
Citation: Khadka, V.S.; Nasu, M.;

Deng, Y.; Jijiwa, M. Circulating

microRNA Biomarker for Detecting

Breast Cancer in High-Risk Benign

Breast Tumors. Int. J. Mol. Sci. 2023,

24, 7553. https://doi.org/10.3390/

ijms24087553

Academic Editor: Mohamed

Raafat El-Gewely

Received: 23 March 2023

Revised: 13 April 2023

Accepted: 18 April 2023

Published: 20 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Circulating microRNA Biomarker for Detecting Breast Cancer
in High-Risk Benign Breast Tumors
Vedbar S. Khadka , Masaki Nasu, Youping Deng * and Mayumi Jijiwa *

Department of Quantitative Health Sciences, John A. Burns School of Medicine, University of Hawaii,
651 Ilalo Street, Honolulu, HI 96813, USA; vedbar@hawaii.edu (V.S.K.); mnasu@hawaii.edu (M.N.)
* Correspondence: dengy@hawaii.edu (Y.D.); jijiwa@hawaii.edu (M.J.); Tel.: +1-808-692-1664 (Y.D.);

+1-808-692-1670 (M.J.)

Abstract: High-risk benign breast tumors are known to develop breast cancer at high rates. However,
it is still controversial whether they should be removed during diagnosis or followed up until cancer
development becomes evident. Therefore, this study sought to identify circulating microRNAs
(miRNAs) that could serve as detection markers of cancers arising from high-risk benign tumors.
Small RNA-seq was performed using plasma samples collected from patients with early-stage
breast cancer (CA) and high-risk (HB), moderate-risk (MB), and no-risk (Be) benign breast tumors.
Proteomic profiling of CA and HB plasma was performed to investigate the underlying functions
of the identified miRNAs. Our findings revealed that four miRNAs, hsa-mir-128-3p, hsa-mir-421,
hsa-mir-130b-5p, and hsa-mir-28-5p, were differentially expressed in CA vs. HB and had diagnostic
power to discriminate CA from HB with AUC scores greater than 0.7. Enriched pathways based on
the target genes of these miRNAs indicated their association with IGF-1. Furthermore, the Ingenuity
Pathway Analysis performed on the proteomic data revealed that the IGF-1 signaling pathway was
significantly enriched in CA vs. HB. In conclusion, these findings suggest that these miRNAs could
potentially serve as biomarkers for detecting early-stage breast cancer from high-risk benign tumors
by monitoring IGF signaling-induced malignant transformation.

Keywords: breast cancer; benign breast tumor; high-risk benign breast lesion; plasma; miRNA
biomarker; proteomics; IGF-1

1. Introduction

Due to advancements in breast cancer screening technology and increased awareness
of breast cancer screening, the incidence of female invasive breast cancer has been increasing
by approximately 0.5% per year since the mid-2000s. Meanwhile, the use of evolving
treatment strategies such as neoadjuvant therapy and novel molecularly targeted agents
has contributed to a decrease in breast cancer mortality rates [1]. Mammography is the most
commonly used noninvasive and relatively inexpensive diagnostic tool for breast cancer
screening. If an abnormality is found, a core needle biopsy (CNB) is generally performed
for tissue diagnosis unless the lesion is identified on imaging as a typical no-risk benign
tumor. For overtly malignant lesions diagnosed by CNB, there are well-defined standard
protocols for patient management, including resection and multimodal therapy. However,
for high-risk benign lesions, such as atypical ductal hyperplasia (ADH), atypical lobular
hyperplasia (ALH), and Lobular Carcinoma In Situ (LCIS), there is still no consensus on
optimal patient management despite decades of exhaustive research.

Breast tumors that are histopathologically diagnosed as certain benign breast con-
ditions have varying levels of breast cancer risks. Proliferative lesions without atypia,
such as ductal hyperplasia (without atypia), complex fibroadenoma, sclerosing adenosis,
papilloma, or radial scar, are considered moderate-risk and double the risk when compared
to no-risk benign lesions. Meanwhile, ADH and ALH increase the risk of developing Ductal
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Carcinoma In Situ (DCIS) and invasive breast cancer by 4–5 folds, making them high-risk
lesions [2,3]. Moreover, high-risk benign lesions diagnosed with CNB have a non-negligible
rate of coexisting cancer in the resected tissue, called “upgrade”, with reported mean
upgrade rates of 23%, 13.4%, and 19.8% for ADH, ALH, and LCIS, respectively [4]. Hence,
National Comprehensive Cancer Network guidelines 2021 recommend surgical excision of
these lesions upon identification by CNB [5]. However, the absolute risk of breast cancer in
women with ALH and ADH is approximately 1–2%/year, and for LCIS, it is 2%/year [6–8].
Coopey et al. estimated a 10-year risk of breast cancer of 21% in women with high-risk
benign lesions [6], and Hartmann et al. found a cumulative incidence of 30% for invasive
breast cancer after 25 years of follow-up in those with these lesions [9,10]. Therefore,
surveillance with careful monitoring may be a viable option for patients who wish to delay
surgery until significant changes occur in imaging or clinical findings. Several studies
have provided evidence for the selection of patients with high-risk benign lesions who can
qualify for close clinical observation with imaging [11–16]. Indeed, 1–3% of patients refuse
immediate surgery despite the high incidence of cancer [17,18]. This underscores the urgent
need for more sensitive and specific biomarkers to detect breast cancer in high-risk benign
lesions and complement mammography. Currently, there is no blood-based biomarker that
can be used to diagnose cancer as well as benign tumors in terms of the cancer risk level.
Such biomarkers could provide a new approach to the management of high-risk benign
lesions, mitigating the difficulty in managing these conditions.

Tumor-derived miRNAs present in readily accessible blood samples can serve as
circulating biomarkers for detecting cancer [19]. These small non-coding RNAs are stable
in the bloodstream and play key roles in post-transcriptional gene regulation [20,21]. The
dysregulation of miRNA expression can result in the clinical progressions of cancer through
various biological processes such as cell proliferation, differentiation, and apoptosis [22].
In recent years, extensive research has been conducted on the use of miRNAs as diagnostic
and therapeutic biomarkers in breast cancer liquid biopsies. According to Arun et al., breast
cancer subtypes exhibit different dysregulation in miRNA expression [23]. They speculated
on the potential use of miRNAs not only as diagnostic and prognostic biomarkers but also
as novel targets specific to breast cancer subtypes. It is possible that miRNAs may play a
similar role in benign breast tumors.

In this study, we sought to identify miRNA biomarkers that focus on the detection
of cancer development in high-risk benign tumors. To achieve this, we profiled miRNAs
in plasma samples obtained from patients with breast cancer and varying risk levels of
benign tumors. We identified several miRNAs that were differentially expressed and had
diagnostic potential in discriminating between early-stage breast cancer and high- or no-
risk benign tumors. Additionally, we investigated the association between these miRNAs
and circulating proteins using a bioinformatic approach. The results suggested that these
miRNAs have the potential to monitor the progression of high-risk benign tumors into
cancer induced by the IGF signaling pathway.

2. Results
2.1. Plasma Sample Characteristics

A total of 36 plasma samples comprising the cohort included the following four breast
tumor groups: CA (n = 9), HB (n = 14), MB (n = 4), and Be (n = 9) (Supplementary Table S1).
The age of the subjects ranged from 38 to 73 years, and their BMI ranged from 18 to 39. The
mean age of each group was 54.2 to 59.2 years. The mean BMI of each group was 26 to 28.9,
which fell into the overweight category for women (BMI: 25–29.9). Both age (p = 0.873)
and BMI (p = 0.415) were not significantly different among the groups. In the cohort, 17
subjects had never smoked, while 15 were former or current smokers. Eight of nine subjects
in the CA group were current or former smokers, whereas 10 of 14 in the HB group, one
of four in the MB group, and five of nine in the Be group had no smoking history. The
CA samples were further classified by pTNM-Stage (Stage 0 = 1, Stage I = 8), Grade (I = 5,
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III = 3, not available = 1), and Subtype (Luminal A; ER/PR positive, HER2 negative = 5,
Triple Negative; ER/PR/HER2 negative = 4) (Supplementary Table S1).

2.2. Profiling of Differentially Expressed miRNAs in the Plasma of CA, HB, MB vs. Be

The mapping statistics of several small RNAs were explored, among which miRNAs
from miRBase (https://www.mirbase.org (accessed on 15 January 2023)) were mostly
detected at an average of 88–92% variation in all four groups. In addition to miRNAs,
the distribution of several RNA types was detected, including rRNA, snoRNA (small
nucleolar RNA), snRNA (small nuclear RNA), tRNA, vRNA (vault RNA), yRNA, and a
few percentages of other RNAs and unassigned reads (Figure 1A). We first performed
miRNA expression profiling on CA vs. Be, HB vs. Be, and MB vs. Be and identified
76 differentially expressed miRNAs (Figure 1B). Among the 76 miRNAs, 10, 6, and 51
miRNAs were specific to CA, HB, or MB vs. Be, respectively, while three were common
in CA, HB, and MB vs. Be (Figure 1B). The expression patterns of these 76 miRNAs were
presented in a heatmap (Figure 1C). Nine out of the 76 miRNAs, namely, hsa-mir-18a-5p,
hsa-mir-20a-5p, hsa-mir-99a-5p, hsa-mir-141-3p, hsa-mir-200a-3p, hsa-mir-215-5p, hsa-mir-
361-3p, hsa-mir-362-5p, and hsa-mir-3613-5p, were differently expressed in at least two
comparisons (Table 1). The three miRNAs common in all comparisons were hsa-mir-141-3p,
hsa-mir-200a-3p, and hsa-mir-215-5p, which were all down-regulated in CA, HB, or MB
with respect to Be (Table 1, Supplementary Table S2). These three miRNAs were found
to be linked with breast cancer as per miRNA-disease target association using miRNet
(Figure 1D).
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Figure 1. Plasma small RNA profiling. (A) Stacked bar plot shows the distribution of RNA species
based on the percentage of mapped reads in each group. (B) Venn diagram represents the number
of differentially expressed miRNAs in CA vs. Be, HB vs. Be, and MB vs. Be. A total of 76 miRNAs
were differentially expressed in at least one comparison, while three of them were common in all.
(C) Heatmap of the 76 differentially expressed miRNAs. (D) The miRNA-disease target network
highlighted that three overlapped miRNAs were associated with breast cancer.
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Table 1. Differentially expressed miRNAs in multiple comparisons of CA, HB, MB vs. Be.

miRBase ID MirGeneDB ID CA vs. Be HB vs. Be MB vs. Be

hsa-mir-18a-5p Hsa-Mir-17-P2a_5p Down Up

hsa-mir-20a-5p Hsa-Mir-17-P4a_5p Down Up

hsa-mir-99a-5p Hsa-Mir-10-P2c_5p Up Down

hsa-mir-141-3p Hsa-Mir-8-P2b_3p Down Down Down

hsa-mir-200a-3p Hsa-Mir-8-P2a_3p Down Down Down

hsa-mir-215-5p Hsa-Mir-192-P1_5p Down Down Down

hsa-mir-361-3p Hsa-Mir-361-v1_3p* Up Up

hsa-mir-362-5p Hsa-Mir-362-P1_5p Up Up

hsa-mir-3613-5p Hsa-Mir-3613_5p Up Up
Note: The bold miRNAs were common and down-regulated in CA, HB, MB vs. Be.

2.3. Profiling of Differentially Expressed miRNAs in the Plasma of CA vs. HB

To identify miRNAs that can detect cancer in high-risk benign breast tumors, we pro-
filed miRNAs that were differentially expressed between CA and HB. A total of 15 miRNAs
were identified as differentially expressed in CA vs. HB, among which six were up- and
nine were down-regulated in CA with respect to HB (Table 2, Figure 2A, Supplementary
Table S2D). Of the 15 miRNAs, only 10 appeared to coincide in the list of 76 differentially
expressed miRNAs that were significant against no-risk benign as control. The target genes
of these 15 miRNAs were further explored from the proteomic study.Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 15 
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Table 2. Differentially expressed miRNAs in CA vs. HB.

miRBase ID MirGeneDB ID CA vs. HB 1 Common in 76

hsa-mir-15a-5p Hsa-Mir-15-P1a_5p Down Yes

hsa-mir-19b-3p (19b-1) Hsa-Mir-19-P2a_3p Down Yes

hsa-mir-19b-3p (19b-2) Hsa-Mir-19-P2c_3p Down Yes

hsa-mir-20a-5p Hsa-Mir-17-P4a_5p Down Yes

hsa-mir-28-5p Hsa-Mir-28-P1_5p Up No

hsa-mir-99a-5p Hsa-Mir-10-P2c_5p Up Yes

hsa-mir-122-5p Hsa-Mir-122_5p Up Yes

hsa-mir-128-3p Hsa-Mir-128-P1_3p Down Yes

hsa-mir-130a-3p Hsa-Mir-130-P1c_3p Down Yes

hsa-mir-130b-5p Hsa-Mir-130-P4a_5p Up No

hsa-mir-185-5p Hsa-Mir-185_5p Down No

hsa-mir-421 Hsa-Mir-95-P2_3p Down Yes

hsa-mir-424-5p Hsa-Mir-15-P1c_5p Down No

hsa-mir-877-3p Hsa-Mir-877_3p* Up No

hsa-mir-885-5p Hsa-Mir-885_5p Up Yes

Note: 1 Common in 76 miRNAs represents those significantly different against no-risk benign as control.

2.4. Plasma Proteome Profiling in Breast Cancer and High-Risk Benign Tumors

To detect the proteins involved in cancer development in high-risk benign breast
tumor, CA and HB samples were subjected to proteomics. Proteomics data analysis in
CA and HB detected 422 proteins, and seven proteins were differentially expressed in CA
vs. HB. Among the seven proteins, two proteins (MMRN1, CORO1A) were up- and five
proteins (PZP, SLC4A1, LAMB1, NAGLU, PRDX1) were down-regulated in CA vs. HB
(Figure 2B). Moreover, out of the 422 expressed proteins, 72 were identified as targets of
15 differentially expressed miRNAs in CA vs. HB based on miRPath. Spearman correlation
between 72 target proteins and 15 differentially expressed miRNAs resulted in 39 proteins
having at least one significant association with one of the miRNAs (Supplementary Table
S3). In CA, PZP, KRT2, C1RL, LAMB1, and NRP1 were significantly associated with three
or more miRNAs, while in HB, FLNA, SPTB, TGFBI, ITGB3, LTF, PKM, and ACTBL2 were
significantly associated with three or more miRNAs. FLNA and LTF were significantly
correlated only in HB. IGF-1 and IGFBP3 were among the 39 proteins. Heatmaps of
correlation coefficients for the 39 proteins and 15 miRNAs in CA and HB were shown in
Figure 2C,D.

2.5. Building and Evaluating Diagnostics Models

To determine the diagnostic efficacy of differentially expressed miRNAs, several mod-
els were built using logistic regression with 10-fold cross-validation on log2 transformed
DESeq2 normalized expression data. The three miRNAs (hsa-mir-215-5p, hsa-mir-200a-3p,
and hsa-mir-141-3p) common in all comparisons against Be, both individually or as a pair,
had at least 70% diagnostic power to discriminate CA from Be. Additionally, among the
15 differentially expressed miRNAs in CA vs. HB, four miRNAs (hsa-mir-128-3p, hsa-mir-
130b-5p, hsa-mir-28-5p, and hsa-mir-421) and their pairs showed above 70% diagnostic
power to discriminate CA from HB. All potential miRNAs with their performance pa-
rameter such as TP Rate, FP Rate, Precision, Recall, F-Measure, and AUC to discriminate
early-stage cancer either from no-risk or high-risk were measured (Table 3).
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Table 3. Potential miRNA biomarkers to detect cancer in no- and high-risk benign breast tumors.

miRBase ID TP Rate FP Rate Precision Recall F-Measure AUC

CA vs. Be

hsa-mir-215-5p 0.667 0.222 0.750 0.667 0.706 0.790
hsa-mir-200a-3p 0.667 0.444 0.600 0.667 0.632 0.716
hsa-mir-141-3p 0.667 0.333 0.667 0.667 0.667 0.741

hsa-mir-215-5p + hsa-mir-200a-3p 0.667 0.333 0.667 0.667 0.667 0.778
hsa-mir-215-5p + hsa-mir-141-3p 0.556 0.222 0.714 0.556 0.625 0.753

CA vs. HB

hsa-mir-128-3p 0.444 0.214 0.571 0.444 0.500 0.722
hsa-mir-130b-5p 0.667 0.143 0.750 0.667 0.706 0.746

hsa-mir-28-5p 0.667 0.143 0.750 0.667 0.706 0.841
hsa-mir-421 0.556 0.286 0.556 0.556 0.556 0.714

hsa-mir-28-5p + hsa-mir-421 0.444 0.286 0.500 0.444 0.471 0.746
hsa-mir-130b-5p + hsa-mir-28-5p +

hsa-mir-421 0.667 0.214 0.667 0.667 0.667 0.770

2.6. miRNA Functional Analysis

The four potential miRNA biomarkers (hsa-mir-28-5p, hsa-mir-128-3p, hsa-mir-130b-
5p, and hsa-mir-421) that were able to discriminate CA from HB were subjected to pathway
and network analyses. These four miRNAs targeted 1162 genes, and the Pathways in Cancer
was the most significantly enriched KEGG pathway (adj p-value < 0.001) with 45 target
genes (Figure 3A). IGF-1, which is known to promote cancer cell growth and proliferation,
was targeted by all four miRNAs in the miRNA-target network (Figure 3A). Reactome
analysis was conducted to determine the roles of the target genes. The top 10 statistically
significant (adj p-value < 0.01) groups included Cellular responses to stress (40 genes),
Signaling by ERBB4 (27 genes), Gene Expression (95 genes), Diseases of signal transduction
(36 genes), Signaling by PDGF (29 genes), Signaling by SCF-KIT (24 genes), Downstream
signal transduction (26 genes), Disease (74 genes), Signaling by ERBB2 (25 genes), and
Cellular Senescence (24 genes) (Figure 3B). Interestingly, IPA within the proteomic study
also showed that the IGF-1 signaling pathway was most significantly enriched in CA vs.
HB (Figure 3C), which was consistent with the results of miRNA network analysis.Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 15 
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3. Discussion

The incidence of breast cancer in high-risk benign breast tumors is approximately four
to five times higher than that in no-risk benign tumors [24]. However, despite decades of
ongoing investigative efforts, there is still no clear consensus on whether immediate surgery
or imaging surveillance should be considered during diagnosis [25]. Given this situation,
we aimed to identify plasma-based biomarkers to serve as a companion tool for optimal
treatment selection. Specifically, this study sought to identify biomarkers (1) to examine
the presence of cancer when high-risk benign breast tumors are diagnosed and (2) to detect
the onset of cancer as early as possible during surveillance if surgery is not performed.

In this study, plasma miRNAs from female Caucasian patients with early-stage breast
cancer and high- to no-risk benign tumors were profiled. Among the miRNAs that were
differentially expressed in tumors with malignant potential compared to those without
risk, we identified three miRNAs: hsa-mir-215-5p, hsa-mir-200a-3p, and hsa-mir-141-3p.
The miRNA-disease target network analysis linked these miRNAs to breast cancer, and
they were all down-regulated in CA, HB, and MB when compared to Be. These findings
suggested their potential role in the antineoplastic transformation of tumor cells. Moreover,
they had a diagnostic power above 70% (AUC > 0.7) to discriminate early cancer from
no-risk benign.

In support of our findings, several studies have shown that hsa-miR-215-5p acts as a
tumor suppressor in certain cancers. Gao et al. reported that hsa-miR-215-5p suppresses
the aggressiveness of breast cancer cells by targeting Sox9 and is down-regulated in breast
cancer with respect to normal tissues [26]. In colorectal cancer (CRC), Cheng et al. reported
that hsa-mir-215-5p is bound to E2F1/3, resulting in cell cycle arrest during the G0/G1
phase [27]. Wang et al. suggested that low miR-215 expression was significantly associated
with high TRAF5 expression, leading to the development of CRC by affecting the tumor
microenvironment, including the cytokine level [28].

Notably, both hsa-mir-200a-3p and hsa-mir-141-3p are two of the five members of the
miR-200 family (miR-200a, miR-200b, miR-200c, miR-141, and miR-429) sharing the same
seed sequence “AACACUG” [29]. Several studies have been conducted on circulating
miR-200 family transcripts as diagnostic and prognostic biomarkers of breast cancer in both
tissue and serum. In a review from Fontana et al., the miR-200 family was consistently found
to be down-regulated in the tissues of more aggressive molecular variants of breast cancer,
which is indicative of its well-known function as a repressor of epithelial–mesenchymal
transition (EMT) events, an important mechanism by which tumor cells can exhibit more
mobile phenotypes to metastasize [30]. However, in contrast to tissue expression patterns,
the behavior of circulating miR-200 family genes is inconsistent. Several studies have
shown that the miR-200 family is up-regulated in the serum of patients with breast cancer
metastasis compared to those without [31,32]. In contrast, Wu et al. reported that serum
miR-200a-3p was down-regulated in patients with stage I or II cancer compared to healthy
controls [33], and Antolin et al. reported that the levels of miR-141-3p in unfractionated
blood samples did not differ significantly between cancer and control groups [34].

Among 15 miRNAs that were differentially expressed in CA vs. HB, four had diagnos-
tic power above 70% (AUC > 0.7) to discriminate early-stage cancer from high-risk benign
breast tumors. These miRNAs, hsa-mir-128-3p and hsa-mir-421, were down-regulated,
whereas hsa-mir-130b-5p and hsa-mir-28-5p were up-regulated in CA. In several studies,
hsa-mir-128-3p was reported to be involved in EMT through the TGF-β1 signaling pathway
and in the regulation of cancer stem cells through the Wnt signaling pathway [35,36]. Pre-
clinical studies have demonstrated that the down-regulation of miR-128-3p promotes breast
cancer metastasis and maintains stemness [35,37]. As a tumor suppressor, miR-128-3p halts
cells at the G0/G1 phase by affecting the levels of cyclin-dependent kinases (CDKs) and
cyclin proteins [38]. The expression level of miR-128-3p was lower in breast cancer tissues
than in adjacent normal tissues [35] and was much lower in the plasma samples from breast
cancer patients than from fibroma patients and healthy controls [37]. These results provide



Int. J. Mol. Sci. 2023, 24, 7553 8 of 14

a mechanistic explanation of the possible importance of mir-128-3p as a biomarker for the
malignant transformation of benign tumors.

Hsa-miR-421 has been reported to exhibit both carcinogenic and tumor-suppressive
properties in many types of cancers. Pan et al. reported the down-regulation of miR-421
in breast cancer tissues and metastatic cell lines [39]. They demonstrated that miR-421
suppresses breast cancer metastasis by directly inhibiting the expression of Metastasis
Associated 1 (MTA1). In contrast, Hu et al. reported a higher expression of miR-421 in
breast cancer tissues than in adjacent non-tumor tissues and found that it promotes cell
proliferation and colony formation in vitro [40]. Similarly, Wang et al. found significant
up-regulation of miR-421 in breast cancer tissues and suggested that it promotes breast
cancer cell proliferation and migration by suppressing the expression of Programmed
Cell Death 4 (PDCD4) [41]. Chen et al. examined plasma mir-421 levels in patients with
gastric cancer or precancerous lesions using an experimental design that closely resembled
ours [42]. They found that mir-421 levels were significantly higher in the plasma of Stage I
cancer patients than in that of precancerous patients. Although their results contradicted
ours, it demonstrates both the potential of miR-421 in plasma to detect early-stage tumors
and the importance of cellular context when considering new liquid biopsy candidates.

In breast and gastric cancer, hsa-mir-130b-5p has been reported to promote tumori-
genesis [43,44]. Miao et al. found it to be up-regulated in breast cancer tissues compared
to adjacent tissues, which was consistent with our study in plasma. They observed that it
inversely regulated PTEN expression and promoted tumor growth in a mouse xenograft
model [43]. Wang et al. reported significantly higher serum hsa-mir-130b-5p levels in
early-stage breast cancer patients than in control groups, including benign breast diseases
and healthy individuals [45]. They found that serum hsa-mir-130b-5p levels decreased after
tumor resection. Zhang et al. reported similar results, showing higher serum hsa-mir-130b-
5p levels in patients with hepatocellular carcinoma compared to healthy controls, and the
levels decreased after surgery [46].

Products of the miR-28 family can act as tumor suppressors or oncogenes in a variety
of malignancies, even in the same type of malignancy, by modulating gene expression and
the downstream signaling network [47]. In breast cancer, only tumor suppressive effects
have been reported to date [48–50]. Circulating levels of hsa-mir-28-5p have not been
reported in breast cancer but have been confirmed to be down-regulated in lung, prostate,
and renal cell carcinoma [51–53]. McDonald et al. reported that the plasma mir-28-5p level
was significantly lower in high-grade prostate cancer patients, distinguishing them from
low-grade cases [53]. In our study, we found mir-28-5p to be up-regulated in breast cancer
plasma when compared to high-risk benign plasma and may represent its possible role as
an oncogene in the circulatory context.

Network analysis revealed that these four miRNAs target IGF-1. Remarkably, the
IPA analysis from the proteomic study using the same plasma samples also identified
IGF-1 signaling as the top canonical pathway enriched in CA vs. HB. Several studies have
reported that high levels of blood IGFs are associated with an increased risk of breast
cancer [54–59]. IGF-binding protein (IGFBP) is one of the key regulators of IGF signaling as
it functions as a reservoir of serum IGFs [54–57,59,60]. Based on these studies, increased
levels of circulating IGF-1 and IGFBP3 are considered risk factors for breast cancer. In
the clinical trial led by Dr. Carol Fabian (ClinicalTrials.gov Identifier: NCT00291096),
serum IGF-1/IGFBP3 levels were explored to determine the relative predictive value of
the established risk biomarkers for the development of DCIS and/or invasive cancer. In
our study, correlation analysis on CA and HB found that the four miRNAs were highly
correlated with IGF-1, IGFBP3, and IGF2R, a negative regulator of IGF signaling. Therefore,
we anticipated that the four miRNAs would play an important role in the development
of cancer in high-risk benign tumors via the IGF axis. This finding further supports the
reliability of these miRNAs as biomarkers for detecting cancer in high-risk benign tumors.

miRNAs are regulated by different genes and signaling pathways and are affected
by tumor subtypes and the state of the disease at the time. When multiple miRNAs are
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combined, their effects may become more complex and difficult to predict than the effects
of a single miRNA. This can lead to a decrease in the overall predictive power of the model.
Additionally, adding features may lead to a drop in AUC scores in a logistic regression
model due to overfitting.

Both smoking and overweight are known risk factors for breast cancer [61,62]. In our
cohort, the mean BMI for all groups fell into the overweight range, and there were no
significant differences between groups. Due to the small sample size, we did not analyze
the association between BMI and miRNA expression. As for smoking, 89% of CA had a
smoking history, compared to 21% of HB, 25% of MB, and 56% of Be. No clear correlation
was found between cancer risk and the smoking rate.

In our study, we recognize that the small sample size is one of the main limitations.
Additionally, our study lacked a validation patient cohort. Despite these limitations, our
study identified useful miRNA biomarkers that could differentiate early-stage cancer from
no-risk or high-risk benign tumors. To reduce false positives, we only considered miRNA
markers selected from at least two statistical analyses, and several previous studies further
confirmed their important roles in tumorigenesis. Moreover, we found an association be-
tween these biomarkers and IGF-1/IGFBP3, which enhances their credibility as biomarkers
for cancer detection in high-risk tumors. Nevertheless, we believe that these biomarkers
need to be further evaluated on a larger number of plasma samples to validate their use in
clinical practice.

In summary, we identified circulating hsa-mir-128-3p, hsa-mir-421, hsa-mir-130b-
5p, and hsa-mir-28-5p as potential biomarkers to detect cancer developed in high-risk
benign breast tumors. They could be developed into reliable liquid biopsy biomarkers
and companion tools for screening by mammography, MRI, and ultrasound to determine
cancer risk.

4. Materials and Methods
4.1. Plasma Sample Preparation

A total of 36 plasma samples collected from Caucasian females were obtained from the
Corewell Health Biorepository (Grand Rapids, MI, USA) on behalf of Accio BiobankOnline
(Suffolk, UK). These samples included 9 CA, 14 HB, 4 MB, and 9 Be. All plasma samples
were purified from blood collected before surgery or systemic treatment. The blood was
collected in a vacutainer tube containing EDTA anticoagulant and immediately transported
to the laboratory. The tube was centrifuged at 3500 rpm at 23 ◦C for 10 min. The separated
plasma was transferred to cryovials. The cryovials were placed in a freezer puck and frozen
at −80 ◦C overnight. The cryovials were then removed from the freezer puck and stored
at −80 ◦C.

4.2. Total RNA Isolation from Plasma

The total RNA was purified from 200 µL of plasma using the miRNeasy Serum/Plasma
Kit (QIAGEN). The RNA was eluted with 14 µL of nuclease-free water, and 1 µL of RNase
inhibitor was added. The RNA quality and concentration were determined by using the
Agilent 2100 Bioanalyzer.

4.3. Small RNA-seq Library Preparation

Library preparation was performed by the Genomics and Bioinformatics Shared
Resource (GBSR) at the University of Hawaii Cancer Center (UHCC). The QIAseq miRNA
Library Kits (QIAGEN) and the QIAseq miRNA NGS 12 Index IL (QIAGEN) were used
following the manufacturer’s instructions. The quality of the libraries was validated by the
Agilent 2100 Bioanalyzer using a high-sensitivity DNA chip. Finally, the generated libraries
were sequenced using the Illumina NextSeq 500 at GBSR.
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4.4. Analysis of Small RNA-seq Results of Breast Cancer and Benign Breast Tumors

Illumina’s single-end 76 bp reads were explored using FASTQC and then analyzed
with the sRNAbench web tool, which is incorporated in the sRNAtoolbox [63]. Within the
tool, the raw reads were processed by trimming adapters and UMIs and filtering out those
with mean quality Phred scores below 20. The high-quality reads were aligned against
GRCh38_p13 human reference genome with MirGeneDB 2.1 as miRNA annotation database
using aligner Bowtie with a seed length of 20 with no mismatches. The tool can also profile
other small RNAs using RNAcentral release 20 as an annotation database. The mature
miRNA read counts (mult. map. adj.) for each sample were combined, and differential
expression analyses were performed between different groups (CA vs. Be, HB vs. Be, MB vs.
Be, and CA vs. HB) using the DESeq2 R package [64]. A p-value < 0.05 and log2FC > |0.5|
were considered differentially expressed. Log2 transformed DESeq2 normalized expression
data were used for correlation and downstream statistical analyses. Target gene prediction
for differentially expressed miRNAs (CA vs. HB) was conducted using miRPath (https:
//dianalab.e-ce.uth.gr/html/mirpathv3/ (accessed on 17 January 2023)).

4.5. Proteomics in Breast Cancer and High-Risk Benign Breast Tumors

We received a grant for data-independent acquisition (DIA) mass spectrometry for
20 samples from the IDeA National Quantitative Proteomics Resource. Of the 36 plasma
samples used for small RNA-seq, we selected 20 samples, including 9 CA and 11 HB.
Abundant plasma proteins were depleted with HighSelect Top14 resin (Thermo) according
to the manufacturer’s instructions. Proteins were reduced and alkylated prior to digestion
with sequencing-grade modified porcine trypsin (Promega) using S-Trap columns (ProtiFi).
Tryptic peptides were then separated by reverse-phase XSelect CSH C18 2.5 um resin
(Waters) on an in-line 150 mm × 0.075 mm column using an UltiMate 3000 RSLCnano
system (Thermo). Peptides were eluted using a 60 min gradient from 98:2 to 65:35 buffer A:B
ratio. Buffers A and B were composed of 0.1% formic acid and 0.5% and 99.9% acetonitrile,
respectively. The eluted peptides were ionized by electrospray (2.4 kV), followed by
mass spectrometric analysis on an Orbitrap Exploris 480 mass spectrometer (Thermo). To
assemble a chromatogram library, six gas-phase fractions were acquired on the Orbitrap
Exploris with 4 m/z DIA spectra (4 m/z precursor isolation windows at 30,000 resolution,
normalized AGC target 100%, maximum inject time 66 ms) using a staggered window
pattern from narrow mass ranges using optimized window placements. Precursor spectra
were acquired after each DIA duty cycle, spanning the m/z range of the gas-phase fraction
(i.e., 496–602 m/z, 60,000 resolution, normalized AGC target 100%, maximum injection time
50 ms). For wide-window acquisitions, the Orbitrap Exploris was configured to acquire a
precursor scan (385–1015 m/z, 60,000 resolution, normalized AGC target 100%, maximum
injection time 50 ms) followed by 50× 12 m/z DIA spectra (12 m/z precursor isolation
windows at 15,000 resolution, normalized AGC target 100%, maximum injection time
33 ms) using a staggered window pattern with optimized window placements. Precursor
spectra were acquired after each DIA duty cycle.

4.6. Proteomic Profiling

Following data acquisition, proteomic analysis was conducted at the IDeA National
Resource for Quantitative Proteomics at the University of Arkansas for Medical Sciences.
Data were searched using an empirically corrected library, and quantitative analysis was
performed to obtain a comprehensive proteomic profile. Proteins were identified and
quantified using EncyclopeDIA [65] and visualized with Scaffold DIA using 1% false dis-
covery thresholds at both the protein and peptide levels. Protein-exclusive MS2 intensity
values were assessed for quality using proteiNorm [66]. The data were normalized using
cyclic loess [67], and statistical analysis was performed using linear models for microarray
data (limma) with empirical Bayes (eBayes) smoothing to standard errors [67]. For down-
stream analysis, proteins with p-value < 0.05 and log2FC > |0.5| were considered to be
differentially expressed. Normalized protein data were used for correlation analysis, and

https://dianalab.e-ce.uth.gr/html/mirpathv3/
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differentially expressed results were subjected to Ingenuity Pathway Analysis (IPA; QIA-
GEN Inc, https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
(accessed on 20 January 2023)).

4.7. Statistical Analysis

ANOVA was used to compare the mean age and body mass index (BMI) among
patients from different groups. Spearman correlation analysis was performed between
the normalized miRNAs and their target genes expressed in a proteomic experiment. To
determine the diagnostic efficacy of differentially expressed miRNAs, several models were
built. To avoid over-fitting, logistic regressions with 10-fold cross-validation were used, and
performance parameters such as True Positive (TP) Rate, False Positive (FP) Rate, Precision,
Recall, F-Measure and Area under the ROC Curve (AUC) were measured using WEKA 3.8.
Significant miRNAs with AUC score > 0.7 were used in network and reactome analyses
using the miRNet software [68].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24087553/s1.

Author Contributions: Conceptualization, V.S.K. and M.J.; methodology, V.S.K. and M.J.; software,
V.S.K.; validation, V.S.K. and M.J.; formal analysis, V.S.K.; investigation, V.S.K. and M.J.; resources,
M.N. and M.J.; data curation, V.S.K.; writing—original draft preparation, V.S.K. and M.J.; writing—
review and editing, V.S.K., M.N., Y.D. and M.J.; visualization, V.S.K. and M.J.; supervision, Y.D. and
M.J.; project administration, M.J.; funding acquisition, V.S.K., M.N., Y.D. and M.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health (NIH) grants R01CA230514,
U54GM138062, U54MD007601, P30GM114737, P20GM103466, P20GM139753, P30CA071789. This
research was also funded by the Jean Epstein Foundation Medical Research Grant 4506145.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
of the University of Hawaii at Manoa (Protocol number: 2019-00498).

Informed Consent Statement: All plasma samples were from de-identified subjects.

Data Availability Statement: The data generated in this study are publicly available in the Gene
Expression Omnibus (GEO) at GSE225117.

Acknowledgments: We would like to thank IDeA National Resource for Quantitative Proteomics
and NIH grant R24GM137786 for their proteomics experiments and data analysis, and the GBSR
at the UHCC for performing excellent small RNA-seq. We would like to thank the Bank of Hawaii
for facilitating the research funding from the Jean Epstein Foundation Medical Research Grant. We
would like to thank Ken Nakatsu of Emory University for his insightful review of the manuscript.

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

References
1. Cancer Facts & Figures 2023. American Cancer Society. Available online: https://www.cancer.org/research/cancer-facts-

statistics/all-cancer-facts-figures/2023-cancer-facts-figures.html (accessed on 17 March 2023).
2. Danforth, D.N. Genomic Changes in Normal Breast Tissue in Women at Normal Risk or at High Risk for Breast Cancer. Breast

Cancer Basic Clin. Res. 2016, 10, 109–146. [CrossRef] [PubMed]
3. Myers, D.J.; Walls, A.L. Atypical Breast Hyperplasia. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
4. Lewin, A.A.; Mercado, C.L. Atypical Ductal Hyperplasia and Lobular Neoplasia: Update and Easing of Guidelines. AJR Am. J.

Roentgenol. 2020, 214, 265–275. [CrossRef] [PubMed]
5. Treatment by Cancer Type. Available online: https://www.nccn.org/guidelines/category_1 (accessed on 15 March 2023).
6. Coopey, S.B.; Mazzola, E.; Buckley, J.M.; Sharko, J.; Belli, A.K.; Kim, E.M.H.; Polubriaginof, F.; Parmigiani, G.; Garber, J.E.;

Smith, B.L.; et al. The role of chemoprevention in modifying the risk of breast cancer in women with atypical breast lesions.
Breast Cancer Res. Treat. 2012, 136, 627–633. [CrossRef]

7. Degnim, A.C.; Dupont, W.D.; Radisky, D.C.; Vierkant, R.A.; Frank, R.D.; Frost, M.H.; Winham, S.J.; Sanders, M.E.; Smith, J.R.;
Page, D.L.; et al. Extent of atypical hyperplasia stratifies breast cancer risk in 2 independent cohorts of women. Cancer 2016, 122,
2971–2978. [CrossRef] [PubMed]

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
https://www.mdpi.com/article/10.3390/ijms24087553/s1
https://www.mdpi.com/article/10.3390/ijms24087553/s1
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2023-cancer-facts-figures.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/2023-cancer-facts-figures.html
https://doi.org/10.4137/BCBCR.S39384
https://www.ncbi.nlm.nih.gov/pubmed/27559297
https://doi.org/10.2214/AJR.19.21991
https://www.ncbi.nlm.nih.gov/pubmed/31825261
https://www.nccn.org/guidelines/category_1
https://doi.org/10.1007/s10549-012-2318-8
https://doi.org/10.1002/cncr.30153
https://www.ncbi.nlm.nih.gov/pubmed/27352219


Int. J. Mol. Sci. 2023, 24, 7553 12 of 14

8. Menes, T.S.; Kerlikowske, K.; Lange, J.; Jaffer, S.; Rosenberg, R.; Miglioretti, D.L. Subsequent Breast Cancer Risk Following
Diagnosis of Atypical Ductal Hyperplasia on Needle Biopsy. JAMA Oncol. 2017, 3, 36–41. [CrossRef]

9. Hartmann, L.C.; Radisky, D.C.; Frost, M.H.; Santen, R.J.; Vierkant, R.A.; Benetti, L.L.; Tarabishy, Y.; Ghosh, K.; Visscher, D.W.;
Degnim, A.C. Understanding the premalignant potential of atypical hyperplasia through its natural history: A longitudinal
cohort study. Cancer Prev. Res. Phila. Pa 2014, 7, 211–217. [CrossRef]

10. Hartmann, L.C.; Degnim, A.C.; Santen, R.J.; Dupont, W.D.; Ghosh, K. Atypical hyperplasia of the breast–risk assessment and
management options. N. Engl. J. Med. 2015, 372, 78–89. [CrossRef]

11. Khoury, T.; Chen, X.; Wang, D.; Kumar, P.; Qin, M.; Liu, S.; Turner, B. Nomogram to predict the likelihood of upgrade of atypical
ductal hyperplasia diagnosed on a core needle biopsy in mammographically detected lesions. Histopathology 2015, 67, 106–120.
[CrossRef]

12. Menen, R.S.; Ganesan, N.; Bevers, T.; Ying, J.; Coyne, R.; Lane, D.; Albarracin, C.; Bedrosian, I. Long-Term Safety of Observation in
Selected Women Following Core Biopsy Diagnosis of Atypical Ductal Hyperplasia. Ann. Surg. Oncol. 2017, 24, 70–76. [CrossRef]

13. Peña, A.; Shah, S.S.; Fazzio, R.T.; Hoskin, T.L.; Brahmbhatt, R.D.; Hieken, T.J.; Jakub, J.W.; Boughey, J.C.; Visscher, D.W.; Degnim,
A.C. Multivariate model to identify women at low risk of cancer upgrade after a core needle biopsy diagnosis of atypical ductal
hyperplasia. Breast Cancer Res. Treat. 2017, 164, 295–304. [CrossRef]

14. Schiaffino, S.; Massone, E.; Gristina, L.; Fregatti, P.; Rescinito, G.; Villa, A.; Friedman, D.; Calabrese, M. Vacuum assisted breast
biopsy (VAB) excision of subcentimeter microcalcifications as an alternative to open biopsy for atypical ductal hyperplasia. Br. J.
Radiol. 2018, 91, 20180003. [CrossRef] [PubMed]

15. Li, X.; Ma, Z.; Styblo, T.M.; Arciero, C.A.; Wang, H.; Cohen, M.A. Management of high-risk breast lesions diagnosed on core
biopsies and experiences from prospective high-risk breast lesion conferences at an academic institution. Breast Cancer Res. Treat.
2021, 185, 573–581. [CrossRef] [PubMed]

16. Kilgore, L.J.; Yi, M.; Bevers, T.; Coyne, R.; Marita, L.; Lane, D.; Albarracin, C.; Bedrosian, I. Risk of Breast Cancer in Selected
Women With Atypical Ductal Hyperplasia Who do not Undergo Surgical Excision. Ann. Surg. 2022, 276, e932–e936. [CrossRef]

17. Co, M.; Kwong, A.; Shek, T. Factors affecting the under-diagnosis of atypical ductal hyperplasia diagnosed by core needle
biopsies—A 10-year retrospective study and review of the literature. Int. J. Surg. Lond. Engl. 2018, 49, 27–31. [CrossRef] [PubMed]

18. Beck, A.C.; Fu, S.L.; Liao, J.; Bashir, A.; Sugg, S.L.; Erdahl, L.M.; Weigel, R.J.; Lizarraga, I.M. Risk management recommendations
and patient acceptance vary with high-risk breast lesions. Am. J. Surg. 2022, 223, 94–100. [CrossRef] [PubMed]

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

20. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
21. Ying, S.-Y.; Chang, D.C.; Lin, S.-L. The MicroRNA (miRNA): Overview of the RNA Genes that Modulate Gene Function. Mol.

Biotechnol. 2008, 38, 257–268. [CrossRef]
22. Brennecke, J.; Hipfner, D.R.; Stark, A.; Russell, R.B.; Cohen, S.M. bantam Encodes a Developmentally Regulated microRNA that

Controls Cell Proliferation and Regulates the Proapoptotic Gene hid in Drosophila. Cell 2003, 113, 25–36. [CrossRef]
23. Arun, R.P.; Cahill, H.F.; Marcato, P. Breast Cancer Subtype-Specific miRNAs: Networks, Impacts, and the Potential for Intervention.

Biomedicines 2022, 10, 651. [CrossRef]
24. Thomas, P.S. Diagnosis and Management of High-Risk Breast Lesions. J. Natl. Compr. Cancer Netw. JNCCN 2018, 16, 1391–1396.

[CrossRef] [PubMed]
25. Harbhajanka, A.; Gilmore, H.L.; Calhoun, B.C. High-risk and selected benign breast lesions diagnosed on core needle biopsy:

Evidence for and against immediate surgical excision. Mod. Pathol. Off. J. U. S. Can. Acad. Pathol. Inc 2022, 35, 1500–1508.
[CrossRef] [PubMed]

26. Gao, J.B.; Zhu, M.N.; Zhu, X.L. miRNA-215-5p suppresses the aggressiveness of breast cancer cells by targeting Sox9. FEBS Open
Bio 2019, 9, 1957–1967. [CrossRef] [PubMed]

27. Cheng, Y.; Han, X.; Mo, F.; Zeng, H.; Zhao, Y.; Wang, H.; Zheng, Y.; Ma, X. Apigenin inhibits the growth of colorectal cancer
through down-regulation of E2F1/3 by miRNA-215-5p. Phytomed. Int. J. Phytother. Phytopharm. 2021, 89, 153603. [CrossRef]

28. Wang, Z.; Jiang, X.; Li, Q.; Jin, Y.; Liu, X.; Wang, F.; Mao, Y.; Hua, D. Integrated analysis identifies low microRNA-215 expression
as associated with a poor prognosis of patients with colorectal cancer through the IKβ-α signaling pathway. Transl. Cancer Res.
2020, 9, 5233–5244. [CrossRef]

29. Cavallari, I.; Ciccarese, F.; Sharova, E.; Urso, L.; Raimondi, V.; Silic-Benussi, M.; D’Agostino, D.M.; Ciminale, V. The miR-200
Family of microRNAs: Fine Tuners of Epithelial-Mesenchymal Transition and Circulating Cancer Biomarkers. Cancers 2021,
13, 5874. [CrossRef]

30. Fontana, A.; Barbano, R.; Dama, E.; Pasculli, B.; Rendina, M.; Morritti, M.G.; Melocchi, V.; Castelvetere, M.; Valori, V.M.;
Ravaioli, S.; et al. Combined analysis of miR-200 family and its significance for breast cancer. Sci. Rep. 2021, 11, 2980. [CrossRef]

31. Madhavan, D.; Peng, C.; Wallwiener, M.; Zucknick, M.; Nees, J.; Schott, S.; Rudolph, A.; Riethdorf, S.; Trumpp, A.; Pantel, K.; et al.
Circulating miRNAs with prognostic value in metastatic breast cancer and for early detection of metastasis. Carcinogenesis 2016,
37, 461–470. [CrossRef]

https://doi.org/10.1001/jamaoncol.2016.3022
https://doi.org/10.1158/1940-6207.CAPR-13-0222
https://doi.org/10.1056/NEJMsr1407164
https://doi.org/10.1111/his.12635
https://doi.org/10.1245/s10434-016-5512-9
https://doi.org/10.1007/s10549-017-4253-1
https://doi.org/10.1259/bjr.20180003
https://www.ncbi.nlm.nih.gov/pubmed/29451396
https://doi.org/10.1007/s10549-020-05977-9
https://www.ncbi.nlm.nih.gov/pubmed/33068196
https://doi.org/10.1097/SLA.0000000000004849
https://doi.org/10.1016/j.ijsu.2017.11.005
https://www.ncbi.nlm.nih.gov/pubmed/29146271
https://doi.org/10.1016/j.amjsurg.2021.07.020
https://www.ncbi.nlm.nih.gov/pubmed/34325908
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1007/s12033-007-9013-8
https://doi.org/10.1016/S0092-8674(03)00231-9
https://doi.org/10.3390/biomedicines10030651
https://doi.org/10.6004/jnccn.2018.7099
https://www.ncbi.nlm.nih.gov/pubmed/30442737
https://doi.org/10.1038/s41379-022-01092-w
https://www.ncbi.nlm.nih.gov/pubmed/35654997
https://doi.org/10.1002/2211-5463.12733
https://www.ncbi.nlm.nih.gov/pubmed/31538724
https://doi.org/10.1016/j.phymed.2021.153603
https://doi.org/10.21037/tcr-19-2424
https://doi.org/10.3390/cancers13235874
https://doi.org/10.1038/s41598-021-82286-1
https://doi.org/10.1093/carcin/bgw008


Int. J. Mol. Sci. 2023, 24, 7553 13 of 14

32. Papadaki, C.; Stoupis, G.; Tsalikis, L.; Monastirioti, A.; Papadaki, M.; Maliotis, N.; Stratigos, M.; Mastrostamatis, G.; Mavroudis,
D.; Agelaki, S. Circulating miRNAs as a marker of metastatic disease and prognostic factor in metastatic breast cancer. Oncotarget
2019, 10, 966–981. [CrossRef]

33. Wu, Q.; Wang, C.; Lu, Z.; Guo, L.; Ge, Q. Analysis of serum genome-wide microRNAs for breast cancer detection. Clin. Chim.
Acta Int. J. Clin. Chem. 2012, 413, 1058–1065. [CrossRef]

34. Antolín, S.; Calvo, L.; Blanco-Calvo, M.; Santiago, M.P.; Lorenzo-Patiño, M.J.; Haz-Conde, M.; Santamarina, I.; Figueroa, A.;
Antón-Aparicio, L.M.; Valladares-Ayerbes, M. Circulating miR-200c and miR-141 and outcomes in patients with breast cancer.
BMC Cancer 2015, 15, 297. [CrossRef] [PubMed]

35. Chen, Y.; Wu, N.; Liu, L.; Dong, H.; Liu, X. microRNA-128-3p overexpression inhibits breast cancer stem cell characteristics
through suppression of Wnt signalling pathway by down-regulating NEK2. J. Cell. Mol. Med. 2020, 24, 7353–7369. [CrossRef]
[PubMed]

36. Nalla, L.V.; Gondaliya, P.; Kalia, K.; Khairnar, A. Targeting specificity protein 1 with miR-128-3p overcomes TGF-β1 mediated
epithelial-mesenchymal transition in breast cancer: An in vitro study. Mol. Biol. Rep. 2022, 49, 6987–6996. [CrossRef] [PubMed]

37. Liu, S.; Chen, W.; Hu, H.; Zhang, T.; Wu, T.; Li, X.; Li, Y.; Kong, Q.; Lu, H.; Lu, Z. Long noncoding RNA PVT1 promotes breast
cancer proliferation and metastasis by binding miR-128-3p and UPF1. Breast Cancer Res. BCR 2021, 23, 115. [CrossRef]

38. Zhao, J.; Li, D.; Fang, L. MiR-128-3p suppresses breast cancer cellular progression via targeting LIMK1. Biomed. Pharm. 2019,
115, 108947. [CrossRef]

39. Pan, Y.; Jiao, G.; Wang, C.; Yang, J.; Yang, W. MicroRNA-421 inhibits breast cancer metastasis by targeting metastasis associated 1.
Biomed. Pharm. 2016, 83, 1398–1406. [CrossRef]

40. Hu, T.B.; Chen, H.S.; Cao, M.Q.; Guo, F.D.; Cheng, X.Y.; Han, Z.B.; Li, M.Q. MicroRNA-421 inhibits caspase-10 expression and
promotes breast cancer progression. Neoplasma 2018, 65, 49–54. [CrossRef]

41. Wang, Y.; Liu, Z.; Shen, J. MicroRNA-421-targeted PDCD4 regulates breast cancer cell proliferation. Int. J. Mol. Med. 2019, 43,
267–275. [CrossRef]

42. Chen, J.; Wu, L.; Sun, Y.; Yin, Q.; Chen, X.; Liang, S.; Meng, Q.; Long, H.; Li, F.; Luo, C.; et al. Mir-421 in plasma as a potential
diagnostic biomarker for precancerous gastric lesions and early gastric cancer. PeerJ 2019, 7, e7002. [CrossRef]

43. Miao, Y.; Zheng, W.; Li, N.; Su, Z.; Zhao, L.; Zhou, H.; Jia, L. MicroRNA-130b targets PTEN to mediate drug resistance and
proliferation of breast cancer cells via the PI3K/Akt signaling pathway. Sci. Rep. 2017, 7, 41942. [CrossRef]

44. Chen, H.; Yang, Y.; Wang, J.; Shen, D.; Zhao, J.; Yu, Q. miR-130b-5p promotes proliferation, migration and invasion of gastric
cancer cells via targeting RASAL1. Oncol. Lett. 2018, 15, 6361–6367. [CrossRef]

45. Wang, Y.; Yin, W.; Lin, Y.; Yin, K.; Zhou, L.; Du, Y.; Yan, T.; Lu, J. Downregulated circulating microRNAs after surgery: Potential
noninvasive biomarkers for diagnosis and prognosis of early breast cancer. Cell Death Discov. 2018, 4, 21. [CrossRef] [PubMed]

46. Zhang, N.; Hu, Z.; Qiang, Y.; Zhu, X. Circulating miR-130b- and miR-21-based diagnostic markers and therapeutic targets for
hepatocellular carcinoma. Mol. Genet. Genom. Med. 2019, 7, e1012. [CrossRef] [PubMed]

47. Hosseini, S.F.; Javanshir-Giv, S.; Soleimani, H.; Mollaei, H.; Sadri, F.; Rezaei, Z. The importance of hsa-miR-28 in human
malignancies. Biomed. Pharm. 2023, 161, 114453. [CrossRef] [PubMed]

48. Yang, L.; Wei, D.-D.; Chen, Z.; Wang, J.-S.; Kong, L.-Y. Reversal effects of traditional Chinese herbs on multidrug resistance in
cancer cells. Nat. Prod. Res. 2011, 25, 1885–1889. [CrossRef] [PubMed]

49. Ma, L.; Zhang, Y.; Hu, F. miR-28-5p inhibits the migration of breast cancer by regulating WSB2. Int. J. Mol. Med. 2020, 46,
1562–1570. [CrossRef]

50. Zan, X.; Li, W.; Wang, G.; Yuan, J.; Ai, Y.; Huang, J.; Li, Z. Circ-CSNK1G1 promotes cell proliferation, migration, invasion and
glycolysis metabolism during triple-negative breast cancer progression by modulating the miR-28-5p/LDHA pathway. Reprod.
Biol. Endocrinol. RBE 2022, 20, 138. [CrossRef]

51. Wang, C.; Hu, J.; Lu, M.; Gu, H.; Zhou, X.; Chen, X.; Zen, K.; Zhang, C.-Y.; Zhang, T.; Ge, J.; et al. A panel of five serum miRNAs
as a potential diagnostic tool for early-stage renal cell carcinoma. Sci. Rep. 2015, 5, 7610. [CrossRef]

52. Li, L.-L.; Qu, L.-L.; Fu, H.-J.; Zheng, X.-F.; Tang, C.-H.; Li, X.-Y.; Chen, J.; Wang, W.-X.; Yang, S.-X.; Wang, L.; et al. Circulating
microRNAs as novel biomarkers of ALK-positive nonsmall cell lung cancer and predictors of response to crizotinib therapy.
Oncotarget 2017, 8, 45399–45414. [CrossRef]

53. McDonald, A.C.; Vira, M.; Walter, V.; Shen, J.; Raman, J.D.; Sanda, M.G.; Patil, D.; Taioli, E. Circulating microRNAs in plasma
among men with low-grade and high-grade prostate cancer at prostate biopsy. Prostate 2019, 79, 961–968. [CrossRef]

54. Toniolo, P.; Bruning, P.F.; Akhmedkhanov, A.; Bonfrer, J.M.; Koenig, K.L.; Lukanova, A.; Shore, R.E.; Zeleniuch-Jacquotte, A.
Serum insulin-like growth factor-I and breast cancer. Int. J. Cancer 2000, 88, 828–832. [CrossRef]

55. Endogenous Hormones and Breast Cancer Collaborative Group; Key, T.J.; Appleby, P.N.; Reeves, G.K.; Roddam, A.W. Insulin-like
growth factor 1 (IGF1), IGF binding protein 3 (IGFBP3), and breast cancer risk: Pooled individual data analysis of 17 prospective
studies. Lancet Oncol. 2010, 11, 530–542. [CrossRef] [PubMed]

56. Monson, K.R.; Goldberg, M.; Wu, H.-C.; Santella, R.M.; Chung, W.K.; Terry, M.B. Circulating growth factor concentrations and
breast cancer risk: A nested case-control study of IGF-1, IGFBP-3, and breast cancer in a family-based cohort. Breast Cancer Res.
BCR 2020, 22, 109. [CrossRef] [PubMed]

https://doi.org/10.18632/oncotarget.26629
https://doi.org/10.1016/j.cca.2012.02.016
https://doi.org/10.1186/s12885-015-1238-5
https://www.ncbi.nlm.nih.gov/pubmed/25885099
https://doi.org/10.1111/jcmm.15317
https://www.ncbi.nlm.nih.gov/pubmed/32558224
https://doi.org/10.1007/s11033-022-07466-2
https://www.ncbi.nlm.nih.gov/pubmed/35486287
https://doi.org/10.1186/s13058-021-01491-y
https://doi.org/10.1016/j.biopha.2019.108947
https://doi.org/10.1016/j.biopha.2016.08.058
https://doi.org/10.4149/neo_2018_170306N159
https://doi.org/10.3892/ijmm.2018.3932
https://doi.org/10.7717/peerj.7002
https://doi.org/10.1038/srep41942
https://doi.org/10.3892/ol.2018.8174
https://doi.org/10.1038/s41420-018-0089-7
https://www.ncbi.nlm.nih.gov/pubmed/30109140
https://doi.org/10.1002/mgg3.1012
https://www.ncbi.nlm.nih.gov/pubmed/31660696
https://doi.org/10.1016/j.biopha.2023.114453
https://www.ncbi.nlm.nih.gov/pubmed/36868012
https://doi.org/10.1080/14786419.2010.541395
https://www.ncbi.nlm.nih.gov/pubmed/21848372
https://doi.org/10.3892/ijmm.2020.4685
https://doi.org/10.1186/s12958-022-00998-z
https://doi.org/10.1038/srep07610
https://doi.org/10.18632/oncotarget.17535
https://doi.org/10.1002/pros.23803
https://doi.org/10.1002/1097-0215(20001201)88:5&lt;828::AID-IJC22&gt;3.0.CO;2-8
https://doi.org/10.1016/S1470-2045(10)70095-4
https://www.ncbi.nlm.nih.gov/pubmed/20472501
https://doi.org/10.1186/s13058-020-01352-0
https://www.ncbi.nlm.nih.gov/pubmed/33092613


Int. J. Mol. Sci. 2023, 24, 7553 14 of 14

57. Murphy, N.; Knuppel, A.; Papadimitriou, N.; Martin, R.M.; Tsilidis, K.K.; Smith-Byrne, K.; Fensom, G.; Perez-Cornago, A.;
Travis, R.C.; Key, T.J.; et al. Insulin-like growth factor-1, insulin-like growth factor-binding protein-3, and breast cancer risk:
Observational and Mendelian randomization analyses with ∼430 000 women. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2020, 31,
641–649. [CrossRef]

58. Lee, J.-S.; Tocheny, C.E.; Shaw, L.M. The Insulin-like Growth Factor Signaling Pathway in Breast Cancer: An Elusive Therapeutic
Target. Life Basel Switz. 2022, 12, 1992. [CrossRef] [PubMed]

59. Lou, M.W.; Drummond, A.E.; Swain, C.T.; Milne, R.L.; English, D.R.; Brown, K.A.; van Roekel, E.H.; Skinner, T.L.; Moore, M.M.;
Gaunt, T.R.; et al. Linking physical activity to breast cancer via inflammation, Part 2: The effect of inflammation on breast cancer
risk. Cancer Epidemiol. Biomark. Prev. Publ. Am. Assoc. Cancer Res. Cosponsored Am. Soc. Prev. Oncol. 2023, EPI-22-0929. [CrossRef]

60. Kerr, A.; Baxter, R.C. Noncoding RNA actions through IGFs and IGF binding proteins in cancer. Oncogene 2022, 41, 3385–3393.
[CrossRef]

61. Admoun, C.; Mayrovitz, H.N. The Etiology of Breast Cancer. In Breast Cancer; Mayrovitz, H.N., Ed.; Exon Publications: Brisbane,
AU, USA, 2022; ISBN 978-0-645-33203-2.

62. Fakhri, N.; Chad, M.A.; Lahkim, M.; Houari, A.; Dehbi, H.; Belmouden, A.; El Kadmiri, N. Risk factors for breast cancer in
women: An update review. Med. Oncol. Northwood Lond. Engl. 2022, 39, 197. [CrossRef]

63. Aparicio-Puerta, E.; Lebrón, R.; Rueda, A.; Gómez-Martín, C.; Giannoukakos, S.; Jaspez, D.; Medina, J.M.; Zubkovic, A.; Jurak, I.;
Fromm, B.; et al. sRNAbench and sRNAtoolbox 2019: Intuitive fast small RNA profiling and differential expression. Nucleic Acids
Res. 2019, 47, W530–W535. [CrossRef] [PubMed]

64. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

65. Searle, B.C.; Pino, L.K.; Egertson, J.D.; Ting, Y.S.; Lawrence, R.T.; MacLean, B.X.; Villén, J.; MacCoss, M.J. Chromatogram libraries
improve peptide detection and quantification by data independent acquisition mass spectrometry. Nat. Commun. 2018, 9, 5128.
[CrossRef]

66. Graw, S.; Tang, J.; Zafar, M.K.; Byrd, A.K.; Bolden, C.; Peterson, E.C.; Byrum, S.D. proteiNorm—A User-Friendly Tool for
Normalization and Analysis of TMT and Label-Free Protein Quantification. ACS Omega 2020, 5, 25625–25633. [CrossRef]
[PubMed]

67. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef] [PubMed]

68. Fan, Y.; Siklenka, K.; Arora, S.K.; Ribeiro, P.; Kimmins, S.; Xia, J. miRNet—Dissecting miRNA-target interactions and functional
associations through network-based visual analysis. Nucleic Acids Res. 2016, 44, W135–W141. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.annonc.2020.01.066
https://doi.org/10.3390/life12121992
https://www.ncbi.nlm.nih.gov/pubmed/36556357
https://doi.org/10.1158/1055-9965.EPI-22-0929
https://doi.org/10.1038/s41388-022-02353-3
https://doi.org/10.1007/s12032-022-01804-x
https://doi.org/10.1093/nar/gkz415
https://www.ncbi.nlm.nih.gov/pubmed/31114926
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41467-018-07454-w
https://doi.org/10.1021/acsomega.0c02564
https://www.ncbi.nlm.nih.gov/pubmed/33073088
https://doi.org/10.1093/nar/gkv007
https://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1093/nar/gkw288
https://www.ncbi.nlm.nih.gov/pubmed/27105848

	Introduction 
	Results 
	Plasma Sample Characteristics 
	Profiling of Differentially Expressed miRNAs in the Plasma of CA, HB, MB vs. Be 
	Profiling of Differentially Expressed miRNAs in the Plasma of CA vs. HB 
	Plasma Proteome Profiling in Breast Cancer and High-Risk Benign Tumors 
	Building and Evaluating Diagnostics Models 
	miRNA Functional Analysis 

	Discussion 
	Materials and Methods 
	Plasma Sample Preparation 
	Total RNA Isolation from Plasma 
	Small RNA-seq Library Preparation 
	Analysis of Small RNA-seq Results of Breast Cancer and Benign Breast Tumors 
	Proteomics in Breast Cancer and High-Risk Benign Breast Tumors 
	Proteomic Profiling 
	Statistical Analysis 

	References

