miR-206, miR-222-3p, and miR-943).79 The authors
reported that patients with three or more highlyexpressed miRNAs among the identified panel had
shorter disease-free survival than those with 0 to 2
highly-expressed miRNAs after breast cancer radical
surgery. In MBC, circulating tumor cells (CTCs) are
prognostic biomarkers approved by the US Food and
Drug Administration (FDA). However, their use is
limited by the enrichment and detection methods
used, making them difficult biomarkers to access in
routine clinical practice. Therefore, there is still a
need for a novel biomarker that can be easily measured. Madhavan et al. studied a miRNA signature
that can be effectively used in a metastatic setting.
First, they examined the miRNAs associated with
CTCs in MBC and identified a panel of 16 miRNAs
that could predict the OS rate in MBC.74,77
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Table 2. Circulating miRNAs as promising biomarkers.
Sample
Sample
miRNAs
Source
Number
miR-127-3p, miR-148b, miR-376a, miR-376c, miRPlasma
627
409-3p, miR-652, and miR-801

Assessment

Ref

Higher in BC

63

Serum

164

miR-1, miR-92a, miR-133a, and miR-133b

Higher in BC

64

Plasma

172

miR-148b, and miR-133a

Higher in BC

65

Serum

108

miR-15a, miR-18a, miR-107, and miR-425

Higher in BC

66

miR-133a, miR-139-5p, miR-143, miR-145, and miR365

Lower in BC

Serum

137

miR-484

Higher in BC

67

Plasma

199

miR-505-5p, miR-125-5p, miR-21-5p, and miR-96-5p

Higher in BC

68

Serum

1280

miR-1246, miR-1307-3p, and miR-6861-5p

Higher in BC

69

miR-4634, and 6875-5p

Lower in BC

miR-16, miR-148a, and miR-19b

Higher in BC

let-7d, let-7i, miR-103, miR-107, and miR-22*

Lower in BC

miR-155, miR-574-5p, and MALAT

Higher in BC

let-7a

Lower in BC

Plasma

Serum

215

158

Plasma

257

Plasma/Serum

200/204

70

71

let-7b, miR-122-5p, miR-146-5p, miR-210-3p, miR215-5p
miR106a-3p, miR-106a-5p, miR-20b-5p, and miR92a-2-5p (Plasma)
miR-106a-5p, miR-19b-3p, miR-20b-5p, and miR92a-3p (Serum)
miR-141, miR-200a, miR-200b, miR-200c, miR-203,
miR-210, miR-375, and miR-801

Higher in CTC-positive
MBC

74

Higher in BC

72

Higher in BC (Plasma)

73

Higher in BC (Serum)

Plasma

193

Plasma

1254

miR-24-3p

Predicting OS for BC

75

Serum

130

miR-18b, miR-103, miR-107, and miR-652

Predicting relapse in
TNBC

76

612

miR-141, miR-144, miR-193b, miR-200a, miR-200b,
miR-200c, miR-203, miR-210, miR-215, miR-365,
miR-375, miR-429, miR-486-5p, miR-801, miR-1260,
and miR-1274a

Predicting OS in MBC

77

Plasma

Plasma

429

miR-140-5p

Serum

565

miR-940, miR-451a, miR-16-5p, and miR-17-3p

Predicting Response to
neoadjuvant
trastuzumab for HER2positive BC
Predicting Response to
trastuzumab for HER2positive MBC

18

78

BC: breast cancer, MALAT: metastasis-associated lung adenocarcinoma transcript, CTC: circulating tumor cell, MBC: metastatic breast
cancer, OS: overall survival, TNBC: triple-negative breast cancer, HER2: human epidermal growth factor receptor 2

They also showed that the patients with recurrence
within 2 years could be identified earlier than in
clinical diagnosis using a signature composed of six
miRNAs from the identified panel (miR-200a, miR200b, miR-200c, miR-210, miR-215, and miR4865p).77
Emerging role of miRNAs as next-generation
drugs
24

It has been demonstrated that miRNAs may be
used as anti-cancer drug agents depending on their
expression levels in the tumor tissues.15 Vectors,
miRNA mimics, and small molecule compounds are
used to supplement tumor-suppressive miRNAs,
while antisense miRNAs (anti-miRs), miRNA
sponges, and decoy vectors are used to suppress
oncogenic miRNAs. Agents most frequently used in
in vitro and in vivo experiments are miRNA mimics
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and locked nucleic acids (LNA)-modified anti-miRs.
miRNA mimics are double-stranded synthetic RNAs
that mimic endogenous miRNAs, while LNAmodified anti-miRs are anti-miRs that are chemically
locked by a bridge that connects the 2’-oxygen and
4’-carbon in a ribonucleotide. Due to this bridge,
LNA-modified anti-miRs achieve stable regulation
with simple manipulations.
In clinical practice, drugs targeting miRNAs are
expected to be used as a combination therapy with
other drugs to enhance their therapeutic effects and
weaken the resistance to these drugs. In breast cancer,
miR-10b plays an important role in metastasis.26
Antisense miR-10b is ineffective in shrinking primary
tumors but is effective for metastatic lesions.80 Yoo et
al. showed that the combination of antisense miR-10b
with cytotoxic agents after excision of the primary
lesion eliminated metastatic lesions without systemic
toxicity.81 The authors used dextran-coated iron oxide
nanoparticles (MN-anti-miR-10b) to effectively reach
target tissues. Interestingly, MN-anti-miR-10b suppressed brain metastasis, even when used as a
monotherapy.82 Gao et al. demonstrated that miR-873
is involved in PDL1-mediated acquisition of stem cell

traits, suggesting that drugs targeting the miR-873
axis can be used in combination with immune
checkpoint blockers.83 In TNBC, effective drugs are
scarce, and its prognosis is poor. One of the emerging
investigational strategies for treating TNBC is to
induce HER2 expression, thus sensitizing it to antiHER2 therapy. Ninio-Many et al. demonstrated that
miR-125a-3p induced HER2 expression, allowing
TNBC cell lines to respond to anti-HER2 therapy.84
Various clinical trials for anti-cancer drugs
targeting miRNAs have been conducted (Table 3).
The most studied drug that targets miRNAs is the
miR-34 mimic represented by MRX34. A multicenter
phase I trial in 2013 was conducted to study the
effects of MRX34 in patients with advanced solid
tumors, primarily liver cancer.85 Subsequently,
patients with liver metastases including those with
breast cancer also participated in the trial. However,
this trial was terminated due to immune-related
adverse events that led to the death of a patient. On
the other hand, cobomarsen, an anti-miR-155 agent,
has already been approved by the FDA as an orphan
drug for mycosis fungoides cutaneous T-cell
lymphoma.

Table 3. Clinical trials using miRNAs as anti-cancer drugs.
Carrier
Therapeutic agent
Disease
miR-34 mimic
(MRX34)
miR-16 mimic
(TargomiR)
Anti-miR-155
(Cobomarsen)
Anti-miR-155
(Cobomarsen)
Anti-miR-10b

Liposomal carrier

Liver and solid cancer

EnGeneIC Delivery
Vehicle
Oligonucleotide
inhibitor
Oligonucleotide
inhibitor
Oligonucleotide
inhibitor

NSCLC and Malignant
pleural mesothelioma
Lymphoma and leukemia
CTL
(Mycosis fungoides type)
Glioblastoma

Clinical trial phase
Phase I
(NCT01829971)
Phase I
(NCT02369198)
Phase I
(NCT02580552)
Phase II
(NCT03713320)
Phase I
(NCT01849952)

Status
Terminated
Completed
Completed
Terminated
Recruiting

NSCLC: non-small cell lung cancer, CTL: cutaneous T-cell lymphoma

DISCUSSION
Blood, saliva, and urine can be used to assess the
levels of miRNAs. Testing for miRNAs has become
easy to incorporate into routine medical care, leading
to a high accuracy of diagnosis and efficient
monitoring of the treatment. However, several issues
need to be resolved before they can be used clinically.86
In the pre-analysis stage, various patient factors must
be considered such as the patient's diet, medication
intake, and age, as well as laboratory factors such as
sample collection method and handling. Although
reliable methods for measuring the levels of miRNAs
(polymerase chain reaction (PCR)-based, microarray,
and next-generation sequencing) are available,
significant inter-platform differences have been
pointed out. Currently, quantitative PCR is considered

the gold standard technique. In the post-analysis stage,
the primary concern is the absence of a standardized
data normalization method.
There are currently no approved liquid biopsies for
breast cancer. However, cell-free DNAs (cf-DNAs) are
the clinically-used biomarkers for the detection of
epidermal growth factor receptor (EGFR) mutations in
lung cancers. The detection rates of EGFR mutations
were improved by using a combination of cf-DNAs
and EVs.87 Although the identified EVs may differ
between studies, early diagnosis may be achieved by
using miRNAs detected in EVs from breast cancer
patients.88,89 It should be noted that there is no
consensus on the markers that label EVs in human
samples.12,13 However, these studies suggested that
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miRNAs in cancer EVs can be used as potential
biomarkers that reflect the state of the disease.
While drugs targeting one molecule are considered
mainstream, drugs targeting miRNAs can regulate
several genes with one agent producing unprecedented
therapeutic effects. Furthermore, they are easier to
screen for highly effective read sequences than
chemically synthesized drugs, and the obtained read
sequences can be used as new drugs. Therefore, once
the development scheme is completed, rapid
development can be achieved. The development of a
drug delivery system (DDS) is essential for drugs
targeting miRNAs.90 DDS using viral vectors is not
ideal for clinical settings owing to the risk of strong
inflammation. Attempts have been made to attach
aptamers and ligands to drugs that target miRNAs. It
has become possible to deliver drugs stably and safely
to target tissues by encapsulation in EVs.14,91-95 For the
routine application of drugs targeting miRNAs in
cancer, it is necessary to monitor the long-term effects

at the pre-clinical stages and to consider immunerelated side effects.96
CONCLUSION
In summary, miRNAs in breast cancer are in the
early stages of clinical application as biomarkers and
therapeutic targets, and their application is likely to
dramatically change the clinical practice. In addition,
EVs will be key to expanding the range of applications of miRNAs. With regard to the versatility of
clinical applications, reviewing what we already
know regarding miRNAs in breast cancer is vital
before conducting further research.
ACKNOWLEDGEMENTS
We would like to thank Editage (www.editage.com) for editing the manuscript.
CONFLICT OF INTEREST
There are no conflicts of interest to declare
through all steps of this study.

REFERENCES
1.

2.

Sung H, Ferlay J, Siegel RL. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185
Countries.
2021;71(3):209-49.
doi:
10.3322/caac.21660.
Burstein HJ, Curigliano G, Loibl S, Dubsky P, Gnant
M, Poortmans P, et al. Estimating the benefits of
therapy for early-stage breast cancer: the St. Gallen
International Consensus Guidelines for the primary
therapy of early breast cancer 2019. Annals of
oncology : official journal of the European Society for
Medical Oncology. 2019;30(10):1541-57. doi:
10.1093/annonc/mdz235.

3.

Bartel DP. MicroRNAs: genomics, biogenesis,
mechanism, and function. Cell. 2004;116(2):281-97.
doi: 10.1016/s0092-8674(04)00045-5.

4.

Gu W, Xu Y, Xie X, Wang T, Ko JH, Zhou T. The
role of RNA structure at 5' untranslated region in
microRNA-mediated gene regulation. RNA (New
York,
NY).
2014;20(9):1369-75.
doi:
10.1261/rna.044792.114.

5.

6.

26

Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S,
Noch E, et al. Frequent deletions and down-regulation
of micro- RNA genes miR15 and miR16 at 13q14 in
chronic lymphocytic leukemia. Proceedings of the
National Academy of Sciences of the United States of
America.
2002;99(24):15524-9.
doi:
https://doi.org/10.1073/pnas.242606799.
Kozomara A, Birgaoanu M, Griffiths-Jones S.
miRBase: from microRNA sequences to function.

Nucleic acids research. 2019;47(D1):D155-d62. doi:
https://doi.org/10.1093/nar/gky1141.
7.

Lakshmi S, Hughes TA, Priya S. Exosomes and
exosomal RNAs in breast cancer: A status update.
European journal of cancer (Oxford, England : 1990).
2021;144:252-68. doi: 10.1016/j.ejca.2020.11.033.

8.

Wang H, Wei H, Wang J, Li L, Chen A, Li Z.
MicroRNA-181d-5p-Containing Exosomes Derived
from CAFs Promote EMT by Regulating
CDX2/HOXA5 in Breast Cancer. Molecular therapy
Nucleic
acids.
2020;19:654-67.
doi:
10.1016/j.omtn.2019.11.024.

9.

Shen M, Dong C, Ruan X, Yan W, Cao M, Pizzo D,
et al. Chemotherapy-Induced Extracellular Vesicle
miRNAs Promote Breast Cancer Stemness by
Targeting
ONECUT2.
Cancer
research.
2019;79(14):3608-21. doi: 10.1158/0008-5472.can18-4055.

10. Cornell L, Wander SA, Visal T, Wagle N, Shapiro GI.
MicroRNA-Mediated Suppression of the TGF-β
Pathway Confers Transmissible and Reversible
CDK4/6 Inhibitor Resistance. Cell reports.
2019;26(10):2667-80.e7.
doi:
10.1016/j.celrep.2019.02.023.
11. van Niel G, D'Angelo G, Raposo G. Shedding light on
the cell biology of extracellular vesicles. Nature
reviews Molecular cell biology. 2018;19(4):213-28.
doi:10.1038/nrm.2017.125.
12. Hoshino A, Kim HS, Bojmar L, Gyan KE, Cioffi M,
Hernandez J, et al. Extracellular Vesicle and Particle
Biomarkers Define Multiple Human Cancers. Cell.

Mitsuhashi et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 20-31

miRNAs in breast cancer

2020;182(4):1044-61.e18.
https://doi.org/10.1016/j.cell.2020.07.009.

doi:

13. Špilak A, Brachner A, Kegler U, Neuhaus W,
Noehammer C. Implications and pitfalls for cancer
diagnostics exploiting extracellular vesicles.
Advanced drug delivery reviews. 2021;175:113819.
doi: 10.1016/j.addr.2021.05.029.
14. Bose RJC, Uday Kumar S, Zeng Y, Afjei R, Robinson
E, Lau K, et al. Tumor Cell-Derived Extracellular
Vesicle-Coated
Nanocarriers:
An
Efficient
Theranostic Platform for the Cancer-Specific
Delivery of Anti-miR-21 and Imaging Agents. ACS
Nano.
2018;12(11):10817-32.
doi:
10.1021/acsnano.8b02587.
15. Rupaimoole R, Slack FJ. MicroRNA therapeutics:
towards a new era for the management of cancer and
other diseases. Nature reviews Drug discovery.
2017;16(3):203-22. doi: 10.1038/nrd.2016.246.
16. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman
SK, Pogosova-Agadjanyan EL, et al. Circulating
microRNAs as stable blood-based markers for cancer
detection. Proceedings of the National Academy of
Sciences of the United States of America.
2008;105(30):10513-8.
doi:
10.1073/pnas.0804549105.
17. Bottani M, Banfi G, Lombardi G. Circulating
miRNAs as Diagnostic and Prognostic Biomarkers in
Common Solid Tumors: Focus on Lung, Breast,
Prostate Cancers, and Osteosarcoma. J Clin Med.
2019;8(10). doi: 10.3390/jcm8101661.
18. Di Cosimo S, Appierto V, Pizzamiglio S, de la Peña
L, Izquierdo M, Huober J, et al. Plasma miRNA
Levels for Predicting Therapeutic Response to
Neoadjuvant Treatment in HER2-positive Breast
Cancer: Results from the NeoALTTO Trial. Clinical
cancer research : an official journal of the American
Association for Cancer Research. 2019;25(13):388795. doi: 10.1158/1078-0432.ccr-18-2507
19. Lin HM, Mahon KL, Spielman C, Gurney H,
Mallesara G, Stockler MR, et al. Phase 2 study of
circulating microRNA biomarkers in castrationresistant prostate cancer. British journal of cancer.
2017;116(8):1002-11. doi: 10.1038/bjc.2017.50.
20. Svoronos AA, Engelman DM, Slack FJ. OncomiR or
Tumor Suppressor? The Duplicity of MicroRNAs in
Cancer. Cancer research. 2016;76(13):3666-70. doi:
10.1158/0008-5472.can-16-0359.
21. Perez-Añorve IX, Gonzalez-De la Rosa CH, SotoReyes E, Beltran-Anaya FO, Del Moral-Hernandez
O, Salgado-Albarran M, et al. New insights into
radioresistance in breast cancer identify a dual
function of miR-122 as a tumor suppressor and
oncomiR. Molecular oncology. 2019;13(5):1249-67.
doi: 10.1002/1878-0261.12483.
22. Gorur A, Bayraktar R, Ivan C, Mokhlis HA,
Bayraktar E, Kahraman N, et al. ncRNA therapy with

miRNA-22-3p suppresses the growth of triplenegative breast cancer. Molecular therapy Nucleic
acids.
2021;23:930-43.
doi:
10.1016/j.omtn.2021.01.016.
23. Bao C, Chen J, Chen D, Lu Y, Lou W, Ding B, et al.
MiR-93 suppresses tumorigenesis and enhances
chemosensitivity of breast cancer via dual targeting
E2F1 and CCND1. Cell death & disease.
2020;11(8):618. doi: 10.1038/s41419-020-02855-6.
24. Pandey AK, Zhang Y, Zhang S, Li Y, Tucker-Kellogg
G, Yang H, et al. TIP60-miR-22 axis as a prognostic
marker of breast cancer progression. Oncotarget.
2015;6(38):41290-306.
doi:
10.18632/oncotarget.5636.
25. Li N, Miao Y, Shan Y, Liu B, Li Y, Zhao L, et al.
MiR-106b and miR-93 regulate cell progression by
suppression of PTEN via PI3K/Akt pathway in breast
cancer. Cell Death Dis. 2017;8(5):e2796. doi:
10.1038/cddis.2017.119.
26. Ma L, Teruya-Feldstein J, Weinberg RA. Tumour
invasion and metastasis initiated by microRNA-10b
in breast cancer. Nature. 2007;449(7163):682-8. doi:
10.1038/nature06174.
27. Yan W, Wu X, Zhou W, Fong MY, Cao M, Liu J, et
al. Cancer-cell-secreted exosomal miR-105 promotes
tumour growth through the MYC-dependent
metabolic reprogramming of stromal cells. Nat Cell
Biol 2018;20(5):597-609. doi: 10.1038/s41556-0180083-6.
28. Fong MY, Zhou W, Liu L, Alontaga AY, Chandra M,
Ashby J, et al. Breast-cancer-secreted miR-122
reprograms glucose metabolism in premetastatic
niche to promote metastasis. Nat Cell Biol.
2015;17(2):183-94. doi: 10.1038/ncb3094.
29. Lu JT, Tan CC, Wu XR, He R, Zhang X, Wang QS,
et al. FOXF2 deficiency accelerates the visceral
metastasis of basal-like breast cancer by
unrestrictedly increasing TGF-β and miR-182-5p.
Cell death and differentiation. 2020;27(10):2973-87.
doi: 10.1038/s41418-020-0555-7.
30. Jiang CF, Shi ZM, Li DM, Qian YC, Ren Y, Bai XM,
et al. Estrogen-induced miR-196a elevation promotes
tumor growth and metastasis via targeting SPRED1 in
breast cancer. Molecular cancer. 2018;17(1):83. doi:
10.1186/s12943-018-0830-0.
31. Cuiffo BG, Campagne A, Bell GW, Lembo A, Orso
F, Lien EC, et al. MSC-regulated microRNAs
converge on the transcription factor FOXP2 and
promote breast cancer metastasis. Cell stem cell.
2014;15(6):762-74. doi: 10.1016/j.stem.2014.10.001.
32. Pfeffer SR, Yang CH, Pfeffer LM. The Role of miR21 in Cancer. Drug development research.
2015;76(6):270-7. DOI:
https://doi.org/10.1002/ddr.21257.
33. Chen H, Pan H, Qian Y, Zhou W, Liu X. MiR-25-3p
promotes the proliferation of triple negative breast

Mitsuhashi et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 20-31

27

miRNAs in breast cancer

cancer by targeting BTG2. Molecular cancer.
2018;17(1):4. doi: 10.1186/s12943-017-0754-0.
34. Castellano L, Dabrowska A, Pellegrino L, Ottaviani
S, Cathcart P, Frampton AE, et al. Sustained
expression of miR-26a promotes chromosomal
instability and tumorigenesis through regulation of
CHFR. Nucleic acids research. 2017;45(8):4401-12.
doi: 10.1093/nar/gkx022.
35. Eastlack SC, Dong S, Ivan C, Alahari SK.
Suppression of PDHX by microRNA-27b deregulates
cell metabolism and promotes growth in breast
cancer. Molecular cancer. 2018;17(1):100. doi:
10.1186/s12943-018-0851-8.
36. Wu Y, Shi W, Tang T, Wang Y, Yin X, Chen Y, et al.
miR-29a contributes to breast cancer cells epithelialmesenchymal transition, migration, and invasion via
down-regulating histone H4K20 trimethylation
through directly targeting SUV420H2. Cell death &
disease. 2019;10(3):176. doi: 10.1038/s41419-0191437-0.

research : an official journal of the American
Association for Cancer Research. 2017;23(4):1091103. doi: 10.1158/1078-0432.ccr-16-0943.
44. Chen D, Si W, Shen J, Du C, Lou W, Bao C, et al.
miR-27b-3p inhibits proliferation and potentially
reverses
multi-chemoresistance by targeting
CBLB/GRB2 in breast cancer cells. Cell death &
disease. 2018;9(2):188. doi: 10.1038/s41419-0170211-4.
45. di Gennaro A, Damiano V, Brisotto G, Armellin M,
Perin T, Zucchetto A, et al. A p53/miR-30a/ZEB2
axis controls triple negative breast cancer
aggressiveness.
2018;25(12):2165-80.
doi:
10.1038/s41418-018-0103-x.
46. Kong P, Chen L, Yu M, Tao J, Liu J, Wang Y, et al.
miR-3178 inhibits cell proliferation and metastasis by
targeting Notch1 in triple-negative breast cancer. Cell
death
&
disease.
2018;9(11):1059.
doi:
10.1038/s41419-018-1091-y.

37. Lv C, Li F, Li X, Tian Y, Zhang Y, Sheng X, et al.
MiR-31 promotes mammary stem cell expansion and
breast tumorigenesis by suppressing Wnt signaling
antagonists. Nat Commun 2017;8(1):1036. doi:
10.1038/s41467-017-01059-5.

47. Weng YS, Tseng HY, Chen YA, Shen PC, Al Haq
AT, Chen LM, et al. MCT-1/miR-34a/IL-6/IL-6R
signaling axis promotes EMT progression, cancer
stemness and M2 macrophage polarization in triplenegative breast cancer. Molecular cancer.
2019;18(1):42. doi: 10.1186/s12943-019-0988-0.

38. Cai WL, Huang WD, Li B, Chen TR, Li ZX, Zhao
CL, et al. microRNA-124 inhibits bone metastasis of
breast cancer by repressing Interleukin-11. Mol
Cancer 2018;17(1):9. doi: 10.1186/s12943-0170746-0.

48. Tang H, Huang X, Wang J, Yang L, Kong Y, Gao G,
et al. circKIF4A acts as a prognostic factor and
mediator to regulate the progression of triple-negative
breast cancer. Molecular cancer. 2019;18(1):23. doi:
10.1186/s12943-019-0946-x.

39. Maroni P, Bendinelli P, Matteucci E, Desiderio MA.
The therapeutic effect of miR-125b is enhanced by the
prostaglandin
endoperoxide
synthase
2/cyclooxygenase 2 blockade and hampers ETS1 in
the context of the microenvironment of bone
metastasis. Cell death & disease. 2018;9(5):472. doi:
10.1038/s41419-018-0499-8.

49. Ward A, Balwierz A, Zhang JD, Küblbeck M,
Pawitan Y, Hielscher T, et al. Re-expression of
microRNA-375 reverses both tamoxifen resistance
and accompanying EMT-like properties in breast
cancer. Oncogene. 2013;32(9):1173-82. doi:
10.1038/onc.2012.128.

40. Yu Y, Luo W, Yang ZJ, Chi JR, Li YR, Ding Y, et al.
miR-190 suppresses breast cancer metastasis by
regulation of TGF-β-induced epithelial-mesenchymal
transition. Mol Cancer 2018;17(1):70. doi:
10.1186/s12943-018-0818-9.
41. Tang X, Hou Y, Yang G, Wang X, Tang S, Du YE, et
al. Stromal miR-200s contribute to breast cancer cell
invasion through CAF activation and ECM
remodeling. Cell death and differentiation.
2016;23(1):132-45. doi: 10.1038/cdd.2015.78.
42. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin
A, Farshid G, et al. The miR-200 family and miR-205
regulate epithelial to mesenchymal transition by
targeting ZEB1 and SIP1. Nat Cell Biol.
2008;10(5):593-601. doi: 10.1038/ncb1722.
43. Samaeekia R, Adorno-Cruz V, Bockhorn J, Chang
YF, Huang S, Prat A, et al. miR-206 Inhibits
Stemness and Metastasis of Breast Cancer by
Targeting MKL1/IL11 Pathway. Clinical cancer
28

50. Wang W, Zhang L, Wang Y, Ding Y, Chen T, Wang
Y, et al. Involvement of miR-451 in resistance to
paclitaxel by regulating YWHAZ in breast cancer.
Cell death & disease. 2017;8(10):e3071. doi:
10.1038/cddis.2017.460.
51. Li Y, Liang Y, Sang Y, Song X, Zhang H, Liu Y, et
al. MiR-770 suppresses the chemo-resistance and
metastasis of triple negative breast cancer via direct
targeting of STMN1. Cell Death Dis. 2018;9(1):14.
doi: 10.1038/s41419-017-0030-7.
52. Zhang N, Zhang H, Liu Y, Su P, Zhang J, Wang X, et
al. SREBP1, targeted by miR-18a-5p, modulates
epithelial-mesenchymal transition in breast cancer via
forming a co-repressor complex with Snail and
HDAC1/2. Cell Death Differ 2019;26(5):843-59. doi:
10.1038/s41418-018-0158-8.
53. Si W, Shen J, Du C, Chen D, Gu X, Li C, et al. A miR20a/MAPK1/c-Myc regulatory feedback loop
regulates breast carcinogenesis and chemoresistance.

Mitsuhashi et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 20-31

miRNAs in breast cancer

Cell death and differentiation. 2018;25(2):406-20.
doi: 10.1038/cdd.2017.176.

Association for Cancer Research. 2013;19(16):447787. doi: 10.1158/1078-0432.ccr-12-3401.

54. Chatterjee A, Jana S, Chatterjee S, Wastall LM,
Mandal G, Nargis N, et al. MicroRNA-222
reprogrammed cancer-associated fibroblasts enhance
growth and metastasis of breast cancer. Br J Cancer.
2019;121(8):679-89. doi: 10.1038/s41416-019-05667.

65. Shen J, Hu Q, Schrauder M, Yan L, Wang D, Medico
L, et al. Circulating miR-148b and miR-133a as
biomarkers for breast cancer detection. Oncotarget.
2014;5(14):5284-94. doi: 10.18632/oncotarget.2014.

55. Weidhaas JB, Babar I, Nallur SM, Trang P, Roush S,
Boehm M, et al. MicroRNAs as potential agents to
alter resistance to cytotoxic anticancer therapy.
Cancer
research.
2007;67(23):11111-6.
doi:
10.1158/0008-5472.can-07-2858.
56. Zhang W, Wu M, Chong QY, Zhang M, Zhang X, Hu
L, et al. Loss of Estrogen-Regulated MIR135A1 at
3p21.1 Promotes Tamoxifen Resistance in Breast
Cancer. Cancer research. 2018;78(17):4915-28. doi:
10.1158/0008-5472.can-18-0069.

66. Kodahl AR, Lyng MB, Binder H, Cold S, Gravgaard
K, Knoop AS, et al. Novel circulating microRNA
signature as a potential non-invasive multi-marker
test in ER-positive early-stage breast cancer: a case
control study. Molecular oncology. 2014;8(5):87483. doi: 10.1016/j.molonc.2014.03.002.
67. Zearo S, Kim E, Zhu Y, Zhao JT, Sidhu SB, Robinson
BG, et al. MicroRNA-484 is more highly expressed
in serum of early breast cancer patients compared to
healthy volunteers. BMC cancer. 2014;14:200. doi:
10.1186/1471-2407-14-200.

57. Gu J, Wang Y, Wang X, Zhou D, Shao C, Zhou M, et
al. Downregulation of lncRNA GAS5 confers
tamoxifen resistance by activating miR-222 in breast
cancer. Cancer letters. 2018;434:1-10. doi:
10.1016/j.canlet.2018.06.039.

68. Matamala N, Vargas MT, González-Cámpora R,
Miñambres R, Arias JI, Menéndez P, et al. Tumor
microRNA expression profiling identifies circulating
microRNAs for early breast cancer detection. Clinical
chemistry.
2015;61(8):1098-106.
doi:
10.1373/clinchem.2015.238691.

58. Liu SS, Li Y, Zhang H, Zhang D, Zhang XB, Wang
X, et al. The ERα-miR-575-p27 feedback loop
regulates tamoxifen sensitivity in ER-positive Breast
Cancer. Theranostics. 2020;10(23):10729-42. doi:
10.7150/thno.46297.

69. Shimomura A, Shiino S, Kawauchi J, Takizawa S,
Sakamoto H, Matsuzaki J, et al. Novel combination
of serum microRNA for detecting breast cancer in the
early stage. Cancer science. 2016;107(3):326-34. doi:
10.1111/cas.12880.

59. Fu R, Tong JS. miR-126 reduces trastuzumab
resistance by targeting PIK3R2 and regulating
AKT/mTOR pathway in breast cancer cells. J Cell
Mol
Med.
2020;24(13):7600-8.
doi:
10.1111/jcmm.15396.

70. Frères P, Wenric S, Boukerroucha M, Fasquelle C,
Thiry J, Bovy N, et al. Circulating microRNA-based
screening tool for breast cancer. Oncotarget.
2016;7(5):5416-28. doi:
10.18632/oncotarget.6786.

60. Yue D, Qin X. miR-182 regulates trastuzumab
resistance by targeting MET in breast cancer cells.
Cancer gene therapy. 2019;26(1-2):1-10. doi:
10.1038/s41417-018-0031-4.

71. Huang SK, Luo Q, Peng H, Li J, Zhao M, Wang J, et
al. A Panel of Serum Noncoding RNAs for the
Diagnosis and Monitoring of Response to Therapy in
Patients with Breast Cancer. Medical science monitor
: international medical journal of experimental and
clinical
research.
2018;24:2476-88.
doi:
10.12659/msm.909453.

61. Han M, Hu J, Lu P, Cao H, Yu C, Li X, et al.
Exosome-transmitted miR-567 reverses trastuzumab
resistance by inhibiting ATG5 in breast cancer. Cell
death & disease. 2020;11(1):43. doi: 10.1038/s41419020-2250-5.
62. Gupta I, Rizeq B. Circulating miRNAs in HER2Positive and Triple Negative Breast Cancers:
Potential Biomarkers and Therapeutic Targets.
2020;21(18). doi: 10.3390/ijms21186750.
63. Cuk K, Zucknick M, Madhavan D, Schott S, Golatta
M, Heil J, et al. Plasma microRNA panel for
minimally invasive detection of breast cancer. PloS
one. 2013;8(10):e76729. doi :
10.1371/journal.pone.0076729.
64. Chan M, Liaw CS, Ji SM, Tan HH, Wong CY, Thike
AA, et al. Identification of circulating microRNA
signatures for breast cancer detection. Clinical cancer
research : an official journal of the American

72. Li M, Zou X, Xia T, Wang T, Liu P, Zhou X, et al. A
five-miRNA panel in plasma was identified for breast
cancer diagnosis. Cancer Med. 2019;8(16):7006-17.
doi: 10.1002/cam4.2572.
73. Li M, Zhou Y, Xia T, Zhou X, Huang Z, Zhang H, et
al. Circulating microRNAs from the miR-106a-363
cluster on chromosome X as novel diagnostic
biomarkers for breast cancer. 2018;170(2):257-70.
doi: 10.1007/s10549-018-4757-3.
74. Madhavan D, Zucknick M, Wallwiener M, Cuk K,
Modugno C, Scharpff M, et al. Circulating miRNAs
as surrogate markers for circulating tumor cells and
prognostic markers in metastatic breast cancer.
Clinical cancer research : an official journal of the
American Association for Cancer Research.

Mitsuhashi et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 20-31

29

miRNAs in breast cancer

2012;18(21):5972-82. doi:
0432.ccr-12-1407.

10.1158/1078-

75. Khodadadi-Jamayran A, Akgol-Oksuz B, Afanasyeva
Y, Heguy A, Thompson M, Ray K, et al. Prognostic
role of elevated mir-24-3p in breast cancer and its
association with the metastatic process. Oncotarget.
2018;9(16):12868-78. doi:
10.18632/oncotarget.24403.
76. Kleivi Sahlberg K, Bottai G, Naume B, Burwinkel B,
Calin GA, Børresen-Dale AL, et al. A serum
microRNA signature predicts tumor relapse and
survival in triple-negative breast cancer patients.
Clinical cancer research : an official journal of the
American Association for Cancer Research.
2015;21(5):1207-14. doi: 10.1158/1078-0432.ccr-142011.

85. Bouchie A. First microRNA mimic enters clinic.
Nature
biotechnology.
2013;31(7):577.
doi:
10.1038/nbt0713-577.
86. Faraldi M, Gomarasca M, Banfi G, Lombardi G. Free
Circulating miRNAs Measurement in Clinical
Settings: The Still Unsolved Issue of the
Normalization. Advances in clinical chemistry.
2018;87:113-39. doi: 10.1016/bs.acc.2018.07.003.
87. Krug AK, Enderle D, Karlovich C, Priewasser T,
Bentink S, Spiel A, et al. Improved EGFR mutation
detection using combined exosomal RNA and
circulating tumor DNA in NSCLC patient plasma.
Annals of oncology : official journal of the European
Society for Medical Oncology. 2018;29(3):700-6.
doi: 10.1093/annonc/mdx765.

77. Madhavan D, Peng C, Wallwiener M, Zucknick M,
Nees J, Schott S, et al. Circulating miRNAs with
prognostic value in metastatic breast cancer and for
early detection of metastasis. Carcinogenesis.
2016;37(5):461-70. doi: 10.1093/carcin/bgw008.

88. 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. Oncology letters. 2018;15(6):9584-92. doi:
10.3892/ol.2018.8457.

78. Li H, Liu J, Chen J, Wang H, Yang L, Chen F, et al.
A serum microRNA signature predicts trastuzumab
benefit in HER2-positive metastatic breast cancer
patients. Nat Commun. 2018;9(1):1614. doi:
10.1038/s41467-018-03537-w.

89. Moloney BM, Gilligan KE, Joyce DP, O'Neill CP,
O'Brien KP, Khan S, et al. Investigating the Potential
and Pitfalls of EV-Encapsulated MicroRNAs as
Circulating Biomarkers of Breast Cancer. Cells.
2020;9(1). doi: 10.3390/cells9010141.

79. Wang Y, Yin W, Lin Y, Yin K, Zhou L, Du Y, et al.
Downregulated circulating microRNAs after surgery:
potential noninvasive biomarkers for diagnosis and
prognosis of early breast cancer. Cell death discovery.
2018;4:21. doi: 10.1038/s41420-018-0089-7.

90. Lujan H, Griffin WC, Taube JH, Sayes CM. Synthesis
and characterization of nanometer-sized liposomes
for encapsulation and microRNA transfer to breast
cancer cells. International journal of nanomedicine.
2019;14:5159-73. doi: 10.2147/ijn.s203330.

80. Ma L, Reinhardt F, Pan E, Soutschek J, Bhat B,
Marcusson EG, et al. Therapeutic silencing of miR10b inhibits metastasis in a mouse mammary tumor
model. Nature biotechnology. 2010;28(4):341-7. doi:
10.1038/nbt.1618.

91. Sharma S, Rajendran V, Kulshreshtha R, Ghosh PC.
Enhanced efficacy of anti-miR-191 delivery through
stearylamine liposome formulation for the treatment
of breast cancer cells. International journal of
pharmaceutics.
2017;530(1-2):387-400.
doi:
10.1016/j.ijpharm.2017.07.079.

81. Yoo B, Kavishwar A, Wang P, Ross A,
Pantazopoulos P, Dudley M, et al. Therapy targeted
to the metastatic niche is effective in a model of stage
IV breast cancer. Scientific reports. 2017;7:45060.
doi: 10.1038/srep45060.
82. Yoo B, Ross A, Pantazopoulos P, Medarova Z.
MiRNA10b-directed nanotherapy effectively targets
brain metastases from breast cancer. Scientific
reports. 2021;11(1):2844. doi: 10.1038/s41598-02182528-2.
83. Gao L, Guo Q, Li X, Yang X, Ni H, Wang T, et al.
MiR-873/PD-L1 axis regulates the stemness of breast
cancer cells. EBioMedicine. 2019;41:395-407. doi:
10.1016/j.ebiom.2019.02.034.
84. Ninio-Many L, Hikri E, Burg-Golani T, Stemmer SM,
Shalgi R, Ben-Aharon I. miR-125a Induces HER2
Expression and Sensitivity to Trastuzumab in TripleNegative Breast Cancer Lines. Frontiers in oncology.
2020;10:191. doi: 10.3389/fonc.2020.00191.

30

92. Yoo B, Kavishwar A, Ross A, Wang P, Tabassum DP,
Polyak K, et al. Combining miR-10b-Targeted
Nanotherapy with Low-Dose Doxorubicin Elicits
Durable Regressions of Metastatic Breast Cancer.
Cancer
research.
2015;75(20):4407-15.
doi:
10.1158/0008-5472.can-15-0888.
93. Yu Y, Yao Y, Yan H, Wang R, Zhang Z, Sun X, et al.
A Tumor-specific MicroRNA Recognition System
Facilitates the Accurate Targeting to Tumor Cells by
Magnetic Nanoparticles. Molecular therapy Nucleic
acids. 2016;5(5):e318. doi: 10.1038/mtna.2016.28.
94. Wagner MJ, Mitra R, McArthur MJ, Baze W,
Barnhart K, Wu SY, et al. Preclinical Mammalian
Safety Studies of EPHARNA (DOPC Nanoliposomal
EphA2-Targeted
siRNA).
Molecular
cancer
therapeutics.
2017;16(6):1114-23.
doi:
10.1158/1535-7163.mct-16-0541.
95. Yin H, Xiong G, Guo S, Xu C, Xu R, Guo P, et al.
Delivery of Anti-miRNA for Triple-Negative Breast

Mitsuhashi et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 20-31

miRNAs in breast cancer

Cancer Therapy Using RNA Nanoparticles Targeting
Stem Cell Marker CD133. Molecular therapy : the
journal of the American Society of Gene Therapy.
2019;27(7):1252-61.
doi:
10.1016/j.ymthe.2019.04.018.

96. Eichmüller SB, Osen W, Mandelboim O, Seliger B.
Immune Modulatory microRNAs Involved in Tumor
Attack and Tumor Immune Escape. Journal of the
National Cancer Institute. 2017;109(10). doi:
10.1093/jnci/djx034.

How to Cite This Article
Hironaka-Mitsuhashi A, Takayama SH, Jimbo K, Suto A, Shimomura A, Ochiya T. Clinical Application of
MicroRNAs in Breast Cancer Treatment. Arch Breast Cancer. 2022; 9(1):20-31.
Available from: https://www.archbreastcancer.com/index.php/abc/article/view/445

Mitsuhashi et al. Arch Breast Cancer 2022; Vol. 9, No. 1: 20-31

31

