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Abstract

Breast cancer is one of the most important causes of cancer-related deaths worldwide in
women. In addition to gene expression studies, the progressing work in the miRNA area
including miRNA microarray studies, brings new aspects to the research on the cancer de-
velopment and progression. Microarray technology has been widely used to find new bio-
markers in research and many transcriptomic microarray studies are available in public
databases. In this study, the breast cancer miRNA and mRNA microarray studies were col-
lected according to the availability of their data and clinical information, and combined by a
newly developed ranking-based meta-analysis approach to find out candidate miRNA bio-
markers (meta-miRNAs) that classify breast cancers according to their grades and explain
the relation between miRNAs and mRNAs. This approach provided meta-miRNAs specific
to breast cancer grades, pointing out let-7 family members as grade classifiers. The gRT-
PCR studies performed with independent breast tumors confirmed the potential biomarker
role of let-7 family members (meta-miRNAs). The concordance between the meta-mRNAs
and miRNA target genes specific to tumor grade (common genes) supported the idea of
mRNAs as miRNA targets. The pathway analysis results showed that most of the let-7 fami-
ly miRNA targets, and also common genes, were significantly taking part in cancer-related
pathways. The qRT-PCR studies, together with bioinformatic analyses, confirmed the re-
sults of meta-analysis approach, which is dynamic and allows combining datasets from
different platforms.

Introduction

Breast cancer (BC) is the second leading cause of cancer-related deaths worldwide in women,
after lung cancer. Despite advances in early detection and treatment, the estimated number of
deaths in 2014 due to BC is about 40,000. The chance of a woman having invasive breast cancer
during her lifetime is about 1 in 8. The chance of dying from breast cancer is about 1 in 36 [1].
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BCis a complex and heterogeneous disease with varied molecular features, tumor characteris-
tics, expression patterns and response to therapy. It has been studied in detail at the molecular
level. Although some genes were found to be responsible for the development and progression
of the disease, most of the molecular mechanisms underlying its progression remain poorly un-
derstood. This has led to a significant interest in the quest for novel predictive markers for BC
[2,3].

The clinical management of breast cancer depends on the availability of robust clinical and
pathological prognostic factors. One of the best-established prognostic factors for BC is histo-
logical grade, which is based on the degree of differentiation of the tumor tissue. Recent micro-
array-based expression profiling studies have provided evidence that tumors of different grades
show distinct genomic, transcriptomic and immunohistochemical profiles [4].

MicroRNAs (miRNAs) are small non-coding RNA molecules, which negatively regulate
gene expression at the post-transcriptional level [5]. Following the discovery of the first
miRNA in the roundworm Caenorhabditis elegans, these short regulatory RN As have been
found to be an abundant class of RNAs in plants, animals, and DNA viruses. miRNAs induce
mRNA degradation (some studies indicate that destabilization of target mRNAs is the predom-
inant reason for reduced protein output), translational repression, or both depending upon the
complementarity of the miRNA to its mRNA target [6-8]. miRNAs play a crucial role in nor-
mal biological processes including development, cell proliferation, differentiation, and apopto-
sis [9]. Future work on miRNAs and miRNA microarray studies will elucidate new areas of
cancer development and progression. Intensifying research in miRNA studies, using high
throughput techniques including microarrays has resulted in the identification and confirma-
tion of aberrant miRNA expression in a number of human diseases including BC [3,5].

The let-7 family of miRNAs was initially discovered as important developmental molecules
in C. elegans. It is known that mature let-7 family members are highly conserved across animal
species and that these miRNAs are key regulators of cell proliferation and differentiation. Let-7
family members are often reported as tumor suppressors in humans. Altered let-7 family ex-
pression is likely to contribute to cancer formation and also progression. Accordingly, these
miRNAs may have the potential to be used as novel predictive markers in cancer [10,11].

Microarray technology has been widely used in research to find new biomarkers in the past
decade. Many transcriptomic microarrays have been generated and made available in public
databases such as the Gene Expression Omnibus (GEO)[12] from NCBI (http://www.ncbi.nlm.
nih.gov/geo/) and Array Express[13] from EBI (http://www.ebi.ac.uk/arrayexpress/) [14,15].

Meta-analysis may briefly defined as combining independent studies using various methods
to increase the statistical power by increasing the number of samples analyzed [16,17]. Meta-
analysis approaches have the potential to enable more comprehensive evaluation of the existing
differential miRNA expression data and can therefore provide miRNA and miRNA-target gene
sets with a high diagnostic value. In addition to ongoing discovery of new miRNAs and incon-
sistent annotation, platform variability, various methods for data processing, and analysis are
the limitations for combining independent datasets [17].

To overcome these limitations, we developed a ranking-based meta-analysis approach. It is
known that ranking-based meta-analysis approaches are successful in eliminating the differ-
ences that originate from platform variability [18]. The method enabled us to combine three in-
dependent miRNA microarray studies performed with three different platforms and two
different mRNA microarray studies performed with the same platform. Herein we provide
miRNA and mRNA lists that are discriminative specifically for breast cancer grades, which are
invariably expressed across independent experiments. In the miRNA list, eight of the let-7 fam-
ily members were found to be top-ranking miRNAs with a discriminative power for breast can-
cer grades and were validated by qRT-PCR. Consequently to the best of our knowledge this is
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the first meta-analysis study that combines and correlates miRNA and mRNA microarray
studies conducted in breast cancer.

Material and Methods

We explained the relation between miRNAs and mRNAs in addition to the identification of
miRNA signatures in this study. Accordingly the study steps were designed for both miRNA
and mRNA together (Fig 1).

Selection and restructuring of datasets

miRNA and mRNA microarray studies related to breast tumors were searched in two microar-
ray databases, Gene Expression Omnibus [12] (GEO, www.ncbinlm.nih.gov/geo/) and
ArrayExpress [13] (www.ebi.ac.uk/arrayexpress) using the search terms “miRNA” or “mRNA”,
“microarray” and “breast cancer” together. With these keywords we found 96 studies in which
52 of the microarray studies were performed with cell lines and 4 of them were formalin-fixed,
paraffin-embedded (FFPE) studies. The datasets that were generated by using cell lines and
FFPE tissue samples were excluded. The rest of the datasets were evaluated according to the
presence of their data and grade information. Only studies with miRNA and mRNA microar-
ray expression data conducted in human breast cancer tissues that had clinical information re-
garding grade status were included for further analysis.

Three miRNA datasets (GSE7842 [19], GSE15885 [20] and GSE22216 [21]) and 2 mRNA
datasets (GSE17907 [22] and E-MTAB-1006 [23]) were selected and downloaded as a “series
matrix” file and “processed data” file from GEO and ArrayExpress respectively. Each dataset
was then annotated and grade information files were restructured for standardization.

miRNA and mRNA datasets

Three breast cancer miRNA microarray studies and 2 breast cancer mRNA microarray studies
were retrieved from GEO and ArrayExpress (Table 1). All 5 datasets were taken from full-text
research articles published between 2007 and 2011.

l l Find out significance levels (p

| Search and download the data | values) by ANOVA
Restructure the data according to grade List miRNAs and mRNAs
information Meta- according to p values in each study

‘ l analysis ‘
program
Combining studies by newly developed meta- — Rank each miRNA and mRNA in
analysis program the lists

1 ! !

| List of meta-miRNAs | | List of meta-mRNAs | Calculate the mean rank of each
miRNA and mRNA in all studies

Identifying of target '
genes

Use the mean rank value as a new
l rank in the meta-list, instead of
significance value (real rank)

| Pathway analysis |

Meta-miRNA Bioinformatic analysis

validation by qRT
PCR

Fig 1. General study and meta-analysis scheme. The workflow is represented by boxes and arrows.

doi:10.1371/journal.pone.0126837.g001
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Table 1. The characteristics of the datasets used for meta-analysis.

miRNA studies Platform Grade 1 Grade 2 Grade 3
GSE7842 Luminex Bead-based microRNA profiling platform version 3 20 34 39
GSE15885 Exigon Homo sapiens 0.4K miChip v8 5 7 17
GSE22216 lllumina Human v1 MicroRNA expression beadchip 42 81 63
Total 67 122 119
mRNA studies

E-MTAB-1006 Affymetrix Human Genome U133 Plus 2.0 Array 18 34 44
GSE17907 Affymetrix Human Genome U133 Plus 2.0 Array 3 10 34
Total 21 44 78
in silico test study

GSE22219 lllumina human Ref-8 v1.0 expression beadchip 41 87 62

doi:10.1371/journal.pone.0126837.t001

GSE7842 miRNA data from Blenkiron et al. [19] were generated using the Luminex Bead-
based microRNA profiling platform version 3. This dataset contained 93 primary human
breast tumors (20 samples were Grade 1, 34 samples Grade 2 and 39 samples Grade 3).

GSE15885 miRNA data from Lowery et al. [20] were generated using the Exiqon Homo sa-
piens 0.4K miChip v8. This dataset contained 29 early stage breast cancer specimens (5 samples
were Grade 1, 7 samples Grade 2 and 17 samples Grade 3).

The last miRNA data GSE22216 from Buffa et al. [21] were generated using the Illumina
Human v1 MicroRNA expression beadchip. This dataset contained 210 early primary breast
cancer samples (42 samples were Grade 1, 81 samples Grade 2, 63 samples Grade 3 and 24 of
an unknown grade).

GSE17907 [22] and E-MTAB-1006 [23] mRNA datasets were both generated using the
Affymetrix Human Genome U133 Plus 2.0 Array. GSE17907 contained 55 breast cancer sam-
ples (3 samples were Grade 1, 10 samples Grade 2, 34 samples Grade 3 and 8 of an unknown
grade) while E-MTAB-1006 contained 96 breast cancer samples (18 samples were Grade 1, 34
samples Grade 2 and 44 samples Grade 3).

The independent mRNA microarray test data GSE22219 from Buffa et al. [21] that was
used for in silico analysis were generated using the Illumina human Ref-8 v1.0 expression bead-
chip. This dataset contained 190 primary human breast tumors (41 samples were Grade 1, 87
samples Grade 2 and 62 samples Grade 3).

Meta-analysis

The limitations of meta-analysis of miRNA studies are inconsistent annotation, platform vari-
ability, various methods for data processing, and analysis resulting from the usage of different
platforms. To eliminate such limitations for combining independent datasets an ANOVA-de-
pendent ranking-based meta-analysis program was developed by using MATLAB. ANOVA
tests were performed to find the significance levels (p values) among samples with grade I, II
and III. For each study, the miRNA and mRNA lists were generated considering their p values,
and miRNAs and mRNAs were noted according to their ranks in the list. For each miRNA or
mRNA, the mean of its rank in all studies was calculated and this value became its real rank in
the meta-list, which was used instead of the significance value (Fig 1).

Pathway enrichment analysis

The WebGestalt [24] (http://bioinfo.vanderbilt.edu/webgestalt/) pathway analysis tool was
used for enrichment analysis of the targets of the let-7 family members and the common targets
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Fig 2. Pathway enrichment of the grade-specific let-7 family targets. Validated targets of the let-7
miRNAs and KEGG pathway results were used to construct the heatmap. The intensity of color represents
the adjusted p value (p<0.0091).

doi:10.1371/journal.pone.0126837.g002

of the meta-miRNAs and meta-mRNAs. The enrichment results of the let-7 family target genes
were visualized by a heatmap (Fig 2). The KEGG pathway enrichment results of the validated
target genes and FDR corrected p values were used as input for the Cluster 3.0 [25] and Tree-
View [26] programs.

Validation of meta-miRNAs by Real-Time quantitative RT-PCR
(gRT-PCR)
Breast tumor samples. Primary breast tumor samples were obtained from the patients during

the surgery, instantly snap-frozen in liquid nitrogen, and stored at -80°C until RNA extraction.
The total number of samples was 21. Four of the breast tumor samples were Grade 1, 11 were
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Grade 2 and 6 were Grade 3. This study and the use of the tissue material in this project were
approved by the Research Ethics Committee of Ankara University School of Medicine. The
written consent was obtained from the patients in accordance with the Helsinki Declaration.

RNA extraction and cDNA synthesis. The RNA isolation protocol was performed accord-
ing to the previous study [27]. Briefly, the frozen breast tumor samples were put into Trizol re-
agent (AppliChem, Darmstadt, Germany), disrupted with a homogenizer, and total RNA was
isolated according to the manufacturer’s instructions. Genomic DNA contamination was re-
moved by on-column DNase treatment (Macharel Nagel, Duren, Germany). The concentra-
tion of the isolated RNA and ratio of absorbance at 260 nm to 280 nm were measured with the
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Montchanin, DE, USA).

First-strand cDNA was synthesized from 1 pg total RNA with the miScript IT RT Kit accord-
ing to the manufacturer’s instructions (Qiagen, Hilden, Germany). In a reverse-transcription
reaction, mature miRNAs were polyadenylated by poly(A) polymerase and subsequently con-
verted into cDNA by reverse transcriptase with oligo-dT priming. The cDNA was then used
for qRT-PCR profiling of mature miRNA expression. The cDNA was diluted at a ratio of 1:10
before being used as a PCR template and stored at -20°C until further use.

qRT-PCR. qRT-PCR analysis was performed on the Roche LightCycler 480 by using specif-
ic miRNA primers and the miScript SYBR Green PCR Kit (Qiagen, Hilden, Germany). The
amplification mixtures contained 1.0 pl 1:10 diluted cDNA, 5.0 pl SYBR Green PCR Master
Mix, 1.0 ul miScript Universal Primer (reverse primer for all miRNAs), 1.0 ul miScript Primer
Assay (miRNA specific forward primer) and 2 ul RNase-free water in a total volume of 10 pl.
Cycling conditions were as follows: 95°C for 15 min for initial activation and then 40 cycles of
94°C for 15 s, 55°C for 30 s, and 70°C for 30 s during amplification. The AACt method was
used for the analysis of qRT-PCR results and RNU6-2 was used as a normalization factor.

Prediction of miRNA targets and their comparison with meta-mRNAs

The validated targets of the grade-specific meta-miRNAs were identified bioinformatically by
using miRWalk [28] (http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html).
miRWalk is a comprehensive database that involves not only in silico predicted but also experi-
mentally validated targets. To compare the meta-miRNA targets with meta-mRNAs, common
genes were identified by using Venny [29] (http://bioinfogp.cnb.csic.es/tools/venny/)

In silico analysis of common genes

The independent mRNA microarray data GSE22219 [21] that contains the grade information
was reanalyzed by BRB-ArrayTools [30] to analyze the prediction power of common genes be-
tween validated meta-miRNA targets and meta-mRNAs. Hierarchical clustering of common
genes and tumor samples according to their grade information was performed by using average
linkage as a clustering method.

The interaction network between grade predictive let-7 family members and their potential
target genes validated by in silico analysis of common genes was visualized by using Cytoscape
3.2.0 network analysis and visualization platform [31].

Results
miRNA specific datasets and meta-analysis

In this study to combine independent microarray studies coming from different platforms
ranking-based meta-analysis approach was developed. After evaluation processes we picked 3
miRNA microarray studies conducted in breast cancer tumors, which have clinical information
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regarding grade status and available microarray data. Consequently we could apply the meta-
analysis approach to 308 samples from 3 different miRNA microarray studies and 67 samples
were Grade 1, 122 Grade 2 and 119 Grade 3 (Table 1).

The number of probes in each data group was 359 for GSE7842 [19], 396 for GSE15885 [20]
and 735 for GSE22216 [21]. Accordingly the total number of miRNAs included in the study
was 551. The meta-analysis program uses the average values to calculate the real rank of a
miRNA, decreasing the number of miRNAs to 194 at the end of the meta-analysis (S1 Table).

Although the rank of any given miRNA varied from low to high in the individual datasets,
this was stabilized with the real rank at the end of the meta-analysis. In the case of let-7c, the
rank was 11 in GSE7842 [19], 4 in GSE15885 [20] and 12 in GSE22216 [21] according to the
ANOVA results but it took 1** position as its real rank in the meta-list with a mean rank of 9
(Table 2).

Let-7 family members are enriched in meta-miRNA list

As provided in S1 Table, 194 miRNAs were listed according to the mean of their ranks and
they were ordered from 1 to 194 as their real rank scores. Since the real rank in the meta-list
was used instead of the significance value we focused on the first 20 meta-miRNAs listed in
Table 2. The abundance of let-7 family members in the top 20 meta-miRNA list was remark-
able. Eight of the top 20 was found to be consisting of let-7 family members. The first 6 miR-
NAs in the meta-list were let-7c, let-7a, let-7f, let-7d, let-7e, let-7i and let-7g was the 8and let-
7b was the 11" miRNAs (Table 2). Additionally hsa-miR-7, hsa-miR-99a, hsa-miR-320, hsa-

Table 2. Top 20 meta-miRNAs and their ranking values.

miRNA name the mean of rank real rank
hsa-let-7c* 9 1
hsa-let-7a* 12 2
hsa-let-7f* 14.5 3
hsa-let-7d* 15.5 4
hsa-let-7e* 19 5
hsa-let-7i* 23.7 6
hsa-miR-30a-3p 26 7
hsa-let-7g* 31.3 8
hsa-miR-331 53.5 9
hsa-miR-199b 55.5 10
hsa-let-7b* 71 11
hsa-miR-199a 71.5 12
hsa-miR-30a-5p 73 13
hsa-miR-509 75 14
hsa-miR-7 85.5 15
hsa-miR-320 86.5 16
hsa-miR-33 90 17
hsa-miR-28 91.5 18
hsa-miR-99a 91.5 19
hsa-miR-122a 92.5 20

The mean rank indicates the average of rank values in each study for a given miRNA and the real rank is
the rank of a given miRNA in the meta-list generated by the meta-analysis approach.
* indicates the let-7 family members in the meta-list that were chosen for further analysis.

doi:10.1371/journal.pone.0126837.t002
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miR-30a-3p and hsa-miR-30a-5p that were previously associated with breast cancer were also
in the meta-list [32-37]. The amount of cancer related miRNAs in the first top 20 meta-list
might be the indication of the robustness of the miRNAs reliability of them to be real

grade predictors.

Let-7 family targets are associated with cancer specific pathways

To further characterize the relation of let-7 family members with the grade status of breast tu-
mors, the validated targets of the 8 grade-specific meta-miRNAs were identified by miRwalk
[28]. Among all 8 let-7 family members let-7b was found to have the highest number of defined
targets with 663 target genes and let-7i was found to have 269 validated target genes, which was
the lowest target number. On the other hand the number of targets was 299 for hsa-let-7c, 308
for hsa-let-7a, 283 for hsa-let-7f and hsa-let-7d, 301 for hsa-let-7e and 273 targets for hsa-let-
7g.

The target gene lists that were obtained for each miRNA were used for pathway enrichment
analysis that was performed by WebGestalt [24]. The KEGG pathway enrichment results of the
validated target genes were extracted and visualized by a heatmap, which was generated by
using FDR corrected p values of enrichment analysis. The results showed that most of the tar-
get genes were taking part in cancer-related pathways such as the cell cycle, apoptosis and sig-
naling pathways including MAPK, p53, ErbB, Wnt, Jak-STAT and TGEF-beta (Fig 2;
p<0.0091). It was also interesting to mention that none of the targets of miRNAs missed any
given pathway and all of them shared each and every pathway given in Fig 2 within a range of
significance between 10~ and 107,

gRT-PCR experiments validated the grade predictive ability of meta-
miRNAs in independent tumor samples

Expression profiles of the eight let-7 family members were tested in independent breast tumors
to validate meta-analysis results by QRT-PCR (n = 21). The expression range of each miRNA
in each grade (Gradel, Grade 2 and Grade 3) was shown in terms of normalized Ct values ac-
cording to a normalization factor RNUS6 as box-whisker-plots in Fig 3. Concordant with the
meta-analysis results the expression levels of all lez-7 family members were found to be consis-
tently downregulated with increasing tumor grade. Let-7d, let-7i and let7g were observed to be
similar in terms of expression profiles throughout the tumor samples representing each tumor
grade. Since a very wide range of distribution in the expression values of most of the miRNAs
in Grade 2 tumor samples were observed, none of the let-7 family members were found to be
discriminative between Grade 1 and 2 and Grade 2 and 3 tumors. On the other hand the
changes in the expression levels of hsa-let-7a, hsa-let-7c, hsa-let-7e in Grade 1 and Grade 3 tu-
mors were found to be statistically significant (p<0.05) (Fig 3).

In silico integrated analysis of meta-miRNA-targets and meta-mRNAs
resulted common mRNAs specific to grade status

To validate the reliability of let-7 family members in grade status discrimination, an integrated
analysis was designed in which the targets of the let-7 family members were compared with the
meta-mRNAs that are supposed to be grade predictors. For this integrated analysis the meta-
analysis approach that was applied to miRNA datasets was also applied to the 2 mRNA micro-
array studies conducted in breast cancer (Table 1) and meta-mRNAs that could classify breast
cancer tumors according to their grade status were ranked. What we expected was to find out
common genes between grade specific miRNA-targets and grade specific meta-mRNAs. That
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Fig 3. Boxplot of let-7 family expression levels. A consistent decrease in the expression levels of let-7 family members is observed from grade 1 to grade

3 tumors (n=21).
doi:10.1371/journal.pone.0126837.9003

is because if we could find any mRNAs that are discriminative between grade statuses, they had
to share some genes with the targets of grade predictive-miRNAs.

The intersection of meta-mRNAs (top 20% of 13355 mRNAs) and let-7-target genes (837
targets without repetition) was found by Venny analysis and the results showed that they
shared 116 common genes (Fig 4A, S2 Table). The pathway enrichment analysis results showed
that most of the genes common to meta-miRNA targets and meta-mRNAs took part in impor-
tant pathways such as cancer specific pathways, the cell cycle, TGF-beta signaling pathway, ap-
optosis, MAPK, mTOR and VEGF signaling pathways (p< 0.0205).

To further validate the prediction power of the 116 common genes an independent microar-
ray data from GSE22219 [21] were reanalyzed and expression results were visualized by a heat-
map. Primary breast tumors were hierarchically clustered into two major groups based on
target gene expression profiles. This in silico validation showed that 41 of the 116 genes were
able to significantly cluster Grade 1 and Grade 3 tumors. Grade 1 tumors were significantly lo-
cated in the first group (GR1) while the samples in the second group (GR2) were mostly Grade
3 tumors (Fig 4B; Mann-Whitney; W = 1642, p = 0.0000). As expected, some of the target
mRNA expression levels were observed to be increased with increasing grade status, unlike the
miRNA expression levels. The genes that were upregulated in grade 3 tumors may be thought
to be the direct targets of let-7 family members because of their inverse correlation and include
MEL, TXNRDI1, POLR2C, SOAT1, PRDM1, SOCS1, TCF19, STMNI1, SRM, RDH10, PSAT1,
POLA2, MCM2, LMNB?2, TRIP13, IQGAP3, TYMS, SLC7A5, SQSTM1, HMOXI, SLC16A3,
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Fig 4. In silico analysis of the common genes between validated meta-miRNA targets and meta-
mRNAs. (A) The intersection of meta-mRNAs and let-7-target genes. 116 of the meta-miRNA targets are in
common with the meta-mRNAs. (B) Heatmap of the expression of common genes between grade-specific let
7 targets and mRNAs for the GSE22219 dataset. Hierarchical clustering of common genes and grade 1 and
grade 3 tumor samples was performed by using average linkage as the clustering method. Red and green
colors represent upregulation and downregulation, respectively (p<0.05). (C) The interaction network
between grade predictive let-7 family members and their potential target genes validated by in silico analysis.
Target genes are represented by yellow and circular nodes while miRNAs are represented by squares.

doi:10.1371/journal.pone.0126837.g004

SLC25A13, SEC24A, SAMSN1, LAMP3 and SELL (Fig 4B). To visualize the interactions of
each gene with the miRNAs cytoscape network analysis and visualization platform was used.
The network analysis indicated that half of the 26 potential target genes were unique to let-7b

PLOS ONE | DOI:10.1371/journal.pone.0126837 May 15,2015 10/16



@’PLOS ‘ ONE

Meta-MicroRNAs in Breast Cancer

and this miRNA shared 8 targets with the other let-7 family members. Additionally PRDM1,
SOCS1, TCF19, SRM, SLC7A5 and LAMP were located as the genes targeted by all of the grade
predictive let-7 family members (Fig 4C). The KEGG pathway analysis results indicated that
among 26 genes some of them were found to have roles in cancer related pathways like cell
cycle (MCM2), Jak-STAT (SOCS1), MAPK (STMN1), PPAR signaling pathways (ME1).

Discussion

Meta-analysis is a procedure for statistically combining the results of many different studies.
The data obtained by meta-analysis is more generalized and stable since the information is not
specific to a case but the combination of many different studies. The common problem of vari-
ous meta-analysis approaches is the technical differences resulting from the usage of different
platforms. This necessitates the development of new methodologies with the potential to elimi-
nate the differences resulting from the different probe design, normalization and preprocessing
methods specific to each platform. We combined independent miRNA microarray datasets to
identify miRNA signatures that could classify the breast cancer samples according to their his-
tological grade in this study. An ANOVA-dependent ranking-based meta-analysis approach
that makes identification of novel candidate miRNAs possible with the potential to eliminate
differences emerging from microarray platform variability was developed in MATLAB for this
purpose. The code is so dynamic that it allows the addition of newly generated data for meta-
analysis. In a ranking-based meta-analysis study, Phan et al. compared their Rank Average
Meta-Analysis with 5 other meta-analysis approaches (mDEDs, rank products, Choi, Wang
and naive methods) and found that combining microarray datasets by averaging ranks effec-
tively increases the sample size while enabling robust analysis of heterogeneous data.[18] An-
other ranking-based methodology was proposed by Kolde et al. as a novel rank aggregation
method that is free and robust as regards outliers, noise and errors [38]. Ranking-based algo-
rithms are therefore suggested to be useful and general solutions for the integration of

variable datasets.

The method enabled us to combine three independent miRNA microarray studies per-
formed with three different platforms and two different mRNA microarray studies performed
with the same platform. Since miRNA microarray studies are mostly concentrated on the com-
parison of tumor and normal tissues, the pathological information (including the grade infor-
mation) was not available, which limited the number of studies we used for meta-analysis.

The meta-analysis study was performed with the tumor samples obtained from independent
studies in which the clinical information of the tumors was available. In this study we concen-
trated on meta-miRNAs that are predictive for histological grade status, one of the important
prognostic factors in breast cancer. In the meta-miRNA list obtained from the meta-analysis, 8
of the first 20 miRNAs were found to be let-7 family members; let-7c, let-7a, let-7f, let-7d, let-
7e, let-7i, let-7g and let-7b (Table 2). The enrichment of let-7 family members in the meta-list
led us to focus on the let-7 family and to further investigate their role in grade prediction. We
started with the experimental confirmation of in silico predictions by qRT-PCR. The results of
the qRT-PCR performed with independent breast cancer samples pointed out that the afore-
mentioned eight let-7 family members were differentially expressed between grade 1 and grade
3 tumors and decreased miRNA expression levels were observed with increasing tumor grade.
Among these miRNAs, the decrease in the expression of let-7a, let-7¢ and let-7e was found to
be statistically significant (Fig 3; n = 21, p<0.05). Similar to our results, in a study of Blenkiron
et al., decreased expression levels of these three miRNAs with increasing tumor grade was
shown in a heatmap. Although their focus was not specifically grade status and any let-7 family
expression profiles they gave a list of miRNAs differentially expressed among tumor grades
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and the data was extracted from a heatmap that was given in the paper [19]. Grading shows the
differentiation status of the tumors. Grade 1 tumor cells appear close to normal and are differ-
entiated while Grade 3 tumors are poorly differentiated. What we observed in the qRT-PCR ex-
periments was a consistent decrease in the expression levels of miRNAs from differentiated to
poorly differentiated tumors (Fig 3). These findings were supported by a study in which general
miRNA expression levels and differentiation status of the tumors were found to be inversely
correlated [39]. These findings were also consistent with the report that mouse embryonic
stem cells lacking Dicer, an important enzyme for miRNA maturation, fail to differentiate nor-
mally [40]. By reanalyzing the let-7 family members of a very recent study (GSE60725), it was
shown that the same family members were downregulated in grade 3 tumors compared to
grade 2 tumors. Better differentiation of the tumors was therefore positively correlated with
higher miRNA expression levels. Rothe et al. reported that hsa-miR-93, hsa-miR-423, hsa-
miR-25, hsa-miR-106b and hsa-miR-345 that are in top 50 in our meta-miRNA list were bio-
marker candidates for grade prediction between grade 1 and grade 3 tumors.[41] In addition to
the let-7 family members, the qRT-PCR results confirmed that miR-30a-3p and miR-30a-5p,
which were listed among the top 20 meta-miRNAs, were significantly discriminative between
Grade 1 and Grade 2 tumors (p<0.01). The expression levels were found to be increased with
increasing grade (data not shown).Our findings and the literature reports emphasizing the
tumor suppressor roles of let-7 family members and their downregulation in breast tumors
compared to normal cells [11,42,43] not only prove that our meta-analysis tool is reliable but
also increase the potential of let-7 family members and other miRNAs listed at the top of the
meta-list as biomarkers for grade prediction. We also explored the miRNAs in meta-miRNA
list associated with the gene expression grade index (GGI), which is believed to reflect and pro-
vide better proliferation and differentiation information than histological grade [44]. The dif-
ferentially expressed miRNAs between GG low and GG high including let-7i, hsa-miR-379,
hsa-miR-423 and hsa-miR-422a matched our meta-miRNA list and this was consistent with
the findings of Rothe et al [41].

Next, we investigated the let-7 family targets in silico in order to further analyze their pre-
dictive potential regarding histological grade. The validated target gene lists were obtained for
each miRNA (let-7c, let-7a, let-71, let-7d, let-7e, let-7i, let-7g and let-7b). Further characteriza-
tion of the genes was performed by pathway enrichment analysis. The genes were significantly
enriched in pathways important for cancer development and progression such as Jak-STAT,
MAPK, TGF-beta, mTOR signaling pathways, cell cycle and apoptosis (Fig 2). Since miRNAs
destabilize mRNAs or repress translation by binding to the 3'UTRs of their targets, an increase
in the expression level of a target gene is expected when the miRNA expression level decreases
[8]. The decrease in the expression level of the let-7 family through dedifferentiation suggests
the probability of an increase in the expression levels of target genes since one of the proposed
mechanisms for miRNAs is mRNA destabilization. The fact that CEBPA, one of the common
targets of these miRNAs, and the downstream genes E2F, IL6 and MYC have been shown to
block differentiation and lead the cells to dedifferentiation supports this notion [45].

Many studies have shown the relation of miRNAs with the clinical status of breast cancer
and reported their role in breast cancer pathogenesis, development and progression [20,41,46—-
49]. On the other hand, there are only a few studies focusing on the integrated analysis of a
miRNA and the mRNA expression status in breast cancer [19,21,48]. In a study published in
2010, Guo et al. suggested the destabilization of target mRNAs (>%84) rather than translation-
al inhibition as the predominant reason for reduced protein output, pointing out mRNAs as
main targets of miRNAs [8]. Data obtained from mRNA and protein expression level compari-
sons after introducing or deleting individual miRNAs also suggested mRNA destabilization to
be the result of miRNA-mediated repression [50,51]. These data indicated the potential value
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of comparing meta-miRNA targets with grade-predictive mRNAs. Accordingly, we used the
meta-analysis approach to independent mRNA microarray studies to determine the mRNAs
that are predictive for breast cancer grade status. We expected the targets (nRNAs) of a
miRNA with real predictive potential for grade status to be expressed differentially between
grade 1, 2 and 3 samples. After obtaining the grade predictive meta-mRNAs by combining in-
dependent mRNA studies by our meta-analysis tool, we found 116 genes to be shared between
the validated targets of let-7 family members and grade-predictive meta-mRNAs (Fig 4A, S2
Table). Pathway enrichment analysis was performed with the common 116 genes and most
were found to be enriched in pathways related to cancer, TGF-beta signaling, the cell cycle, ap-
optosis, MAPK, mTOR and VEGF signaling. It is also important to mention that although the
miRNA and mRNA microarray studies were from independent sources, they shared a number
of mRNAs and miRNA targets that were found to be potential biomarkers for tumor grade.
This consistency not only increases the possibility of the robustness of these 116 genes in
tumor grade prediction but also stabilizes the biomarker roles of miRNAs targeting those
mRNAs.

In conclusion, the meta-miRNAs that were obtained by the meta-analysis developed for this
study could be verified experimentally in independent breast tumors and were comparable
with previous studies related to breast cancer. We have demonstrated that the meta-analysis
approach is reliable and robust and also that the let-7 family members of meta-miRNAs may
be alternative and potential biomarkers for grade prediction. Meta-analysis of miRNA microar-
ray datasets also has the potential to lead to more comprehensive measures of the existing dif-
ferential miRNA expression data and can therefore provide miRNA and miRNA-target gene
sets with high prognostic value.
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S1 PRISMA Checklist. PRISMA 2009 checklist. The page numbers corresponding to the
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(DOC)
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predictive meta-mRNAs.
(XLSX)

Author Contributions

Conceived and designed the experiments: BGD. Performed the experiments: YO AA BGD. An-
alyzed the data: YO TB. Contributed reagents/materials/analysis tools: IGY BB BGD. Wrote
the paper: BGD YO. Constructed the code for meta-analysis: TB YO BGD.

References
1. American Cancer Society [Internet]. Available: http://www.cancer.org/

2. Heneghan HM, Miller N, Lowery AJ, Sweeney KJ, Kerin MJ. MicroRNAs as Novel Biomarkers for
Breast Cancer. J Oncol. 2009; 2009: 950201. doi: 10.1155/2010/950201 PMID: 19639033

PLOS ONE | DOI:10.1371/journal.pone.0126837 May 15,2015 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126837.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126837.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126837.s003
http://www.cancer.org/
http://dx.doi.org/10.1155/2010/950201
http://www.ncbi.nlm.nih.gov/pubmed/19639033

@’PLOS ‘ ONE

Meta-MicroRNAs in Breast Cancer

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Andorfer CA, Necela BM, Thompson EA, Perez EA. MicroRNA signatures: clinical biomarkers for the
diagnosis and treatment of breast cancer. Trends Mol Med. 2011; 17: 313-319. doi: 10.1016/j.molmed.
2011.01.006 PMID: 21376668

Rakha EA, Reis-Filho JS, Baehner F, Dabbs DJ, Decker T, Eusebi V, et al. Breast cancer prognostic
classification in the molecular era: the role of histological grade. Breast Cancer Res. 2010; 12: 207. doi:
10.1186/bcr2607 PMID: 20804570

Mulrane L, Klinger R, McGee SF, Gallagher WM, O’'Connor DP. microRNAs: a new class of breast can-
cer biomarkers. Expert Rev Mol Diagn. 2014; 14: 347-63. doi: 10.1586/14737159.2014.901153 PMID:
24649821

Bartel D. MicroRNAsGenomics, Biogenesis, Mechanism, and Function. Cell. 2004; 116: 281-297. doi:
10.1016/S0092-8674(04)00045-5 PMID: 14744438

Findlay VJ. MicroRNAs and Breast Cancer. Open Cancer J. 2010; 55-61. doi: 10.2174/
1874079001003010055

Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs predominantly act to decrease
target mRNA levels. Nature. 2010; 466: 835—40. doi: 10.1038/nature09267 PMID: 20703300

Serpico D, Molino L, Di Cosimo S. microRNAs in breast cancer development and treatment. Cancer
Treat Rev. Elsevier Ltd; 2014; 40: 595-604. doi: 10.1016/j.ctrv.2013.11.002 PMID: 24286642

Roush S, Slack FJ. The let-7 family of microRNAs. Trends Cell Biol. 2008; 18: 505-516. doi: 10.1016/j.
tcb.2008.07.007 PMID: 18774294

Tang Z, Ow GS, Thiery JP, Ivshina AV, Kuznetsov VA. Meta-analysis of transcriptome reveals let-7b as
an unfavorable prognostic biomarker and predicts molecular and clinical subclasses in high-grade se-
rous ovarian carcinoma. Int J Cancer. 2013; 134: 306—18. doi: 10.1002/ijc.28371 PMID: 23825028

Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus : NCBI gene expression and hybridiza-
tion array data repository. 2002;30: 207-210.

Rustici G, Kolesnikov N, Brandizi M, Burdett T, Dylag M, Emam |, et al. ArrayExpress update—trends in
database growth and links to data analysis tools. Nucleic Acids Res. 2013; 41: D987-90. doi: 10.1093/
nar/gks1174 PMID: 23193272

Campain A, Yang YH. Comparison study of microarray meta-analysis methods. BMC Bioinformatics.
2010; 11: 408. doi: 10.1186/1471-2105-11-408 PMID: 20678237

Chang L, Lin H, Sibille E, Tseng GC. Meta-analysis methods for combining multiple expression pro-
files : comparisons, statistical characterization and an application guideline. 2013;

Normand S-LT. Tutorial in biostatistics meta-analysis: formulating, evaluating, combining, and report-
ing. Stat Med. 1999; 18: 321-359. PMID: 10070677

Vésa U, Vooder T, Kolde R, Vilo J, Metspalu A, Annilo T, et al. Meta-analysis of microRNA expression
in lung cancer. Int J Cancer. 2012; 132: 2884-93. doi: 10.1002/ijc.27981 PMID: 23225545

Phan JH, Young AN, Wang MD. Robust microarray meta-analysis identifies differentially expressed
genes for clinical prediction. ScientificWorldJournal. 2012; 2012: 989637. doi: 10.1100/2012/989637
PMID: 23365541

Blenkiron C, Goldstein LD, Thorne NP, Spiteri |, Chin S-FF, Dunning MJ, et al. MicroRNA expression
profiling of human breast cancer identifies new markers of tumor subtype. Genome Biol. 2007; 8: R214.
doi: 10.1186/gb-2007-8-10-r214 PMID: 17922911

Lowery AJ, Miller N, Devaney A, McNeill RE, Davoren PA, Lemetre C, et al. MicroRNA signatures pre-
dict oestrogen receptor, progesterone receptor and HER2/neu receptor status in breast cancer. Breast
Cancer Res. 2009; 11: R27. doi: 10.1186/bcr2257 PMID: 19432961

Buffa FM, Camps C, Winchester L, Snell CE, Gee HE, Sheldon H, et al. microRNA-associated progres-
sion pathways and potential therapeutic targets identified by integrated mRNA and microRNA expres-
sion profiling in breast cancer. Cancer Res. 2011; 71: 5635—45. doi: 10.1158/0008-5472.CAN-11-0489
PMID: 21737487

Sircoulomb F, Bekhouche I, Finetti P, Adelaide J, Ben Hamida A, Bonansea J, et al. Genome profiling
of ERBB2-amplified breast cancers. BMC Cancer. 2010; 10: 539. doi: 10.1186/1471-2407-10-539
PMID: 20932292

Van Laere S, Beissbarth T, Van der Auwera |, Van den Eynden G, Trinh XB, Elst H, et al. Relapse-free
survival in breast cancer patients is associated with a gene expression signature characteristic for in-
flammatory breast cancer. Clin Cancer Res. 2008; 14: 7452—-7460. doi: 10.1158/1078-0432.CCR-08-
1077 PMID: 19010862

Wang J, Duncan D, Shi Z, Zhang B. WEB-based GEne SeT AnalLysis Toolkit (WebGestalt): update
2013. Nucleic Acids Res. 2013; 41: W77-83. doi: 10.1093/nar/gkt439 PMID: 23703215

PLOS ONE | DOI:10.1371/journal.pone.0126837 May 15,2015 14/16


http://dx.doi.org/10.1016/j.molmed.2011.01.006
http://dx.doi.org/10.1016/j.molmed.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21376668
http://dx.doi.org/10.1186/bcr2607
http://www.ncbi.nlm.nih.gov/pubmed/20804570
http://dx.doi.org/10.1586/14737159.2014.901153
http://www.ncbi.nlm.nih.gov/pubmed/24649821
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://www.ncbi.nlm.nih.gov/pubmed/14744438
http://dx.doi.org/10.2174/1874079001003010055
http://dx.doi.org/10.2174/1874079001003010055
http://dx.doi.org/10.1038/nature09267
http://www.ncbi.nlm.nih.gov/pubmed/20703300
http://dx.doi.org/10.1016/j.ctrv.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24286642
http://dx.doi.org/10.1016/j.tcb.2008.07.007
http://dx.doi.org/10.1016/j.tcb.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18774294
http://dx.doi.org/10.1002/ijc.28371
http://www.ncbi.nlm.nih.gov/pubmed/23825028
http://dx.doi.org/10.1093/nar/gks1174
http://dx.doi.org/10.1093/nar/gks1174
http://www.ncbi.nlm.nih.gov/pubmed/23193272
http://dx.doi.org/10.1186/1471-2105-11-408
http://www.ncbi.nlm.nih.gov/pubmed/20678237
http://www.ncbi.nlm.nih.gov/pubmed/10070677
http://dx.doi.org/10.1002/ijc.27981
http://www.ncbi.nlm.nih.gov/pubmed/23225545
http://dx.doi.org/10.1100/2012/989637
http://www.ncbi.nlm.nih.gov/pubmed/23365541
http://dx.doi.org/10.1186/gb-2007-8-10-r214
http://www.ncbi.nlm.nih.gov/pubmed/17922911
http://dx.doi.org/10.1186/bcr2257
http://www.ncbi.nlm.nih.gov/pubmed/19432961
http://dx.doi.org/10.1158/0008-5472.CAN-11-0489
http://www.ncbi.nlm.nih.gov/pubmed/21737487
http://dx.doi.org/10.1186/1471-2407-10-539
http://www.ncbi.nlm.nih.gov/pubmed/20932292
http://dx.doi.org/10.1158/1078-0432.CCR-08-1077
http://dx.doi.org/10.1158/1078-0432.CCR-08-1077
http://www.ncbi.nlm.nih.gov/pubmed/19010862
http://dx.doi.org/10.1093/nar/gkt439
http://www.ncbi.nlm.nih.gov/pubmed/23703215

@’PLOS ‘ ONE

Meta-MicroRNAs in Breast Cancer

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

De Hoon MJL, Imoto S, Nolan J, Miyano S. Open source clustering software. Bioinformatics. 2004; 20:
1453—4. doi: 10.1093/bioinformatics/bth078 PMID: 14871861

Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and display of genome-wide expres-
sion patterns. Proc Natl Acad Sci U S A. 1998; 95: 14863—14868. doi: 10.1073/pnas.95.25.14863
PMID: 9843981

Gur-Dedeoglu B, Konu O, Kir S, Ozturk AR, Bozkurt B, Ergul G, et al. A resampling-based meta-analy-
sis for detection of differential gene expression in breast cancer. BMC Cancer. 2008; 8: 396. doi: 10.
1186/1471-2407-8-396 PMID: 19116033

Dweep H, Sticht C, Pandey P, Gretz N. miRWalk—database: prediction of possible miRNA binding
sites by “walking” the genes of three genomes. J Biomed Inf. 2011; 44: 839-847. doi: 10.1016/}.jbi.
2011.05.002 PMID: 21605702

Oliveros JC. VENNY. An interactive tool for comparing lists with Venn Diagrams. [Internet]. 2007.

Simon R, Lam A, Li M, Ngan M. Analysis of Gene Expression Data Using BRB-Array Tools. 2007; 11—
17.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape : A Software Environ-
ment for Integrated Models of Biomolecular Interaction Networks Cytoscape : A Software Environment
for Integrated Models of Biomolecular Interaction Networks. 2003; 2498-2504. doi: 10.1101/gr.
1239303

LiQ, Zhu F, Chen P. MiR-7 and miR-218 epigenetically control tumor suppressor genes RASSF1A and
Claudin-6 by targeting HoxB3 in breast cancer. Biochem Biophys Res Commun. Elsevier Inc.; 2012;
424:28-33. doi: 10.1016/j.bbrc.2012.06.028 PMID: 22705304

Ouzounova M, Vuong T, Ancey P-B, Ferrand M, Durand G, Le-Calvez Kelm F, et al. MicroRNA miR-30
family regulates non-attachment growth of breast cancer cells. BMC Genomics. 2013; 14: 139. doi: 10.
1186/1471-2164-14-139 PMID: 23445407

Zhang N, Wang X, Huo Q, Sun M, Cai C, Liu Z, et al. MicroRNA-30a suppresses breast tumor growth
and metastasis by targeting metadherin. Oncogene. 2014; 33: 3119-28. doi: 10.1038/onc.2013.286
PMID: 23851509

Cheng C-W, Wang H-W, Chang C-W, Chu H-W, Chen C-Y, Yu J-C, et al. MicroRNA-30a inhibits cell
migration and invasion by downregulating vimentin expression and is a potential prognostic marker in
breast cancer. Breast Cancer Res Treat. 2012; 134: 1081-1093. doi: 10.1007/s10549-012-2034-4
PMID: 22476851

HuY, Zhu Q, Tang L. MiR-99a antitumor activity in human breast cancer cells through targeting of
mTOR expression. PLoS One. 2014; 9: 3—12. doi: 10.1371/journal.pone.0092099

Yan L, Huang X, Shao Q, Huang M, Deng L. MicroRNA miR-21 overexpression in human breast cancer
is associated with advanced clinical stage, lymph node metastasis and patient poor prognosis. 2008;
2348-2360. doi: 10.1261/rna.1034808.4

Kolde R, Laur S, Adler P, Vilo J. Robust rank aggregation for gene list integration and meta-analysis.
Bioinformatics. 2012; 28: 573—80. doi: 10.1093/bioinformatics/btr709 PMID: 22247279

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, et al. MicroRNA expression profiles
classify human cancers. Nature. 2005; 435: 834—838. doi: 10.1038/nature03702 PMID: 15944708

Kanellopoulou C, Muljo SA, Kung AL, Ganesan S, Drapkin R, Jenuwein T, et al. Dicer-deficient mouse
embryonic stem cells are defective in differentiation and centromeric silencing. Genes Dev. 2005; 19:
489-501. doi: 10.1101/gad.1248505 PMID: 15713842

Rothé F, Ignatiadis M, Chaboteaux C, Haibe-Kains B, Kheddoumi N, Majjaj S, et al. Global microRNA
expression profiling identifies MiR-210 associated with tumor proliferation, invasion and poor clinical
outcome in breast cancer. PLoS One. 2011; 6: €20980. doi: 10.1371/journal.pone.0020980 PMID:
21738599

Sempere LF, Christensen M, Silahtaroglu A, Bak M, Heath CV, Schwartz G, et al. Altered MicroRNA ex-
pression confined to specific epithelial cell subpopulations in breast cancer. Cancer Res. 2007; 67:
11612—-20. doi: 10.1158/0008-5472.CAN-07-5019 PMID: 18089790

Boyerinas B, Park S-M, Hau A, Murmann AE, Peter ME. The role of let-7 in cell differentiation and can-
cer. Endocr Relat Cancer. 2010; 17: F19-36. doi: 10.1677/ERC-09-0184 PMID: 19779035

Sotiriou C, Wirapati P, Loi S, Harris A, Fox S, Smeds J, et al. Gene expression profiling in breast can-
cer: understanding the molecular basis of histologic grade to improve prognosis. J Natl Cancer Inst.
2006; 98: 262—-72. doi: 10.1093/jnci/djj052 PMID: 16478745

Gery S, Tanosaki S, Bose S, Bose N, Vadgama J, Koeffler HP. Down-regulation and growth inhibitory
role of C/EBPalpha in breast cancer. Clin Cancer Res. 2005; 11: 3184-90. doi: 10.1158/1078-0432.
CCR-04-2625 PMID: 15867211

PLOS ONE | DOI:10.1371/journal.pone.0126837 May 15,2015 15/16


http://dx.doi.org/10.1093/bioinformatics/bth078
http://www.ncbi.nlm.nih.gov/pubmed/14871861
http://dx.doi.org/10.1073/pnas.95.25.14863
http://www.ncbi.nlm.nih.gov/pubmed/9843981
http://dx.doi.org/10.1186/1471-2407-8-396
http://dx.doi.org/10.1186/1471-2407-8-396
http://www.ncbi.nlm.nih.gov/pubmed/19116033
http://dx.doi.org/10.1016/j.jbi.2011.05.002
http://dx.doi.org/10.1016/j.jbi.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21605702
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1016/j.bbrc.2012.06.028
http://www.ncbi.nlm.nih.gov/pubmed/22705304
http://dx.doi.org/10.1186/1471-2164-14-139
http://dx.doi.org/10.1186/1471-2164-14-139
http://www.ncbi.nlm.nih.gov/pubmed/23445407
http://dx.doi.org/10.1038/onc.2013.286
http://www.ncbi.nlm.nih.gov/pubmed/23851509
http://dx.doi.org/10.1007/s10549-012-2034-4
http://www.ncbi.nlm.nih.gov/pubmed/22476851
http://dx.doi.org/10.1371/journal.pone.0092099
http://dx.doi.org/10.1261/rna.1034808.4
http://dx.doi.org/10.1093/bioinformatics/btr709
http://www.ncbi.nlm.nih.gov/pubmed/22247279
http://dx.doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://dx.doi.org/10.1101/gad.1248505
http://www.ncbi.nlm.nih.gov/pubmed/15713842
http://dx.doi.org/10.1371/journal.pone.0020980
http://www.ncbi.nlm.nih.gov/pubmed/21738599
http://dx.doi.org/10.1158/0008-5472.CAN-07-5019
http://www.ncbi.nlm.nih.gov/pubmed/18089790
http://dx.doi.org/10.1677/ERC-09-0184
http://www.ncbi.nlm.nih.gov/pubmed/19779035
http://dx.doi.org/10.1093/jnci/djj052
http://www.ncbi.nlm.nih.gov/pubmed/16478745
http://dx.doi.org/10.1158/1078-0432.CCR-04-2625
http://dx.doi.org/10.1158/1078-0432.CCR-04-2625
http://www.ncbi.nlm.nih.gov/pubmed/15867211

@’PLOS ‘ ONE

Meta-MicroRNAs in Breast Cancer

46.

47.

48.

49.

50.

51.

lorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, et al. MicroRNA gene expression de-
regulation in human breast cancer. Cancer Res. 2005; 65: 7065—7070. doi: 10.1158/0008-5472.CAN-
05-1783 PMID: 16103053

Mattie MD, Benz CC, Bowers J, Sensinger K, Wong L, Scott GK, et al. Optimized high-throughput
microRNA expression profiling provides novel biomarker assessment of clinical prostate and breast
cancer biopsies. Mol Cancer. 2006; 5: 24. doi: 10.1186/1476-4598-5-24 PMID: 16784538

Enerly E, Steinfeld |, Kleivi K, Leivonen SK, Aure MR, Russnes HG, et al. miRNA-mRNA integrated
analysis reveals roles for miRNAs in primary breast tumors. PLoS One. 2011; 6: €e16915. doi: 10.1371/
journal.pone.0016915 PMID: 21364938

Romero-Cordoba S, Rodriguez-Cuevas S, Rebollar-Vega R, Quintanar-Jurado V, Maffuz-Aziz A, Jime-
nez-Sanchez G, et al. Identification and pathway analysis of microRNAs with no previous involvement
in breast cancer. PLoS One. 2012; 7: €31904. doi: 10.1371/journal.pone.0031904 PMID: 22438871

Baek D, Villén J, Shin C, Camargo FD, Gygi SP, Bartel DP. The impact of microRNAs on protein output.
Nature. 2008; 455: 64—71. doi: 10.1038/nature07242 PMID: 18668037

Selbach M, Schwanhausser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N. Widespread changes in
protein synthesis induced by microRNAs. Nature. 2008; 455: 58—63. doi: 10.1038/nature07228 PMID:
18668040

PLOS ONE | DOI:10.1371/journal.pone.0126837 May 15,2015 16/16


http://dx.doi.org/10.1158/0008-5472.CAN-05-1783
http://dx.doi.org/10.1158/0008-5472.CAN-05-1783
http://www.ncbi.nlm.nih.gov/pubmed/16103053
http://dx.doi.org/10.1186/1476-4598-5-24
http://www.ncbi.nlm.nih.gov/pubmed/16784538
http://dx.doi.org/10.1371/journal.pone.0016915
http://dx.doi.org/10.1371/journal.pone.0016915
http://www.ncbi.nlm.nih.gov/pubmed/21364938
http://dx.doi.org/10.1371/journal.pone.0031904
http://www.ncbi.nlm.nih.gov/pubmed/22438871
http://dx.doi.org/10.1038/nature07242
http://www.ncbi.nlm.nih.gov/pubmed/18668037
http://dx.doi.org/10.1038/nature07228
http://www.ncbi.nlm.nih.gov/pubmed/18668040

