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Abstract

Since breast cancers in young women are generally aggressive, young patients tend to be

intensively treated with anti-cancer drugs. To optimize the strategy for treatment, particularly

in young women, prognostic biomarkers are urgently required. The objective of this study

was to identify a tissue microRNA (miRNA) signature that predicts prognosis in young breast

cancer patients. Total RNA from 45 breast cancer patients aged <35 years was extracted

from formalin-fixed paraffin-embedded (FFPE) tissues and analyzed using miRNA microar-

rays. Patients were categorized into two groups according to recurrence status within the 5

year period after surgery: recurrence (n = 11) and non-recurrent (n = 34). Histological

parameters of hormone receptors and Ki-67 were statistically compared between the two

groups. Differentially expressed miRNAs were identified, and their associations with overall

survival (OS) were evaluated by log-rank test. The median observation period was 5.8 years

for the recurrent group, and 9.1 years for the non-recurrent group. Nine miRNAs were signif-

icantly differentially expressed between the recurrent and non-recurrent groups. Receiver

Operating Characteristic curve analysis was performed to evaluate the prediction accuracy

of the identified miRNAs, and the resultant area under the curve was >0.7. Five of the miR-

NAs were validated by qRT-PCR, and the expression levels of three of those five (miR-183-

5p, miR-194-5p, and miR-1285-5p), both alone and in combination, were associated with

OS. In conclusion, we identified three candidate miRNAs that could be used separately or in

combination as prognostic biomarkers in young breast cancer patients. This miRNA signa-

ture may enable selection of better treatment choices for young women with this disease.
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Introduction

Breast cancer is the most common cancer in women worldwide [1–3]. In the non-Hispanic

white population in the West, breast cancer most often occurs in postmenopausal women.

However, in parts of the world such as North Africa, the Middle East, and Eastern Asia, a

higher proportion of women with breast cancer are diagnosed at ages 50 years or younger.

The onset of breast cancer among young patients is a major clinical issue in cancer etiology.

Compared with the elderly, young women (<35 years old) are more often diagnosed with

advanced-stage disease [4] and more frequently experience recurrence [5–11]. Several studies

reported that breast cancers arising in young women exhibit more aggressive tumor character-

istics, including high histological grade (HG), high proliferation rate, high-level lymphovascu-

lar invasion, and high rate of estrogen receptor (ER) and/or progesterone receptor (PgR)

negativity [4, 5, 7–9, 12]. Consequently, physicians generally offer young breast cancer patients

intensive adjuvant and neoadjuvant treatment, often yielding favorable outcomes [4, 13, 14];

however, those treatments are a unique challenge for young patients due to anxiety related to

fertility-related issues, and poorer perceived quality of life, resulting in early discontinuation of

hormone therapy [15] [16]. In light of these concerns, treatment decision-making in young

women requires more extensive consideration [13, 16].

Many patient- and therapy-related factors, including expression of ER and/or PgR and

human epidermal growth factor receptor 2 (HER2) amplification status, influence clinical out-

come, and are therefore considered as prognostic and predictive biomarkers. Currently, treat-

ment decisions are mainly informed by immunohistochemistry (IHC) assessments of ER, PgR,

and HER2 [17, 18]. However, the current diagnosis and treatment settings were developed

based on results obtained primarily in postmenopausal women [19, 20], and their ability to

predict prognosis in young patients remains unclear. Therefore, novel biomarkers are urgently

needed to predict prognosis, as well as optimize treatment strategy, in young women with

breast cancer.

Recently, microRNAs (miRNAs), small non-coding RNA molecules that bind to comple-

mentary sequences on target messenger RNA transcripts, were proposed as potential prognos-

tic biomarkers and predictors of treatment response in cancer [21, 22]. Deregulation of

miRNA expression in breast cancer patients has been detected in both blood samples [23–25]

and tumor tissues [25–33]. Formalin-fixed paraffin-embedded (FFPE) tissues are stored for

long periods of time, but due to their short length miRNAs are preserved under these condi-

tions without degradation [34], suggesting that a tissue miRNA signature is an empirically fea-

sible source of material for identification of cancer biomarkers.

In this study, we used laser-captured microdissected FFPE samples and performed microar-

ray analysis to obtain tissue miRNA profiles from breast cancers in young women. Microarray

data from 45 young breast cancer patients were validated by TaqMan-based quantitative

RT-PCR (qRT-PCR). As potential prognostic markers, three miRNAs (miR-183-5p, miR-194-

5p, and miR-1285-5p) were identified whose expression levels were significantly altered in

breast cancer samples of young women who experienced recurrence in the first 5 years after

surgery.

Materials and methods

Ethics committee approval

This study was approved by the internal review board of the National Cancer Center, Tokyo,

Japan (no. 2014–386).
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Clinical samples

FFPE samples were obtained from breast cancer patients who were admitted or referred to the

National Cancer Center Hospital (NCCH) between 2001 and 2010. Signed informed consent

to provide tumor tissues for research use was obtained from each patient prior to tissue sample

collection. Breast cancer patients (women aged<35 years) with the following characteristics

were excluded: (i) previous or current neoadjuvant treatment; (ii) a prior history of cancer;

(iii) diagnosis as invasive ductal carcinoma of a special type. Breast tissues were collected

according to standard operating procedures at NCCH.

Histopathological examination and IHC

Paraffin blocks were stored in an environment with controlled temperature and humidity. For

IHC, 4 μm sections were cut from each tissue block and stained with hematoxylin and eosin

(HE). HE-stained slides were evaluated to select representative tumors and to verify high

tumor content. The following antibodies were used for IHC: ER (SP1, rabbit monoclonal pri-

mary antibody CONFIRM, Roche Diagnostics, Tokyo, Japan), PgR (1E2, rabbit monoclonal

primary antibody CONFIRM, Roche Diagnostics, HER2 (Dako HercepTest, Agilent Technol-

ogies, Tokyo, Japan), Ki-67 (MIB-1, Dako monoclonal mouse antibody, Agilent Technologies,

Tokyo, Japan). Expression levels of ER and PgR were recorded using the Allred score [35].

Tumors scoring 3 or higher (corresponding to at least 1% positive cells) were considered posi-

tive for ER and PgR [17, 36]. HER2 status was considered positive if membranous immunos-

taining was IHC 3+ or IHC 2+ and HER2 gene amplification was confirmed by dual color in

situ hybridization using the Ventana Inform Dual ISH HER2 kit (Roche Diagnostics. Tokyo,

Japan) [18]. The Ki-67 labeling index (LI) was calculated by dividing the number of Ki-67–

positive tumor cells by the total number of tumor cells. High- and low-LI groups were sepa-

rated using the mean Ki-67 LI as a cutoff [37].

Tissue preparation for laser-capture microdissection

Ten consecutive sections (10 μm) of each tumor were prepared on a microtome and mounted

onto polyethylene terephthalate membrane slides (Leica Microsystems, Wetzlar, Germany).

HE staining was performed before laser-capture microdissection (LCM). Briefly, tissue sec-

tions were initially rinsed for 3 minutes with xylene to remove paraffin from tissues, and then

washed serially in 100%, 80%, and 70% ethanol for 30 seconds each. The deparaffinized sec-

tions were dried overnight, and then either used directly for LCM or stored at 4˚C. To isolate

tumor compartments, LCM was performed on a Leica LMD6500. The tissue was then collected

in 0.5 ml PCR tube caps.

RNA isolation and quality assessment

Total RNA was obtained from eight 10 μm FFPE sections using the miRNeasy Kit (Qiagen,

Crawley, UK). RNA quality was also evaluated with an Agilent 2100 Bioanalyzer (Agilent

Technologies, Tokyo, Japan) and a NanoDrop 1000 spectrophotometer (Thermo Fisher Scien-

tific K. K., Kanagawa, Japan).

Microarray and bioinformatics

Using 250 ng of total RNA for each sample, comprehensive miRNA microarray analysis was

performed with the 3D-Gene1 miRNA Labeling kit and the 3D-Gene1 Human miRNA Oligo

Chip ver. 21 (Toray Industries, Inc., Kanagawa, Japan), which was designed to detect 2565

miRNA sequences registered in miRBase release 21 (http://www.mirbase.org/). Individual
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miRNAs were regarded as present if the corresponding microarray signal was greater than the

(mean + 2 × standard deviation) of the negative control signals, of which the top and bottom

5% ranked by signal intensity were removed. To normalize the signals across different micro-

arrays, the global median normalization method was used, and the median of the distribution

was set at 25. When the signal level was below the detectable threshold after background sub-

traction, the level was replaced by the lowest signal intensity of each miRNA on the microarray

minus 0.1 on a base-2 logarithmic scale. All microarray data from this study are in concor-

dance with the Minimum Information about a Microarray Experiment (MIAME) guidelines,

and are publicly available through the GEO database (GSE 97811).

qRT-PCR assay for miRNA

Expression levels of nine differentially regulated miRNAs identified in the microarray experi-

ment were tested by TaqMan-based qRT-PCR. The RT-PCR was carried out in 96-well plates

using the StepOnePlusTM Real-time PCR system (Applied Biosystems). All reactions were per-

formed in duplicate. All TaqMan MicroRNA assays were purchased from Applied Biosystems.

miR-16 was used as an internal control for normalization.

Statistical analysis

Demographic and histological parameters were compared between the two groups by Pear-

son’s chi-square test or Student’s t-test as appropriate. Covariates considered in Cox propor-

tion regression analyses were as follows: tumor size (binary, tumor size >2 cm or�2 cm);

nodal status (binary, nodes involved or not); HG (binary, 3 or <3); ER, PgR, and HER2 status

(binary, positive or negative); and Ki-67 LI (binary, high or low). Expression levels of miRNAs

were compared by t-test. For Kaplan–Meier plots, cutoffs between high and low expression

levels of prognostic miRNAs were determined from the receiver operating characteristic

(ROC) curve. Differences between survival curves were evaluated by log-rank test. A predic-

tion model using multiple miRNAs associated with overall survival (OS) was constructed by

logistic regression analysis. The predictive accuracy of this model was also evaluated by ROC

curve and Kaplan–Meier plots. Univariable and multivariable Cox proportion regression anal-

yses were performed to identify factors that were independently associated with OS. Statistical

analysis were conducted in JMP 10 (SAS Institute Inc. Japan, Tokyo, Japan) and SPSS Statistics

Version 21 (IBM SPSS, Armonk, NY, USA) with a two-sided p-value of<0.05 as the threshold

for significance.

Results

Characteristics of young breast cancer patients

Among women aged<35 years who were diagnosed as having invasive breast cancer

(n = 126), patients who had undergone neoadjuvant treatment (n = 48), those with a prior his-

tory of cancer (n = 3), and those who were diagnosed with invasive breast carcinoma of a spe-

cial type (n = 18) were excluded. Additionally, patients with insufficient tumor volume, as

assessed by routine histological diagnoses (n = 12), were excluded from the experimental

cohort (Fig 1A). For the remaining 45 cases, we reviewed the demographic information and

clinicopathological characteristics, including invasive tumor size, type, and grade (Tables 1

and 2). To investigate the histological and molecular traits specific to breast cancer with a poor

prognosis in young women, we divided the 45 patients into two groups, 11 in the recurrent

group and 34 in the non-recurrent group, according to recurrence status within the first 5

years after curative surgery (Fig 1A). The median observation period was 5.8 years (range, 2.1–
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8.8 years) for the recurrent group and 9.1 years (2.0–14.6 years) for the non-recurrent group.

During this period, 13 cases of recurrence were seen: 11 cases of recurrence within 5 years, and

two cases of recurrence more than 5 years after surgery. These latter two cases of recurrence

were categorized into the non-recurrent group because the recurrence was observed more

than 5 years after surgery and the patients did not die. By contrast, the former 11 patients, in

whom the recurrences occurred within 5 years, all died during the observation period. This

decision was consistent with the overall intent of the classification, which was to stratify the

subject population by prognosis (i.e., early recurrent cases were patients with poorer progno-

ses) (Fig 1B).

miRNA microarray analysis of 45 breast cancer samples in young

women

Using material obtained by LCM from FFPE samples, total RNAs were extracted from 45

breast cancer samples (11 from the recurrence group, 34 from the non-recurrence group) and

16 breast epithelium samples (normal samples) from young women. The samples were sub-

jected to comprehensive miRNA microarray analysis. Based on the principal component anal-

ysis (PCA) map, the 45 cancer samples and 16 normal samples were clearly segregated based

on the overall miRNA expression profile (Fig 2A). When plotting only cancer samples in the

PCA map, the variation in miRNA expression profile among cancer subtypes was not obvious,

although there were some weak trends based on differences between the luminal and basal

subtypes of breast cancer (Fig 2B). To further investigate the molecular characteristics of the

breast cancer samples, we performed hierarchical clustering analysis of the differentially

expressed miRNAs (102 miRNAs; fold change�2 and p< 0.05 in cancer vs. normal samples).

The clustering heatmap revealed more explicit segregation of cancer samples according to

their subtypes. In particular, consistent with the miRNA expression profiles in ordinary breast

Fig 1. Schematic of selection of candidate miRNA biomarkers of prognosis in young breast cancer patients. (A) Flow diagram showing

derivation of the analytic cohort of patients enrolled in this study. (B) Kaplan–Meier plot of recurrent (n = 11) and non-recurrent (n = 34) groups of

young breast cancer patients.

https://doi.org/10.1371/journal.pone.0187638.g001
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cancer patients, triple-negative breast cancer (TNB) exhibited a distinct miRNA profile from

the luminal type (Fig 2C). These data demonstrate that LCM-based miRNA microarray analy-

sis of material FFPE samples can yield accurate expression profiles suitable for examination of

tumor properties.

Searching for prognostic miRNA markers for early recurrence in young

women

To discover prognostic biomarkers of early recurrence in young women, we compared

miRNA expression between the recurrent group (n = 11) and non-recurrent group (n = 34).

Based on the selection criteria, including fold change>1.5 and average signal level>23, we

identified 14 miRNAs (Table 3). Nine of these miRNAs (miR-205-5p, miR-1285-5p, miR-

4510, miR-3194-3p, miR-4639-5p, miR-375, miR-183-5p, miR-194-5p, and miR-4718) were

expressed at significantly different levels between the recurrent and non-recurrent groups

(Student’s t-test p< 0.05). Three of the nine (miR-205-5p, miR-1285-5p, and miR-4510) were

down-regulated, and the remaining six miRNAs (miR-183-5p, miR-194-5p, miR-4718, miR-

3194-3p, miR-4639-5p, and miR-375) were up-regulated, in the recurrent group (Fig 3A).

Table 1. Demographic characteristics of two groups stratified by recurrence status within the 5 year period after surgery.

Number of patients (%)

Recurrence (N = 11) Non-recurrence (N = 34) p value†

Follow-up time (years) [mean (range, median)] 5.2 (2.1–8.8, 5.8) 8.9 (2.0–14.6, 9.1) <0.001

Age (year) [mean (range)] 31.2 (25–34) 31.5 (22–34) 0.75

BMI (kg/m2) [mean ± standard deviation] 20.8 ± 5.5 20.6 ± 2.8 0.93

Menarche (years) [mean (range)] 12.9 (11–15) 12.2 (10–16) 0.11

Smoking status Current smoker 2 (18) 4 (12) 0.49

Ex-smoker 3 (27) 5 (15)

Alcohol consumption Never 8 (73) 27 (79) 0.64

the others 3 (27) 7 (21)

Number of children 0 7 (64) 24 (71) 0.23

1 2 (18) 5 (15)

2 0 (0) 4 (12)

3 2 (18) 1 (3)

Family history of breast cancer 2 (18) 14 (41) 0.17

Family history of the other cancer 7 (64) 22 (65) 0.95

Adjuvant therapy Not received 1 (9) 2 (6) 0.79

Hormonal therapy 3 (27) 8 (24)

Chemotherpy 4 (36) 9 (26)

Hormone + Chemotherapy 3 (27) 15 (44)

pT factor pT1 5 (45) 23 (68) 0.16

pT2 4 (36) 10 (29)

pT3 2 (18) 1 (3)

pN factor pN0 4 (36) 19 (56) 0.22

pN1 5 (45) 12 (35)

pN2 0 (0) 2 (6)

pN3 2 (18) 1 (3)

†: The P values were calculated by Pearson’s χ2 test for categorical variables, and Student’s t-test for continuous variables

https://doi.org/10.1371/journal.pone.0187638.t001
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Clustering analysis of the nine miRNAs enabled almost complete segregation of the recurrent

and non-recurrent groups (Fig 3B).

Performance of the prognostic index according to clinical conditions

Before proceeding with further statistical analysis, we performed qRT-PCR to validate the

miRNA microarray results. qRT-PCRs were carried out in duplicate, and the mean CT value of

each miRNA was normalized against that of miR-16 in the same sample. Five of the nine miR-

NAs exhibited good correlations between microarray and qRT-PCR results, as demonstrated

by scatter plots (Fig 4A–4E). On the other hand, the other four miRNAs, as exemplified by

miR-4718 (Fig 4F), exhibited a poor correlation.

Next, we generated ROC curves to evaluate the performance of the five validated miRNAs

as biomarkers for the early recurrence of breast cancer in young women. Corresponding AUC

and cutoff levels were calculated for the five miRNAs, and all of them had AUC >0.7 (Fig 5A).

These cutoff levels were used to perform Kaplan–Meier analysis of OS for each of the five miR-

NAs, comparing groups of patients with high and low miRNA expression. These analyses con-

firmed that expression levels of three miRNAs (miR-183-5p, miR-194-5p, and miR-1285-5p)

were significantly correlated with patient outcome (Fig 5B). The AUC values for miR-183-5p,

miR-194-5p, and miR-1285-5p in discriminating between patients in the recurrent and non-

Table 2. Histopathological characteristics of the two groups stratified by recurrence status within the 5 year period after surgery.

Number of patients (%)

Recurrence (N = 11) Non-recurrence (N = 34) p value†

Histological grade of invasive component 1 0 (0) 3 (9) 0.52

2 3 (27) 11 (32)

3 8 (73) 20 (59)

Tumor infiltrating lymphocytes Low 4 (36) 11 (32) 0.81

High 7 (64) 23 (68)

Lymphovascular invasion Negative 3 (27) 12 (35) 0.62

Positive 8 (73) 22 (65)

Necrosis Negative 4 (36) 19 (56) 0.26

Positive 7 (64) 15 (44)

Comedo necrosis Negative 5 (45) 16 (47) 0.93

Positive 6 (55) 18 (53)

Estrogen receptor Negative 4 (36) 7 (21) 0.29

Positive 7 (64) 27 (79)

Progesterone receptor Negative 3 (27) 6 (18) 0.49

Positive 8 (73) 28 (82)

HER2 Negative 9 (82) 30 (88) 0.59

Positive 2 (18) 4 (12)

Ki-67 High 5 (45) 20 (59) 0.44

Low 6 (55) 14 (41)

Surrogate subtype Luminal A-like 3 (27) 17 (50) 0.32

Luminal B-like

(HER2-negative)

4 (36) 8 (24)

Luminal B-like

(HER2-positive)

1 (9) 4 (12)

HER2-enriched 1 (9) 0 (0)

Triple-negative 2 (18) 5 (15)

†: The P values were calculated by Pearson’s χ2 test for categorical variables, and Student’s t-test for continuous variables

https://doi.org/10.1371/journal.pone.0187638.t002
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recurrent group were 0.70, 0.70, and 0.83, respectively (Fig 5A). To further emphasize the sig-

nificance of their prognostic value for early recurrence in young breast cancer patients, we ana-

lyzed the three miRNAs in the whole population of breast cancer patients, and found that

none of them predicted significant differences in OS (S1 Fig). Thus, these three miRNAs

might be selectively effective for predicting prognosis in young patients.

Finally, to maximize prognostic potential, we combined three miRNA levels and generated

a ROC curve, resulting in further improvement in AUC (to 0.90) for the prediction of early

recurrence (Fig 5A), as well as better OS in the Kaplan–Meier plot (Fig 5B). These results sug-

gest that the prognostic model incorporating the combination of these three miRNAs can pre-

dict early recurrence in young breast cancer patients with high accuracy

Fig 2. miRNA microarray analysis for 45 breast cancer samples and 16 normal breast epithelial samples. (A) PCA map for 45 breast

cancer samples and 16 normal breast epithelial samples. (B) PCA map for 45 breast cancer samples, classified by cancer subtypes. (C) Heatmap

showing miRNAs differentially expressed between breast cancer and normal epithelial control samples (fold change�2 and p < 0.05; 102

miRNAs).

https://doi.org/10.1371/journal.pone.0187638.g002
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To further examine the association of OS with miRNA expression levels and histopatholog-

ical factors, we performed a Cox regression hazard analysis, which revealed that the three miR-

NAs and ER status were independent predictors (Table 4). The results of subgroup analysis for

ER-positive and -negative patients also showed that a combination of three miRNAs (miR-

183-5p, miR-194-5p, and miR-1285-5p) accurately predicted early recurrence and were posi-

tively associated with overall survival irrespective of ER status (Fig 6).

Discussion

Unlike previous reports, which assessed prognostic biomarkers for postmenopausal women

with breast cancer, this study focused on young patients (aged <35 years). To discover prog-

nostic biomarkers for the early recurrence of breast cancer in young women, we performed

miRNA microarray analysis, which identified three miRNAs that were down-regulated (miR-

205-5p, miR-1285-5p, and miR-4510) and six that were up-regulated (miR-183-5p, miR-194-

5p, miR-4718, miR-3194-3p, miR-4639-5p, and miR-375) in young women with recurrent

breast cancer. Five of these miRNAs (miR-183-5p, miR-194-5p, miR-205-5p, miR-375, and

miR-1285-5p) were validated by qRT-PCR, revealing that three of them (miR-183-5p, miR-

194-5p, and miR-1285-5p) were associated with OS in Kaplan–Meier analysis. Based on our

results, we propose that the three-miRNA combination could serve as an accurate prognostic

biomarker for prognosis in young breast cancer patients.

Generally, miRNAs play oncogenic or tumor-suppressive roles in a context-dependent

manner. miR-183-5p is a member of the miR-183 family, which also includes miR-183, miR-

96, and miR-182; these three miRNAs have homologous sequences and are polycistronically

expressed. Aberrant expression of the miR-183/-96/-182 cluster is associated with aggres-

siveness in multiple cancers, including breast cancer [32, 38, 39]. Elevated expression of miR-

183-5p suppresses cell migration in the T47D cell line, suggesting that miR-183-5p inhibits

metastatic potential [40]. By contrast, several lines of evidence indicate that the miR-183/-96/-

182 cluster plays oncogenic roles in breast cancer [32, 33, 38, 39]. Transcription of the cluster

is regulated by ZEB1 and HSF2 in breast cancer cell lines [39]. Inhibition of miR-183-5p and

miR-182-5p in vitro causes up-regulation of the tumor-suppressive genes CBX7 and EGR1

Table 3. Differentially expressed miRNA between recurrence and non-recurrence groups.

miR [log2] Non-recurrence (N = 34) Recurrence (N = 11) Fold change

Non-recurrence > Recurrence miR-205-5p 8.14 6.35 3.45

miR-203a-3p 3.9 3.16 1.67

miR-100-5p 6.61 5.91 1.63

miR-1285-5p 5.02 4.32 1.63

miR-4510 4.15 3.48 1.59

miR-4324 6.02 5.38 1.56

miR-99a-5p 6.59 5.96 1.55

miR-487b 5.62 5.03 1.51

Non-recurrence < Recurrence miR-183-5p 2.53 3.15 1.54

miR-194-5p 3.28 3.93 1.56

miR-4718 3.77 4.47 1.62

miR-3194-3p 2.99 3.83 1.79

miR-4639-5p 4.86 5.94 2.12

miR-375 3.84 5.27 2.7

https://doi.org/10.1371/journal.pone.0187638.t003
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Fig 3. Candidate miRNA selection based on miRNA microarrays. (A) Box plots of nine miRNA candidates with significant

differences in expression between recurrence and non-recurrence groups. P-values were calculated using a t-test comparing
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[33]. miR-183-5p targets PDCD4, resulting in cell proliferation and inhibition of apoptosis

[38], which is in support of our results.

In contrast to miR-183-5p, the biological function and potential molecular mechanisms of

miR-194-5p remain unknown. In breast cancer, miR-194-5p is specially induced by trastuzu-

mab, a humanized murine anti-HER2 monoclonal antibody, and inhibits invasion and migra-

tion of HER2-overexpressing breast cancer cells by targeting Talin 2 [41]. In prostate cancer,

high expression of miR-194-5p in tumor tissues is associated with poor prognosis [42],

whereas the reverse relationship is seen in hepatocellular [43] and renal cell carcinoma [44].

Our results provide the first evidence of a correlation between the expression level of miR-194-

levels between groups, divided according to recurrence status within 5 years after surgery. The middle line indicates the median,

the box the interquartile range, and the whiskers the most extreme data point less than 1.5× the interquartile range away from the

box. (B) Hierarchical clustering analysis with heatmap for nine candidate miRNAs, considering recurrence status within 5 years

after surgery.

https://doi.org/10.1371/journal.pone.0187638.g003

Fig 4. Correlation with quantitative RT-PCR and miRNA microarray data of nine candidate miRNAs. (A–F) Candidate miRNA

expression levels were validated by TaqMan-based miRNA qRT-PCR. Average duplicate qPCR data for each miRNA were used as qPCR

expression values. Expression of miR-16 was used as an internal control for the normalization. Expression levels measured by qRT-PCR and

microarray are shown in scatter plots. R2 was calculated to evaluate the correlation.

https://doi.org/10.1371/journal.pone.0187638.g004
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Fig 5. ROC curves and Kaplan–Meier plots for five validated miRNAs (miR-183-5p, miR-194-5p, miR-

205-5p, miR-375, and miR-1285-5p). (A) ROC curves of five miRNAs and the three-miRNA combination,

with AUC values. Arrows indicate cutoff points. (B) Kaplan–Meier plots of overall survival for five miRNAs and

the three-miRNA combination. Based on AUC values and cutoffs, the 45 samples were divided into two

groups (high and low expression) for each miRNA, and statistical analysis was performed to calculate p-

values using the log-rank test.

https://doi.org/10.1371/journal.pone.0187638.g005
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5p and clinical outcomes in breast cancer. Previously, however, Huo et al. reported high

expression of miR-194-5p as a circulating miRNA signature in blood associated with recur-

rence [23].

To our knowledge, the role of miR-1285-5p in breast cancer has not been previously

reported, although a few studies have mentioned miR-1285-3p in the context of renal cell and

hepatocellular carcinoma [44]. Here, we observed aberrant expression of miR-1285-5p in

breast cancer with recurrence, particularly in young women. The biological function and

potential molecular mechanisms of these miRNAs need to be elucidated. Also, future studies

should validate the prognostic values of the expression levels of these miRNAs.

Although we did not detect an association of miR-205-5p or miR-375 with clinical out-

come, these miRNAs have been implicated in breast cancer. Expression of miR-205-5p is sig-

nificantly reduced in tumor tissues in comparison with neighboring normal tissues, as

documented by other groups [25–27, 45]. In breast tissues, miR-205-5p is expressed at high

levels in myoepithelial and basal epithelial cells in normal breast [45], and retention of miR-

205-5p expression in cancer cells is associated with better clinical outcomes [27, 28]. On the

other hand, miR-375 is up-regulated in ER-positive cell lines and plays a role in regulating ER

[46]. Low expression of miR-375 was proposed as a predictor of relapse by Hoppe et al., who

examined the associations between differentially expressed miRNAs, ER status, and tamoxifen

resistance in postmenopausal women [30]. By contrast, Zehentmary reported high expression

of miR-375 as a predictor of local recurrence of early breast cancer [29]. Additionally, miR-375

modulates sensitivity to tamoxifen [47] and trastuzumab [48] in breast cancer cells. Taking

Table 4. Cox regression hazard analysis for overall survival.

Univariate analysis Multivariate analysis†

HR (95% CI) p value HR (95% CI) p value

miR-183-5p Low Ref. Ref.

High 4.09 (0.97–17.2) 0.06 7.71 (1.55–38.3) 0.01

miR-194-5p Low Ref. Ref.

High 3.88 (0.92–16.4) 0.07 7.07 (1.00–50.1) 0.05

miR-1285-5p High Ref. Ref.

Low 8.63 (1.73–43.0) 0.009 8.98 (1.44–56.0) 0.02

T factor 1 Ref.

2–3 1.71 (0.43–6.88) 0.45

N factor 0 Ref.

1–3 3.12 (0.63–15.5) 0.17

Histological Grade 1–2 Ref.

3 2.06 (0.42–10.2) 0.38

ER Positive Ref. Ref.

Negative 3.30 (0.82–13.2) 0.09 14.0 (1.78–110.6) 0.01

PgR Positive Ref.

Negative 2.62 (0.63–11.0) 0.19

HER2 Negative Ref.

Positive 1.95 (0.39–9.68) 0.41

Ki-67 Low Ref.

High 1.38 (0.34–5.52) 0.65

†, factors that were marginally associated with overall survival in univariate analysis (p<0.1) were included in multivariate analysis

ER, estrogen receptor; PgR, progesterone receptor

https://doi.org/10.1371/journal.pone.0187638.t004
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into consideration the influence of miR-375 on treatment resistance, it remains unclear

whether this miRNA would have prognostic or predictive values in breast cancer in young

women.

Fig 6. ROC curves and Kaplan–Meier plots for the three validated miRNAs (miR-183-5p, miR-194-5p, and miR-1285-5p) in ER-positive

and -negative subgroups. (A) ROC curves of three miRNAs and their combination with AUC values. (B) Kaplan–Meier plots of overall survival

for three miRNAs and their combination. Cutoff values for miRNA levels were the same as in Fig 5B. p-values were calculated by the log-rank

test.

https://doi.org/10.1371/journal.pone.0187638.g006
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This study had several limitations. 1) Only a retrospective analysis was conducted in a single

institute. 2) Our research cohort was not large because young women aged <35 years with

breast cancer are rare, accounting for only 2.7% of all breast cancers in Japan, and most of

these patients receive neoadjuvant therapies [4]. Especially, the sample size of the patients with

a poor prognosis, such as those that were HER2-enriched and triple negative, was small.

Therefore, the statistical significance for the association between the identified miRNAs and

poor prognostic subtypes was insufficient. 3) We could not compare expression levels between

paired cancer and normal tissues. Consideration of these points is essential for identifying the

ideal biomarkers for diagnosis of breast cancer for use in early detection. However, the main

goal of this study was identification of prognostic biomarkers, as well as biomarkers for the

optimal treatment choices, in young women who were already diagnosed with breast cancer.

In other words, although some concerns exist regarding sample collection, by choosing a

research cohort with the same treatment background and simply comparing recurrence status,

we identified candidate prognostic biomarkers for young breast cancer patients.

The distinct expression profiles of miRNAs in cancer, especially those that differ according

to tumor status, have received a great deal of attention as both prognostic and diagnostic bio-

markers. To discover prognostic markers for early recurrence in young women, we performed

comprehensive miRNA microarray analysis of FFPE samples from young breast cancer

patients by comparing recurrence and non-recurrence status. These results demonstrated that

three miRNAs (miR-183-5p, miR-194-5p, and miR-1285-5p), used in combination, could be

used to accurately predict early recurrence. Because anti-cancer drugs for young women must

be selected carefully, judgments based on the miRNA signature may provide better treatment

choices for these patients. In summary, our data provide insight into the potential use of

miRNA expression profiles for predicting prognosis in young breast cancer patients.

Supporting information

S1 Fig. Kaplan–Meier plots of three miRNAs in the overall population of breast cancer

patients using public databases. Kaplan–Meier plots were generated using the website http://

kmplot.com/analysis/index.php?p=service&cancer=breast_mirna. High- and low-expression

groups were divided based on the median value of the expression levels: miR-183-5p (high:

n = 631 and low: n = 631), miR-194-5p (high: n = 632 and low: n = 630), miR-1285-5p (high:

n = 631 and low: n = 631). Y axis indicates OS.

(TIFF)

Acknowledgments

We thank Ayako Inoue, M.T., Sachiko Miura, M.T., Chizu Kina, M.T., Toshiko Sakaguchi, M.

T., and Yasuo Shibuki, M.T. for technical assistance. We also appreciate Satoko Takizawa, Ph.

D., for technical support with miRNA microarrays.

Author Contributions

Conceptualization: Ai Hironaka-Mitsuhashi.

Data curation: Juntaro Matsuzaki, Ryou-u Takahashi, Masayuki Yoshida, Yusuke Yamamoto.

Formal analysis: Juntaro Matsuzaki.

Investigation: Ai Hironaka-Mitsuhashi, Juntaro Matsuzaki, Ryou-u Takahashi, Yusuke

Yamamoto.

Methodology: Yutaka Nezu, Chikako Shimizu.

A miRNA signature for breast cancer recurrence in young women

PLOS ONE | https://doi.org/10.1371/journal.pone.0187638 November 15, 2017 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187638.s001
http://kmplot.com/analysis/index.php?p=service&cancer=breast_mirna
http://kmplot.com/analysis/index.php?p=service&cancer=breast_mirna
https://doi.org/10.1371/journal.pone.0187638


Project administration: Toshikazu Ushijima, Takahiro Ochiya.

Resources: Sho Shiino, Takayuki Kinoshita, Nobuyoshi Hiraoka, Kenji Tamura.

Writing – original draft: Yusuke Yamamoto.

Writing – review & editing: Juntaro Matsuzaki, Ryou-u Takahashi.

References
1. Allemani C, Weir HK, Carreira H, Harewood R, Spika D, Wang XS, et al. Global surveillance of cancer

survival 1995–2009: analysis of individual data for 25,676,887 patients from 279 population-based reg-

istries in 67 countries (CONCORD-2). Lancet. 2015; 385(9972):977–1010. https://doi.org/10.1016/

S0140-6736(14)62038-9 PMID: 25467588

2. DeSantis CE, Fedewa SA, Goding Sauer A, Kramer JL, Smith RA, Jemal A. Breast cancer statistics,

2015: Convergence of incidence rates between black and white women. CA Cancer J Clin. 2016; 66

(1):31–42. https://doi.org/10.3322/caac.21320 PMID: 26513636

3. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer incidence and mortal-

ity worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer. 2015; 136(5):

E359–86. https://doi.org/10.1002/ijc.29210 PMID: 25220842

4. Kataoka A, Tokunaga E, Masuda N, Shien T, Kawabata K, Miyashita M. Clinicopathological features of

young patients (<35 years of age) with breast cancer in a Japanese Breast Cancer Society supported

study. Breast Cancer. 2014; 21(6):643–50. https://doi.org/10.1007/s12282-013-0466-2 PMID:

23588791

5. Cancello G, Maisonneuve P, Rotmensz N, Viale G, Mastropasqua MG, Pruneri G, et al. Prognosis and

adjuvant treatment effects in selected breast cancer subtypes of very young women (<35 years) with

operable breast cancer. Ann Oncol. 2010; 21(10):1974–81. https://doi.org/10.1093/annonc/mdq072

PMID: 20332136

6. Han W, Kang SY. Relationship between age at diagnosis and outcome of premenopausal breast can-

cer: age less than 35 years is a reasonable cut-off for defining young age-onset breast cancer. Breast

Cancer Res Treat. 2010; 119(1):193–200. https://doi.org/10.1007/s10549-009-0388-z PMID:

19350387

7. Anders CK, Hsu DS, Broadwater G, Acharya CR, Foekens JA, Zhang Y, et al. Young age at diagnosis

correlates with worse prognosis and defines a subset of breast cancers with shared patterns of gene

expression. J Clin Oncol. 2008; 26(20):3324–30. https://doi.org/10.1200/JCO.2007.14.2471 PMID:

18612148

8. Johnson RH, Hu P, Fan C, Anders CK. Gene expression in "young adult type" breast cancer: a retro-

spective analysis. Oncotarget. 2015; 6(15):13688–702. https://doi.org/10.18632/oncotarget.4051

PMID: 25999348

9. Kim EK, Noh WC, Han W, Noh DY. Prognostic significance of young age (<35 years) by subtype based

on ER, PR, and HER2 status in breast cancer: a nationwide registry-based study. World J Surg. 2011;

35(6):1244–53. https://doi.org/10.1007/s00268-011-1071-1 PMID: 21472372

10. Tjokrowidjaja A, Lee CK, Houssami N, Lord S. Metastatic breast cancer in young women: a population-

based cohort study to describe risk and prognosis. Intern Med J. 2014; 44(8):764–70. https://doi.org/10.

1111/imj.12481 PMID: 24863750

11. Kataoka A, Iwamoto T, Tokunaga E, Tomotaki A, Kumamaru H, Miyata H, et al. Young adult breast can-

cer patients have a poor prognosis independent of prognostic clinicopathological factors: a study from

the Japanese Breast Cancer Registry. Breast Cancer Res Treat. 2016; 160(1):163–72. https://doi.org/

10.1007/s10549-016-3984-8 PMID: 27647460

12. Chollet-Hinton L, Anders CK, Tse CK, Bell MB, Yang YC, Carey LA, et al. Breast cancer biologic and eti-

ologic heterogeneity by young age and menopausal status in the Carolina Breast Cancer Study: a case-

control study. Breast Cancer Res. 2016; 18(1):79. https://doi.org/10.1186/s13058-016-0736-y PMID:

27492244

13. Azim HA Jr., Davidson NE, Ruddy KJ. Challenges in Treating Premenopausal Women with Endocrine-

Sensitive Breast Cancer. Am Soc Clin Oncol Educ Book. 2016; 35:23–32. https://doi.org/10.14694/

EDBK_159069 PMID: 27249683

14. Regan MM, Francis PA, Pagani O, Fleming GF, Walley BA, Viale G, et al. Absolute Benefit of Adjuvant

Endocrine Therapies for Premenopausal Women With Hormone Receptor-Positive, Human Epidermal

Growth Factor Receptor 2-Negative Early Breast Cancer: TEXT and SOFT Trials. J Clin Oncol. 2016;

34(19):2221–31. https://doi.org/10.1200/JCO.2015.64.3171 PMID: 27044936

A miRNA signature for breast cancer recurrence in young women

PLOS ONE | https://doi.org/10.1371/journal.pone.0187638 November 15, 2017 16 / 18

https://doi.org/10.1016/S0140-6736(14)62038-9
https://doi.org/10.1016/S0140-6736(14)62038-9
http://www.ncbi.nlm.nih.gov/pubmed/25467588
https://doi.org/10.3322/caac.21320
http://www.ncbi.nlm.nih.gov/pubmed/26513636
https://doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
https://doi.org/10.1007/s12282-013-0466-2
http://www.ncbi.nlm.nih.gov/pubmed/23588791
https://doi.org/10.1093/annonc/mdq072
http://www.ncbi.nlm.nih.gov/pubmed/20332136
https://doi.org/10.1007/s10549-009-0388-z
http://www.ncbi.nlm.nih.gov/pubmed/19350387
https://doi.org/10.1200/JCO.2007.14.2471
http://www.ncbi.nlm.nih.gov/pubmed/18612148
https://doi.org/10.18632/oncotarget.4051
http://www.ncbi.nlm.nih.gov/pubmed/25999348
https://doi.org/10.1007/s00268-011-1071-1
http://www.ncbi.nlm.nih.gov/pubmed/21472372
https://doi.org/10.1111/imj.12481
https://doi.org/10.1111/imj.12481
http://www.ncbi.nlm.nih.gov/pubmed/24863750
https://doi.org/10.1007/s10549-016-3984-8
https://doi.org/10.1007/s10549-016-3984-8
http://www.ncbi.nlm.nih.gov/pubmed/27647460
https://doi.org/10.1186/s13058-016-0736-y
http://www.ncbi.nlm.nih.gov/pubmed/27492244
https://doi.org/10.14694/EDBK_159069
https://doi.org/10.14694/EDBK_159069
http://www.ncbi.nlm.nih.gov/pubmed/27249683
https://doi.org/10.1200/JCO.2015.64.3171
http://www.ncbi.nlm.nih.gov/pubmed/27044936
https://doi.org/10.1371/journal.pone.0187638


15. Huiart L, Bouhnik AD, Rey D, Tarpin C, Cluze C, Bendiane MK, et al. Early discontinuation of tamoxifen

intake in younger women with breast cancer: is it time to rethink the way it is prescribed? Eur J Cancer.

2012; 48(13):1939–46. https://doi.org/10.1016/j.ejca.2012.03.004 PMID: 22464016

16. Ruddy KJ, Gelber SI, Tamimi RM, Ginsburg ES, Schapira L, Come SE, et al. Prospective study of fertil-

ity concerns and preservation strategies in young women with breast cancer. J Clin Oncol. 2014; 32

(11):1151–6. https://doi.org/10.1200/JCO.2013.52.8877 PMID: 24567428

17. Hammond ME, Hayes DF, Dowsett M, Allred DC, Hagerty KL, Badve S, et al. American Society of Clini-

cal Oncology/College of American Pathologists guideline recommendations for immunohistochemical

testing of estrogen and progesterone receptors in breast cancer (unabridged version). Arch Pathol Lab

Med. 2010; 134(7):e48–72. https://doi.org/10.1043/1543-2165-134.7.e48 PMID: 20586616

18. Wolff AC, Hammond ME, Hicks DG, Dowsett M, McShane LM, Allison KH, et al. Recommendations for

human epidermal growth factor receptor 2 testing in breast cancer: American Society of Clinical Oncol-

ogy/College of American Pathologists clinical practice guideline update. J Clin Oncol. 2013; 31

(31):3997–4013. https://doi.org/10.1200/JCO.2013.50.9984 PMID: 24101045

19. Nielsen TO, Parker JS, Leung S, Voduc D, Ebbert M, Vickery T, et al. A comparison of PAM50 intrinsic

subtyping with immunohistochemistry and clinical prognostic factors in tamoxifen-treated estrogen

receptor-positive breast cancer. Clin Cancer Res. 2010; 16(21):5222–32. https://doi.org/10.1158/1078-

0432.CCR-10-1282 PMID: 20837693

20. Filipits M, Rudas M, Jakesz R, Dubsky P, Fitzal F, Singer CF, et al. A new molecular predictor of distant

recurrence in ER-positive, HER2-negative breast cancer adds independent information to conventional

clinical risk factors. Clin Cancer Res. 2011; 17(18):6012–20. https://doi.org/10.1158/1078-0432.CCR-

11-0926 PMID: 21807638

21. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006; 6(11):857–66.

https://doi.org/10.1038/nrc1997 PMID: 17060945

22. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, et al. MicroRNA expression profiles clas-

sify human cancers. Nature. 2005; 435(7043):834–8. https://doi.org/10.1038/nature03702 PMID:

15944708

23. Huo D, Clayton WM, Yoshimatsu TF, Chen J, Olopade OI. Identification of a circulating microRNA sig-

nature to distinguish recurrence in breast cancer patients. Oncotarget. 2016; 7(34):55231–48. https://

doi.org/10.18632/oncotarget.10485 PMID: 27409424

24. Kleivi Sahlberg K, Bottai G, Naume B, Burwinkel B, Calin GA, Borresen-Dale AL, et al. A serum micro-

RNA signature predicts tumor relapse and survival in triple-negative breast cancer patients. Clin Cancer

Res. 2015; 21(5):1207–14. https://doi.org/10.1158/1078-0432.CCR-14-2011 PMID: 25547678

25. Liu J, Mao Q, Liu Y, Hao X, Zhang S, Zhang J. Analysis of miR-205 and miR-155 expression in the

blood of breast cancer patients. Chin J Cancer Res. 2013; 25(1):46–54. https://doi.org/10.3978/j.issn.

1000-9604.2012.11.04 PMID: 23372341

26. Radojicic J, Zaravinos A, Vrekoussis T, Kafousi M, Spandidos DA, Stathopoulos EN. MicroRNA expres-

sion analysis in triple-negative (ER, PR and Her2/neu) breast cancer. Cell Cycle. 2011; 10(3):507–17.

https://doi.org/10.4161/cc.10.3.14754 PMID: 21270527

27. Markou A, Yousef GM, Stathopoulos E, Georgoulias V, Lianidou E. Prognostic significance of metasta-

sis-related microRNAs in early breast cancer patients with a long follow-up. Clin Chem. 2014; 60

(1):197–205. https://doi.org/10.1373/clinchem.2013.210542 PMID: 24132943

28. Zhang P, Wang L, Rodriguez-Aguayo C, Yuan Y, Debeb BG, Chen D, et al. miR-205 acts as a tumour

radiosensitizer by targeting ZEB1 and Ubc13. Nat Commun. 2014; 5:5671. https://doi.org/10.1038/

ncomms6671 PMID: 25476932

29. Zehentmayr F, Hauser-Kronberger C, Zellinger B, Hlubek F, Schuster C, Bodenhofer U, et al. Hsa-miR-

375 is a predictor of local control in early stage breast cancer. Clin Epigenetics. 2016; 8:28. https://doi.

org/10.1186/s13148-016-0198-1 PMID: 26962366

30. Hoppe R, Achinger-Kawecka J, Winter S, Fritz P, Lo WY, Schroth W, et al. Increased expression of

miR-126 and miR-10a predict prolonged relapse-free time of primary oestrogen receptor-positive breast

cancer following tamoxifen treatment. Eur J Cancer. 2013; 49(17):3598–608. https://doi.org/10.1016/j.

ejca.2013.07.145 PMID: 23968733

31. Shen S, Sun Q, Liang Z, Cui X, Ren X, Chen H, et al. A prognostic model of triple-negative breast can-

cer based on miR-27b-3p and node status. PLoS One. 2014; 9(6):e100664. https://doi.org/10.1371/

journal.pone.0100664 PMID: 24945253

32. Song C, Zhang L, Wang J, Huang Z, Li X, Wu M, et al. High expression of microRNA-183/182/96 cluster

as a prognostic biomarker for breast cancer. Sci Rep. 2016; 6:24502. https://doi.org/10.1038/

srep24502 PMID: 27071841

A miRNA signature for breast cancer recurrence in young women

PLOS ONE | https://doi.org/10.1371/journal.pone.0187638 November 15, 2017 17 / 18

https://doi.org/10.1016/j.ejca.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22464016
https://doi.org/10.1200/JCO.2013.52.8877
http://www.ncbi.nlm.nih.gov/pubmed/24567428
https://doi.org/10.1043/1543-2165-134.7.e48
http://www.ncbi.nlm.nih.gov/pubmed/20586616
https://doi.org/10.1200/JCO.2013.50.9984
http://www.ncbi.nlm.nih.gov/pubmed/24101045
https://doi.org/10.1158/1078-0432.CCR-10-1282
https://doi.org/10.1158/1078-0432.CCR-10-1282
http://www.ncbi.nlm.nih.gov/pubmed/20837693
https://doi.org/10.1158/1078-0432.CCR-11-0926
https://doi.org/10.1158/1078-0432.CCR-11-0926
http://www.ncbi.nlm.nih.gov/pubmed/21807638
https://doi.org/10.1038/nrc1997
http://www.ncbi.nlm.nih.gov/pubmed/17060945
https://doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
https://doi.org/10.18632/oncotarget.10485
https://doi.org/10.18632/oncotarget.10485
http://www.ncbi.nlm.nih.gov/pubmed/27409424
https://doi.org/10.1158/1078-0432.CCR-14-2011
http://www.ncbi.nlm.nih.gov/pubmed/25547678
https://doi.org/10.3978/j.issn.1000-9604.2012.11.04
https://doi.org/10.3978/j.issn.1000-9604.2012.11.04
http://www.ncbi.nlm.nih.gov/pubmed/23372341
https://doi.org/10.4161/cc.10.3.14754
http://www.ncbi.nlm.nih.gov/pubmed/21270527
https://doi.org/10.1373/clinchem.2013.210542
http://www.ncbi.nlm.nih.gov/pubmed/24132943
https://doi.org/10.1038/ncomms6671
https://doi.org/10.1038/ncomms6671
http://www.ncbi.nlm.nih.gov/pubmed/25476932
https://doi.org/10.1186/s13148-016-0198-1
https://doi.org/10.1186/s13148-016-0198-1
http://www.ncbi.nlm.nih.gov/pubmed/26962366
https://doi.org/10.1016/j.ejca.2013.07.145
https://doi.org/10.1016/j.ejca.2013.07.145
http://www.ncbi.nlm.nih.gov/pubmed/23968733
https://doi.org/10.1371/journal.pone.0100664
https://doi.org/10.1371/journal.pone.0100664
http://www.ncbi.nlm.nih.gov/pubmed/24945253
https://doi.org/10.1038/srep24502
https://doi.org/10.1038/srep24502
http://www.ncbi.nlm.nih.gov/pubmed/27071841
https://doi.org/10.1371/journal.pone.0187638


33. Hannafon BN, Sebastiani P, de las Morenas A, Lu J, Rosenberg CL. Expression of microRNA and their

gene targets are dysregulated in preinvasive breast cancer. Breast Cancer Res. 2011; 13(2):R24.

https://doi.org/10.1186/bcr2839 PMID: 21375733

34. Zhang X, Chen J, Radcliffe T, Lebrun DP, Tron VA, Feilotter H. An array-based analysis of microRNA

expression comparing matched frozen and formalin-fixed paraffin-embedded human tissue samples. J

Mol Diagn. 2008; 10(6):513–9. https://doi.org/10.2353/jmoldx.2008.080077 PMID: 18832457

35. Allred DC, Harvey JM, Berardo M, Clark GM. Prognostic and predictive factors in breast cancer by

immunohistochemical analysis. Mod Pathol. 1998; 11(2):155–68. PMID: 9504686

36. Harvey JM, Clark GM, Osborne CK, Allred DC. Estrogen receptor status by immunohistochemistry is

superior to the ligand-binding assay for predicting response to adjuvant endocrine therapy in breast can-

cer. J Clin Oncol. 1999; 17(5):1474–81. https://doi.org/10.1200/JCO.1999.17.5.1474 PMID: 10334533

37. Dowsett M, Nielsen TO, A’Hern R, Bartlett J, Coombes RC, Cuzick J, et al. Assessment of Ki67 in

breast cancer: recommendations from the International Ki67 in Breast Cancer working group. J Natl

Cancer Inst. 2011; 103(22):1656–64. https://doi.org/10.1093/jnci/djr393 PMID: 21960707

38. Cheng Y, Xiang G, Meng Y, Dong R. MiRNA-183-5p promotes cell proliferation and inhibits apoptosis in

human breast cancer by targeting the PDCD4. Reprod Biol. 2016; 16(3):225–33. https://doi.org/10.

1016/j.repbio.2016.07.002 PMID: 27476679

39. Li P, Sheng C, Huang L, Zhang H, Huang L, Cheng Z, et al. MiR-183/-96/-182 cluster is up-regulated in

most breast cancers and increases cell proliferation and migration. Breast Cancer Res. 2014; 16

(6):473. https://doi.org/10.1186/s13058-014-0473-z PMID: 25394902

40. Lowery AJ, Miller N, Dwyer RM, Kerin MJ. Dysregulated miR-183 inhibits migration in breast cancer

cells. BMC Cancer. 2010; 10:502. https://doi.org/10.1186/1471-2407-10-502 PMID: 20858276

41. Le XF, Almeida MI, Mao W, Spizzo R, Rossi S, Nicoloso MS, et al. Modulation of MicroRNA-194 and

cell migration by HER2-targeting trastuzumab in breast cancer. PLoS One. 2012; 7(7):e41170. https://

doi.org/10.1371/journal.pone.0041170 PMID: 22829924

42. Das R, Gregory PA, Fernandes RC, Denis I, Wang Q, Townley SL, et al. MicroRNA-194 Promotes

Prostate Cancer Metastasis by Inhibiting SOCS2. Cancer Res. 2016. https://doi.org/10.1158/0008-

5472.can-16-2529 PMID: 28011622

43. Zhao Y, Li F, Zhang X, Liu A, Qi J, Cui H, et al. MicroRNA-194 acts as a prognostic marker and inhibits

proliferation in hepatocellular carcinoma by targeting MAP4K4. Int J Clin Exp Pathol. 2015; 8

(10):12446–54. PMID: 26722431

44. Nofech-Mozes R, Khella HW, Scorilas A, Youssef L, Krylov SN, Lianidou E, et al. MicroRNA-194 is a

Marker for Good Prognosis in Clear Cell Renal Cell Carcinoma. Cancer Med. 2016; 5(4):656–64.

https://doi.org/10.1002/cam4.631 PMID: 26860079

45. Quesne JL, Jones J, Warren J, Dawson SJ, Ali HR, Bardwell H, et al. Biological and prognostic associa-

tions of miR-205 and let-7b in breast cancer revealed by in situ hybridization analysis of micro-RNA

expression in arrays of archival tumour tissue. J Pathol. 2012; 227(3):306–14. https://doi.org/10.1002/

path.3983 PMID: 22294324

46. de Souza Rocha Simonini P, Breiling A, Gupta N, Malekpour M, Youns M, Omranipour R, et al. Epige-

netically deregulated microRNA-375 is involved in a positive feedback loop with estrogen receptor

alpha in breast cancer cells. Cancer Res. 2010; 70(22):9175–84. https://doi.org/10.1158/0008-5472.

CAN-10-1318 PMID: 20978187

47. Ward A, Balwierz A, Zhang JD, Kublbeck M, Pawitan Y, Hielscher T, et al. Re-expression of microRNA-

375 reverses both tamoxifen resistance and accompanying EMT-like properties in breast cancer. Onco-

gene. 2013; 32(9):1173–82. https://doi.org/10.1038/onc.2012.128 PMID: 22508479

48. Ye XM, Zhu HY, Bai WD, Wang T, Wang L, Chen Y, et al. Epigenetic silencing of miR-375 induces tras-

tuzumab resistance in HER2-positive breast cancer by targeting IGF1R. BMC Cancer. 2014; 14:134.

https://doi.org/10.1186/1471-2407-14-134 PMID: 24571711

A miRNA signature for breast cancer recurrence in young women

PLOS ONE | https://doi.org/10.1371/journal.pone.0187638 November 15, 2017 18 / 18

https://doi.org/10.1186/bcr2839
http://www.ncbi.nlm.nih.gov/pubmed/21375733
https://doi.org/10.2353/jmoldx.2008.080077
http://www.ncbi.nlm.nih.gov/pubmed/18832457
http://www.ncbi.nlm.nih.gov/pubmed/9504686
https://doi.org/10.1200/JCO.1999.17.5.1474
http://www.ncbi.nlm.nih.gov/pubmed/10334533
https://doi.org/10.1093/jnci/djr393
http://www.ncbi.nlm.nih.gov/pubmed/21960707
https://doi.org/10.1016/j.repbio.2016.07.002
https://doi.org/10.1016/j.repbio.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27476679
https://doi.org/10.1186/s13058-014-0473-z
http://www.ncbi.nlm.nih.gov/pubmed/25394902
https://doi.org/10.1186/1471-2407-10-502
http://www.ncbi.nlm.nih.gov/pubmed/20858276
https://doi.org/10.1371/journal.pone.0041170
https://doi.org/10.1371/journal.pone.0041170
http://www.ncbi.nlm.nih.gov/pubmed/22829924
https://doi.org/10.1158/0008-5472.can-16-2529
https://doi.org/10.1158/0008-5472.can-16-2529
http://www.ncbi.nlm.nih.gov/pubmed/28011622
http://www.ncbi.nlm.nih.gov/pubmed/26722431
https://doi.org/10.1002/cam4.631
http://www.ncbi.nlm.nih.gov/pubmed/26860079
https://doi.org/10.1002/path.3983
https://doi.org/10.1002/path.3983
http://www.ncbi.nlm.nih.gov/pubmed/22294324
https://doi.org/10.1158/0008-5472.CAN-10-1318
https://doi.org/10.1158/0008-5472.CAN-10-1318
http://www.ncbi.nlm.nih.gov/pubmed/20978187
https://doi.org/10.1038/onc.2012.128
http://www.ncbi.nlm.nih.gov/pubmed/22508479
https://doi.org/10.1186/1471-2407-14-134
http://www.ncbi.nlm.nih.gov/pubmed/24571711
https://doi.org/10.1371/journal.pone.0187638

