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1  | INTRODUC TION

MicroRNA (miRNA) is a small non–coding RNA that can control the 
expression of its target mRNA and is involved in various physiolog-
ical and developmental processes of cells.1 The miRNA expression 
levels are frequently altered in cancer, thereby contributing to tumor 
growth, invasion, angiogenesis, and immune evasion.2 Accumulating 

evidence over the past decade has suggested that primary tumors 
inevitably release miRNA into the body fluids during their growth 
and death phases.3 Interestingly, a similar pattern of miRNA expres-
sion between the primary tumor and plasma has been observed in 
the same patient. Accordingly, liquid biopsies for detecting miRNA 
in plasma, which are widely accepted in the clinic, have potential in 
cancer diagnostics.4,5 Circulating miRNAs exist in plasma in various 
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Abstract
Extracellular vesicles (EV) have been emerging as potential biomarkers for disease 
monitoring. In particular, tumor-derived EV (TDE) are known to carry oncogenic 
miRNA, so they can be used for diagnosis of early cancer by analyzing the expres-
sion levels of EV-miRNA circulating in the blood. Here, using our novel microfluidic 
device, we rapidly and selectively isolate cancerous EV expressing breast cancer-
derived surface markers CD49f and EpCAM within 2 minutes. Based on seven can-
didates of miRNA nominated from The Cancer Genome Atlas (TCGA) database, the 
expression levels of miRNA in TDE were validated in a total of 82 individuals, includ-
ing 62 breast cancer patients and 20 healthy controls. Among seven candidates, four 
miRNAs (miR-9, miR-16, miR-21, and miR-429) from the EV were highly elevated in 
early-stage breast cancer patients compared with healthy donors. The combination 
of significant miRNAs from specific EV has high sensitivities of 0.90, 0.86, 0.88, and 
0.84 of the area under the receiver operating characteristic curve (AUC) in each sub-
type (luminal A, luminal B, HER-2, and triple-negative) of early-stage breast cancer. 
Our results suggest that the combination of four miRNA signatures of specific EV 
could serve as a sensitive and specific biomarker and enable early diagnosis of breast 
cancer using liquid biopsy.
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forms, such as free miRNA, lipoproteins-miRNA complexes, and 
miRNA contained in extracellular vesicles (EV).6 The EV, nanometer-
sized lipid bilayer vesicles released by all the cells, are not only well 
known as the key player of cell-cell communications but also carry 
various biomarkers, such as protein, mRNA, and miRNA.7 The miR-
NAs contained in EV have a longer half-life in the plasma compared 
to the other two types of miRNA because the lipid membrane of EV 
protects miRNA from ribonuclease degradation.8 Moreover, tumor-
derived EV (TDE) and their cargoes have high specificity to cancer 
cells because they reflect the characteristics of the origin. Therefore, 
EV containing miRNA have been proposed as an ideal source for 
cancer diagnosis based on miRNA expression pattern analysis.

Because the EV containing miRNA are surrounded by abun-
dant miRNA in the plasma, an essential step to analyze EV-derived 
miRNA for cancer diagnosis as a liquid biopsy is to purify and en-
rich the cancer-associated EV from the plasma.9,10 The most widely 
used method for isolation of EV, ultracentrifugation (UC), is time-
consuming and has low isolation efficiency and a lack of selectivity 
from cancer-associated EV.11 Although the purification methods for 
EV based on affinity capture with the surface epitopes of cancer 
cells have been exploited to overcome the limitation of the selec-
tivity, it remains a tedious process, including binding, washing, and 
enrichment.12 Microfluidics can be a satisfactory solution for the iso-
lation of TDE because they result in high throughput, high efficiency, 
and high selectivity by providing continuous flow and engineered 
environments for molecular reactions.13 Previously, we introduced 
a novel microfluidic chip for rapid and selective isolation of tumor-
associated EV and demonstrated its clinical applicability in breast 
cancer patients.14 Using breast tumor-derived proteins (EpCAM and 
CD49f), this microfluidic chip enables the selection of two types of 
EV within 2 minutes.

Herein, we have isolated cancer-specific EV via a novel microflu-
idic chip and profiled EV-miRNA based on seven candidate miRNA 
biomarkers, which were found in The Cancer Genome Atlas (TCGA) 
database (miR-9, miR-16, miR-155, miR-21, miR-429, miR-96, and 
miR-128). Among them, the combination of four miRNAs (miR-16, 
miR-21, miR-429, and miR-96) demonstrated a significant increase in 
diagnostic sensitivity in early-stage breast cancer and successfully 
discriminated breast cancer subtypes (Figure 1). Taken together, our 
results are expected to help researchers seeking new biomarkers for 
EV-based cancer diagnostics.

2  | MATERIAL S AND METHODS

2.1 | Preparation of cells and clinical samples

Four breast cancer cell lines (MCF-7, BT-474, SK-BR-3, and MDA-
MB-231) were obtained from the ATCC. These cells are well charac-
terized as reflecting heterogeneous subtypes: luminal A for MCF-7, 
luminal B for BT-474, HER-2 for SK-BR-3, and triple-negative breast 
cancer (TNBC) for MDA-MB-231. Breast cancer cells were grown 
to 70-80% confluency in RPMI medium with 10% FBS. Media were 

removed, and cells were rinsed three times with PBS and then grown 
in serum-depleted media. After 48 hours of incubation at 37°C with 
5% CO2, conditioned media were harvested and centrifuged once 
at 600 g for 30 minutes to eliminate cells. EV were further concen-
trated from cell-free supernatants using a 30 K Macrosep Advance 
Centrifugal Device (Pall Life Science).

A total of 82 plasma samples were collected in accordance with 
the guidelines of the independent ethics committee at the College 
of Medicine Yonsei University (IRB No. 4-2020-0350). Informed 
consent for the use of blood samples for research purposes was ob-
tained from patients. To evaluate plasma sample quality, hemolysis 
was assessed before the isolation of EV. Details of the 82 individuals, 
including 62 patients with breast cancer and 20 healthy controls, are 
shown in Table 1.

2.2 | Design of microfluidic chip and isolation of 
extracellular vesicles

This microfluidic chip consists of 150 continuous horseshoe-shaped 
channels to enhance the collision between EV and tumor-specific 
antibody-coated microbeads, thereby increasing the chances for 
binding interactions. Inside the microfluidic chip, tumor-specific EV 
from culture medium or plasma were captured and isolated with 
both the tumor-specific surface marker CD49f and epithelial cell-
specific marker (EpCAM) within 2  minutes (Figure  1A). After run-
ning the microfluidic chip, the microbeads carrying tumor-specific 
EV were centrifuged and the supernatant was removed. Then, the 
suspension buffer (Invitrogen, Pleasanton, CA, USA) was added to 
the enriched microbeads to store tumor-specific EV while reducing 
the degradation of RNA (Figure 1B).

2.3 | Characterization of the isolated 
extracellular vesicles

Specimens were fixed for 24 hours in Karnovsky’s fixative (2% glu-
taraldehyde, 2% paraformaldehyde in 0.1 M phosphate buffer, pH 
7.4) and washed twice for 30 minutes in 0.1 M PB. They were post–
fixed with 1% OsO4 for 2 hours and dehydrated in ascending gradual 
series (50 – 100%) of ethanol using a Critical Point Dryer (CPD300, 
LEICA,). They were coated with platinum using an ion sputter 
(ACE600, LEICA) and observed with a field emission scanning elec-
tron microscope (SEM; MERLIN, Carl Zeiss).

The protein concentration was measured at 280  nm for com-
parison with the isolated EV from immunoprecipitation (IP) and 
the microfluidic chip. The bound EV on the microbeads in breast 
cancer cells (MCF-7, SK-BR-3, BT-474, Hs578T, and MDA-MB-231) 
media were measured via flow cytometry. The cells were washed 
in ice-cold FACS buffer (PBS including 1% BSA and 0.1% NaN3 so-
dium azide), and 5 µL of the conjugated fluorescent primary anti-
body anti-CD63-PE-Cy7 was incubated for 30 minutes at 4°C in the 
dark. The cells were rinsed with FACS buffer three times to remove 
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unspecific binding, and then a FACS LSR II flow cytometer (BD, NJ, 
USA) was used for the measurement and analyzed by Flowing soft-
ware v2.5.1.

2.4 | Bioinformatic analysis of extracellular vesicle-
miRNA

The candidate diagnostic EV-miRNA were profiled from miRNA 
expression of tissues in TCGA, which is a public database that 

provides comprehensive cancer genomic profiles with important 
implications for biomarker discovery.15 To analyze differential 
expression of miRNA in breast cancer, the eight candidate miR-
NAs were analyzed with the 85 samples of paired cancer tissues 
and adjacent normal tissues of breast cancer patients enrolled in 
the TCGA database (Figure 1B). The adjacent normal tissues were 
collected under the judgment of an experienced surgeon during 
surgical removal of breast cancer tissue from breast cancer pa-
tients. Both cancer and adjacent tissue samples were collected be-
fore chemotherapy and treatment. The expression of TCGA data 

F I G U R E  1   A, Schematic illustration of EpCAM and CD49f expressing extracellular vesicles (EV) isolation from prepared plasma sample 
using HOMM microfluidic chip. B, Profiling of miRNA extracted from enriched EV using real-time PCR. Identification of dysregulated 
miRNA in paired breast cancer and adjacent normal tissues from the TCGA database. Hierarchical clustering using Euclidean distance was 
performed to graphically show differences in miRNA expression between primary tumor and adjacent normal tissues. C, Evaluation of 
diagnostic potential of multi-miRNA panel in EV from breast cancer patients’ plasma. Key driver genes of EV-miRNA and their carcinogenic 
function
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associated with the breast cancer samples used in the present 
study is summarized in Table S1.

We further predicted candidate target RNA of EV-miRNA 
through integrated analysis of RNA-seq and miRNA-seq datasets for 
breast cancer from the TCGA database. Gene Ontology (GO) enrich-
ment analysis of target genes of differentially expressed miRNA was 
implemented using the Database for Annotation, Visualization and 
Integrated Discovery (DAVID) tool. GO-based pathway and func-
tional annotation analysis showed that “miRNA in cancer-related 
pathways” were commonly enriched in the significantly upregulated 
cancer-specific EV-miRNA in breast cancer tissues. GO terms were 
displayed with P < 0.05 (Figure 1C).

2.5 | Expression of microRNA and multi-panel 
analysis of the extracellular vesicles

The EV-miRNA isolated from the microfluidic chip were ex-
tracted with the Total Exosome RNA and Protein Kit (Invitrogen) 
according to the manufacturer’s protocol. The concentration of 
RNA was determined with a NanoDrop 3000 spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA). RT-qPCR was 
performed with TaqMan miRNA assays (Applied Biosystems). 
Briefly, 5  ng of total miRNA was used to perform reverse tran-
scription in a CFX96 Real-Time PCR system (Bio-Rad), with 2 μL 
of cDNA in a final volume of 10 μL. Each point was assessed in 
triplicate.

2.6 | Statistical analysis

To identify an effective reference gene for the expression of circu-
lating miRNA, we profiled miR-484, miR-let-7a, and miR-16 in EV 
from breast cancer cell lines. Delta CT, GeNorm (https://genorm.
cmgg.be), NormFinder (https://moma.dk/normf​inder​-software), 
and BestKeeper (https://www.gene-quant​ifica​tion.de/best keeper.
html) software were used and a P value of <0.05 was considered 
statistically significant. The miRNA expressions in paired tumor and 
adjacent normal tissues from TCGA data and those in breast cancer 
patients and healthy controls from the EV were analyzed using two-
tailed Student t-tests. An area under the receiver operating charac-
teristic (ROC) curve (AUC) of over 0.65 of each miRNA and P value 
<0.05 was considered as the candidate biomarker for the diagnosis 
of breast cancer. Logistic regression analysis was applied to build 
models consisting of a group of candidate diagnostic miRNA.

3  | RESULTS

3.1 | Identification and characterization of breast 
cancer cell-derived extracellular vesicles

To identify the characteristics of breast cancer-derived EV, the 
concentrations of total EV from the cells were measured using a 
nanoparticle tracking analyzer, and the protein expression levels of 
CD49f and EpCAM of EV, including EV-specific markers (CD9, CD81, 
and Alix), were determined (Figure  S1). Our previous report con-
firmed that general EV markers (Flotillin-1, CD63, and CD54) were 
expressed according to the western blot assay of the isolated EV.14 
Each identical concentration (109 particles/mL in PBS) was used to 
isolate the tumor-specific EV using our microfluidic chip (Figure 2A). 
The isolated tumor-specific EV on the microbeads were identified by 
SEM and the size of the EV ranged from 30 to 150 nm (Figure 2B). 
The microfluidic chip can separate the breast cancer-specific EV 
within 2 minutes, which is 20 times faster than the conventional IP 
method (Figure 2C). The intensities of TDE separated from the con-
ditioned media of the four breast cancer cell lines were as follows: 
88.8% for MCF-7, 45.0% for BT-474, 53.4% for SK-BR-3, and 40.1% 
for MDA-MB-231 (Figure 2D).

3.2 | Validation of miRNA expression from the 
tumor-specific extracellular vesicles

Next, candidate miRNA for breast cancer were investigated 
using the TCGA database, which enrolled 85 samples of invasive 
breast carcinoma and the paired normal tissue lesion (Table  S1). 
The seven miRNAs (miR-16, miR-21, miR-9, miR-429, miR-96, miR-
155, and miR-128), which were known for cancer progression, 
such as cell proliferation and angiogenesis, were overexpressed 
in the cancer tissues compared with normal tissues. To verify 

TA B L E  1   Clinical information for breast cancer patients and 
healthy controls

Breast cancer 
patients (n = 62)

Healthy 
control 
(n = 20)

Age (y)

<50 31 (50.0) 10 (50.0)

≥50 31 (50.0) 10 (50.0)

Stage

Early stage 55 (88.7)

Locally advanced stage 7 (11.3)

Tumor size

<2 cm 42 (67.7)

≥2 cm 20 (32.3)

Lymph node metastasis

No 51 (82.3)

Yes 11 (17.7)

Subtypes

Luminal A 17 (31.8)

Luminal B 14 (18.2)

HER-2 16 (27.3)

Triple negative 15 (22.7)

https://genorm.cmgg.be
https://genorm.cmgg.be
https://moma.dk/normfinder-software
https://www.gene-quantification.de/best
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whether the nominated seven miRNAs were derived from cells, 
the correlation between cancer cells and the specific EV was as-
sessed by Pearson correlation. The miR-16, miR-21, and miR-429 
were the most highly significant correlations between each cell 
and the EV (Pearson r  >  0.9 and P  <  0.05). It was assumed that 
these EV-miRNA were major regulators affecting cancer progres-
sion (Figure  2E-F and Figure  S2). Moreover, the miR-9, miR-96, 

miR-155, and miR-128 in the specific EV were more overexpressed 
than those in the cells, which may increase the sensitivity of de-
tection of the EV.

To identify potential liquid biopsy-based biomarkers for breast 
cancer, nominated target miRNA (miR-16, miR-21, miR-9, miR-429, 
miR-96, miR-155, and miR-128) were validated with 82 plasma 
samples, including 62 breast cancers and 20 healthy controls. The 

F I G U R E  2   Enrichment of EV-miRNA by microfluidic chip. A, Image of HOMM microfluidic chip. B, Scanning electron microscope (SEM) 
image of MDA-MB-231 tumor-derived EV (TDE) after hydrodynamic separation using the microfluidic chip. The magnified SEM image shows 
TDE bound to the surface of 7-μm beads coated with EpCAM and CD49f-specific antibodies. C, Time-dependent TDE isolation efficiency 
using the microfluidic chip compared to the batch method of IP. D, Flow cytometry of EpCAM and CD49f-specific TDE after immunostaining 
with CD63 fluorescently labeled antibodies. E, Heat map of miRNA expressions for breast cancer cell lines. F, The specific EV enriched by 
the microfluidic chip
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miR-let7a and miR-16 are commonly used as endogenous controls 
for circulating biomarkers,16 and miR-484 was recently described as 
an EV endogenous control.17 We assessed each miRNA expression 
normalized by these three candidates. The mean CT of miR-484, 
miR-16, and miR-let-7a from the EV were 24.7, 21.8, and 26.0, which 
indicated fairly reliable and abundant amounts of miRNA as the en-
dogenous control (Figure 3A). In our experimental setting, miR-484 
among these candidates was selected as the most highly stable en-
dogenous control using four types of gene stability analysis tools 
(Delta Ct, Best keeper, Norm finder, and Genome) (Figure  3B and 
Table S2).

3.3 | Characteristics of miRNA in extracellular 
vesicles associated with breast cancer subtypes

As expected, each miRNA in EV was associated with different tumor 
subtypes, and we compared the EV-miRNA expressions between 
healthy controls and patients with different subtypes of breast can-
cer. Among the four statistically significant miRNAs (miR-16, miR-
21, miR-9, and miR-429), the miR-16 was closely related to luminal 
A, HER-2, and triple negative subtypes. The miR-21 and miR-9 were 
closely associated with luminal A and luminal B. The miR-429 was 
highly expressed in luminal B subtype (Figure 4A-D).

3.4 | Diagnostic potential of extracellular vesicle 
miRNA in breast cancer

To investigate whether candidate miRNA in the EV enriched by mi-
crofluidic chip can serve as potential diagnostic biomarkers, miRNA 
expression was validated in 62 breast cancer patients and 20 healthy 
controls by quantitative RT-PCR (qRT-PCR; Figure 5). Before using 
plasma samples, we verified that no samples showed hemolysis, 
which is known to substantially affect the measurement of miRNA 
(Figure S3). We next assessed the diagnostic value of each miRNA by 
computing its ROC curve, with >0.65 interpreted as a good diagnostic 

biomarker. Among the seven candidates, four miRNAs (miR-16, miR-
21, miR-9, and miR-429) were considered to be potential diagnostic 
biomarkers for breast cancer (Figure 5A-G). The miR-16 possessed 
the highest diagnostic power for discriminating between breast can-
cer patients and healthy controls, with an AUC of 0.85 (95% confi-
dence interval [CI], 0.77-0.94), followed by miR-21 (AUC, 0.70; 95% 
CI, 0.56-0.82), miR-9 (AUC, 0.71; 95% CI, 0.59-0.82), and miR-429 
(AUC, 0.71; 95% CI, 0.60-0.83). The combination of these four miR-
NAs had a high sensitivity (96.8%) and a specificity (80%) with an 
AUC of 0.88 (95% CI, 0.78-0.99) (Figure 5H). The combination of the 
significant four miRNAs (miR-16, miR-21, miR-9, and miR-429) ena-
bled discrimination between each subtype of breast cancer patients 
and healthy controls with an AUC at 0.90 in luminal A subtype (95% 
confidence interval [CI], 0.78-1.00), followed by luminal B (AUC, 
0.86; 95% CI, 0.73-1.00), HER-2 (AUC, 0.88; 95% CI, 0.75-1.00), and 
triple-negative subtype (AUC, 0.84; 95% CI, 0.69-0.99) (Figure 5I). 
Likewise, a previous study reports a significant correlation between 
miRNA profiles and intrinsic subtypes of breast cancer tumors.18 
Thus, as each cargo in EV regulates the cancer microenvironment, 
the most significant miRNA in breast cancer-specific EV have the 
potential to predict cancer progression.

3.5 | Functional analysis for the prediction of mRNA 
targeted by top four miRNAs

The mRNA targets that showed significant characteristics in EV-
miRNA were portrayed by the miRNA-gene interaction analysis. 
These four miRNAs showed that the significant categories of bio-
logical procedures were “pathways in cancer”, “apoptosis,” and “cell 
cycle” (Figure 6A). The significant mRNA targets were then analyzed 
by GO analysis. GO biological processes include regulation of the cell 
cycle (GO:0051726), negative regulation of the apoptotic process 
and cell proliferation (GO: 0043066 and GO:0008285), and G1/S 
transition of the mitotic cell cycle (GO: 0000082). Moreover, the 
molecular functions of the targeted mRNA were applied to protein 
binding (GO: 0005515), transcription factor binding (GO: 0008134), 

F I G U R E  3   Evaluation of endogenous controls of specific extracellular vesicle (EV)-miRNA. A, Comparison between Ct values of 
candidate endogenous genes of enriched EpCAM+and CD49f+ EV from plasma samples. B, The least and most stable miRNA candidates are 
analyzed by gene stability analysis
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identical protein binding (GO:0042802), transcription coactivator 
activity (GO: 0003713), and protein kinase binding (GO:0019901) 
(Figure 6B).

4  | DISCUSSION

Only a small piece of tumor tissue obtained from a single point in 
spatio-temporal events provides limited information and, thus, fails 
to identify complex tumor heterogeneity. TDE containing miRNA 
have tremendous potential as biomarkers for the early detection 
of cancer. Although TDE have proportionally less miRNA than the 
whole pool of EV, TDE have informative tumor heterogeneity that 
reflects reversible genetic changes in tumor cell populations during 
the course of disease.19 However, the clinical implementation of TDE 
remains unexplored due to the absence of efficient and reliable tools 
for their isolation.

We previously described a microfluidic device for isolating TDE 
from plasma samples in a simple and fast manner. This microfluidic 
platform enables the harvesting of more than 90% of TDE from a 
100 μL plasma sample within 2 minutes. Using this microfluidic de-
vice, we isolated TDE from 62 breast cancer patients and 20 healthy 
controls and found that cancer cell-derived EV preserve miRNA in 
their cargo. This technique overcomes limitations of previous meth-
ods challenged by a low specificity of circulating miRNA, which may 
have affected the experimental results and contributed to discrep-
ancies among studies.20

We investigated the appropriate endogenous controls for spe-
cific EV and profiled seven candidate miRNA biomarkers (miR-9, miR-
16, miR-155, miR-21, miR-429, miR-96, and miR-128) from breast 
cancer cell-derived EV. Dysregulated miRNAs are well documented 
in breast cancer patients.21,22 For example, oncogenic miRNA pro-
moting cancer initiation, progression, and even relapse are generally 

upregulated in breast cancer patients.23-25 However, the same onco-
genic miRNA exhibited no significance or downregulation in breast 
cancer in other studies.18,26,27 (Table S3). As none of these studies 
were performed in a biased manner, we hypothesized that cancer 
stage in the miRNA analysis as well as the selection of an appropri-
ate endogenous control are the most important factors for reliable 
results. Indeed, EV play an important role in cancer progression and 
tumor microenvironment regulation by influencing the activity of 
multiple gene targets, and the secretion of EV increases as the dis-
ease stage progresses.28 Therefore, it is essential to select TDE with 
high specificity for the early detection of cancer. TDE containing 
miRNA can circulate stably in the bloodstream for a long time and 
can be collected repeatedly, making it possible to capture dynamic 
changes in cancer depending on the disease stage, except in a few 
cases where blood samples cannot be obtained.29 As proposed in 
a consensus detailing the recommendations on the studies of EV, a 
suitable normalization strategy is important for performing miRNA 
expression analyses.30 RNU6B is widely accepted as an endogenous 
control for cellular miRNA but is not recommended for circulating 
miRNA.31 However, miR-16 is generally used as an endogenous con-
trol to evaluate serum miRNA profiles in breast cancer studies. By 
comparing miRNA signatures between TDE and breast cancer cell 
lines, we demonstrated that miR-484 can serve as an endogenous 
control for data normalization. In addition, miR-484 was more stable 
than miR-16 and let-7a in our experimental setting. Most patients in 
our cohort showed similar miRNA concordance as in TCGA data, and 
better concordance was achieved by using miR-484 as an endoge-
nous control. These results suggest that miRNA in TDE should be 
assessed separately from vesicle-free miRNA (ie, miRNA with am-
biguous origin), and reference gene candidates should be validated 
depending on the specific experimental design.

To date, carcinoembryonic antigen (CEA) and cancer antigen 
15-3 (CA 15-3) have been employed as tumor markers playing 

F I G U R E  4   miRNA expression according to breast cancer subtype. Each box plot represents relative miRNA expression in four subtypes 
of breast cancer: A, Luminal A (estrogen receptor [ER]+, progesterone receptor [PR]+ and human epidermal growth receptor [HER-2]-). B, 
Luminal B (ER+, PR+, and HER-2+). C, HER-2 (ER-, PR-, and HER-2+). D, Triple negative breast cancer (ER-, PR-, and HER-2-)
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important roles in predicting therapy responsiveness.32 The limita-
tion of CEA and CA15-3 is that their level in serum is rarely elevated 
for patients with early-stage breast cancer, but some oncologists still 
use them as tumor markers for predicting breast cancer. When we 
profiled miRNA expression in EV from breast cancer patients and 
healthy controls, we found that a combination of the top four miR-
NAs (miR-9, miR-16, miR-21, and miR-429) was optimal for predicting 
breast cancer. The value of these four miRNAs as a potential breast 
cancer biomarker was confirmed by ROC curve analysis, sensitivity 
of 96.8%, and specificity of 80.0%, which are superior to those of 
current diagnostic methods.

Some researchers also suggested that the combination of miRNA 
in the blood can be useful to detect early-stage breast cancer by 

examining the dysregulated miRNA expression patterns from serum 
or plasma.33,34 As revealed in most studies, the diagnostic value of 
miRNA in liquid biopsy has become very clear, but the investigations 
of the specific EV-miRNA for early-stage breast cancer have been 
limited due to the lack of a reliable isolation method of the EV. We 
believe that our analytical tool in association with the precise isola-
tion of TDE has the potential to overcome some diagnostic limita-
tions, such as sensitivity and selectivity in the field of EV-based in 
vitro diagnostics.

Several studies have attempted to investigate miRNA in specific 
EV to engineer EV for new therapeutic targets and understand the 
heterogeneity of tumors.35,36 We discovered that miRNA expression 
patterns showed differences in breast cancer-derived EV according 

F I G U R E  5   Receiver operating characteristic (ROC) curve analysis of seven candidate miRNAs used to discriminate breast cancer patients 
from healthy controls. A, Description of Area Under the ROC curve (AUC) value for diagnostic biomarker. B-G, Potential diagnostic value of 
miRNA in the extracellular vesicles (EV) from plasma were analyzed by AUC. H, Construction and validation of optimal combination of the 
top four miRNAs (miR-16, miR-21, miR-429, and miR-9). I, ROC curve analysis according to the breast cancer subtypes (luminal A, luminal B, 
HER-2, and triple negative) using a combination of the top four significant miRNA. miRNA expression was normalized to the average miR-
484 expression in healthy controls using the ΔΔCt method



5086  |     KIM et al.

to breast cancer subtype. The dysregulated miRNA expression often 
leads to distortion of the whole regulatory network constituted with 
miRNA and target mRNA. It reflects a wide range of biological func-
tions of cancer, ensuring a promising clinical approach to the diag-
nosis and treatment of cancer. The top four EV-miRNA signatures 
identified in this study might fulfill unmet needs for the diagnosis of 
early breast cancer, as well as companion diagnosis in breast cancer.

5  | CONCLUSION

Our investigation of miRNA profiles in EV reveals that breast cancer 
patients show a higher expression of certain miRNA (miR-9, miR-16, 
miR-21, and miR-429) than healthy controls. These findings suggest 
that miRNA in EV could be used as important biomarkers for the 
early detection of breast cancer and identification of cancer sub-
type. In the future, we will expand our cohort to develop a clinical-
grade blood test for breast cancer screening with higher specificity 
and sensitivity.
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