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ABSTRACT

Clinical Significance of Liquid Biopsy through 5-miRNA Signature
Profiling in Tumor-derived Extracellular Vesicles to Complement
Breast Cancer Diagnosis

Breast cancer is still a major worldwide health concern, which emphasizes the necessity that
better diagnostic techniques are needed. While radiological diagnosis has increased early detection
rates and decreased the risk of mortality, it is not without limitations, including increased false
negatives in dense breasts and unnecessary biopsies due to false positives. Additionally, tissue
biopsy may not fully capture the spatiotemporal heterogeneity of tumors. Hence, there's a continuous
demand for complementary approaches like liquid biopsy methods. The objective of our research
was to establish a liquid biopsy technique that effectively captures the specific traits of breast cancer,
offering a valuable addition to current diagnostic tools and improving clinical outcomes. We isolated
and analyzed breast cancer-derived extracellular vesicles, targeting EpCAM, ITGA2, and ITGAV
to cover molecular subtypes, and utilized an immune-affinity method for isolation. Through miRNA
analysis, we sought to establish an optimal diagnostic combination. We tested 211 patients,
including breast cancer patients, benign breast disease patients, and normal controls, for a 5-miRNA
signature (miR-21, miR-106b, miR-181a, miR-484, and miR-1260b). Our findings demonstrated a
clinical sensitivity of 85.83%, a specificity of 84.62%, and an AUC of 0.908. Notably, we observed
clinical sensitivity ranging from 82.35% to 91.67% across different TNM stages, highlighting
effectiveness, particularly in early-stage breast cancer. When combined analysis of mammography
and miRNA signatures yielded a clinical sensitivity of 97.39%. Moreover, we observed promising
results in complementary analysis, with high true positive rates for dense breasts and reduced
unnecessary biopsies for benign breast diseases. In conclusion, our study presents a novel liquid
biopsy method that complements current breast cancer diagnosis. Our approach offers superior
clinical performance compared to existing methods, especially in early-stage detection. Additionally,
the combined analysis of mammography and miRNA signatures shows potential for improving
sensitivity and specificity, thus enhancing diagnostic accuracy. With opportunities for more study
and practical application, this multi-component diagnostic strategy using extracellular vesicles
derived from breast cancer shows an opportunity as a liquid biopsy method for breast cancer
diagnosis.

Key words: Breast cancer, diagnosis, biomarker, extracellular vesicle, microRNA, liquid
biopsy.



1. INTRODUCTION

Breast cancer is the most prevalent form of cancer among women worldwide (1). According
to GLOBOCAN 2020, approximately 2.2 million women were newly diagnosed with breast cancer,
resulting in over 684,996 reported deaths (2). The incidence and mortality rates of breast cancer
continue to rise annually (2). The World Health Organization (WHO) identifies mammograms as
the principal screening technique to mitigate the risk of breast carcinoma (3). The goal of breast
screening is to detect the disease at its earliest abnormal status in women who do not exhibit any
signs or symptoms, enabling early treatment and reducing the risk of mortality and morbidity
associated with the disease (3). However, the current radiological technology, particularly
mammography, and the subsequent interpretation of imaging tests through pathological analysis are
not flawless (4). Although randomized controlled trials have shown that screening for early detection
of breast cancer has clinical benefits in reducing mortality rates, there are also potential risks
involved (5). These risks include radiation exposure from X-ray-based imaging methods,
unnecessary additional testing, over-diagnosis due to false positives, and the occurrence of interval
tumors during the additional evaluation period (5-7). Dense breast tissue poses a particular challenge
to early diagnosis as it decreases the sensitivity of mammography in detecting small lesions and may
obscure the visualization of underlying cancer (8,9). Despite improvements in digital mammography
technology, its clinical sensitivity remains modest, especially when imaging dense breast tissue,
with a sensitivity rate of approximately 61.5% (10—12). Even when combining mammography with
breast ultrasound, the sensitivity only reaches 81.5% (13—16). False results or re-examinations from
screening mammography can lead to over-diagnosis, as there may be a discordance between
radiological and pathological results (6,17). This discordance complicates subsequent procedures
for clinical physicians and can cause delays in diagnosis, potentially increasing the risk of interval
cancer occurrence (3). To give an example, for BI-RADS assessment categories above 4 from
mammography, a core needle biopsy is recommended (4). However, these recommendations do not
always lead to good practice. It is important to obtain concordance between the pathological result
and the imaging findings when performing a needle biopsy. BI-RADS 4 is further classified into 4a,
4b, and 4c, indicating different probabilities of malignant tumors (6). It is worth noting that even
with a BI-RADS 4a diagnosis through mammography, the majority of cases (90-98%) do not turn
out to be breast cancer, resulting in unnecessary tissue biopsies (6). This can lead to psychological
distress and impose time and economic burdens on the individuals involved (6). While radiologic
diagnosis confirms the physical presence of a tumor, it has limitations in analyzing tumor
characteristics. While artificial intelligence (AI) improves precision in radiologic analysis, it falls
short in identifying the molecular uniqueness of malignancies, limiting the depth of information
radiologic diagnosis can provide (18-21). Moreover, tissue samples acquired via solid or surgical
biopsies represent just a fraction of the tumor, inadequately reflecting its spatiotemporal complexity
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(20). Solid biopsies often yield unsuitable quality specimens due to procedural complications,
contamination, and human error, introducing bias by collecting tumor samples from specific
locations and reflecting only a part of the genetic heterogeneity (20,22,23). In contrast, circulating
cancer biomarkers in the blood, present as a result of tumor circulation, can integrate the molecular
biological information of the tumor and represent spatial heterogeneity (20,21). These biomarkers
can be repeatedly sampled longitudinally during the diagnosis and treatment process, enabling the
tracking of temporal heterogeneity and tumor evolution (20,21). According to the results of the
recent PAN-CANCER study on circulating tumor DNA(ctDNA) methylation or ctDNA plus protein
combination, it was confirmed that the diagnostic performance for breast cancer was not satisfactory
(24-28). Even for malignant tumors, the attempt to introduce liquid biopsy through an overall target
molecule’s analysis that might do not reflect the unique characteristics of each malignant tumor
showed a low confidence level in diagnostic accuracy. As such, there is a need to develop a liquid
biopsy method that takes into account the unique characteristics of each tumor. Particularly,
extracellular vesicles (EVs) are attractive candidates for application of liquid biopsy (29-33). They
are secreted by living cells and contain various substances, such as DNA, RNA, proteins, and
metabolites, reflecting the characteristics of their parental cell of origin (23,34). While circulating
molecules from cancer, particularly nucleotides, may be exposed in the blood and susceptible to
removal by restriction enzymes, those present in EVs are more valuable as they are protected from
external factors (23). Since it is derived from specific cancer and is protected in the cargo, it may be
possible to be distinguished with false signals related to them derived from other cells like clonal
hematopoiesis (35,36). All living cells continually generate EVs, which provide several chances for
clinically valuable diagnostic information given that they include DNA, RNA, and protein
(20,21,29). Through necrosis and apoptosis, dying cancer cells release tiny amounts of "cell-free"
DNA (cfDNA), with the majority being ctDNA (23). In order to overcome this unsolved issues
regarding circulating biomarkers, it is advantageous to analyze the substances that EVs contain after
identifying tumor-derived cell membrane proteins as surface indicators (33,37-39). Prior
investigations into extracellular vesicle (EV) isolation and diagnostic application highlighted surface
proteins related to tumor heterogeneity, like tetraspanins (CD9, CD81, CD63), which tend to be
highly expressed in the EV population (40). Based on miRNA expression pattern research, tumor-
derived EVs that include microRNAs (miRNAs) are particularly suggested as an outstanding source
for cancer detection. (29,41,42). As primary tumors evolve and undergo cell death, the miRNA
expression in cancer undergoes dynamic changes, particularly within EVs (41,42). Cancer cells
often exhibit variations in immune evasion mechanisms and proliferation, leading to altered miRNA
expression levels (33). These modifications encourage angiogenesis, invasion, proliferation of
tumors, and immune evasion. These miRNA changes affect both the tumor's local environment and
distant areas, actively promoting tumor growth, tissue invasion, angiogenesis, the formation of
metastatic niches, and evasion of the immune system (29,30). Research has demonstrated that during
distinct phases of growth and demise, primary tumors leak miRNAs into the bloodstream and the
transcription trends in miRNAs within primary tumor tissue and corresponding plasma are
comparable (43). Notably, miRNA profiles in tumor tissues and their corresponding EV samples
often exhibit considerable similarities, underscoring the diagnostic potential of EV analysis (43). A
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crucial stage in evaluating EV-derived miRNAs for liquid biopsy-based cancer diagnosis is the
isolation and enrichment of EVs linked to malignancy in plasma (44). Ultracentrifugation (UC), the
gold standard for EV isolation, lacks selectivity for EVs associated with cancer, is time-consuming,
and has low isolation efficiency (45). Using an approach leading to employing immuno-affinity
capture for certain cancer cell surface epitopes is essential in order to get beyond these restrictions
(40). The current Total EV isolation method may yield a substantial quantity of EVs; however, it is
anticipated that this method might not accurately represent tumor characteristics (37,39,40,46). This
discrepancy arises from the mixing of EVs originating from various cells, alongside tumor-derived
EVs (29,30,40). Therefore, there is an expectation that by implementing surface biomarkers that
specifically reflect tumor characteristics and are overexpressed, an immunoaffinity-based isolation
method could effectively isolate tumor-derived EVs (30,37,44). This approach holds promise for
enabling more precise and tumor-specific analyses.

Breast cancer (BC)

BC-derived EVs (BEVSs)
g
Lﬂ} =,

targeted \

S\ isolation égii

; ‘miRNAS
CD49b = 'S

b - -

29 Y Speost

Total EVs

EpCAM

Figure 1. Diagram depicting the workflow for isolating extracellular vesicles from breast cancer
(BEVs) and performing miRNA analysis. The schematic depicts the targeted isolation of BEVs from
the full pool of extracellular vesicles in the blood, using proteins such as EpCAM (epithelial cell
adhesion molecule), ITGAV(integrin av, CD51), and ITGA2(integrin a2, CD49b), for selective
capture.

Recently, the advent of liquid biopsies for precision oncology has marked a significant
advancement in cancer detection, attracting considerable interest in the field of medicine. As a result,
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we would propose a new complementary diagnostic platform based on liquid biopsy to address the
current limitations and challenges of mammography. Our focus is on the fact that surface proteins
of EVs share similarities with parental breast cancer cell surface proteins. We anticipate this
approach might resolve an inability to fully capture the nuanced and unique characteristics of breast
cancer tumors. By successfully isolating breast cancer-derived extracellular vesicles (BEVs) using
specific surface proteins and analyzing the miRNA signature enriched in EVs, our goal is to provide
clinical evidence to support the intended purpose of utilizing this approach, thus offering valuable
information for breast cancer diagnosis (Fig. 1).

2. MATERIALS AND METHODS

2.1 Patients selection and plasma collection

For this study, specimens were collected from subjects in compliance with the guidelines of
the Independent Ethics Committee at Yonsei University College of Medicine (IRB approval number
4-2020-1292). All individuals gave informed consent to allow the use of their plasma samples for
research purposes. Of the plasma samples collected at Severance Hospital from 2010 to 2021,
preoperative samples from 120 breast cancer patients, 45 healthy women, and 46 patients with
benign tumors were randomly sampled. These retrospective samples were enrolled in the current
study. Subjects qualified for clinical specimen collection if they met the following criteria: 1) Breast
cancer or benign disease diagnosis confirmed by radiology and histopathology; 2) No treatments
such as adjuvant and/or neo-adjuvant therapy before blood collection; 3) No hemolyzed plasma
samples to ensure quality control; 4) No history of other malignant tumors; 5) Control group
confirmed as low-risk through mammography. After blood collection in EDTA-treated tubes, the
samples were centrifuged at 1500 RCF for 15 minutes. The plasma from the supernatant in the tube
was transferred to 1.5ml tubes and stored at -80°C, which was used as a source for EV isolation and
purification. To isolate and purify EVs, plasma samples were thawed and centrifuged at 2000 RCF
for 10 minutes at 4 °C, followed by a second centrifugation at 10,000 RCF for 30 minutes. The
sample was then filtered through a 0.22 micrometer filter, and 200 microliter of pre-clarified
specimen was used in the following EV isolation procedure. The filter used was a Millipore filter
(catalog number: SLGPR33RB; Merck Millipore Ltd., Billerica, MA, USA).



2.2 Cell culture and EV enrichment

This study used cell lines representing various subtypes of breast tumor: MCF10a for human
epithelial cells from the mammary gland (benign breast tissue), MCF7 for luminal A type, BT-474
for luminal B type, SK-BR-3 for HER2-neu, and, HCC70, HCC1937, HCC1187, MDA-MB-468,
MDA-MB-453, MDA-MB-231, and Hs578T for basal-like triple-negative breast cancer (TNBC)
subtypes (all obtained from the American Type Culture Collection; Manassas, VA, USA). Each cell
line was cultured in Roswell Park Memorial Institute-1640 medium (RPMI-1640; cat. 22400-089),
supplemented with 10% fetal bovine serum (FBS; cat. 12483-020) and 1% penicillin-streptomycin
(cat. 15140-122), all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA. Every cell
was cultured in a monolayer culture at 37°C with 5% CO,. Breast cell lines were cultured in RPMI
medium containing 10% FBS to 70-80% confluency in order to gather EVs from cell lines.
Following medium removal, the cultured cells were washed three times with phosphate-buffered
saline (PBS) and re-cultured in serum-free medium at 37°C with 5% CO2 for 72 hours. The EV-rich
medium was collected and centrifuged at 600 RCF for 30 minutes to eliminate residual cells and
concentrate EVs. A 100K Macrosep centrifugal filter (catalog number: MAP100C37, Pall Life
Science, NY, USA) was then used to further focus EVs from the cell-free supernatant.

2.3 Isolation of breast cancer-derived EVs (BEV5s)

We optimized the magnetic bead-to-antibody ratio and identified the best incubation time with
plasma samples to ensure efficient EV capture before isolating and profiling BEVs. An optimized
magnetic bead-to-antibody ratio of 1:80 (weight/weight) was identified, with the ideal reaction
conditions being 2 hours at 25°C (Figure 4). To isolate EVs, 200 micrograms of 3 micrometer
streptavidin-coated Mg beads were bound to 2.5 micrograms of biotinylated antibodies that capture
essential membrane proteins of breast carcinoma: Epithelial cell adhesion molecule (EpCAM),
glypican-1 (GPCl), integrin 02 (ITGA2), integrin av (ITGAV), and integrin a6 (ITGA6). Through
this optimized approach, EV membrane proteins were analyzed to ensure successful separation of
BEVs via flow cytometry (FACS LSR Fortessa system, Becton Dickinson, NJ, USA). Immuno-
beads were assembled and reacted with EVs obtained from several different cell lines of breast
tumor—including MCF10a, MCF7, SK-BR-3, BT-474, MDA-MB-453, MDA-MB-231, MDA-
MB-468, HCC70, HCC1187, HCC1937, and Hs578 T—for 2 hours at 25°C. Subsequent rinsing with
PBS buffer twice served to prevent excessive binding reactions. The samples were then incubated
in darkness for 30 min at 4°C with 5 microliter of anti-CD63-PE-Cy7 antibodies (catalog number:
561982; Becton Dickinson, NJ, USA). The detailed flow cytometry analysis demonstrated that
EpCAM, ITGA2, and ITGAV are the most reliable membrane proteins for separating BEVs, which
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precisely represent the features of the source breast carcinomas. These surface protein biomarkers
were utilized in subsequent analyses in this study.

2.4 Characterization of BEVs

For the morphological analysis of the isolated BEVs, a fixation procedure was applied. BEV-
bound immunobeads were incubated for 24 hours in Karnofsky fixative containing 2%
paraformaldehyde (catalog number: 818715, Merck KgaA, Darmstadt, Germany) and 2%
glutaraldehyde (catalog number: 354400, Merck KGaA, Darmstadt, Germany) in a 0.1 M
phosphate buffer (pH 7.4). After the reaction, the solution was washed twice for 30 minutes each
in 0.1 M PBS buffer to remove residual fixative. The sample was subsequently incubated with 1%
osmium tetroxide (OsO4) for 2 hours to stabilize lipid membranes and improve preservation.
Afterward, the samples were dehydrated using a series of ethanol concentrations ranging from 50%
to 100% in a Critical Point Dryer (Cat. CPD300; Leica Microsystems, Wetzlar, Germany) and
then platinum-coated using an ion sputter coater (Cat. ACE600; Leica Microsystems). The
samples were then analyzed with a scanning electron microscope (SEM; Carl Zeiss AG,
Oberkochen, Germany, model MERLIN) at x10,000 magnification, allowing for detailed
examination of BEV formation. A Nanoparticle Tracking Analyzer (NTA; NanoSight NS300
system, Malvern Panalytical Ltd., Malvern, U.K.) was used to quantitatively evaluate the
concentrations and size distributions of the tumor-derived extracellular vesicles after re-
suspension in PBS. NTA 3.1 software (Malvern Panalytical Ltd.) was used for this analysis,
following the manufacturer's instructions. The NTA system’s camera was precisely calibrated to
identify particles with a particular signal corresponding to BEVs, ensuring accurate size
distribution and quantification of the vesicles..

2.5 Analysis of gene expression omnibus (GEQ) databases

To investigate the microRNAs (miRNAs) implicated in breast cancer (BC) development and
progression, we conducted a comprehensive differential expression analysis utilizing ten datasets
from the Gene Expression Omnibus (GEO) database in the National Center for Biotechnology
Information (NCBI) (as shown in Table 1). Our analysis sought to identify miRNA expression
configurations that distinguish BC patients from non-cancer controls, including benign breast
tumors patients and healthy individuals. Clinical information from both tissue samples (GSE154255,
GSE97811, GSE26659, GSE45666, and GSE44124) and blood samples (GSE98181, GSE118782,
GSE110317, GSE73002, and GSE42128) were evaluated in this comparison. The difference in the
levels of miRNAs between BC patients and the control group was illustrated using volcano plots,
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thereby rendering simpler to figure out miRNAs that were highly elevated or downregulated with
regard to breast cancer. Once the differentially expressed miRNAs (DEMs) were identified, the
analysis was further enhanced through comparisons made with Venn diagrams. We utilized an
online tool available (http://bioinformatics.psb.ugent.be/webtools/Venn/) to perform this step,
enabling us to intersect the DEM lists from the previously referenced datasets.

2.6 Tumor-derived exosomal miRNA analysis

To confirm miRNA profiles in BEVs, we followed the manufacturer’s protocol to extract
miRNAs from cell media or plasma samples using the Total Exosome RNA and Protein Kit (cat.
4478545; Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA level was determined using the
Qubit™ microRNA Assay Kit (cat. no. Q32880; Thermo Fisher Scientific Inc.) in combination with
a Qubit® 2.0 Fluorometer (cat. no. Q32866; Thermo Fisher Scientific Inc.). The TagMan microRNA
Reverse Transcription Kit (cat. no. 4366597; Thermo Fisher Scientific Inc.) was used to reverse
transcribe the extracted RNA. From the public datasets, we selected microRNA candidates,
including hsa-miR-181a, hsa-miR-106b-5p, hsa-miR-155, hsa-miR-21-5p, hsa-miR-1290, and hsa-
miR-484. Using the TagMan Universal PCR Master Mix, No AmpErase UNG (catalog no.: 4324018;
Thermo Fisher Scientific Inc.) and the TagMan microRNA Assay Kit (catalog no.: 4440887,
Thermo Fisher Scientific Inc.) on a CFX96 Real-Time PCR System (catalog no.: 3600037; Bio-Rad
Laboratories Inc., Hercules, CA, USA), The miRNA candidates' differential expression patterns
were measured using cDNA amplification. The following parameters were followed for the reverse
transcription of individual miRNAs: 30 minutes at 16°C for primer annealing, 30 minutes at 42°C
for extension, and 5 minutes at 85°C to stop the reaction. The cDNA was subsequently employed
for real-time PCR, which was run in 40 cycles: 10 minutes of enzyme activation at 95°C, 15 seconds
of denaturation at 95°C, and 10 minutes of annealing and elongation at 60°C. To normalize miRNA
expression levels, hsa-miR-16-5p was used as the reference control for exosomal miRNAs. Every
experiment was conducted in duplicate and adhered to the manufacturer's instructions. The relative
expression of miRNAs in BEVs was determined using the 2-AACT method.

2.7 Statistics analysis

In this study, we employed MedCalc software (version: 20.014, MedCalc Software Ltd.) to
analyze each miRNA and microRNA signature using Receiver Operating Characteristic (ROC) and
Precision-Recall Curves (PRC). These analyses were conducted using data from both breast cancer
patients and a non-breast cancer control group. Statistical analyses, including ANOVA, t-tests, and
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correlation analysis as well as data visualizations, were carried out using GraphPad Prism 10
(version: 10.2.0 (392), GraphPad Software, LLC.). Clinical information for each patient was
collected retrospectively from the Electronic Medical Records (EMR). A bivariate, binormal model
was used to compare each miRNA’s AUC values in order to determine the most effective miRNA
combination for diagnostic performance. To pinpoint the most effective miRNA signature, logistic
regression analysis was performed. Selection criteria for the miRNA signature in breast cancer
derived extraceulluar vesicles (BEV) included selecting the variable with the highest AUC value
and the largest difference from total extracellular vesicles (TEV).

To find out the optimal combination among miRNAs, logistic regression analysis was carried
out, with the miRNAs treated as independent factors. Coefficients of each biomarker from logistic
regression, accompanied by significance levels and standard errors, were used to derive a prediction
equation for the logit transformation of the probability (Logit(p)) of the function of interest (47—49).
The predicted probability index (PI) was used to express the dichotomous dependent factor in this
study. MicroRNAs were incorporated as independent factors in the logistic regression model. The
significance level (o) was established at 0.05, with any p-values exceeding 0.1 excluded from the
analysis. Subsequently, in order to establish a binary dependent variable indicating the impact of
each microRNA on the outcome, logistic regression coefficients were calculated. Overall model fit
statistics were used to evaluate the validity of the model of logistic regression. An independent
variable was deemed to significantly predict the outcome if its p-value was less than 0.05. The
MedCalc software was used to perform the statistical analyse. To determine the best miRNA
combination, we compared the AUC of all predicted PI calculated through logistic regression.

2.8 MicroRNA combination and analysis with radiological data

In evaluating the clinical applicability of the microRNA combination with screening
mammograms, we first categorized all mammography and ultrasonography data following
international guidelines for breast radiological reporting (50). The BI-RADS system uses a seven-
scoring system (0 to 6) for radiographic breast examination results. A score of 1 indicates negative
findings, 2 reflects benign breast disease, and 3 suggests a probable benign condition. Category 4
suggests suspicion of malignancy, with 4a indicating low suspicion, 4b moderate suspicion, and 4c
high suspicion. A score of 5 reflects a high likelihood of malignancy, while 6 is reserved for patients
diagnosed with breast cancer who have undergone a biopsy. To avoid bias, a score of 6, which
pertains exclusively to patients with biopsy-confirmed breast cancer, was excluded from our analysis.
In addition, BI-RADS 0 was defined as incomplete assessments that are re-evaluated and recoded
as BI-RADS 1-5 after further radiological examinations. Therefore, BI-RADS 0 was categorized as
'negative' since it represents an incomplete result that does not conclusively diagnose breast cancer
and requires additional investigation.



In summary, our analysis focused on participants as the primary unit of analysis, with the
endpoint being the breast imaging assessment obtained from mammography. For comparison with
the diagnostic accuracy of the miRNA signature in clinical applications, we categorized
mammography results as "positive" if they received a BI-RADS assessment of 4a, 4b, 4c, or 5,
indicating findings that are "suspicious." Conversely, mammography results were considered
"negative" if they received a BI-RADS assessment of 0, 1, 2, or 3, indicating no significant findings
or findings not suspicious for malignancy(51). In addition, we recorded overall breast density from
mammograms based on ACR BI-RADS categories: A (almost entirely fatty, < 25%), B (scattered
fibroglandular density, 25-50%), C (heterogeneously dense, 51-75%), and D (extremely dense,
>75%). This information allowed us to consider the impact of breast density on mammographic
performance and the potential applicability of microRNA combination.

3. RESULTS

3.1 Optimization of immune-affinity methods to isolate BEVs

3.1.1  Selection of surface protein biomarkers using cell lines for each breast
cancer molecular subtypes

The development of liquid biopsy assays for isolating and analyzing BEVs requires focusing
on membrane proteins that are continuously elevated in multiple molecular subtypes of breast
carcinoma. To identify suitable candidates, a comprehensive literature review was conducted,
focusing on surface proteins with documented overexpression in breast cancer. Based on this review,
EpCAM, CD49f, CD51, CD49b, and GPC1 were selected as potential targets (52—65). Subsequently,
protein expression profiles of these candidates in breast cancer cell lines were assessed across
different molecular subtypes using fluorescence-activated cell sorting (FACS) analysis.
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Figure 2. Profiling of surface protein biomarker candidates in cell lines by breast cancer molecular
type. This figure illustrates the comparison and analysis of the expression of breast cancer surface
protein biomarker candidates across 11 different breast cancer cell lines based on molecular subtypes.
The x-axis represents the cell lines categorized by molecular subtype, while the y-axis indicates the
breast cancer surface biomarker candidates. The size of each circle represents the associated p-value,
where larger circles denote higher statistical significance. The color of each circle indicates the
proportion of positive cells, with red indicating a higher proportion and blue indicating a lower
proportion of positive cells.

The study utilized a panel of breast cell lines representing various molecular subtypes,
including MCF10a (normal breast cell line), MCF7, SK-BR-3, and BT-474 (luminal type breast
cancer cell lines), MDA-MB-453, HCC1187, MDA-MB-468, HCC70, and HCC1937 (basal-like
triple-negative breast cancer cell lines), and MDA-MB-231, HCC1395, and Hs578T(mesenchymal-
like TNBC cell lines). Surface protein expression in each cell line was evaluated and selected based
on two criteria: 1) strong or moderate expression rates, and 2) statistical significance. GPC1 was
excluded due to its relatively low expression in most breast cancer cell lines, while CD49f was
omitted because of its low expression rate in TNBC cell lines and lack of statistical significance(Fig.
2, 3). Figure 3 depicted the distribution of surface protein levels across different breast cancer cell
lines.

-10 -



Non-TNBC TNBC

100- EpCAM CD49b
3 CcD51 CDA49f
& g0-
S
w
3 60
(]
Q
8 404
(]
2
%
9 20-
X
0 1 1 1 1 1 1 1 1 1 I 1
A D HANARDA DA
RS RN SR
3 AR

Figure 3. Distribution of overexpressed surface protein biomarkers candidates in cell lines by breast
cancer molecular type. This graph illustrates the distribution of expression ratios of each surface
protein in breast cancer cell lines by molecular subtype. The y-axis represents the population of
positive cells, while the x-axis indicates the cell lines categorized by molecular subtype. The vertical
dashed line distinguishes between TNBC (Triple-Negative Breast Cancer) and non-TNBC cell lines.

EpCAM exhibited low expression levels in mesenchymal-like TNBC cell lines, with
percentages of 3.79% in HCC1395, 5.64% in MDA-MB-231, and 4.51% in Hs578T cell lines (Fig.
3). While EpCAM serves as a well-established surface marker for isolating EVs, its expression was
notably lower in mesenchymal-type TNBC compared to luminal and basal-type TNBC (Fig 3). Thus,
targeting EpCAM alone proved inefficient for isolating BEVs from mesenchymal-type TNBC cell
lines. Conversely, both CD49b and CD51 exhibited high expression rates across luminal breast
cancer and basal and mesenchymal forms of TNBC (Fig. 3). Therefore, targeting cells expressing a
combination of EpCAM, CD49b, and CD51 was recommended for efficient isolation of BEVs. This
multi-marker approach was confirmed to yield successful separation, particularly in mesenchymal-
type TNBC (Fig. 3). These findings suggest that the overexpression of surface proteins in breast
cancer may have a significant impact on its development and could potentially be valuable
biomarkers. Further exploration into the functional significance of selectively isolating EVs with
these overexpressed surface proteins in breast cancer could offer valuable insights into its biology
and contribute to the development of novel diagnostic and therapeutic approaches.
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3.1.2  Optimization of immune-affinity method to isolate BEVs

To establish optimal conditions for isolating BEVs using immuno-affinity methods, we
optimized test specifications to determine the ideal concentration ratio, reaction time, and reaction

temperature of antibodies and magnetic beads.
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Figure 4. Optimization of immunoaffinity-based BEVs isolation technology. The x-axis of both
graphs represents wavelength (nm), while the y-axis represents absorbance. (A) Graph depicting the
analysis conducted to determine the optimal ratio of antibodies to magnetic beads. (B) Graph
illustrating the analysis performed to establish the optimal reaction time.

The results of the specifications indicated that the optimal ratio between each antibody and
magnetic beads was 1:80 (Fig. 4A). Additionally, the most favorable reactivity was achieved with a
reaction time of 2 hours at room temperature (Fig. 4B). Consequently, we refined the immuno-
affinity method to isolate BEVs using these validated conditions.
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Figure 5. Verification of immunoaffinity-based BEVs isolation technology. (A) Image obtained
through scanning electron microscopy after binding BEVs to magnetic beads. (B) Graph showing
the size and concentration of EVs analyzed using a nanoparticle tracking analyzer. The x-axis
represents the size of analyzed EVs (nm), while the y-axis represents the concentration of EVs
(particles/ml). "Before" denotes the total number of EVs in plasma before BEV isolation, while
"After" represents the remaining total EVs in plasma after BEV isolation. The number of BEVs was
determined by subtracting "After" from "Before".

The figure above depicts the results of scanning electron microscope (SEM) observation
following the optimized isolation method for BEVs (Fig. 5A). The images showed the presence of
antibodies bound to magnetic beads, validating the effectiveness of the immuno-affinity isolation
process. Additionally, the isolated BEVs were observed to fall within the size range of 100 to 200
nm by using nanoparticle tracking analyzer(NTA), consistent with established characteristics of
such EVs (Fig. 5B). These findings underscore the successful implementation of the optimized
isolation method, ensuring reliable and efficient extraction of BEVs for further analysis.
Furthermore, the effectiveness of the BEV isolation in plasma was confirmed by NTA, with an
estimated yield of 12.0%+3.7% based on EV concentration measurements before and after the
immuno-capture process (Fig. 5B).
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3.2 MicroRNA candidate selection

3.2.1  MicroRNA candidate screening from public dataset

To discover potential candidates of microRNAs for diagnosing breast carcinoma, the database
of Gene Expression Omnibus (GEO) was examined. Our approach involved a comprehensive
examination of datasets from publicly available repositories to identify candidate miRNAs present
in BEVs. Specifically, we compared datasets from repositories analyzing tissue-derived and
circulating miRNAs. By cross-referencing these databases, we aimed to identify miRNAs
consistently implicated in breast cancer pathogenesis and those particularly enriched in circulating
tumor-derived EVs. This comparative analysis allowed us to select strong candidate miRNAs for
further investigation.
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Figure 6. Comparison of tumor-derived and circulating miRNA studies based on public database.
(A) Differentially expressed miRNAs (DEMs) in the tissue miRNA dataset displayed as volcano
plots (GSE26659, GSE97811, GSE44124, GSE154255, and GSE45666) and circulating miRNA
dataset(GSE42128, GSE118782, GSE73002, GSE98181, and GSE110317). The volcano plots
showed the DEMs in tumor tissues of breast cancer patients compared with adjacent tissues; red dots
represent highly expressed miRNAs in breast tumors, and blue dots represent low expressed
miRNAs. (B) Graph showing up-regulated DEGs and down-regulated DEGs for each dataset when
strictly adjusting the criteria of DEMs in the database (fold change >2, P<0.05) (C) Graph showing
DEG Scale analysis of 142 independently overexpressed and 48 commonly overexpressed DEMs in
tissue-derived miRNA datasets (GSE44124, GSE45666, GSE154255, GSE26659, and GSE97811)

The public datasets analyzed are summarized in Table 1. In five separate GEO datasets
(GSE26659, GSE97811, GSE44124, GSE154255, and GSE45666) containing breast cancer tissue
samples, our study identified a large number of differentially expressed microRNAs (DEMs). Across
the five GEO datasets, we found 584 upregulated and 379 downregulated DEMs in the tissue
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samples (Fig. 6A). In contrast, circulating miRNA databases (GSE42128, GSE118782, GSE73002,
GSE98181, GSE110317) showed a relatively smaller number of miRNA candidates with
statistically significant differences compared to tissue-derived studies (66—75). Only 28 down-
regulated and 80 up-regulated DEMs were found in blood samples across five additional GEO
datasets. Applying more stringent filtering criteria (adjusted fold change > 2 and p-value < 0.05)
further narrowed the range, leading to sharper contrasts (Fig. 6B). Our analysis revealed 13
candidate miIRNAs— miR-16, miR-9, miR-21, miR-10b, miR-106b, miR-128, miR-96, miR-181a,
miR-429, miR-484, miR-1260b, miR-155, and miR-1290—among the relative complements (142
DEMs) and intersections (48 DEMSs) shared across the five GEO datasets on breast cancer, with
significant likelihood of expression in BEVs (Fig. 6C). Considering that EVs originate from parental
cells, share a membrane, and contain real-time intracellular information of molecules, this study
prioritized candidate miRNAs identified through a tissue-derived miRNA database. This decision
was based on the premise that tissue-derived miRNAs would more accurately reflect the miRNA
composition of BEVs.
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Table 1. Summary of clinical studies on tissue-derived and circulating miRNA for selection of
miRNA candidates in public databases.

Cohorts
GSE ID (BC vs N) Total Samples Platform Year
Tissue miRNA analysis
Ductal breast carcinoma .
biopsies & normal tissues Agilent human 2012
GSE26659 77 vs 17 94 . miRNA microarray
from mammoplastic
. V2)
reductions
Breast tumor tissues Agilent human
GSE45666 101 vs 15 116 . - miRNA microarray 2013
& adjacent normal tissues
(V3)
Breast tumor tissues Agilent human
GSE44124 50 vs 30 80 . ! miRNA microarray 2014
& adjacent normal tissues
(V3)
Breast tumor tissues 3D-Gene® Human
GSE97811 45 vs 16 61 & adjacent normal tissues miRNA (V21) 2017
Breast tumor tissues Agilent human
GSE154255 10 vs 10 20 . ! miRNA microarray 2023
& adjacent normal tissues
(V19)
Circulating miRNA analysis
Serum samples from BC ~ Exiqon miRCURY
GSE42128 32vs22 54 patients & healthy LNA 2013
individuals microRNA array
Serum samples from BC
GSE73002  1290vs54 1344  patients & patients with -0 ocnet® Human 2016
. . miRNA (V20)
benign breast disease
Serum samples from BC Affymetrix
GSE98181 24 vs 24 48 patients & cancer-free Multispecies 2018
women miRNA
Affymetrix
GSE118782  30vs 10 40 PJSZI;; f;‘;‘s;‘ffhf“\’wngﬁgl Multispecies 2019
P Y miRNA
Serum samples from BC
. . . 3D-Gene® Human
GSE110317 921 vs 37 958 patients & patients with MiRNA (V21) 2023

benign breast disease
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3.2.2  MiRNA candidate screening through cell lines covering molecular subtypes of
breast cancer

Figure 7 illustrates the relative quantities of thirteen miRNA candidates in BEV from cell lines,
categorized by molecular subtype. To further analyze the expression patterns of these miRNA
candidates in BEVs, qRT-PCR was employed. This assay compared each miRNA’s CT values in 11
types of breast cancer cell lines to those in the healthy controls, MCF-10A. The values presented in
the figure represent the ratio of CT values in each cell line to the expression of the respective miRNA
in the normal control group.
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Figure 7. Comparison of miRNA candidates in cell lines by breast cancer molecular type. This
heatmap illustrates the expression levels of 13 miRNA candidates across 11 different breast cancer
cell lines categorized by molecular subtype. Black indicates a fold change of 0, while red represents
higher fold changes and green indicates lower fold changes. Fold change values were calculated
relative to the CT values of the MCF-10A cell line used as the control group.

Among the 11 breast cancer cell lines classified by molecular subtype, miRNAs with a fold
change exceeding 0 in at least 8 cell lines were prioritized as candidate miRNAs for further
investigation. As a result, miR-181a, miR-155, miR-9, miR-96, miR-21, miR-106b, miR-1260b, and
miR-484 were found to be up-regulated in the majority of breast cancer cell lines. Therefore, based
on these findings, we conducted an integrated analysis with the results of tissue-derived miRNA
assays.
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3.2.3  MicroRNA candidate screening through breast cancer tissue

We hypothesized that miRNA expression profiles in BEVs isolated using breast cancer-
specific membrane proteins may differ from those in TEVs and could potentially offer greater
specificity for breast cancer. To explore this possibility, we undertook an integrated analysis of
miRNA expression patterns using both cell line test results and tissue analysis results. The figure
below presents the results of analyzing 13 types of miRNA across 20 breast cancer tissues and 20
matched normal tissues.
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Figure 8. Comparison of miRNA candidates in BEV from breast cancer tissues. This graph
illustrates the expression of 13 miRNA candidates using breast cancer tissues and paired normal
tissues. The x-axis labels "BC" represent breast cancer tissues, while "Non-BC" represents paired
normal tissues. The y-axis represents each miRNA candidate’s fold change, calculated relative to
the MCF10A reference. "ns" indicates statistically non-significant results, "*" denotes p<0.05, "**"
denotes p<0.01, and "***" denotes p<0.0001.

The analysis revealed significant differences in the expression levels of certain miRNAs
between breast cancer patients and matched normal tissues (Fig. 8). Specifically, microRNA-21, -
106b, -96, -429, -155, and -1290 exhibited significantly higher expression levels in breast cancer

-19-



patients compared to normal tissues (with p-values ranging from < 0.0001 to < 0.05). On the other
hand, while microRNA-9, -181a, -484, and -1260b were also highly expressed in breast cancer
patients, the differences in expression levels compared to normal tissues were not statistically
significant (Fig. 8). These findings suggest that microRNA-21, -106b, -96, -429, -155, and -1290
may serve as potential biomarkers for breast cancer diagnosis or prognosis due to their differential
expression in breast cancer patients. However, because the number of patient tissues participating
in the test is very small (40 cases in total), a very careful approach is required in interpreting the
results. Therefore, we attempted to select the final candidates by integrating the cell line test and
tissue test results. Seven miRNAs' expression profiles were determined considering integrating the
outcomes of cell line testing and tissue sample analysis, indicating that these miRNAs may serve as
surrogate markers for the diagnosis of breast cancer.

3.3 Discovery set of miRNAs candidate

The selection process for candidate miRNAs involved a comprehensive approach combining
results from cell line and tissue analyses. From this integrated analysis, microRNA-155, -21, and -
106b merged as commonly overexpressed microRNAs in both breast cancer cell lines and tissues.
Additionally, microRNA-181a, -484, -1290, and -1260b, which showed high expression levels in
cell line tests and/or tissue analyses, were included for further validation. Consequently, the final set
of selected miRNA candidates for validation in plasma comprised microRNA-21, -155, -181a, -
106b, -484, -1290, and -1260b. To analyze the expression patterns of these seven microRNAs in
BEVs, qRT-PCR was performed using plasma samples from a total of 40 individuals (20 breast
cancer patients and 20 non-breast cancer women). The study aimed to compare and analyze the
expression of these miRNAs in tissues, TEVs obtained by PEG precipitation, and BEVs obtained
using an immuno-affinity method which we developed (Fig. 9).
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Figure 9. Scheme of discovery set to compare BEV with TEV between tissue and plasma. This
schematic outlines the research overview to compare tissue-derived miRNA with TEV (Tissue
Extracellular Vesicle)-derived miRNA and BEV (Blood Extracellular Vesicle)-derived miRNA to
assess BEV performance. The experimental groups for tissue-derived miRNA analysis included
breast cancer tissues and paired normal tissues, while plasma samples from breast cancer patients
and patients with benign breast conditions were used to analyze TEV and BEV-derived miRNA.

This approach allows for a comprehensive assessment of miRNA expression patterns across
different sample types, providing insights into the potential utility of these miRNAs as biomarkers
for breast cancer diagnosis.
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Figure 10. Selection of miRNA candidates among tissue, BEVs, and TEVs. This graph compares
the expression of miRNA candidates derived from tissue, BEVs, and TEVs between breast cancer
patients and non-breast cancer females. The x-axis labels "N" represent healthy controls or paired
normal tissues, while "C" represents breast cancer tissues. The y-axis represents each miRNA’s fold
change. "*" denotes p<0.05, "**" denotes p<0.01, and "***" denotes p<0.0001.

To evaluate the clinical value of candidate miRNAs in BEVs obtained through an immuno-
affinity method using surface proteins that can cover molecular subtypes of breast cancer cell lines,
it was compared with TEVs and tissue-derived miRNAs. Among the 7 BEV-derived miRNAs, 5
miRNAs (miR-21, -106b, -484, and -1260b) excluding microRNA-1290 and -155 were upregulated
and showed statistically significant differences (Fig. 10). MicroRNA-155 and -1290 were
upregulated in BEV, but the difference was not statistically significant (Table 2).
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Table 2. Comparison of mean fold change values and P-values for miRNA candidates in BEVs.

microRNA Mean fold change in BEV SEM P-value
miR-21 6.08 0.42 <0.001
miR-106b 1.73 0.13 <0.001
miR-181a 2.05 0.30 <0.05

miR-484 1.72 0.08 <0.01

miR-1260b 231 0.25 <0.001
miR-155 1.77 0.26 0.1482
miR-1290 0.30 0.17 0.7936

Given the heightened expression of these miRNAs in BC patients, we evaluated ROC curve
analysis to compare the diagnostic ability of five miRNA candidates to detect breast cancer.
According to the findings of this study, the candidate miRNAs' AUC values in tumor tissues ranged
from 0.640 to 0.920, in TEVs from 0.577 to 0.785, and in BEVs from 0.790 to 0.987 (Fig. 11). It is
noteworthy that candidate miRNAs performed better in BEVs for diagnostic purposes than in TEVs
or tumor tissues overall, with all AUC values above 0.7. MiR-21 and miR-106b, in particular,
demonstrated considerable potential as diagnostic markers, with significant AUC value differences
between the TEV and BEV sets (p-value < 0.01). As a result, microRNA -21, -181a, -106b, -484,
and -1260b in BEVs are recognized as trustworthy microRNA candidates for improving diagnostic
methods for breast cancer. These outcomes imply that effective EV isolation from tumors enhances
miRNA analysis, providing a more precise representation of the tumor's molecular profile. The
results of ROC analysis for the expression of five candidate-derived and BEV-derived miRNAs are
shown below.
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Figure 11. Comparison of ROC analysis of miRNA candidates between tissue-derived, BEV, and
TEV. This graph presents the ROC (Receiver Operating Characteristic) analysis comparing miRNA
candidates derived from tissue, BEVs, and TEVs. "**" denotes p<0.01, and "*" denotes p<0.05.
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3.4 Validation set of BEV compared to TEV

3.4.1 Comparative analysis of miRNA candidate in TEV and BEV
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Figure 12. Study design of clinical performance test to validate miRNA analysis in BEV. (A) This
section represents the subjects recruited for the analysis of miRNA in BEVs. Between May 2010
and August 2021, a total of 120 patients with breast cancer, 45 women in healthy condition, and 46
patients with benign tumors had their pre-operative plasma samples collected at Severance Hospital.
The study was registered retrospectively (approved date: January 4, 2021; Seoul, South Korea; IRB
approval no. 4-2020-1292). (B) Overview of isolating BEVs and analyzing miRNA from plasma
samples of the subjects.

The study included a total of 211 subjects: 120 BC patients, 46 patients with benign breast
disease, and 45 women with no breast cancer-related conditions (Fig. 12A). The process of isolating
BEV and extracting target miRNA is shown in Figure 12B. The study aimed to confirm the clinical
effectiveness of BEV-derived miRNAs for breast cancer diagnosis. Comparative analysis between
BEV-derived and TEV-derived miRNAs was carried out. Due to limited plasma volume in 6 breast
cancer patients, the analysis used data from the remaining 114 patients (Fig. 13).
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Figure 13. Comparison of miRNA candidate in clinical specimens in validation set. (A) Graph
comparing the expression of TEV-derived miRNA candidates between the control group and breast
cancer patients' plasma. (B) Graph comparing the expression of BEV-derived miRNA candidates
between the control group and breast cancer patients' plasma. (C) ROC curve comparing the AUC
difference between BEVs and TEVs.

As shown in Figure 13, each miRNA in BEVs was found to be relatively overexpressed
compared to TEVs. Notably, all miRNA candidates did not show statistically significant differences
between breast cancer patients and controls in TEVs (Fig. 13A), whereas all BEV-derived miRNA
candidates showed statistically significant differences (P < 0.001, Fig. 13B). ROC analysis was
performed to compare the differences in clinical performance between BEV and TEV. The analysis
showed that the AUC of each miRNA candidate in TEV ranged from 0.569 to 696, while in BEV it
ranged from 0.718 to 0.833 (Fig. 13C). The difference in AUC of all miRNAs except miR-181a (p
= 0.4929) was statistically significant. Even though the difference in AUC between BEV and TEV
did not exhibit statistical significance, miR-181a was nevertheless included in the miRNA
candidates due to its statistically significant difference in the plasma analysis comparing breast
cancer and control groups.
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3.5 Validation set of 5-miRNA signature

3.5.1  miRNA signature selection

The evaluation of each microRNA's clinical performance was supported by a thorough
comparison between TEVs and BEVs. Subsequently, an extensive examination involving 26
different miRNA combinations was conducted through logistic regression analysis. Table 3 outlines
the logistic regression equation and clinical performance of combinations of five types of miRNA
candidates.

Table 3. Logistic regression comparison for discovering miRNA combinations.

Logistic 959,
Combination regression Sensi.* Speci.® AUC SE CIO
equation
mi LIBLOTSL o o 0.828
1 R- N(miR_21)+1. o o 0.881  0.0235 to
21 ;g 998*LN(miR_ % 7o 0.922
106b)
mi o 1.987+0.813*L 0.745
2 R ¢ N(miR 21)+0.3 70.18% 78.02%  0.806  0.0302  to
21 51*LN(miR_18 0.857
la 1)
mi 3.003+0.677*L 0.789
3 R 40 N(miR 21)+1.2 78.07% 75.82% 0.846  0.0265  to
21 30*LN(miR_48 0.893
4 1) -
mi -
mi  R- 1.650+0.904*L 0.749
4 R- 12 N(miR 21)0.01 71.93% 80.22% 0.810  0.03 to
21 60 3*LN(miR_126 0.861
b 0b)
R R 3.390+2.158*L 0.779
5 0 18 N(miR_106b)+ 74.56% 78.02%  0.837  0.0275  to
. :
6b 1a 0.298*LN(miR 0.884
_181a)
i mi - ) ) 0.810
6 R R 425+1.847*LN  79.82% 78.02%  0.865  0.0253  to
(miR_106b)+1. 0.909
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Figure 14 presents a comparative analysis of the top 5 ranking miRNA combinations, identified
for their excellent clinical performance, among the combinations of miRNAs identified through
logistic regression.
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Figure 14. Comparison of clinical performance of TEV and BEV for selection of miRNA signature.
This graph compares the ROC curves of the top 5 miRNA combinations within BEV-derived
miRNA signatures with those of TEV-derived miRNA signatures for breast cancer diagnosis.

When selecting BEV-based miRNA signatures, the highest area under the curve(AUC) value
and the difference from TEV are the most important factors. Among the top five BEV combinations,
combination 23 (microRNA 21, -106b, -484, and -1260b) exhibited the highest AUC value (0.906),
while combination 26 (microRNA 21, -106b, -181a, -484, and -1260b) demonstrated the most
significant difference between BEV and TEV (Table 4). Therefore, combination 26 was selected as
the final microRNA signature.
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Table 4. Comparison of top 5 BEV-derived miRNA combinations with TEV-derived miRNA

Combinations.
AUC (95% Confidential interval)
Rank  Variable TEVs BEVs Difference  Remark
0.682 0.906
| Combination 23 32.849
ombmation (0.614-0.745)  (0.857 - 0.942) o
0.680 0.905 miRNA
2 ination 2 .09°
Combination 26\ (12 _0.744)  (0.856-0.941) 0% signature
0.682 0.892
3 Combination 21 30.79°
ombmation (0.613-0.745)  (0.841-0.931) &
0.684 0.893
4 Combination 12 30.56°
ombmation (0.615-0.747)  (0.842 -0.931) &
5 Combination 1 0.703 0.881 25.32%

(0.635 - 0.764)

(0.828 - 0.922)

3.5.2  Clinical performance of miRNA signature

As the miRNA signature, selected miRNA combination 26th was defined, and ROC analysis
was conducted to validate its final clinical performance using data from a total of 211 subjects,
including 120 breast cancer patients, 46 patients with benign breast disease, and 45 healthy donors.
The control group was further divided into subgroups, including the patients with benign breast
disease, and healthy donors, and ROC curve analysis was performed specifically for breast cancer
diagnosis (Fig. 15). It is important to acknowledge that the reliability of clinical outcome measures
can be influenced by the number of participants recruited and potential selection bias. This means
that there could be imbalances resulting from the selection of subjects expected to yield the best
results. To address this concern and enhance the validity of the breast cancer diagnostic accuracy of
the miRNA signature, we also calculated the Area Under the Precision-Recall Curve (AUPRC) and
the F1max value through precision-recall curve analysis.
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Figure 15. Diagnostic performance of microRNA signature derived from BEV. (A) ROC curve
analysis comparing breast cancer patients with the overall control group (patients with benign breast
conditions and healthy donors). (B) ROC curve analysis comparing breast cancer patients with
patients with benign breast conditions. (C) ROC curve analysis comparing breast cancer patients
with healthy donors. (D) Precision-recall curve analysis comparing breast cancer patients with the
overall control group (patients with benign breast conditions and healthy donors). (E) Box and
whisker plot showing the miRNA signature results of breast cancer patients compared to the overall
control group (patients with benign breast conditions and healthy donors). The subjects are shown

on the x-axis, while the miRNA signature values are shown on the y-axis. P<0.0001 is indicated by
skeskeksk

Remarkably, this miRNA signature exhibited a clinical sensitivity of 85.83% (95% CI: 78.3%
to 91.5%) and a clinical specificity of 84.62% (95% CI: 75.5% to 91.5%) at a cut-off threshold of
0.508 from the overall analysis (Table 5). Moreover, the AUC analysis revealed a robust value of
0.908 (95% CI: 0.861 to 0.943), underscoring the diagnostic potential of this miRNA signature (Fig.
15A). As shown in Table 5, the positive likelihood ratio was calculated to be 5.58 (95% CI: 3.43 to
9.09), meaning that individuals with a “positive’ result are about 5.58 times more likely to have the
condition compared to those with a negative result. Additionally, the negative likelihood ratio was
calculated as 0.17 (95% CI: 0.11 to 0.27), suggesting that individuals with a negative test result are
approximately 0.17 times as likely to have the condition compared to those with a positive test result.
These likelihood ratios are crucial for understanding the diagnostic precision and usefulness of the
test. In the analysis of the subgroup within the control group, each clinical specificity for patients
with benign breast disease and healthy donors was calculated at the same cut-off threshold of 0.508.
The clinical specificity for patients with benign breast disease was 89.13% with a 95% CI of 76.4%
t0 96.4% (Fig 15B), while for healthy donors, it was 80.00% with a 95% CI of 65.4% to 90.4% (Fig.
15C). Given the potential bias in interpreting clinical performance indicators evaluated in the
controlled population, the AUPRC value was calculated using positive predictive value and clinical
sensitivity. As a result, the AUPRC was determined as 0.932 (95% CI: 0.871 to 0.966), and the F1 max
value was determined as 0.869 (Fig. 15D). The miRNA signature detected in BEVs from BC patients
was significantly upregulated compared to those from non-BC controls (Fig. 15E). Crucially, no
significant difference was found between patients with benign breast disease and normal controls
(Fig. 15E). This suggests that the miRNA signature in BEVs could serve as a potential biomarker
for distinguishing breast cancer patients from individuals with benign breast disease or normal breast
tissue.
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Table 5. Results of miRNA signature clinical performance parameter.

Breast cancer

. . Total
Positive Negative
Elevated 103 14 117
miRNA signature
Not elevated 17 77 94
Total 120 91 211
Clinical Performance Parameters N=211 95% CI
Clinical Sensitivity 85.83% 78.3-91.5
Clinical Specificity 84.62% 75.5-91.3
Likelihood Ratio Negative (LRN) 0.17 0.11-0.27
Likelihood Ratio Positive (LRP) 5.58 3.43-9.09
Area Under Curve (AUC) 0.908 0.861 - 0.943

Considering the intended use of breast screening, it is essential to ensure high clinical
specificity to control false positives. Conversely, for aiding in breast diagnosis purposes, high
clinical sensitivity is crucial to control false negatives and ensure reliability for true positives. The
threshold of this miRNA signature was adjusted accordingly and compared (Table 6). Analysis
revealed that when clinical specificity was fixed at 99%, the clinical sensitivity was 35.00% (95%
CI: 26.5% to 44.2%), and when clinical sensitivity was fixed at 99%, the clinical specificity was
10.99% (95% CI: 1.10% to 47.25%). Considering that the recall rate of mammography is 5-12%
(76-78), when clinical specificity was fixed at 95%, clinical sensitivity was found to be 63.33% (95%
CI: 40.00 to 81.67%).

Table 6. Clinical performance when sensitivity and specificity are fixed at 99%.
Estimated specificity at fixed sensitivity

Sensitivity Specificity 95% CI Criterion
80 85.71 71.43-92.31 >0.549
90 75.82 56.04 - 85.71 >0.422
95 57.14 23.08 - 80.22 >0.275
97.5 46.15 7.69 -75.82 >0.202
99 10.99 1.10 -47.25 >0.058
Estimated sensitivity at fixed specificity

Specificity Sensitivity 95% CI Criterion
80 86.67 73.32-93.33 >0.448
90 77.50 63.33 -90.00 >0.595
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95 63.33 40.00 - 81.67 >0.743
97.5 43.33 34.3-52.7 >0.935
929 35.00 26.5-44.2 >0.971

3.6 Clinical feasibility analysis

The clinical information of the subjects participating in this study was retrospectively collected
through Electronic Medical Records (EMR), and correlation analysis with the miRNA signature was
conducted. This analysis sought to assess the stability of the miRNA signature as a biomarker by
investigating its correlation with different clinical parameters. If the observed increase in the level
of'the miRNA signature in breast cancer patients could be attributed to other clinical factors, it would
not be appropriate to consider it as a specific biomarker for breast cancer. Therefore, we
systematically compared and analyzed the expression levels of the miRNA signature in relation to
the collected clinical information. The data collected from breast cancer patients included results
from mammography and breast ultrasound reporting results (BI-RADS), breast density, pathological
results, TNM stage classification, molecular subtyping results, Ki-67 expression levels, information
on recurrence, survival status, CA15-3 and CEA biomarker results that were measured before
surgery (Table 7). Similarly, data from patients with benign breast diseases encompassed
mammography and breast ultrasound reporting results, breast density, and pathology. Analysis was
conducted using these collected datasets, and subjects with incomplete or unverifiable data were
excluded from the analysis to ensure the reliability of the results (Table 8).

Table 7. Patient clinical details concerning breast cancer

Breast cancer patients

Variables N (%) miR signature 95% CI P value
BI-RADS
, Mammography
0 27 (22.50) 0.833 0.730-0.935
1 4(3.33) 0.926 0.818 - 1.033
2 6 (5.00) 0.694 0.353-1.034
3 18 (15.00) 0.798 0.688 - 0.908 0.200
4 32 (26.67) 0.695 0.601 - 0.789
5 28 (23.33) 0.850 0.784 - 0.917
N/A 5(4.17) 0.623 0.108 - 1.138
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BI-RADS

, Ultrasonography
0
1
2
3 1(0.83) 0.443 -
4 77 (64.17) 0.732 0.671-0.793
0.003
5 42 (35.00) 0.883 0.830-0.936
N/A - - -
Breast Density Grade
A 4 (3.33) 0.65 0.246 - 1.053
B 14 (11.67) 0.864 0.742 - 0.986
C 84 (70.00) 0.790 0.738 - 0.843 0.241
D 14 (11.67) 0.762 0.622 - 0.903
N/A 4(3.33) 0.596 0.546 - 0.646
Pathology
DCIS 5(4.17) 0.597 0.087-1.110
IDC 102 (85.00) 0.792 0.744 - 0.840
ILC 5(4.17) 0.741 0.539-0.942 0.451
Mucinous 3 (2.50) 0.899 0.469 - 1.330
Metaplastic 4 (3.33) 0.743 0.211-1.280
Phyllodes tumor, malignant 1 (0.83) 0.715 -
TNM Stage
0 5(4.17) 0.597 0.087 - 1.110
I 46 (38.33) 0.774 0.699 - 0.849
I 57 (47.50) 0.811 0.749 - 0.873 0.463
I 10 (8.33) 0.76 0.584 - 0.937
v 2 (1.67) 0.727 -1.530-2.980
T Stage
Tis 5(4.17) 0.597 0.087 - 1.11
Tl 64 (53.33) 0.793 0.730 - 0.856
0.297
T2 44 (36.67) 0.788 0.717 - 0.858
T3 5(4.17) 0.696 0.470 - 0.921
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T4 2 (1.67) 0.993 0.955-1.03
N Stage
NO 83 (69.17) 0.769 0.714 - 0.825
N1 26 (21.67) 0.834 0.738 - 0.931
0.215
N2 3(2.50) 0.971 0.857 - 1.086
N3 8 (6.67) 0.678 0.473 -0.883
M Stage
MO 118 (98.33) 0.783 0.738 - 0.829
Ml 2 (1.67) 0.727 -1.529-2.982 0.1
Molecular subtype
Luminal A 21 (17.50) 0.87 0.770 - 0.970
Luminal B 21 (17.50) 0.793 0.700 - 0.886
HER-2/neu 20 (16.67) 0.838 0.740 - 0.936 0.037
TNBC 53 (44.17) 0.739 0.667 - 0.811
N/A 5(4.17) 0.607 0.083-1.132
Ki67
<15% 33 (27.50) 0.806 0.724 - 0.888
>15% 77 (64.17) 0.792 0.738 - 0.846 0.385
N/A 10 (8.33) 0.632 0.375-0.889
Recurrence
Yes 44 (36.67) 0.841 0.779 - 0.903
0.234
No 76 (63.33) 0.748 0.687 - 0.809
Survival
Death 19 (15.83) 0.842 0.743 - 0.941
0.356
Survive 101 (84.17) 0.771 0.721-0.822
Table 8. Clinical information of patients with benign breast disease.
Benign breast disease patients
Variables N (%) miR signature 95% CI P value
Mammography
(BI-RADS)
0 14 (30.43) 0.232 0.097 - 0.366 0.351
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1 3(6.52) 0.240 -0.003 - 0.484
2 5(10.87) 0.288 0.126 - 0.450
3 4 (8.70) 0.427 0.191 - 0.664
4 6(13.04) 0.272 0.084 - 0.461
5 - - -
N/A 14 (30.43) 0.311 0.178 - 0.444
Ultrasonography
(BI-RADS)
0
1
2
3 12 (26.09) 0.296 0.150 - 0.443
4 29 (63.04) 0.289 0.215-0.363
0.560
5 1(2.17) 0.079 -
N/A 4 (8.70) 0.249 0.085-0.413
Breast Density Grade
A
B
C 31(67.39) 0.275 0.200 - 0.350
0.822
D 8(17.39) 0.270 0.096 - 0.445
N/A 7 (15.22) 0.344 0.147 - 0.542
Pathology
Atypical hyperplasia 4 (8.70) 0.466 0.305 - 0.626
Fibroadenoma 10 (21.74) 0.29 0.135 - 0.445
Intraductal papilloma 15 (32.61) 0.237 0.126 - 0.348
Phyllodes tumor 9 (19.57) 0.331 0.141 - 0.521
Sclerosing adenosis 3 (4.35) 0.162 -0.011 - 0.335 0.161
Usual ductal hyperplasia 2 (4.35) 0.273 -0.255 - 0.800
Cystic and papillaTy apocrine 1 2.17) 0.492 i
metaplasia
Lymphoid follicular hyperplasia 1(2.17) 0.136 -
Ulcer 1(2.17) 0.246 -
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3.6.1  Correlation with demographic information (Age)

According to demographic information analysis, the average age of breast cancer patients was
determined to be 59.6 + 11.4 years, while the average age of control group (patients with benign
breast diseases, and health donors) was 42.22 + 10.15 and 48.8 + 9.08 years (Table 9). Remarkably,
there was a statistically significant age difference between the breast cancer patients and the control
group (P value < 0.0001). Given the statistically significant results observed between the ages of the
test and control groups, it was imperative to ascertain the stability of miRNA signature expression
with age.

Table 9. Demographic information of participants.

BC (N=120) Benign (N=46) Healthy donor (N=45)
Age
Mean+SD 59.6£11.4 42.22+10.15 48.8+£9.08
95% CI 57.54 t0 61.66 39.20 to 45.23 46.07 to 51.53
Median 58 44.5 46
Min/Max 26 to 85 23 to 65 33 to 69
25th-75th perc. 51 to 68 34.75 to 48.00 42 t0 56.5
<0.0001
P-value <0.05
<0.0001

Therefore, linear regression analysis was conducted on the miRNA signatures of each group
(Fig. 16). Furthermore, the correlation between clinical information and miRNA signature
expression was examined to elucidate the relationship between disease and biomarkers. Suppose the
miRNA signature demonstrates significant changes due to specific clinical information. In that case,
it may not conclusively indicate that the miRNA signature has increased solely due to the occurrence
of the disease. Hence, the stability of the miRNA signature as a diagnostic algorithm for breast
cancer was evaluated by comparing it with clinical information. The clinical information subject to
analysis encompassed the comparison of miRNA signature expression based on age, pathological
results, and molecular biological subtype.
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Figure 16. Correlation of age with miRNA signature. The Pearson correlation coefficient (R) for
the miRNA signature in relation to age was indicated.

To assess the relationship between age and miRNA signature expression, correlation analysis
was performed on a cohort consisting of 120 breast cancer patients, 46 patients with benign breast
diseases, and 45 healthy donors. The Pearson correlation coefficient (R) for the miRNA signature
in relation to age was calculated as 0.1703 in breast cancer patients, 0.2295 in patients with benign
breast diseases, and -0.2477 in healthy donors (Fig. 16). Furthermore, to explore potential age-
related trends in miRNA signature expression, the subjects were subdivided into age groups: those
in their 40s or younger, 50s, 60s, 70s, and 80s (Table 10). However, the analysis did not reveal
statistically significant differences in miRNA signature values across these age groups (each P-value:
breast cancer patients, 0.082; patients with benign breast diseases, 0.3; healthy donors, 0.142). These
findings suggest that the expression of the miRNA signature remained consistent across different
age groups within each subject group.
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Table 10. Comparison of miRNA expression in subjects by age group.

Age
Breast cancer patients N (%) miR signature 95% CI P value
<40's 19 (15.83) 0.634 0.488 - 0.781
50's 46 (38.33) 0.804 0.735 - 0.873
60's 30 (25.00) 0.833 0.751-0.916 0.082
70's 20 (16.67) 0.825 0.720 - 0.931
80's 5(4.17) 0.666 0.312-1.019
Patients w(iltilslel;z:ign breast N (%) miR signature 95% CI P value
=40's 38 (82.61) 0.307 0.238-0.376
50's 6 (13.04) 0.200 0.053 - 0.347 0.300
60's 2 (4.35) 0.167 -0.227 - 0.561
70's - - -
80's - - -
Healthy donors N (%) miR signature 95% CI P value
<40's 28 (62.22) 0.221 0.143 - 0.299
50's 10 (22.22) 0.424 0.203 - 0.644 0.142
60's 7(15.56) 0.357 0.022 - 0.691
70's - - -
80's - - B
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3.6.2 Correlation with recurrence and survival

To determine the miRNA signature's potential as a prognostic factor, we conducted a
comparative analysis of recurrence and survival outcomes in accordance with the expression of the
miRNA signature.
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Figure 17. Correlation of recurrence and survival with miRNA signature. (A) Graph comparing the
expression of miRNA signature based on recurrence status. (B) Graph comparing the expression of
miRNA signature based on survival status. "ns" indicates statistically non-significant results.

Among 120 breast cancer patients, 44 (36.67%) experienced recurrence, while 76 (63.33%)
did not (Table 7). Upon analysis, the average expression of the miRNA signature was found to be
0.748 (95% CI: 0.687 to 0.809) in patients without recurrence and 0.841 (95% CI: 0.779 to 0.903)
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in patients with recurrence (Table 7). However, this difference was not statistically significant (P =
0.234, Fig. 17A). Similarly, at the time of data collection, 19 (15.83%) of the 120 breast cancer
patients had deceased, while 101 (84.17%) were alive (Table 7). Analysis revealed that the average
expression of the miRNA signature in surviving patients was 0.771 (95% CI: 0.721 to 0.822),
whereas in deceased patients, it was 0.842 (95% CI: 0.743 to 0.941) (Table 7). Again, this difference
was not statistically significant (P = 0.356, Fig. 17B). These findings clearly show that there was no
statistically significant correlation between survival or recurrence and the miRNA signature.
Therefore, its performance as a prognostic factor was not conclusively confirmed in this analysis.
Further studies with larger sample sizes and longitudinal follow-up are necessary to elucidate the
prognostic potential of the miRNA signature in breast cancer patients.

3.6.3  Clinical sensitivity of miRNA signature for early breast cancer

A comparison of clinical sensitivity was conducted to explore the potential correlation between
the expression of different groups of miRNA candidates in BEVs and the miRNA signature of breast
cancer TNM stages, aiming to assess their role in aiding early diagnosis. Given that the control group
was repeatedly applied to the analysis for each stage, only clinical sensitivity was analyzed to
evaluate the clinical effectiveness for early breast cancer patients.
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Among the analyzed cases, 51 were diagnosed with early breast cancer, with 5 cases (4.17%)
classified as stage 0 and 46 cases (38.33%) as stage 1 (Table 7). Additionally, 57 cases (47.50%)
were classified as stage 2 breast cancer, and 12 cases (10%) were considered stage 3 or 4 (8.33% in
stage 3, 1.67% in stage 4, Table 7). Evaluation of the miRNA signature's sensitivity according to
each breast cancer stage revealed 82.35% sensitivity in early breast cancer, 87.72% in stage 2, and
91.67% in stage 3 or 4, indicating high clinical sensitivity for breast cancer (Fig. 18A). When
considering breast cancer stage 1 or lower, the clinical sensitivities of microRNA-21, -106b, -181a,
-484, and -1260b were 74.51%, 68.63%, 50.98%, 56.86%, and 82.35%, respectively (Fig. 18A). The
area under the curve (AUC) for the miRNA signature at each breast cancer stage was evaluated,
resulting in 0.885 for stages 0 to 1, 0.927 for stage 2, and 0.916 for stages 3 to 4 (Fig. 18C). In early
breast cancer stages 0 to 1, the AUC values of miRNAs were 0.783, 0.824, 0.690, 0.784, and 0.701
for miR-21, miR-106b, miR-181a, miR-484, and miR-1260b, respectively (Fig. 18C). The AUC
values of miRNA in stage 2 breast cancer were 0.847, 0.849, 0.722, 0.833, and 0.738, and in stage
3-4 breast cancer, they were 0.751, 0.806, 0.743, 0.764, and 0.708 (Fig. 18C). The AUC of miR-
1260b for stage 1 or lower breast cancer was 0.701, while the AUC of the miRNA signature was
0.885, showing a statistically significant difference (P<0.0001). Although miR-1260b demonstrated
similar clinical sensitivity as the miRNA signature, the evaluation of AUC values combined with
specificity demonstrated the diagnostic effectiveness of the miRNA combination for early-stage
breast cancer. However, it's essential to acknowledge that the number of patients with stages 0 and
3 or higher is relatively small, which may introduce bias. Therefore, it's prudent to exercise caution
when claiming the validity of breast cancer early detection performance based solely on the analyzed
clinical sensitivity. Additionally, the lack of statistically significant differences in the miRNA
signature across TNM stages 0 to 4 suggests consistent expression regardless of tumor size, lymph
node metastasis, or distant metastasis (P=0.297, 0.2152, 0.7511, Fig. 18B). Large-scale cohort
studies are needed to further verify clinical effectiveness.

3.6.4  Correlation with histopathological results of breast cancer and benign breast
disease

We conducted a comparative analysis of the expression patterns of miRNA signatures
according to histopathological findings in breast cancer patients and patients with benign breast
diseases. Among the subjects of this clinical performance test, the pathological distribution of the
120 breast cancer patients revealed that 107 individuals (89.17%) were diagnosed with invasive
carcinoma, while 5 individuals (4.17%) had carcinoma in situ (Table 7). Thus, the distribution
among breast cancer patients recruited for this trial mirrored the crude incidence rate of patients with
invasive cancer. Notably, regardless of the pathological results among the 120 breast cancer patients,
the miRNA signature demonstrated consistent expression (P = 0.451, Fig. 19A). According to the
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breast cancer statistics in South Korea(79) , breast cancer is predominantly classified into invasive
cancer and carcinoma in situ. The crude incidence rate of all breast cancer patients in 2019 was
analyzed as 115.6, with the crude incidence rate of invasive carcinoma reported as 96.5, and the
crude incidence rate of carcinoma in situ as 19.1. Consequently, among all breast cancer patients,
approximately 83.5% were diagnosed with invasive cancer, while 16.5% were diagnosed with
carcinoma in situ. It was confirmed that a somewhat smaller number of patients with carcinoma in
situ were recruited than the breast cancer statistics, but the number of invasive carcinoma patients
was similar to the breast cancer statistics.
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Figure 19. Correlation of histopathological classification with miRNA. (A) Distribution of miRNA
signatures in plasma of breast cancer patients DCIS, Ductal carcinoma in situ; IDC, Invasive ductal
carcinoma; ILC, Invasive lobular carcinoma; Mucinous, Mucinous carcinoma; Metaplastic,
Metaplastic carcinoma. (B) Distribution of miRNA signatures in plasma of patients with benign
breast diseases by histopathological classification

In Table 7, the histopathological classification of breast cancer patients revealed 5 cases of
DCIS (4.17%), 102 cases of IDC (85.00%), 5 cases of ILC (4.17%), 3 cases of Mucinous (2.50%),
4 cases of Metaplastic (3.33%), and 1 case of Phyllodes tumor (0.83%) The average miRNA
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signature for each histopathological subtype ranged from 0.597 to 0.899, with no statistically
significant difference observed (P = 0.451). Patients with benign breast diseases included various
pathologies such as atypical hyperplasia, fibroadenoma, intraductal papilloma, phyllodes tumor,
sclerosing adenosis, ductal hyperplasia, cystic and papillary apocrine metaplasia, lymphoid
follicular hyperplasia, and ulcer (Table 8). The miRNA signature for each pathology result did not
exhibit statistical significance (P=0.161, Fig. 19B).

1.5

% %k
ns ns |
3 J
< 1.0 —_
£
[
2
whd
L2
T
2 0.5+
o
0.0 ' T T
2 O 2
A\ &
\'bg 2 O&
Q & N
& 2 ©
X
N & &®
Q
A\ & Q2
< & o
*Q\ (¥id &
W S

Figure 20. Comparison of miRNA signatures at different stages of breast cancer development. The
number of cases at each stage of breast cancer development were as follows: Atypical hyperplasia
(n=4), Carcinoma in situ (n=5), and Invasive carcinoma (n=107). "ns" indicates statistically non-
significant results, "**" denotes p<0.01.

We further analyzed the miRNA signatures according to the pathological stage, focusing on
atypical hyperplasia, a precursor to breast cancer. The miRNA signature for atypical hyperplasia
was 0.466 (95% CI: 0.305 to 0.626), compared to 0.597 (95% CI: 0.087 to 1.110) for carcinoma in
situ and 0.792 (95% CI: 0.744 to 0.840) for invasive carcinoma (Table 7, 8). A statistically
significant difference was observed between atypical hyperplasia and invasive carcinoma (P <0.01,
Fig. 20). However, the imbalance in the number of subjects between the different pathological stages
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necessitates a cautious interpretation of the results. Future studies will focus on securing a
statistically significant number of samples evenly distributed across pathological stages to validate
the association between miRNA signature expression and breast cancer development stages.

3.6.5  Correlation with molecular subtype and Ki-67

In analyzing the correlation between molecular subtype and miRNA signature, statistically
significant differences were observed only in luminal A and triple-negative breast cancer (TNBC)
types (P < 0.05, Fig. 21A). However, among the 120 breast cancer patients, 53 (44.17%) were
diagnosed with TNBC, 21 (17.50%) with Luminal A, 21 (17.50%) with Luminal B, and 20 (16.67%)
with HER2-enriched breast cancer (Table 7). Given the potential for over-bias due to differences in
recruitment rates between groups, it is inconclusive to assert that the miRNA signature is statistically
significantly under-expressed in TNBC based solely on these results (Fig. 21A). In addition, as a
result of correlation analysis between the proliferation factor ki-67 and the miRNA signature, there
was no statistically significant difference (P= 0.385, Fig. 21B).

- 49 -



Molecular Subtype

ns
ns
|
ns | B
Ki-67
ns ns
159 1 | 157 ———
ns ns ns ns
X ns ns
9 o N M x —1r—
E“"TQ’? ®e 2 1.0 coe
2 |« T : (T 71
S g54-0--8 € & S o54-a-- B
2 : ) 2 L
o [ ] e ¢ o ® ° L]
®
‘ r
0.0 T T T f 1— 0.0 \' \' ;
V¥ L L W& AR
S LEN £
\<\ \<\ ‘\0 «
S & &
VoV g
&

Figure 21. Correlation of molecular subtype with miRNA signature. (A) Molecular subtyping result
with miRNA Signature. (B) Ki-67 expression with miRNA Signature. <15% is defined as a high
proliferation rate, and>15 % is defined as vice versa. "ns" denotes statistically non-significant results,
"*" denotes p<0.05.
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3.6.6  Clinical performance of miRNA signature with mammography.

This study examined the diagnostic utility of mammography alongside miRNA combination
analysis for the diagnosis of breast cancer. Mammography, the primary method for breast cancer
screening, often faces limitations in sensitivity, especially in dense breast tissue. This necessitates
further tests or risks missing additional diagnostics due to false negatives. To address these
challenges, we sought to determine if miRNA signature analysis could complement mammography
findings. We categorized mammography results using the BI-RADS classification system, focusing
on positive screening outcomes. BI-RADS category 0, indicating inconclusive findings requiring
additional testing, was deemed 'Negative' for our study. To summarize, in our study, we defined
'positive screening' as classifying only BI-RADS categories that recommend tissue biopsy. If a BI-
RADS category is determined as 0, indicating an 'Incomplete’. Since additional imaging rather than
biopsy is recommended as an additional test in this case, it was not determined to be suspected of
breast cancer at that time. Therefore, BI-RADS 0 was included in the 'negative' category for our
analysis. Mammography results receiving BI-RADS assessments of 4a, 4b, 4c, or 5 were considered
"positive," indicating suspicious or seen abnormalities. Conversely, assessments of 0, 1, 2, or 3 were
deemed "negative," suggesting incomplete or findings not suspicious of malignancy. Our analysis
centered on individual participants, with mammography results serving as the primary endpoint for
comparison with miRNA signature clinical performance. This approach enabled us to evaluate the
potential of miRNA signature analysis in augmenting mammography's diagnostic accuracy for
breast cancer.
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Figure 22. Comparison of clinical performance between miRNA signature and mammography
results. (A) The dot plot illustrates the analysis of mammography results alongside the criteria for
determining the miRNA Signature. The horizontal dotted line represents the threshold for
determining the miRNA Signature. Mammography results were categorized as positive when
classified as BI-RADS 4 or 5. (B) ROC curve comparing the diagnostic performance of
mammogram, miRNA combnation, and miRNA combination plus mammography. For determining
the performance of miRNA + mammography, a positive result was considered if either result was
positive. (C) Box and whisker plot comparing the clinical sensitivity of CAI15-3, CEA,
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mammography, miRNA signature, and mammography + miRNA signature in 82 breast cancer
patients with confirmed mammography results. Four patients with unconfirmed CA15-3 results and
three patients with unconfirmed CEA results were excluded from the analysis. (D) Graph comparing
the clinical sensitivity based on breast density in 116 breast cancer patients. The x-axis represents
breast density, with "Fatty" indicating Grade A, "Scattered" indicating Grade B, "Heterogeneous
dense" indicating Grade C, and "Extremely dense" indicating Grade D. The x-axis represents clinical
sensitivity.

To ascertain the potential mutual benefit of miRNA combination analysis for the cases of BI-
RADS 0, we assessed the recovery rates. A total of firty participants were assigned a BI-RADS 0
classification, consisting of 27 BC patients and 14 benign patients (Fig. 22A). By analyzing the
microRNA combination, 24 breast cancer patients (88.89%) were correctly identified as true
positives, and 13 cases with benign tumors (92.86%) were classified as true negatives (Table 11).
Following these results, even among confirmed breast cancer patients, the miRNA signature
reassessed these subjects based on mammography results, indicating mammography's potential
utility for subjects diagnosed with BI-RADS 0.

Table 11. Determination results of miRNA signatures for each subject according to mammography
results (BI-RADS).

Breast cancer patients Patients with benign breast disease
miRNA Signature miRNA Signature
expression expression
Mammograph
y N (%) L‘(’:/V:)N High,N (%) N (%) L‘(’:/V:)N High, N (%)
(BI-RADS)
0 27 (22.50) 3 (11.11) 24 (88.89) 14 (30.43) 13 (92.86) 1(7.14)
1 4 (3.33) 0 (0.00) 4 (100.00) 3(6.52) 3 (100.00) 0(0.00)
2 6 (5.00) 1 (16.67) 5(83.33) 5(10.87) 5(100.00) 0 (0.00)
3 18 (15.00) 2 (11.11) 16 (88.89) 4 (8.70) 3 (75.00) 1 (25.00)
4 32(26.67) 9(28.13) 23 (71.88) 6 (13.04) 5(83.33) 1 (16.67)
5 28 (23.33)  0(0.00) 28 (100.00) -
NA 5(4.17) 2 (40.00) 3 (60.00) 14 (30.43) 12 (85.71) 2 (14.29)

Furthermore, the diagnostic performance of mammogram, miRNA combination, and combined
assay was evaluated in 115 BC patients and 32 benign patients. ‘BI-RADS 4 and 5’ were classified
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as ‘positive’ for mammography, and in the integrated assay, a ‘positive’ result from either test was
interpreted as an ‘overall positive’. Results revealed an AUC value of 0.667 (95% confidence
interval: 0.585 to 0.743) for mammography, 0.888 (95% confidence interval: 0.825 to 0.934) for the
miRNA signature, and 0.849 (95% confidence interval: 0.781 to 0.903) for the combined assay (Fig.
22B). Figure 22C presents a comprehensive examination of diagnostic sensitivity, including CEA
and CA15-3. CEA and CA15-3 demonstrated very low sensitivities, both under 10%, for breast
cancer patients, while mammography showed a sensitivity of 52.17% (Fig. 22C). However, the
miRNA combination showed a significantly higher sensitivity of 86.96%, and the integrated analysis
reached 97.39%, affirming its diagnostic accuracy for breast cancer (Fig. 22C). Additionally, our
study investigated the relationship between the miRNA signature and dense breast tissue. A
retrospective analysis of breast density data from 120 breast cancer patients was conducted to
evaluate the diagnostic sensitivity of mammography, miRNA combinations, and integrated assays
in dense breast tissue. Breast density was confirmed in 116 out of 120 breast cancer patients.
Subjects with BI-RADS 6 or no information based on mammography findings were excluded from
the analysis. Accordingly, 116 breast cancer patients were compared (Fig. 22D). Our results
underscore significant differences in the sensitivity of mammography, miRNA combinations, and
integrated analyses across varying breast density grades. In dense breast grades C and D, the
sensitivities were analyzed as 54.08%, 86.73%, and 94.90%, respectively (Table 12). These findings
suggest the potential for mitigating the low sensitivity of mammography attributed to dense breast
tissue through the complementary use of miRNA signature analysis and combined assay.

Table 12. Clinical sensitivity of mammography, miRNA signature, and combined assay according
to breast density.

Sensitivity (%)
Breast Density N miR Signature P value
MAMMO miR Signature Combined assay
Each grade
A 4 0.650+0.254 75.00 (3/4) 75.00 (3/4) 100.00 (4/4)
(Fatty)
B 14 0.864+0.211 28.57 (4/14)  92.86 (13/14)  100.00 (14/14)
(Scattered)

C 0.382

84 0.790+0.244 50.00 (42/84)  86.90 (73/84) 94.05 (79/84)

(Heterogeneously dense)

D 14 0.762+0.243 78.57 (11/14)  85.71 (12/14) 100.00(14/14)

(Extremely dense)

Non-dense breast vs Dense breast

A,B 18 081650232 - 3889(718) 8889 (16/13) 10000 (18/18)
C,D 98 0.786+0.242 54.08 (53/98)  86.73 (85/98)  94.90 (93/98)
Total 116 0.791+0.240 51.72 (60/116) 87.07 (101/116) 95.69111/116)
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3.6.7 miRNA signature with ultrasound

The retrospective analysis of breast ultrasound data from 42 patients with confirmed benign
breast disease aimed to assess the potential of miRNA signature analysis in reducing unnecessary
tissue biopsies. The total number of participants with benign breast disease was 46, but information
on breast ultrasound was missing for 4 participants.

Table 13. Breast ultrasound results for patients with benign breast tumors who underwent tissue

biopsy.
miRNA signature expression
Ultrasound N (%)
(BI-RADS) Low, N (%) High, N (%)
0
1
2
3 12 (26.09) 11 (91.67) 1(8.33)
4or5 30 (65.21) 27 (90.00) 3 (10.00)
NA 4 (8.70) 3 (75.00) 1 (25.00)
Total 46 (100.00) 41 (89.13) 5(10.87)

Among the 42 patients with benign breast disease, the results of breast ultrasound were
retrospectively found that there were 30 cases (65.21%) with BI-RADS 4 or 5 readings, while 12
cases (26.09%) with BI-RADS 3 readings (Table 13). When breast ultrasound results were set as the
endpoint and evaluated from the perspective of positive diagnostic evaluation, the cutoff of breast
ultrasound was set to BI-RADS 4. Comparing the true negative and false positive rates of breast
ultrasound and miRNA signature analysis among the 42 patients with benign breast disease, it was
observed that 11 out of 12 benign patients with BI-RADS 3 readings were classified as true negatives
(91.67%) based on miRNA signature analysis. For the 30 subjects who underwent unnecessary
biopsies due to BI-RADS readings of 4 or higher, 27 cases (90.00%) were identified as true negatives
through miRNA signature analysis.
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Table 14. Comparison of clinical specificity of breast ultrasound and miRNA signature in subjects
confirmed to have benign breast disease through biopsy.

Patients with benign
breast tumor

BI-RADS from > Category 4 30
Ultrasound < Category 4 12
Total 42

Patients with benign
breast tumor

miRNA Signature Elevated 4
Not elevated 38
Total 42
Parameters Ultrasound miRNA signature
True negative rate 28.57% 90.48%
False positive rate 71.43% 9.52%

Considering the clinical utility, the introduction of miRNA signature analysis in the diagnostic
process for breast cancer could potentially classify 90.48% of patients diagnosed with benign breast
disease, who underwent unnecessary biopsies based on breast ultrasound, as true negatives (Table.
14). This suggests that miRNA signature analysis could significantly aid in the diagnostic process,
reducing unnecessary invasive procedures and improving patient care.
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4. DISCUSSION

Recent years have witnessed numerous attempts at liquid biopsies utilizing circulating
biomarkers like ctDNA and CTCs, often through whole-genome sequencing or DNA methylation
patterns (20,21,23,34,80). Despite advancements in technologies with improving detection limits,
developing a liquid biopsy that accurately reflects specific cancer characteristics, especially in early
diagnosis, remains an unresolved challenge (20,21,34). EVs, actively secreted and concentrated in
living tumor cells, offer a promising avenue (45). Their cargo, enriched and protected by a lipid
double-layer structure, presents them as potential circulating tumor biomarkers (29,30). Unlike other
liquid biopsy biomarkers, they are relatively immune to stability limitations and noise, making them
attractive for diagnostic purposes (40). Previous research has primarily concentrated on membrane
proteins, particularly tetraspanins (CD9, CD63, CD81, and so forth), which frequently become
overexpressed in EVs (40), our study stands out for discovering and analyzing surface biomarkers
that were not previously explored. Given the overexpression of specific membrane proteins in
diverse molecular subtypes of breast carcinoma, BEVs were successfully isolated using immune-
affinity technology and demonstrated significant potential. Their diagnostic performance in BEV
microRNA analysis surpassed that of miRNAs derived from tissue and TEV. The relatively high
sensitivity for early-stage breast cancer, particularly contrasting with previous studies, is highly
encouraging. Furthermore, our research went beyond traditional diagnostic analysis by confirming
the potential clinical utility of breast cancer diagnosis through complementary analysis of breast
imaging and miRNA signature. This not only supplements the sensitivity of breast imaging but also
enhances the specificity for benign breast conditions. Thus, our study underscores the potential
clinical utility of breast cancer diagnosis through these combined approaches. In this study, a
miRNA combination comprised of miR-21, miR-106b, miR-181a, miR-484, and miR-1260b in
BEVs exhibited upregulation in breast cancer patients compared to those with benign breast disease
and healthy individuals. The validity of the BEV-derived miRNA signature is supported by prior
studies on the distinct functions of these miRNAs in breast cancer, even if separation and analysis
of EVs derived from tumors are not yet ideally established. Breast cancer progression and metastasis
are influenced by miR-21, which suppresses tumor-suppressor genes like PTEN and PDCDA4,
thereby triggering the MEK/ERK and PI3K/AKT signaling pathways (81-84). Like miR-21, miR-
106b facilitates breast carcinoma growth by inhibiting PTEN, which enhances tumor invasion, cell
proliferation, and migration (85-89). Additionally, it activates the Rho/ROCKI1 pathway,
accelerating tumor progression (88). Breast cancer progression is associated with miR-181a-5p,
which targets PTEN, promotes myeloid-derived suppressor cell expansion, and drives tumor growth
(90,91). It also upregulates p-AKT levels, promoting cell proliferation and S phase entry, while
dysregulated TGF-p signaling increases its expression, leading to reduced apoptosis, increased cell
migration, and invasion (91). Yang et al. (92) conducted a review highlighting the conflicting
findings regarding the role of miR-181a-5p as a dual regulator. Specifically, the expression levels
of miR-181a in breast cancer patients relative to healthy individuals have been the subject of
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conflicting findings in several studies investigating miRNAs in blood. While some researchers
reported lower miR-181a level in breast carcinomas (93-96), others reported elevated levels (97).
Although there are reports indicating sufficient presence of miR-181a in EVs (92), research on its
function and overexpression in both blood and EVs is still in its nascent stages, and definitive
conclusions remain elusive. Thus, the expression of miR-181a-5p in the serum of breast cancer
patients remains controversial. However, it is well-established that miR-181a-5p is overexpressed
in breast cancer tissues, where it serves various functions, and is abundant in EVs (92). This suggests
that BEVs may provide a more accurate reflection of the microenvironment of breast cancer tissue
compared to TEVs. In our investigation, patients with benign breast diseases had considerably less
levels of miR-181a in their BEVs than did patients with breast cancer. Therefore, it is plausible that
miR-181a-5p is enriched to a greater extent in BEVs. By targeting KLF4 expression, miR-484 re-
sensitizes breast cancer cells that are resistant to tamoxifen (98). It is enriched in key pathways
implicated in breast carcinoma growth and is significantly upregulated in the plasma and serum of
breast cancer patients, suggesting its promise as a biomarker (98—-100). High levels of miR-1260b
expression are associated with reduced overall survival, greater invasiveness, higher tumor burden,
accelerated proliferation, and distant metastasis (101,102). MiR-2160b activates the MAPK
signaling pathway by targeting CCDC134, thereby promoting cancer cell migration, invasion, and
immune system evasion (101,103). In summary, these miRNAs are key factors targeting essential
genes and pathways involved in breast cancer development and invasiveness. The robust diagnostic
performance of miRNA candidates derived from BEV validates the BEV analysis method,
reinforcing its accuracy in detecting and characterizing onco-miRNAs associated with breast cancer

Beyond evaluating the diagnostic ability of the microRNA combination via the isolation of
BEV, we explored its potential clinical feasibility to enhance current breast cancer diagnostic
methods. Mammography is a vital tool for breast cancer screening because of its excellent clinical
specificity. (4,6,14,17). Mammography frequently produces false-negative outcomes in women with
dense breast tissue, considerably obstructing breast cancer detection and assessment and increasing
the likelihood of interval cancer (3,4). Therefore, our findings suggest that combining miRNA
analysis with mammography could address the issue of low clinical sensitivity in individuals with
dense breast tissue. Additionally, the clinical specificity of the microRNA combination in patients
with benign breast tumors referred for unnecessary biopsy confirmed its potential to compensate for
false positives due to radiological diagnosis. This disparity between radiological evaluation and
miRNA analysis proved problematic, given the lack of precedent for addressing such situations in
this area. In particular, comparing and analyzing clinical performance by focusing on the BI-RADS
0 category required a highly cautious approach. In our approach, we prioritized classifying imaging
findings as 'positive' if they were clearly malignant during the initial screening. This decision was
driven by the clinical context, where any positive result would prompt additional diagnostic
evaluations. As a result, the combined analysis of mammograms and microRNA was considered
'Positive' if either test yielded a positive results. Anticipating its potential application as a liquid
biopsy for screening purposes, we conducted a sensitivity-specificity analysis with a focus on
maintaining 99% clinical specificity. Under these stringent conditions, the clinical sensitivity was
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slightly reduced, a strategic measure aimed at minimizing false positives in real-world scenarios.
However, considering the reported mammography recall rate of approximately 5-12%(76-78),
adjusting the clinical specificity to 90% would result in a confirmed clinical sensitivity of 77.50%
(95% CI: 63.33 to 90.00). This suggests a promising potential for its use as a screening test. It is
worth noting that significant scope exists for improvement by incorporating other analytes such as
DNA, proteins, or metabolites of tumor-derived extracellular vesicle cargo along with this miRNA
signature. However, these findings have limitations that must be addressed through large-scale
clinical studies, so reaching a conclusion based solely on the study results is insufficient.
Consequently, we evaluated the diagnostic performance of the miRNA combination from BEV
isolates, reviewed its clinical feasibility, and evaluated its applicability in clinical situation. To our
knowledge, the combination of a single type of analyte has resulted in the best clinical diagnostic
performance reported. There is room for improvement if EVs are analyzed with various analytes,
and there is also the possibility of expansion to other tumors. We aimed to evaluate the clinical
feasibility of microRNA combinations, with confirmed performance through BEV, to determine
their potential in enhancing existing diagnostic methods. Our study's primary intent was not to
promote the direct implementation of this integrated assay in breast screening or to propose further
diagnostic interventions. Instead, our study validates the diagnostic value of miRNA combination
derived from BEV, demonstrates their possibility for diagnosis of breast cancer, and outlines future
study and clinical application possibilities

To solidify the 5-microRNA combination in BEV as a biomarker of breast carcinoma, certain
key discussions have remained. To begin, it is crucial to conduct an in-depth examination of miRNA
expression patterns in breast cancer. This investigation should clarify whether elevated microRNA
combinations are uniquely associated with breast cancer, or if additional contributing factors are
also involved. While this study limited demographic analysis to age, other factors—such as BMI,
smoking, alcohol use, menopausal status, and obstetric history—should also be included to explore
their possible contribution to the elevated microRNA signature in breast cancer patients. Second,
there is a bias in the patient population distribution. The breast cancer patients in this study were
spread across different TNM stages, histological types, and molecular subtypes, which could
introduce biases in the interpretation of results, warranting careful analysis. Third, the study's
approach to molecular subtypes presents limitations. The goal was to reflect tumor heterogeneity,
which is often overlooked in studies with lower sensitivity for breast cancer detection. By
incorporating EpCAM, CD49b, and CD51 in BEV separation through immunoaffinity, the study
aimed to capture this heterogeneity. While this approach showed higher clinical performance than
TEV-based diagnostic methods, it does not guarantee the capture of all breast cancer-specific EVs,
leaving room for missed EVs. In conclusion, the study suggests that selectively isolating EVs that
capture breast cancer heterogeneity for miRNA analysis offers a valuable method to enrich tumor-
derived EVs within the broader EV population in blood. This enables a multifaceted diagnostic
window, allowing for the analysis of nucleic acids, lipids, metabolites, and proteins within BEV
cargo.
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5. CONCLUSION

Our study focused on isolating EVs that precisely mirror the unique features of breast cancer,
aiming to complement current diagnostic strategies and enhance clinical performance over TEVs
and tissue-based methods. The miRNA signature from BEVs, consisting of oncogenic miRNAs,
outperformed those from TEVs and tissue in clinical performance, suggesting the strong potential
of our BEV-derived analysis. In contrast to ctDNA analysis, which faces certain limitations, our
approach offers several improvements. Firstly, our method enhances the detection limit, particularly
in early-stage tumors where ctDNA expression is minimal. EV-based testing capitalizes on the
enrichment of tumor-related molecules within EVs, overcoming the sensitivity limitations of ctDNA
assays in early-stage cancer detection. Secondly, our approach offers greater stability. Unlike ctDNA,
which is prone to degradation in the bloodstream due to clearance mechanisms, EVs are protected
by a double-layer phospholipid membrane and exhibit prolonged stability during sampling and
storage. This enhanced stability facilitates practical clinical applications, positioning EV-based
testing as a more reliable option compared to ctDNA-based methods. Thirdly, our method enhances
specificity. ctDNA assays often suffer from a high false positive rate due to the presence of
mutations originating from clonal hematopoiesis of indeterminate potential (CHIP) in the blood,
particularly in aging individuals. However, EVs encapsulate intracellular molecules and are shielded
by endosomes during release, minimizing the presence of CHIP-related mutations in circulating
samples and thereby reducing the risk of false positives.

Indeed, leveraging the advantages offered by EVs, we plan to broaden our approach to
encompass multi-omics analysis, aiming to identify additional biomarkers that are enriched and
protected within BEVs. By expanding our research in this direction, we will aim to enhance
sensitivity while maintaining a specificity of 99%. To ensure the dependability of our data, we will
implement a research strategy that minimizes sampling bias and validates our results over numerous
patient cohorts. Through these efforts, we seek to strengthen the robustness of our data and establish
the diagnostic value of BEV-derived biomarkers with confidence. This study highlights the clinical
significance of tumor-specific liquid biopsy strategies, demonstrating improved results via the
collection and evaluation of tumor-derived extracellular vesicles (EVs).
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Abstract in Korean

FHY AGS 1EsH7] s T4 FH AEY A¥A U 5-
miRNA A|2YA T2aAdd AH A JA4F 29

AqAAcz fehe @48t A =4S B 49 27 A&l
sOPAI AFE Y f1go] Wws] Aaskylth v, Gt e Adfow
AT 4 F7H A daE A% =ded AH F7F T AV EA s
24 BAS A TG olAdE Rigste @A S olE weety] S%
MANGAR] MALE A&EHo0T QFHIL Qv FA4aHY] BAE AEE F Qe
710 Bk =k, 53] 7] Gl 54 e SAS AFs] sk
Al AR AL obd sfdHA k2 FAolt. TYER fde FEEY
LA 54E 2y A wdsks H8Y Al AES] x4 29 9 B4E
SRR A A e Edstn 71 Uy div] 94E Adess e AS
SEE Y. Y 2Aetde 29 5 3l EpCAM, ITGAZ, ITGAV =
E=dste]l WS wd Ud AU Axsl 2xAE Festa s
W miRNA & #4180 #H29 I 235 FHFoeH, d&d d g Ad 2
71 A AT AN dAE BestuAt sl

T 211 H(HEed A 120 @, §F FdAS ) 46 &, Az 45 DS
o2 5-miRNA A 24 (miR—21, miR—106b, miR—181a, miR—484, miR—
1260b) 2] A dess AT A3, 44 UPEE 85.83%, 9AA Solke
84.62%% 2™, AUC & 0.908 = AEFEATE 283l TNM 7]l met 973
UAEE 82.35%, 87.72%, 91.67%= Aol wzh, 7] F44 7)o dist

&

o] ] J

= b e}

OlA WMZEE 97.39%% A EQuh I rEYg <4 Ay BI-RADS ZHH| ag
0 & YA ZF Aol thdk miRNA A2y 2] kA5 88.89%°]% 1,
dl HO]-

= 9286%% EAWSIT ol fEol Ad  fFel Wish miRNA
2

AlaYA e FHEds 393 249 I8 UdEE 94.90%% A EHoH,
EA Q% 2HHAAS e fAd A Fxbe] thal miRNA Al 21U A9 IS &S
90.48%= A E AEHor $8 ATt dAY Y Aks nesr] )
T I SAS Wrde AAAAHES destel ddE 2AE AAESH
e e Al axA FE SAWHS FE 7S W ooy =2 ddF
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