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Introduction: Breast cancer is the second leading cause of cancer death among
females. We sought to identify microRNA (miRNA) markers in breast cancer, and
determine whether miRNA expression is predictive of early stage breast cancer. The
paired panel of microRNAs is promising.

Methods: Global miRNA expression profiling was performed on three pooling samples
of plasma from breast cancer, benign lesion and normal, using next generation
sequencing technology. Thirteen microRNAs (hsa-miR-21-3p, hsa-miR-192-5p,
hsa-miR-221-3p, hsa-miR-451a, hsa-miR-574-5p, hsa-miR-1273g-3p, hsa-miR-152,
hsa-miR-22-3p, hsa-miR-222-3p, hsa-miR-30a-5p, hsa-miR-30e-5p, hsa-miR-324-3p,
and hsa -miR-382-5p) were subsequently validated using real-time quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) in a cohort of 53 breast cancer, 40
benign lesions and 38 normal cases. The pairwise miRNA ratios were calculated as
biomarkers to classify breast cancer.

Results: According to the model used to predict breast cancer from benign lesions,
a panel of five miRNA pairs had high diagnostic power with an AUC of 0.942. The
sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV)
of this model after 10-fold cross validation were 0.881, 0.775, 0.827, and 0.756,
respectively. In addition, the other panels of miRNA pairs distinguishing the breast
cancer from normal and non-cancer patients had good performance.

Conclusion: Certain MicroRNA pairs were identified and deemed effective in breast
cancer screening, especially when distinguishing cancer from benign lesions.

Keywords: MicroRNA, plasma, biomarker, breast cancer, diagnosis

INTRODUCTION

According to the American Cancer Society report of 2017, an estimated 252,710 cases of invasive
breast cancer and an additional 63,420 new cases of in situ lesions of the breast were diagnosed
in women. It was further estimated that 40,610 women would die from breast cancer (American
Cancer Society, 2017). Breast cancer is the second leading cause of cancer death in women following
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lung cancer. Sometimes breast cancer is found after the
symptoms, but in many women breast cancer appear with no
symptoms. Thus, the early diagnosis of breast cancer plays a
critical role in the prognosis of breast cancer. Mammograms are
currently the best test for breast cancer screening, however, the
false positive rate is high. On average, 10% of women will be
recalled from screening examinations for further testing such
as the expensive magnetic resonance imaging (MRI) and/or the
invasive biopsy, while only 5% of these women will actually
have cancer (Rosenberg et al., 2006). According to one US
study, over the course of 10 screening examinations, about 1.5
women will experience a false positive and about 19% will
undergo biopsy (Elmore et al., 1998). It was estimated that
breast cancer was over-diagnosed by mammography in up to
30% of all breast cancers diagnosed in 2008 (Jorgensen et al.,
2009; Nelson et al., 2009; Puliti et al., 2009; Duffy et al., 2010;
Bleyer and Welch, 2012; Gotzsche and Jorgensen, 2013; Marmot
et al., 2013). Due to their low sensitivity, the known serum-
based markers such as CA15.3 and BR27.29 are not used for
screening breast cancer (Molina et al., 2005). Thus, there is a
need for the development of novel biomarkers that are minimally
invasive to improve the early diagnosis of malignant breast
lesions.

MicroRNAs (miRNAs), a class of small non-coding RNAs
(ncRNAs) containing ∼22 nucleotides, regulate gene expression
in the post-transcription phase. They function in numerous
cancer related processes such as cell proliferation, differentiation
and apoptosis (Jansson and Lund, 2012). Clinical trials using
circulating miRNAs as cancer biomarkers are being carried
out in the United States and other countries1. In recent years,
with the advent of gene expression profiling technologies,
an increasing number of studies have revealed the genetic
association between miRNAs and cancer, including colorectal
cancer (Schetter and Harris, 2009), lung cancer (Hu et al.,
2016) and breast cancer (Takahashi et al., 2015; Kurozumi
et al., 2017). However, very few studies have compared the
expression profiles of miRNAs between benign lesions and breast
cancer. Even though there were several reports using circulating
miRNA markers for breast cancer detection, they were quite
inconsistent (Roth et al., 2010; Cookson et al., 2012; Chan
et al., 2013; Cuk et al., 2013; Guo et al., 2013; Freres et al.,
2016).

Due to the low concentration of circulating ncRNAs in
peripheral blood, data normalization in plasma or serum
ncRNA experiments using real-time quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) is
challenging. Current normalization strategy uses endogenous
controls that display stable expression across all samples, like
reference miRNAs such as miR-16 (Van Schooneveld et al., 2012)
and miR-39 (Chen et al., 2016). Some researchers also have made
effort to seek the suitable endogenous control miRNAs (ECMs)
but no such suitable and universal ECMs have been established
for blood miRNA quantification in humans (Davoren et al.,
2008; Hackenberg et al., 2011; Langmead and Salzberg, 2012).
Since there are no current consensus normalization methods

1clinicaltrials.gov

for miRNAs, some studies have analyzed plasma miRNA
values looking at the reciprocal ratio of miRNAs to bypass the
normalization issue which has proven to be more informative
for disease status than the absolute levels of individual miRNAs
(Dou et al., 2018).

In this study, we proposed a ratio based method for breast
cancer detection. We first performed the Illumina platform
to sequence miRNAs in pooled samples and the selected
miRNAs were further evaluated by RT-qPCR. The RT-qPCR
was performed in a cohort of breast cancer, benign lesions, and
normal patients and then calculated the pairwise ratio of any
two miRNAs in the same samples. A diagnostic test based on
the miRNA ratios was then constructed. This study focused on
distinguishing cancer patients from benign lesions.

MATERIALS AND METHODS

Patients, Plasma Sample Collection and
Preparation
Each pooling sample contained 30 individual plasma samples
from breast cancer, benign lesions, and normal patients,
respectively, with matched age and race (Supplementary
Table S1). The cohort included 53 breast cancer, 40 benign,
and 38 normal patients from Rush Breast Cancer Repository
(ORA number: 15021301-IRB01-CR02). The patients were
selected according to the following criteria: (1) all patients
were female; (2) all patients were diagnosed and confirmed by
pathology; (3) patients with breast cancer were at the early
stage (0, I, and II) according to the clinical staging method;
(4) none of the patients underwent preoperative adjuvant
chemotherapy or radiotherapy; and (5) patients had no other
cancer or diseases which might affect the miRNA profiling.
Benign lesions were defined as hyperplasia, fibroadenomas,
cyst, and some unspecified findings in the breast. Normal
blood samples were collected from healthy women with no
history of malignant diseases and no inflammatory conditions.
All plasma samples were collected using EDTA-anticoagulant

TABLE 1 | The characteristics of the normals, patients with benign lesion and
cancer.

Breast
cancer
(n = 53)

Benign
lesion

(n = 40)

Normal
(n = 38)

p-value

Age in year, mean (SD) 61.0 (13.3) 45.9 (10.5) 60.9 (11.6) <0.0001

Race, n (%) 1.00

Caucasian 49 37 36

Non-Caucasian 4 3 2

Cancer stage

0 11

I 36

II 6

Cancer subtype

Invasive 42

In situ 11
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tubes at 4,000 RPM for 10 min, followed by a 15 min
high-speed centrifugation at 12,000 RPM to completely remove
cell debris. The supernatant plasma was stored at –80◦C until
analysis.

RNA Isolation and Illumina
Next-Generation Sequencing
Total RNA was extracted from 200 µl of plasma using Qiagen
miRNeasy Mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. In brief, the plasma was mixed with
QIAzol Lysis Reagent and chloroform. After centrifugation,
the aqueous phase was transferred into another tube, and
1.5 volumes of absolute ethanol were added. The mixture
was then applied to miRNeasy Mini kit columns, followed
by washing with RWT and RPE buffers. The RNAs were
finally eluted in 40 µl of RNase-free water. Sequencing was
performed on a HiSeq 2500 (Illumina). The sequencing adapters
were removed from the FASTQ files by local alignment of
the adapter to the sequenced reads. All sequences had a
length <15 bp after the adapter removal was discarded. The
reads in each library were summarized to tag in a quantified
FASTA format. The FASTA reads were then mapped to the

genome under consideration with Bowtie. To eliminate the
ambiguous mapping hits, only the uniquely mapping loci
with the newest alignment mismatches were reported, allowing
for a maximum of two mismatches. The clean reads were
then re-mapped back to human small ncRNA using Bowtie,
the small ncRNA abundance (count) was determined, and
the annotation for each mapped locus was derived from
ncRNA database such as miRBase (Supplementary Table S2).
The abundance (count) data was normalized by DESeq
normalization. The top miRNAs that had fold change > = 5 in
any comparison among pooling samples were selected for further
PCR validation.

MicroRNA Validation by RT-qPCR
MiRNAs were measured using Taqman miRNA assay
kits (Applied Biosystems, United States) according to
the manufacturer’s protocol. RNA concentration was
measured using Agilent 2100 Bioanalyzer. Briefly, about
30 ng enriched RNA was reverse transcribed with a
TaqMan microRNA Reverse Transcription Kit (Applied
Biosystems, United States) in a 15 µL reaction volume.
Expression levels of ncRNAs were quantified in triplicate
by qRT-PCR using human TaqMan MicroRNA Assay

TABLE 2 | The detection of miRNA ratios as potential biomarkers for diagnosis of early stage breast cancer (Cancer vs. Benign).

Ratio Cancer Benign Fold Change Regulation p-value FDR AUC

miRNA30a/miRNA382 3.149 0.696 5.477 Up 2.1102E-05 0.0003 0.740

miRNA192/miRNA382 1.288 − 1.073 5.138 Up 2.6838E-06 9.3932E-05 0.776

miRNA324/miRNA382 − 0.984 − 3.301 4.985 Up 2.3742E-06 9.3932E-05 0.784

miRNA21/miRNA382 4.570 2.296 4.836 Up 1.2653E-05 0.0003 0.736

miRNA1273g/miRNA382 1.712 − 0.403 4.332 Up 2.1948E-05 0.0003 0.720

miRNA222/miRNA382 2.617 0.504 4.327 Up 5.7468E-05 0.0007 0.731

miRNA451/miRNA382 7.717 5.800 3.777 Up 0.0035 0.0192 0.641

miRNA152/miRNA382 − 0.257 − 2.139 3.684 Up 0.0001 0.0012 0.719

miRNA22/miRNA382 2.993 1.511 2.794 Up 0.006 0.0243 0.642

miRNA30e/miRNA382 1.616 0.144 2.773 Up 0.0038 0.0196 0.672

miRNA574/miRNA382 2.195 0.940 2.387 Up 0.0039 0.0196 0.606

miRNA192/miRNA574 − 0.907 − 2.013 2.152 Up 0.0034 0.0192 0.688

miRNA192/miRNA221 − 1.299 − 2.368 2.097 Up 0.0051 0.0233 0.658

miRNA21/miRNA574 2.375 1.357 2.026 Up 0.0051 0.0233 0.671

miRNA30a/miRNA30e 1.534 0.552 1.975 Up 2.3208E-06 9.3932E-05 0.801

miRNA21/miRNA221 1.983 1.001 1.974 Up 0.0003 0.0026 0.732

miRNA192/miRNA30e − 0.328 − 1.217 1.853 Up 0.0113 0.0397 0.650

miRNA192/miRNA22 − 1.705 − 2.584 1.839 Up 0.0125 0.0422 0.648

miRNA21/miRNA30e 2.954 2.152 1.744 Up 0.0032 0.0192 0.684

miRNA21/miRNA22 1.577 0.786 1.731 Up 0.0011 0.0086 0.741

miRNA22/miRNA222 0.376 1.007 − 1.549 Down 0.0083 0.0313 0.652

miRNA221/miRNA222 − 0.030 0.791 − 1.767 Down 0.0021 0.0139 0.698

miRNA574/miRNA1273g 0.483 1.343 − 1.815 Down 0.0017 0.0117 0.703

miRNA22/miRNA30a − 0.156 0.815 − 1.960 Down 1.7733E-05 0.0003 0.793

miRNA221/miRNA324 3.571 4.596 − 2.035 Down 0.0055 0.0233 0.669

miRNA574/miRNA324 3.179 4.241 − 2.088 Down 0.0114 0.0397 0.657

miRNA221/miRNA30a − 0.562 0.599 − 2.236 Down 3.3603E-05 0.0004 0.763

miRNA574/miRNA30a − 0.955 0.244 − 2.294 Down 0.0056 0.0233 0.686

RT-qPCR tested miRNAs are in bold.
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TABLE 3 | The detection of miRNA ratios as potential biomarkers for distinguishing breast cancer from normal patients.

Ratio Cancer Normal Fold Change Regulation p-value FDR AUC

miRNA324/miRNA382 − 0.984 − 4.338 10.231 Up 1.2502E-08 1.3127E-06 0.845

miRNA30e/miRNA382 1.616 − 0.959 5.957 Up 6.7281E-06 8.8307E-05 0.776

miRNA574/miRNA382 2.195 0.320 3.668 Up 0.0008 0.0043 0.699

miRNA152/miRNA382 − 0.257 − 2.110 3.612 Up 0.0024 0.0114 0.677

miRNA22/miRNA382 2.993 1.146 3.597 Up 0.0017 0.0083 0.664

miRNA30a/miRNA382 3.149 1.527 3.079 Up 0.006 0.0233 0.655

miRNA574/miRNA1273g 0.483 − 0.499 1.975 Up 0.005 0.021 0.673

miRNA22/miRNA30e 1.378 2.105 − 1.656 Down 0.0033 0.0151 0.666

miRNA21/miRNA22 1.577 2.406 − 1.776 Down 0.0113 0.037 0.670

miRNA30a/miRNA30e 1.534 2.486 − 1.935 Down 1.3784E-07 4.8246E-06 0.774

miRNA221/miRNA30e 0.972 2.115 − 2.209 Down 0.0038 0.0168 0.687

miRNA222/miRNA30e 1.002 2.369 − 2.580 Down 0.0001 0.0011 0.803

miRNA451/miRNA22 4.724 6.181 − 2.747 Down 0.0079 0.0298 0.717

miRNA574/miRNA324 3.179 4.658 − 2.789 Down 0.0107 0.0363 0.713

miRNA451/miRNA574 5.522 7.008 − 2.801 Down 0.0087 0.0315 0.668

miRNA152/miRNA324 0.726 2.228 − 2.832 Down 0.0007 0.0037 0.758

miRNA22/miRNA324 3.977 5.485 − 2.844 Down 0.0002 0.0015 0.720

miRNA192/miRNA30e − 0.328 1.181 − 2.845 Down 0.0003 0.002 0.770

miRNA21/miRNA30e 2.954 4.511 − 2.942 Down 4.1527E-05 0.0004 0.768

miRNA1273g/miRNA30e 0.096 1.778 − 3.208 Down 0.0005 0.003 0.739

miRNA30a/miRNA324 4.133 5.865 − 3.322 Down 1.1736E-06 2.0538E-05 0.787

miRNA221/miRNA324 3.571 5.495 − 3.793 Down 1.1750E-05 0.0001 0.753

miRNA222/miRNA324 3.601 5.748 − 4.430 Down 2.4031E-07 6.3080E-06 0.812

miRNA451/miRNA30e 6.101 8.287 − 4.549 Down 0.0003 0.002 0.746

miRNA192/miRNA324 2.272 4.560 − 4.886 Down 6.2097E-07 1.3040E-05 0.809

miRNA21/miRNA324 5.554 7.891 − 5.052 Down 1.0172E-07 4.8246E-06 0.810

miRNA1273g/miRNA324 2.695 5.157 − 5.509 Down 6.4987E-06 8.8307E-05 0.816

miRNA451/miRNA324 8.700 11.666 − 7.812 Down 9.9746E-06 0.0001 0.804

RT-qPCR tested miRNAs are in bold.

kits (Applied Biosystems, Foster City, CA, United States)
on an Eppendorf iplex 4 system (Eppendorf, Hamburg,
Germany). The relative expression levels were express cycle
threshold (CT) values. The ratio strategy described below
in the statistical analysis section was used to reduce the
experimental variations instead of normalizing by endogenous
control.

Statistical Analysis
CT values in PCR is a log (base 2) value of the observed count.
From the formula below, we can see that the log (base 2)
ratio value of two miRNAs is the difference in CT values of
the two miRNAs, which will make the calculation even easier
and more convenient for clinical practice based on RT-qPCR
data.

Log2(miRNA1/miRNA2) = Log2
(
2−CTmiRNA1/2−CTmiRNA2)

= Log2
(
2−CTmiRNA1+CTmiRNA2)

= CTmiRNA2− CTmiRNA1

The difference in miRNA ratios between breast cancer and
non-cancer patients (normal, benign or normal and benign

patients) were examined by two sample t-tests. The fold change
and regulation direction were then reported. The p-values
were corrected by False Discover Rate (FDR) Benjamini and
Hochberg. The association between the outcome variable,
benign lesions or breast cancer, and each of the miRNA
ratios were then evaluated by the logistic regression. The
performance parameters such as sensitivity, specificity, positive
predictive value (PPV) and negative predictive value (NPV) were
summarized, and the area under the receiver operating (ROC)
curve (AUC) was calculated to assess the discrimination power
of each ratio. To avoid over-fitting, 10-fold cross validation
was conducted. All analyses were performed by SAS 9.4 and
p-value < 0.05 was considered as statistical significance. The
miRNA pathway was analyzed using DIANA tools (Vlachos et al.,
2015).

RESULTS

Patients’ Characteristics
A total of 131 women which included 53 patients with early stage
breast cancer, 40 patients with benign lesions and 38 normal
patients were enrolled in the study The patients’ characteristics
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TABLE 4 | The detection of miRNA ratios as potential biomarkers for distinguishing breast cancer from non-cancer (Normal +Benign) patients.

Ratio Cancer Normal+Benign Fold Change Regulation p-value FDR AUC

miRNA324/miRNA382 − 0.984 − 3.807 7.076 Up 6.5987E-09 6.9287E-07 0.814

miRNA30a/miRNA382 3.149 1.101 4.137 Up 0.0001 0.0026 0.699

miRNA30e/miRNA382 1.616 − 0.393 4.025 Up 4.6119E-05 0.0012 0.722

miRNA152/miRNA382 − 0.257 − 2.125 3.649 Up 0.0001 0.0026 0.698

miRNA192/miRNA382 1.288 − 0.442 3.318 Up 0.0002 0.0033 0.692

miRNA222/miRNA382 2.617 0.945 3.187 Up 0.001 0.0079 0.675

miRNA21/miRNA382 4.570 2.908 3.164 Up 0.001 0.0079 0.664

miRNA22/miRNA382 2.993 1.333 3.160 Up 0.0018 0.0106 0.653

miRNA574/miRNA382 2.195 0.638 2.943 Up 0.0006 0.0061 0.651

miRNA1273g/miRNA382 1.712 0.192 2.867 Up 0.0018 0.0106 0.649

miRNA221/miRNA30a − 0.562 0.127 − 1.612 Down 0.0078 0.0373 0.634

miRNA30e/miRNA324 2.599 3.413 − 1.758 Down 0.0092 0.0419 0.620

miRNA152/miRNA324 0.726 1.682 − 1.939 Down 0.0028 0.0139 0.660

miRNA192/miRNA324 2.272 3.364 − 2.133 Down 0.0021 0.011 0.655

miRNA222/miRNA324 3.601 4.752 − 2.221 Down 0.0006 0.0061 0.662

miRNA21/miRNA324 5.554 6.715 − 2.236 Down 0.0005 0.0056 0.655

miRNA22/miRNA324 3.977 5.140 − 2.239 Down 0.0012 0.0079 0.669

miRNA574/miRNA324 3.179 4.444 − 2.404 Down 0.0021 0.011 0.684

miRNA1273g/miRNA324 2.695 3.999 − 2.468 Down 0.0012 0.0079 0.677

miRNA221/miRNA324 3.571 5.034 − 2.756 Down 1.3465E-05 0.0005 0.710

miRNA451/miRNA324 8.700 10.351 − 3.139 Down 0.0012 0.0079 0.670

RT-qPCR tested miRNAs are in bold.

TABLE 5 | PCR evaluation of paired miRNA ratios in individual samples.

Cancer vs. Benign∗ (53 vs. 40) Cancer vs. Normal∗ (53 vs. 38) Cancer vs. Control (Benign +
Normal) (53 vs. 78)

Number of ratios that
significantly identified with
fold change > 1.5

28 (Table 2) 28 (Table 3) 21 (Table 4)

Number of ratios selected
in the final model

5 4 5

Name of ratios selected in
the final model

hsa-miR-30a-5p/hsa-miR-382-5p,
hsa-miR-192-5p/hsa-miR-382-5p,
hsa-miR-192-5p/hsa-miR-574-5p,
hsa-miR-21-3p/hsa-miR-221-3p,
hsa-miR-221-3p/miR-30a-5p
(Figure 1)

hsa-miR-324-3p/hsa-miR-382-5p,
hsa-miR-21-3p/hsa-miR-324-3p,
hsa-miR-30a-5p/has-miR-30e-5p,
hsa-miR-221-3p/has-miR-324-3p
(Figure 2)

hsa-miR-30e-5p/hsa-miR-382-5p,
hsa-miR-221-3p/hsa-miR-324-3p,
hsa-miR-30a-5p/hsa-miR-382-5p,
hsa-miR-152/hsa-miR-382-5p,
hsa-miR-192-5p/hsa-miR-382-5p
(Figure 3)

Sensitivity 0.881 0.890 0.717

Specificity 0.775 0.925 0.782

PPV 0.827 0.889 0.691

NPV 0.756 0.891 0.803

AUC 0.901 0.901 0.820

∗Age as a co-founder was included in the model since it significantly differed between two groups. Sensitivity, specificity, PPV, NPV, and AUC were obtained from the final
model after 10-fold cross-validation.

is summarized in Table 1. The mean age was 45.9 (SD = 10.5)
years old in benign lesions group, which was significantly
younger than the breast cancer (mean = 61.0, SD = 13.3) and
normal (mean = 60.9, SD = 11.6) groups (p < 0.0001). There
were 49 (92.5%) Caucasians in the cancer group, 37 (92.5%)
in the benign lesions group and 36 (94.7%) in normal group
(p = 1.00). The composition based on stages of breast cancer
was as follows: 11 (20.8%) patients were stage 0, 36 (67.9%)
were stage I, and 6 (11.3%) patients were stage II. Forty-one

(41, 79.2%) cancer patients were invasive and 11 (20.8%) were
in situ.

MicroRNA Profiling of Plasma From
Normal, Benign Lesions, and Breast
Cancer Patients
By miRNA-sequencing, 190 miRNAs were identified from
three pooled samples (one for each type of patient). The
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FIGURE 1 | The concentrations of selected miRNA ratios between breast cancer and benign patients. The black horizontal bars are median values and the bottom
and top box are the 25th and 75th percentiles. The p-values were reported by FDR.

top miRNAs that had fold change ≥ 5 in any comparison
were selected for further PCR validation. There were 13
miRNAs tested by RT-qPCR from a total of 131 plasma

samples and they were hsa-miR-21-3p, hsa-miR-192-5p, hsa-
miR-221-3p, hsa-miR-451a, hsa-miR-574-5p, hsa-miR-1273g-3p,
hsa-miR-152, hsa-miR-22-3p, hsa-miR-222-3p, hsa-miR-30a-5p,
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FIGURE 2 | The concentrations of selected miRNA ratios between breast cancer and normal patients. The black horizontal bars are median values and the bottom
and top box are the 25th and 75th percentiles. The p-values were reported by FDR.

hsa-miR-30e-5p, hsa-miR-324-3p, and hsa-miR-382-5p. Then
pairwise miRNA ratios were calculated for each sample.

Significantly Differentiated miRNA Pairs
Among Normal, Benign Lesions, and
Breast Cancer Patients
The concentrations of pairwise miRNA ratios were compared
between breast cancer and three non-cancer groups (Cancer vs.
Benign, Cancer vs. Normal, and Cancer vs. Non-cancer including
Benign and Normal). MicroRNA ratios with fold change > 1.5
and FDR < 0.05 were listed in the Tables 2–4. The discriminative
powers of individual ratios were ranged from 60 to 85%.

Identification of miRNA Ratios as
Biomarkers for the Detection of Breast
Cancer
A subset of ratios was chosen based on the rank of the
correlation with the classification (cancer or not). Table 5
summarized the qPCR evaluation results in each comparison.

The best miRNA ratio combination in different groups was
listed in Table 5, and Figures 1–3 showed the expression
values of each representative miRNA ratio markers in different
groups. In particular, the best combination that distinguished
the breast cancer from benign lesions was hsa-miR-30a-
5p/hsa-miR-382-5p, hsa-miR-192-5p/hsa-miR-382-5p, hsa-miR-
192-5p/hsa-miR-574-5p, hsa-miR-21-3p/hsa-miR-221-3p, and
hsa-miR-221-3p/hsa-miR-30a-5p. This model with age as a
confounder yielded an AUC of 0.942 (95% CI: 0.898 to 0.985,
Figure 4A). After 10-fold cross validation, the sensitivity,
specificity, PPV, NPV, and AUC were 0.881, 0.775, 0.827,
0.756, and 0.901, respectively. Similarly, the selected panel
of miRNA ratios combined with age yielded AUCs of 0.931
(95% CI: 0.874 to 0.987) and 0.852 (95% CI: 0.786 to 0.919)
under comparison between breast cancer and normal/non-cancer
groups (Figures 4B,C). The sensitivity, specificity, PPV, NPV, and
AUC after 10-fold cross-validation were presented in Table 2.
Interestingly, these selected miRNA ratios from individual qPCR
had consisted fold changes with the sequence results from
pooling samples (Figures 5A–C).

Frontiers in Physiology | www.frontiersin.org 7 January 2019 | Volume 9 | Article 1879

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01879 December 26, 2018 Time: 19:1 # 8

Fang et al. Plasma MicroRNA Panels for Breast Cancer

FIGURE 3 | The concentrations of selected miRNA ratios between breast cancer and non-cancer (control, including benign and normal) patients. The black
horizontal bars are median values and the bottom and top box are the 25th and 75th percentiles. The p-values were reported by FDR.

MicroRNA Function Analysis
Based on the model that predicted the breast cancer from
benign lesions, six miRNAs involved were hsa-miR-30a-5p,

hsa-miR-382-5p, hsa-miR-192-5p, hsa-miR-574-5p, hsa-miR-21-
3p, and hsa-miR-221-3p. These miRNAs were found in cancer
related pathways (Supplementary Figure S1) and targeted in
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FIGURE 4 | ROC curves of selected miRNA ratios with demographic (age) in the prediction of breast cancer. (A) Cancer vs. Benign. (B) Cancer vs. Normal.
(C) Cancer vs. Control (Benign+Normal).

thousands of overlapping genes. The partial pathways and
targeted genes are presented in Supplementary Table S3.

DISCUSSION

In clinical practice, mammographic screening is the most
common method used for early stage breast cancer diagnosis.
However, high false positives rates in mammography warrants
further investigation using expensive breast imaging and

invasive biopsy exposing women to harmful anti-cancer
therapy and affecting their quality of life. Therefore, the
development of a more sensitive approach for early breast
cancer diagnosis, particularly from benign lesions, is needed
to supplement and/or complement existing detection methods.
Our goal was to determine pairs of miRNA as alternative
biomarkers that can be used to differentiate breast cancer
from benign lesions or non-cancer patients. As far as we
know, this is the first study on miRNA ratios in distinguishing
early stage breast cancer from benign lesions. Our current
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FIGURE 5 | Fold changes of selected miRNA ratios for individual qPCR (red bar) and pooled sequencing (blue bar). (A) Cancer vs. Benign. (B) Cancer vs. Normal.
(C) Cancer vs. Control (Benign+Normal).

data showed that the miRNA ratios are likely to perform
well in distinguishing breast cancer from benign lesions.
The miRNA ratio chosen over the single miRNA provided
more candidates for diagnosis of early stage breast cancer.
In addition, the combination of the selected miRNA ratios
had a high diagnostic value for breast cancer prediction.
We have identified five miRNA ratios that can differentiate
breast cancer from benign lesions with over 90% accuracy.
The ratio based normalization method, which is completely
independent of spike-in or internal controls, has a great
chance of producing more reliable and reproducible
biomarkers in common types of cancer. In addition, the
ratio based normalization method provides more biomarkers as
candidates.

The interpretation of the miRNA ratios is more complicated
than the individual miRNAs. Based on the equation in the
methods section and Figures 1–3, the up-regulation of the

miRNA ratio in the cancer group indicates higher level of
the miRNA as the denominator in the ratio and lower level
of the miRNA as the nominator in the ratio, and vice versa.
For example, miR-192 was identified as the nominator in two
ratios that distinguished breast cancer from benign lesions.
This indicated that the concentration level was lower in cancer
group, i.e., down regulation. The individual miRNAs from
the ratios studied in our study were primarily identified in
other studies. The miR-192 was found in down-regulation
in breast cancer compared with the non-cancerous tissue,
indicating that miR-192 may act as tumor suppressor gene
in the development of breast cancer (Hu et al., 2013).
Yang et al. (2017) reviewed the versatile functions of miR-
30 family members in breast cancer. In particular, miR-
30a suppressed tumor growth, proliferation, migration and
invasion of breast cancer. Another study found that miR-
221 was over expressed in breast cancer tissue compared
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to the non-cancerous tissue and concluded that miR-221 was
a potential biomarker for predicting the survival of breast
cancer patients (Eissa et al., 2015). However, plasma miR-21
expression was not observed to have a significant difference in
benign patients, under normal controls, compared to cancer
patients in breast cancer (Chen et al., 2016). Interestingly, our
study shows that miR-21 interacted with other miRNAs can
regulate significantly, indicating that miR-21 could serve as a
long-term follow-up biomarker in the detection of cancer. Ho
et al. study found that miR-382-5p was up-regulated in breast
cancer compared to the benign breast disease, and significantly
functioned as an independent oncomiR for the higher incidence
and poorer prognosis of breast cancer (Ho et al., 2017).
MiR-574-3p was first reported by Krishnan et al. as a promising
prognostic maker for breast cancer (Krishnan et al., 2015). So far,
nobody has released the relationship between miR-574-5p and
breast cancer. Our study is a good start for further research.

We realized that the sample size of our subjects, including
breast cancer patients, benign lesions, and normal controls
are small, limiting the evaluation on miRNAs as predictive
biomarkers in the early detection of cancer. Another limitation
of this study is the lack of a validation patient cohort. We
believe that further studies investigating more powerful and
specific miRNA biomarkers to discriminate early cancer from
pre-cancerous lesions are needed.

CONCLUSION

The expression profile of plasma miRNA ratios can serve as novel
non-invasive biomarkers for the early detection of breast cancer.
The strategy of using next generation sequencing followed by
RT-qPCR validation provides a successful approach to identifying
plasma miRNA profiles as biomarkers for the diagnosis of
common types of cancer.
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