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MicroRNAs (miRNAs) are endogenous non-coding RNAs, which 
play an essential role in the regulation of gene expression during 
carcinogenesis. The role of miRNAs in breast cancer has been thor-
oughly investigated, and although many miRNAs are identi�ed as 
cancer related, little is known about their involvement in benign 
tumors. In this study, we investigated miRNA expression pro�les in 
the two most common types of human benign tumors (�broadenom
a/�broadenomatosis) and in malignant breast tumors and explored 
their role as oncomirs and tumor suppressor miRNAs. Here, we 
identi�ed 33 miRNAs with similar deregulated expression in both 
benign and malignant tumors compared with the expression levels 
of those in normal tissue, including breast cancer-related miRNAs 
such as let-7, miR-21 and miR-155. Additionally, messenger RNA 
(mRNA) expression pro�les were obtained for some of the same 
samples. Using integrated mRNA/miRNA expression analysis, we 
observed that overexpression of certain miRNAs co-occurred with 
a signi�cant downregulation of their candidate target mRNAs in 
both benign and malignant tumors. In support of these �ndings, 
in vitro functional screening of the downregulated miRNAs in non-
malignant and breast cancer cell lines identi�ed several possible 
tumor suppressor miRNAs, including miR-193b, miR-193a-3p, 
miR-126, miR-134, miR-132, miR-486-5p, miR-886-3p, miR-195 
and miR-497, showing reduced growth when re-expressed in can-
cer cells. The �nding of deregulated expression of oncomirs and 
tumor suppressor miRNAs in benign breast tumors is intrigu-
ing, indicating that they may play a role in proliferation. A role of 
cancer-related miRNAs in the early phases of carcinogenesis and 
malignant transformation can, therefore, not be ruled out.

Introduction

Global gene expression analysis based on microarray technology 
has facilitated a molecular taxonomy of breast cancer using perva-
sive differences in the gene expression patterns (1–4). Several breast 

cancer gene signatures have been identi�ed, allowing strati�cation 
of patients into subgroups with either good or poor prognosis (5). 
Although global gene expression analysis has been extensively used 
for taxonomy or prognostication, it has revealed little of the underly-
ing deregulation leading from benign tissue to malignant transforma-
tion and growth, as the studied specimens only provide a molecular 
snapshot at the time of diagnosis in an already established in�ltrating 
breast tumor.

MicroRNAs (miRNAs) are small nucleic acid molecules (~18–24 
nucleotides), proven to be suitable to classify breast cancer into prog-
nostic molecular subtypes (6). Typically, miRNAs negatively regulate 
messenger RNAs (mRNAs) at the posttranscriptional level by bind-
ing primarily to the 3′-untranslated region of their target genes (7). 
As of today, >2000 mature miRNAs have been identi�ed in humans 
(http://www.mirbase.org/), and many of them have been identi�ed 
to have an important role in disease progression, including cancer. 
miRNA expression pro�ling is considered as highly informative as 
miRNAs re�ect the developmental lineage and differentiation state of 
tumors (8). In cancer, miRNAs are either down- or upregulated and 
are thought to behave as either tumor suppressors and/or oncogenes 
(oncomirs), respectively (9). The �rst study identifying deregulated 
miRNAs in breast cancer tissue was performed by Iorio et al. in 2005 
(10). Thereafter, many studies have identi�ed miRNAs with differen-
tial expression patterns in multiple human cancer types (11), including 
breast cancer (12–16). Deregulated expression of miRNAs in breast 
cancer has been linked to different clinicopathological features such 
as tumor stage, receptor status and survival (12), and miRNA expres-
sion pro�les have proven to be more reliable in classifying tumors 
than mRNA expression pro�les (8).

Although extensive research has been conducted on malignant 
tumors, there are far more benign lesions occurring in the breast, and 
little is known about the molecular mechanisms in those tumor types. 
There are several types of benign lesions in the breast, which can 
be classi�ed into three different subgroups as proposed by Dupont 
and Page (17): (i) non-proliferative lesions, (ii) proliferative lesions 
without atypia and (iii) atypical hyperplasia. Several studies have 
suggested that women with proliferative lesions without atypia and 
women with atypical hyperplasia are at greater risk of developing 
breast cancer compared with women with non-proliferative lesions 
in the breast (17–21). Fibroadenoma, in particular, has previously 
been shown to be a long-term risk factor for breast cancer, and the 
risk is increased in women with complex �broadenomas, prolifera-
tive disease or family history of breast cancer (21–24). To study the 
role of miRNAs in benign and malignant human breast tissue, we 
�rst analyzed matched miRNA and mRNA expression pro�les in 
breast �broadenoma and �broadenomatosis, malignant (in�ltrating) 
breast tumors and normal breast tissue. Thereafter, in vitro miRNA 
functional studies were performed by transfecting the downregulated 
miRNAs into breast cancer cells in order to assess their effect on cell 
growth.

Materials and methods

Tissue specimens

Tumor tissue specimens, biopsies and associated clinical data were collected 
at Akershus University Hospital, Norway, between years 2003 and 2009. 
Normal tissue specimens were collected at the Colosseum Clinic, Oslo, 
Norway, in 2008, without any clinical data. All tumor cases have been his-
tologically con�rmed by a pathologist, and a written informed consent was 
obtained from each patient. The study was approved by the Regional Ethics 
committee.

In total, there were 29 normal breast tissue samples from women who had 
undergone reduction mammoplasty, 29 malignant breast tumor tissue samples 
from women with primary breast carcinomas and 21 core needle biopsies 

Abbreviations: cPARP, cleaved PARP; DMEM, Dulbecco’s modi�ed Eagle’s 
medium; FDR, false discovery rate; miRNA, microRNA; mRNA, messenger 
RNA; SAM, Signi�cance Analysis of Microarrays.

†These authors contributed equally to this work.
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from women with benign tumors, mainly �broadenomas or �broadenoma-
tosis, with no previous history of breast cancer. Tissue samples and biopsies 
were stabilized in RNAlater (Sigma–Aldrich, St Louis, MO) and stored at 
−80°C. The clinical study cohort was selected randomly, and the clinico-
pathological data are summarized in Supplementary Table  1, available at 
Carcinogenesis Online.

RNA isolation

Total RNA was extracted from all specimens using TRIzol (Invitrogen, 
Carlsbad, CA) in combination with RNeasy Mini Kit (Qiagen, Valencia, CA). 
The method combines phenol/guanidine-based lysis and silica membrane col-
umn puri�cation of total RNA (25). The quantity and purity of total RNA 
was assessed by using NanoDrop ND-1000® spectrophotometer (Thermo 
Scienti�c, Wilmington, DE), whereas the RNA quality was controlled by 
using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 
The integrity of total RNA was assessed using the RNA 6000 Nano Kit 
(Agilent), and the presence of miRNAs was con�rmed with the Small RNA 
Assay (Agilent). Only extracts with RNA Integrity Number >6 were included 
in the analysis.

miRNA microarrays

miRNA expression pro�ling was performed on 79 breast tissue samples using 
Agilent Technologies ‘Human miRNA Microarray Kit (V3)’ (Agilent). For all 
samples, 100 ng of total RNA was used for the experiment. The microarray 
contained probes for 866 human and 89 human viral miRNAs from the Sanger 
database (26). Sample labeling, hybridization and scanning were performed 
according to the manufacturer’s protocol (ver. 1.6). Features and local back-
ground were detected and analyzed with Agilent Feature Extraction 10.7.3.1., 
whereas raw data were analyzed using J-Express 2009 (27). The signal inten-
sity of each probe was log2 transformed, and missing values were imputed by 
the program. Between-sample normalization was performed using the built-in 
method for scale normalization (28). In total, 328 miRNA probes were consid-
ered to be expressed in our dataset and used for further analysis. The miRNA 
microarray data are submitted to ArrayExpress (http://www.ebi.ac.uk/arrayex-
press/) with accession number E-MTAB-471.

mRNA microarrays

Gene expression analysis was performed using Agilent Technologies ‘whole 
human genome 4 × 44K one-color oligo array’ for 53 of the samples (see 
Supplementary Table 1, available at Carcinogenesis Online). For all samples, 
250 ng of total RNA was used for the experiment. mRNA expression pro�ling 
was performed on 22 normal breast tissue samples, 21 breast cancer tissue sam-
ples and 10 biopsies of �broadenomas and �broadenomatosis. Sample labeling, 
hybridization and scanning were performed according to the manufacturer’s 
protocol (ver. 5.7). Features and local background were detected and analyzed 
with Agilent Feature Extraction 10.7.3.1. For expression values, all data were 
log2 transformed and quantile normalized in J-Express 2009. Additionally, 
batch effects were removed using Partek Genomics Suite 6.6 (Partek, St Louis, 
MO). The mRNA microarray data are submitted to ArrayExpress (http://www.
ebi.ac.uk/arrayexpress/) with accession number E-MTAB-779.

Statistical analysis

For supervised analysis, Signi�cance Analysis of Microarrays (SAM) (29), as 
implemented in J-Express 2009, was used to identify differentially expressed 
miRNAs. Only miRNAs with false discovery rate (FDR) <0.001 were chosen 
for further analysis, and for probes represented more than once on the array, the 
median value was used. FDR is computed as (median of the number of falsely 
called genes) divided by (the number of genes called signi�cant) (29). Hierarchical 
clustering was performed using Euclidean correlation as a distance measure and 
complete linkage. Correspondence analysis was performed using J-Express 2009.

miRNA target enrichment

miRNA target prediction scores were obtained from Targetscan v.5.1 (30). We 
de�ned the targets of each miRNA to be the top 2000 scored genes based on 
the context score. Genes were ranked by differential expression t-test P value 
(e.g. normal versus cancer). miRNA target enrichment in the ranked list of 
genes was assessed by mHG statistics (31).

miRNA expression using reverse transcription–PCR

Quanti�cation of 12 selected mature miRNAs was performed on 13 samples (four 
normal, �ve benign and four malignant samples) with TaqMan® MicroRNA 
Assays (Applied Biosystems, Foster City, CA). The miRNAs selected for this 
validation were let-7c, miR-21, miR-96, miR-126, miR-183, miR-193a-3p, miR-
193b, miR-200b, miR-200c, miR-205, miR-224 and miR-551b. The endogenous 
control used for this experiment was RNU6B. Reverse transcription–PCR reac-
tions were carried out using the manufacturer’s recommendation. In brief, 10 ng 
of total RNA was reverse transcribed using the TaqMan® MicroRNA Reverse 
Transcription kit (Applied Biosystems) with miRNA speci�c RT primers 

(Applied Biosystems). Quantitative Real-Time PCR was performed following 
the manufacturer’s recommendation in triplicates on a 7900 HT Fast Real-Time 
PCR System (Applied Biosystems) with a standard relative quanti�cation ther-
mal cycling program. Cycle threshold (Ct) values were obtained using the SDS 
2.3 software (Applied Biosystems). An average Ct value was calculated for each 
sample on each miRNA, and the data were normalized by subtracting the aver-
age Ct value of the endogenous control from the corresponding sample, thus 
obtaining the ΔCt value. Pearson correlation was used to investigate the correla-
tion between Agilent array and TaqMan expression.

Cell culturing

MCF-7 cells were obtained from the Interlab Cell Line Collection (ICLC, 
Genova, Italy) and cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM; 
1 g/l glucose) (Sigma) supplemented with 10% fetal bovine serum, 2 mM 
l-glutamine and 1% penicillin/streptomycin. JIMT-1 cells were obtained 
from The German Collection of Microorganisms and Cell Cultures (DSMZ, 
Leibniz, Germany), and they were cultured in 1:1 Ham’s F-12/DMEM (4.5 g/l 
glucose) supplemented with 10% fetal bovine serum, 10 µg/ml insulin, 2 mM 
l-glutamine and 1% penicillin/streptomycin. KPL-4 cells were a gift from Prof 
Junichi Kurebayashi (Kawasaki Medical School, Japan), and they were cul-
tured in DMEM (4.5 g/l glucose) supplemented with 10% fetal bovine serum, 
2 mM l-glutamine and 1% penicillin/streptomycin. Non-malignant cell lines, 
hTERT-HMEC and MCF-10A, were obtained from American Type Culture 
Collection (ATCC) and cultured according to ATCC’s recommendations. The 
growth medium for HMEC cells was MEGM™ Mammary Epithelial Cell 
Growth Medium with BulletKit™ supplements (Lonza, Basel, Switzerland). 
For MCF-10A, DMEM/F12 supplemented with 5 ng/ml epidermal growth fac-
tor, 2% horse serum, 0.5 µg/ml hydrocortisone, 10 µg/ml insulin and 100 ng/ml 
cholera toxin was used as growth medium. Both ICLC and the DSMZ authen-
ticate all human cell lines by DNA typing using short tandem repeats. The 
DSMZ uses additional cytogenetic and immunophenotypic tests, and ICLC 
uses isoenzyme analysis for determining the species of origin. ATCC per-
forms authentication through short tandem repeat pro�ling, karyotyping and 
cytochrome C oxidase I testing. All cells were cultured for a maximum of 30 
passages prior to use.

miRNA functional screening

For miRNA functional screening, cells were transfected with miRID-
IAN microRNA mimics (library v.  10.1 with 810 miRNA mimics) (20 nM) 
(Dharmacon, Lafayette, CO) in 384-well plates using SilentFect (Bio-Rad 
Laboratories, Hercules, CA), as described previously (32). After 72 h incu-
bation, cell viability was assayed by CellTiter-GLO cell viability assay 
(Promega Corp., Madison, WI). The results were log2 transformed and nor-
malized using a Loess method (33). Alternatively, for lysate microarray analy-
sis, cells were lysed and printed on nitrocellulose-coated microarray FAST™ 
slides (Whatman, Florham Park, NJ). Ki67 and cleaved PARP (cPARP) were 
detected by staining the slides with Ki67 antibody (#M7240; Dako, Glostrup, 
Denmark) and cPARP antibody (#ab32064; Abcam, Cambridge, UK), respec-
tively, followed by exposure to Alexa Fluor 680-tagged secondary antibodies 
(Invitrogen). For total protein measurement, the arrays were stained with Sypro 
Ruby Blot solution (Invitrogen). The slides were scanned with Tecan LS400 
(Tecan, Durham, NC) microarray scanner and Odyssey Licor IR-scanner 
(LI-COR Biosciences, Lincoln, NE) to detect the Sypro, Ki67 and cPARP sig-
nals. Array-Pro Analyzer microarray analysis software (Median Cybernetics, 
Bethesda, MD) was used for analyzing the data.

Growth curves

For assaying the cell growth, MCF-7 cells (8000 per well) were reverse trans-
fected with 20 nM pre-miRNA constructs for miR-195, miR-497, negative 
control miRNA (Ambion, Austin, TX) or with siRNA for KIF11 (Qiagen) in 
96-well plates using SiLentFect. The growth curves were generated during 
156 h period of time by using the INCUCYTE™ Live-Cell Imaging System 
(Essen BioSciences, Ann Arbor, MI), which provides a time-lapse method for 
quantifying cell growth inside the cell culture incubator.

Cell cycle analysis

The cell cycle analyses were performed using the nuclei preparations of 
MCF-7 cells. Cells (30 000 per well on 24-well plates) were transfected with 
20 nM pre-miR constructs and incubated for 48 h. Subsequently, the cells were 
trypsinized, processed for the cell cycle analysis with BD CycleTest Plus DNA 
reagent kit (BD Biosciences, San Jose, CA) and examined for the cell cycle 
distribution with FACSArray (BD Biosciences). The data were analyzed using 
Multicycle software (Phoenix FlowSystems, San Diego, CA).

Soft agar assay

MCF-7 cells were transfected with the pre-miR constructs. After 24 h of 
incubation, the cells were trypsinized and counted. Subsequently, 2500 cells 
were mixed 1:1 with 2× DMEM + 20% fetal calf serum + 0.7% agar so as 
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to result in a �nal agar concentration of 0.35%. Thereafter, 1 ml samples of 
this cell suspension were plated in six-well plates coated with 0.5% agar in 
1× DMEM + 10% fetal calf serum (2 ml per well), allowed to solidify and 
then covered with the growth medium. The colony numbers were counted 2 
weeks later.

Results

Sample classi�cation based on miRNA expression pro�les

miRNA expression pro�les in benign and malignant breast tumors and 
in normal breast tissue were studied using microarrays. Unsupervised 
correspondence analysis of the expression of all miRNA probes 
showed a clear division of normal tissue from benign and malignant 
tumors (Figure  1A). The normal tissue samples clustered together, 
with the exception of a few samples that were assigned to the benign 
and malignant tumor group, which for the most clustered together. 
A  total of 134 probes (58 miRNAs) were identi�ed as signi�cantly 
differentially expressed (FDR < 0.001) between the three histological 
tissue types (see Supplementary Table 2, available at Carcinogenesis 
Online). After supervised hierarchical clustering using only these 134 
probes, the normal tissues clustered as in the unsupervised analysis, 
whereas the benign and malignant tumors remained unseparated 
but divided into several clusters (Figure 1B). The separation pattern 
obtained was independent of clustering method, gene �ltering during 
supervised and unsupervised analysis or clinical factors such as age, 
receptor status (estrogen receptor, progesterone receptor and Her2), 
subtypes or pathological types. Additionally, there were no differ-
ences in miRNA expression obtained between �broadenomas and 
�broadenomatosis.

Deregulated miRNA expression in benign and malignant 
breast tumors

Comparing the miRNA expression pro�les in benign and malignant 
tumors, we identi�ed miRNAs that were similarly or differentially 
expressed in the different tissue types (Table I). A set of 33 miRNAs 
were identi�ed as deregulated in a similar way in both benign and malig-
nant tumors compared with those in normal tissue (Supplementary 
Table 3, available at Carcinogenesis Online). Of these, 19 miRNAs 
were downregulated, whereas 14 miRNAs were upregulated in both 
tumor types. The most strongly upregulated miRNAs were miR-21, 
miR-196a, miR-183, miR-96 and miR-200b/c, whereas the most 
strongly downregulated ones were miR-551b, miR-224, miR-193b, 
miR-139-5p, miR-365, miR-145 and miR-193a-3p. miRNA array 
expression validation was performed for 12 of the miRNAs that were 
signi�cantly up/downregulated in benign and malignant tumors, com-
pared with those in normal tissue, using reverse transcription–PCR 
(Supplementary Figure 1, available at Carcinogenesis Online). Good 
correlation (Pearson’s r > 0.65) was observed between microarray and 
reverse transcription–PCR expression for most of the miRNAs. We 
also identi�ed a set of 40 miRNAs that were signi�cantly differen-
tially expressed between benign and malignant tumors (FDR < 0.001) 
(Table I). Studying in detail the average miRNA expression levels of 
the three tissue types, the expression of miRNAs in benign tumors 
was generally intermediate compared with that of miRNAs in normal 
tissue and malignant tumors (Supplementary Figure 2A, available at 
Carcinogenesis Online). The same trend of up/downregulation and a 
gradient from normal/benign/malignant expression was con�rmed for 
the reported miRNAs through miRNA expression pro�ling of non-
malignant and malignant cell lines (Supplementary Figure 2B, avail-
able at Carcinogenesis Online). Therefore, certain miRNAs identi�ed 
as differentially expressed between benign and malignant tumors 
were also identi�ed as differentially expressed between tumors and 
normal tissue. Additionally, some of the miRNAs could separate 
between tissue types (see Table I), e.g. downregulation of miR-497 
was only observed in malignant tumors, separating one tumor type 
from the other, and to the normal physiological state. On the other 
hand, miR-205 was downregulated in benign tumors and upregulated 
in malignant tumors compared with that in normal tissue.

miRNAs are inversely correlated with their putative target mRNAs

To test whether miRNA differential expression is in�uencing gene 
expression programs, we examined the matched dataset of both 
miRNA and mRNA expression pro�ling. To estimate the putative 
regulatory activity of a particular miRNA, we tested whether upregu-
lation of one miRNA is co-occurring with a signi�cant downregula-
tion of its predicted targets in all three tissue types. We identi�ed 15 
miRNAs as being upregulated in malignant tumors, compared with 
those in normal tissues, for which we were able to statistically vali-
date a signi�cant reduction in the expression levels of their predicted 
mRNA targets (Table II). For instance, targets of miR-96 were the 
most downregulated genes in malignant tumors (mHG P  <  2E-13; 
Figure 2), consistent with the signi�cant upregulation of miR-96 in 
these tissues (SAM FDR < 0.001). miRNA target regulation activity 
was also observed for miR-21 that showed upregulation of the miRNA 
(SAM FDR < 0.001) and downregulation of its targets in malignant 
tumors (mHG P < 2E-8; Figure 2). The same trend for downregulation 
of targets for these 15 miRNAs was also observed in benign tumors 
compared with the expression level in normal tissue samples. These 
results underlined the similarities between benign and malignant 
tumor samples with respect to miRNA and mRNA expression levels. 
For downregulated miRNAs, no such signi�cant difference in miRNA 
target enrichment was observed between benign and malignant tumor 
samples (Table II).

miRNA gain-of-function assays identify candidate tumor 
suppressor miRNAs

To study the functional signi�cance of the observed aberrant miRNAs, 
we performed miRNA gain-of-function studies with both non-malig-
nant breast epithelial cells and breast cancer cell lines, focusing on 
the downregulated miRNAs in malignant versus normal tissue (Table 
I). miRNA mimics were transfected into three breast cancer cell lines 
and two non-malignant cell lines, and their effect on cell growth was 
measured by luminescent-based cell viability assay. Alternatively, 
the cells were lysed and printed as protein microarrays, which were 
stained with markers for proliferation (Ki67) or apoptosis (cPARP). 
Several of the downregulated miRNAs in breast cancer showed inhib-
itory effects on breast cancer cell growth when they were overex-
pressed, suggesting that they might have a tumor suppressive role in 
breast cancer (Figure 3A and B; Supplementary Table 4, available at 
Carcinogenesis Online). The most effective growth suppressors iden-
ti�ed were miR-193b, miR-193a-3p, miR-126, miR-134, miR-132, 
miR-486-5p, miR-886-3p, miR-195 and miR-497 (Figure 3A and B). 
Of these, only miR-497 and miR-132 had a slightly signi�cant effect 
on cell growth on one of the non-malignant cell lines (Figure 3C).

Identi�cation of the tumor suppressive role of miR-195/497

miR-195 and miR-497 belong to the same miRNA cluster and are 
thought to act as tumor suppressors (34). Here, they were downregu-
lated in malignant tumors compared with those in normal tissue, and 
ef�ciently inhibited breast cancer viability and proliferation when 
they were re-expressed in cancer cells (Figure  3A and B). To fur-
ther study these putative tumor suppressor miRNAs, we transfected 
MCF-7 breast cancer cells with pre-miR-195, pre-miR-497 and pre-
miR negative control and monitored cell growth over a 156 h period 
of time in INCUCYTE Live-Cell Imaging System. As shown in 
Figure 4A, miR-195 and miR-497 ef�ciently inhibited the growth of 
MCF-7 cells, similar to the positive control siRNA for KIF11. The 
predicted targets of miR-195/497 are enriched for cell cycle genes 
(data not shown), and accordingly, overexpression of miR-195 and 
miR-497 resulted in cell cycle arrest at the G1 phase of the cell cycle 
(Figure  4B). Next, we studied the effect of miR-195 and miR-497 
on the colony formation of MCF-7 cells. Anchorage-independent 
growth of cells in soft agar is one of the hallmark characteristics of 
cellular transformation and uncontrolled cell growth. Normal cells 
are typically not capable of growing in semisolid matrices. MCF-7 
cells transfected with negative control miRNA formed colonies in soft 
agar, whereas miR-195 and miR-497 inhibited this when they were 
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transfected in the cells (Figure 4C). This provides further evidence for 
the tumor suppressive role of miR-195/497.

Discussion

miRNAs are important regulators of the cell, controlling gene expres-
sion in a subtle, yet not fully understood way. Their deregulation has 
been identi�ed in many cancer types with high clinical relevance (12). 
In this study, our objective was to investigate the molecular pro�les in 
benign breast tumors in comparison with those in malignant tumors 
and normal breast tissue.

Firstly, we wanted to determine whether benign tumors differ in miRNA 
pro�le from normal tissue on one hand and malignant tumors on the other. 
For many of the miRNAs, we observed a gradient from normal/benign/
malignant expression. This may either suggest a role for those miRNAs in 
proliferation, but not malignancy, or offer us a more subtle view of miRNA 
driven regulation where quantity (expression levels) rather than quality 
(which miRNAs) may determine the phenotype (malignant or benign).

According to our results, neither supervised nor unsupervised 
analysis with miRNA expression pro�les showed any clear separa-
tion of benign and malignant tumor samples in correlation to different 
biological or clinical parameters, indicating that benign and malig-
nant tumors share some similarities in miRNA expression pro�les. 
In this study, many cancer-related miRNAs were not only identi�ed 
in malignant tumors but also in two types of benign breast tumors: 
�broadenomas and �broadenomatosis. A  set of 33 miRNAs were 
similarly deregulated in benign and malignant tumors, and amongst 

them were miR-21, miR-145, miR-155 and members of the let-7 fam-
ily, all previously found to be deregulated in breast cancer (10). In 
addition, the expression pattern of the studied cancer-related miRNAs 
in non-malignant breast epithelial cell lines and cancer cell lines is 
comparable with that observed in patient material.

miR-21 acts as an oncogene and is highly upregulated in malignant 
tumors, including preinvasive tumors (10,35,36). Its overexpression 
has previously been associated with several clinicopathological fea-
tures (37,38) and targets several tumor suppressor genes important for 
several cellular processes (39). In this study, miR-21 was signi�cantly 
upregulated in both tumor tissues, with its gene targets being signi�-
cantly downregulated in both benign and malignant tumors, con�rm-
ing the close relationship between the two pathological states. Previous 
studies have suggested miR-21 as a good marker of malignancy as it 
is upregulated in both tissue and serum of breast cancer patients com-
pared with the expression level in healthy individuals (40). However, 
the upregulation of miR-21 in benign tumors renders a further con-
sideration of its usefulness as a marker of progression of malignancy.

Another miRNA of interests that was similarly deregulated in 
benign and malignant tumors is miR-96. Previously, miR-96 has 
been identi�ed as being overexpressed in eight different cancer types, 
including breast cancer (11). Upregulation of miR-96 in breast cancer 
is associated with enhanced proliferation and tumorigenicity through 
downregulation of FOXO3a (41). miRNA/mRNA correlation studies 
identi�ed miR-96 gene targets as the most statistically signi�cantly 
enriched miRNA target set in the downregulated genes in both malig-
nant and benign tumors. Downregulation of FOXO3a by miR-96 was 

Fig. 1. miRNA expression pro�les in normal, benign and malignant breast tissue. (A) Unsupervised correspondence analysis shows the distribution of samples 
according to their miRNA pro�les in normal tissue (green), benign tumors (orange) and malignant tumors (red). In this plot, the normal tissue is distinct from 
benign and malignant tumors, but the benign and malignant tumors are not clearly de�ned in separate groups. (B) Supervised hierarchical clustering of the 58 
most variable miRNAs (134 probes) across normal tissue (green), benign tumors (orange) and malignant tumors (red) at FDR <0.001 is shown. No clinical 
parameters or biological factor correlated with the observed clustering of samples. Several variables are categorized for illustration purposes. Age = age at time of 
inclusion.
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A.Tahiri et al.

Table I. Differentially expressed miRNAs at FDR <0.001

Benign versus normal Malignant versus normal Benign versus malignant

miRNA LFC (relative  
to benign expression)

miRNA LFC (relative to  
malignant expression)

miRNA LFC (relative 
 to benign expression)

hsa-let-7aa,b 1.56 hsa-let-7aa 1.84 hsa-let-7ca 1.97
hsa-let-7bb 1.7 hsa-let-7ca 2.81 hsa-miR-100b 3.67
hsa-let-7ca,b 1.67 hsa-let-7db 1.94 hsa-miR-10ab −2.24
hsa-miR-10ab 1.76 hsa-let-7gb 1.72 hsa-miR-1202b −2.73
hsa-miR-1202b 2.7 hsa-miR-100b 2.54 hsa-miR-1225-5pb −2.73
hsa-miR-1207-5pb 1.98 hsa-miR-106bc −2.07 hsa-miR-1246b −2.66
hsa-miR-1225-5pb 2.67 hsa-miR-10bb 2.57 hsa-miR-125bb 3.15
hsa-miR-1234a −1.73 hsa-miR-1228 −2.49 hsa-miR-1260b 2.5
hsa-miR-1246b 2.47 hsa-miR-1234a −1.69 hsa-miR-127-3pb 2.63
hsa-miR-126a,b 2.37 hsa-miR-125bb 3.42 hsa-miR-1274bb 2.97
hsa-miR-1260b −2.13 hsa-miR-126a,b 2.6 hsa-miR-1308b −2.58
hsa-miR-1274bb −4.96 hsa-miR-1280a −1.74 hsa-miR-130ab 2.7
hsa-miR-1280a −1.9 hsa-miR-130ab 2.01 hsa-miR-130ba,c −1.84
hsa-miR-1308b 2.58 hsa-miR-130ba,c −2.69 hsa-miR-132b 2.36
hsa-miR-130ba,c −1.69 hsa-miR-139-5pa,b 3.91 hsa-miR-135ad −2.32
hsa-miR-134b 1.7 hsa-miR-140-3pa,b 3.15 hsa-miR-139-5pa,b 1.84
hsa-miR-135ad 1.91 hsa-miR-141a,c −3.04 hsa-miR-145a,b 2.58
hsa-miR-139-5pa,b 2.41 hsa-miR-143b 1.85 hsa-miR-150d −1.99
hsa-miR-140-3pa,b 1.94 hsa-miR-145a,b 4.24 hsa-miR-155a,c −2.36
hsa-miR-141a,c −2.63 hsa-miR-146ac −2.04 hsa-miR-15a −1.78
hsa-miR-145a,b 1.71 hsa-miR-146b-5pa,c −2.18 hsa-miR-15b −1.87
hsa-miR-146b-5pa,c −2.36 hsa-miR-149a,c −2.8 hsa-miR-183a −2.88
hsa-miR-149a,c −2.12 hsa-miR-150d −1.94 hsa-miR-188-5p −2.21
hsa-miR-150 1.77 hsa-miR-151-3p −1.69 hsa-miR-199b-5p 1.95
hsa-miR-151-5p 1.36 hsa-miR-155a,c −3.09 hsa-miR-205b 5.9
hsa-miR-155a,c −1.49 hsa-miR-181b −1.43 hsa-miR-21a,c −5.72
hsa-miR-183a,c −2.74 hsa-miR-183a,c −6.5 hsa-miR-210c −2.66
hsa-miR-193a-3pa,b 3.06 hsa-miR-193a-3pa,b 2.04 hsa-miR-22b −1.99
hsa-miR-193a-5pa,b 2.6 hsa-miR-193a-5pa,b 3.02 hsa-miR-328b 1.93
hsa-miR-193ba,c 4.18 hsa-miR-193ba,b 2.83 hsa-miR-331-3p −1.59
hsa-miR-196aa −3.55 hsa-miR-195b 2.37 hsa-miR-342-3p −2.28
hsa-miR-19b −2.83 hsa-miR-196aa −5.92 hsa-miR-425 −2.04
hsa-miR-200ba,c −2.58 hsa-miR-199a-5pb 1.75 hsa-miR-486-5pb 3.31
hsa-miR-200ca,c −2.69 hsa-miR-200ba,c −4.18 hsa-miR-497b 2.37
hsa-miR-205b −2.38 hsa-miR-200ca,c −3.65 hsa-miR-572b 2.29
hsa-miR-21a,c −2.53 hsa-miR-205b 2.48 hsa-miR-663b −2.99
hsa-miR-22b 1.85 hsa-miR-20ac −1.68 hsa-miR-886-3pb 1.8
hsa-miR-224a,b 4.11 hsa-miR-21a,c −14.69 hsa-miR-96a,c −2
hsa-miR-23ab 1.64 hsa-miR-210c −3.03 hsa-miR-99aa,b 2.4
hsa-miR-27ab 2.02 hsa-miR-224a,b 2.96
hsa-miR-29aa,b 1.86 hsa-miR-28-5p −1.62
hsa-miR-30b −2.1 hsa-miR-29aa,b 2.1
hsa-miR-320ca,b 2.09 hsa-miR-30d −1.53
hsa-miR-342-5p −1.68 hsa-miR-320ca,b 1.93
hsa-miR-34aa,c −1.62 hsa-miR-331-3p −1.66
hsa-miR-365a,b 3.1 hsa-miR-342-3p −2.84
hsa-miR-551ba,b 5.13 hsa-miR-342-5p −1.85
hsa-miR-574-3p −1.63 hsa-miR-34aa,c −1.89
hsa-miR-575a,b 2.59 hsa-miR-365a,b 3
hsa-miR-630a,b 1.81 hsa-miR-425 −2.31
hsa-miR-652a,b 2.5 hsa-miR-451b 3.54
hsa-miR-663b 1.89 hsa-miR-486-5pb 4.86
hsa-miR-671-5pb 1.58 hsa-miR-497b 3.79
hsa-miR-720 −2.29 hsa-miR-551ba,b 5.58
hsa-miR-766a −1.76 hsa-miR-575a,b 2.26
hsa-miR-886-3pb −1.82 hsa-miR-630a,b 2.02
hsa-miR-96a,c −2.55 hsa-miR-652a,b 1.98
hsa-miR-99aa,b 1.48 hsa-miR-766a −2.08
kshv-miR-K12-3b 1.66 hsa-miR-92ab 1.75

hsa-miR-940 −2.08
hsa-miR-96a,c −5.11
hsa-miR-98 −1.88
hsa-miR-99aa,b 3.57

miRNAs are sorted in alphabetical and numerical order. LFC, log fold change.
amiRNAs similarly deregulated in both benign and malignant tumors.
bFunctionally validated miRNAs.
cmiRNA hubs with multiple targets identi�ed through miRNA/mRNA analysis.
dAntisense miRNA.
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miRNA expression in benign and malignant breast tumors

identi�ed as a downregulated target in our data set, supporting previ-
ous �ndings, that miR-96 plays an important role in the growth of 
tumors, possibly also during the benign stage.

A candidate for a true tumor suppressor oncomir is miR-205, which 
was signi�cantly downregulated in malignant breast tumors and 

signi�cantly upregulated in benign tumors. miR-205 has been found 
to be involved in epithelial to mesenchymal transition (37). Studies 
have shown that expression of miR-200 family members and miR-
205 are lost in invasive breast cancer cell lines with mesenchymal 
phenotype, suggesting that downregulation of these miRNAs may be 

Fig. 2. miRNA regulation. mRNAs were tested for reciprocal expression levels to their regulating miRNA. (A) Expression levels of miR-96 and miR-21 across 
the cohort of normal, benign and malignant tumors samples. (B) Heatmap of mRNA expression levels ranked according to their level of downregulation in the 
tumors compared with the expression levels in normal tissue. (C) Enrichment levels of miR-96 and miR-21 targets plotted in −log10 (hypergeometric P value). In 
both cases, we see a signi�cant enrichment of the targets in the top of the ranked list of genes. The �gure was generated with the help of VistaClara (50).

Table II. miRNA target enrichment P values in downregulated mRNAs

miRNA Normal versus cancer Normal versus benign Benign versus cancer

hsa-miR-96 1.54198E-13 4.22337E-12 0.220095012
hsa-miR-34a 1.72717E-08 6.20594E-06 0.296446004
hsa-miR-130b 1.56126E-07 3.12501E-05 0.481349583
hsa-miR-21 1.74673E-08 0.013739705 0.029005476
hsa-miR-106b 2.15914E-09 2.71309E-06 1
hsa-miR-20a 2.50501E-08 4.18106E-05 1
hsa-miR-200b 7.16424E-08 0.00076323 1
hsa-miR-200c 1.05827E-07 0.00076323 1
hsa-miR-149 1.72906E-05 0.008602671 1
hsa-miR-141 0.000184525 2.88998E-05 1
hsa-miR-183 0.000300593 0.057011491 1
hsa-miR-146a 6.55016E-05 0.979109429 1
hsa-miR-146b-5p 0.000114438 0.979109429 1
hsa-miR-155 7.64221E-06 0.003484386 1
hsa-miR-210 4.55662E-05 0.001083796 0.885474951
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A.Tahiri et al.

Fig. 3. miRNAs downregulated in benign or cancer tissue inhibit breast cancer cell growth. (A) MCF-7, JIMT-1 and KPL-4 cells were transfected with 
Dharmacon miRNA mimics (20 nM). After 72 h incubation, cell viability was measured with CellTiter-GLO assay (mean of two biological replicate experiments). 
(B) The cells were lysed 72 h after miRNA transfection and printed on nitrocellulose-coated microarray slides as protein arrays, which were stained with cPARP 
or Ki67 antibodies to measure apoptosis or proliferation, respectively. (C) MCF-10A and HMEC non-malignant control cells were transfected with miRNA 
constructs and the cell viability was assayed after 72 h incubation (n = 4–6). The dashed lines indicate cutoff values, which were considered as signi�cant (±2 
SD).
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miRNA expression in benign and malignant breast tumors

an important step in tumor progression (42). Since miR-205 is down-
regulated in malignant tumors but upregulated in benign tumors and 
in normal tissue, one might postulate that miR-205 serves a protective 
role in the cells, and downregulation of its expression may be speci�c 
to malignancy.

Several of the miRNAs described here as being downregulated in 
both benign and malignant tumor tissues, compared with those in 
normal tissue, had antiproliferative or proapoptotic effects when they 
were overexpressed in breast cancer cells. Speci�cally, miR-193b, 
miR-193a-3p and miR-126, similarly downregulated in both benign 
and malignant tumors, were the most ef�cient growth inhibitors. This 
is in concordance with several previous studies suggesting tumor sup-
pressive role for these miRNAs. miR-193b is downregulated in breast 
cancer and this results in upregulation of its target genes, such as urok-
inase-type plasminogen activator, which is associated with increased 
invasive, migratory and proliferative capacity of breast cancer cells 
(43). Urokinase-type plasminogen activator is involved in extracel-
lular matrix degradation, and high levels may, therefore, enhance the 
migratory capacity of breast cancer cells. miR-193b directly targets 
the estrogen receptor-alpha, and is thereby able to inhibit estrogen-
induced growth of breast cancer cells (32). It also targets several other 
breast cancer-associated genes as has been described previously (44).

miR-126 expression is lost in the majority of primary breast tumors 
from patients who relapse, and its loss of expression is associated with 
poor distal metastasis-free survival (45). miR-126 is also frequently 

lost in colon cancer tissue and it is thought to suppress growth by tar-
geting phosphatidylinositol 3-kinase signaling. Loss of this miRNA 
has, therefore, been thought to promote growth during carcinogenesis 
(46). miR-193a-3p has recently been shown to co-target epidermal 
growth factor-driven cell cycle network proteins and inhibit cell cycle 
progression and proliferation in breast cancer (47). All these �ndings 
con�rm the tumor suppressive role played by these miRNAs in can-
cerous tissue, and possibly also in the benign tissue.

miR-195/497 were downregulated in malignant tumors, and 
when they were re-expressed in breast cancer cells, cell growth and 
colony formation was inhibited very ef�ciently. In non-malignant 
cells (HMEC and MCF-10A), miR-195 had no signi�cant effect 
on the growth, whereas miR-497 showed some degree of inhibition 
of HMEC cell growth, but not in MCF-10A. This suggests that at 
least for miR-195, its growth inhibition effects were cancer speci�c. 
miR-195/497 also inhibited cell cycle in cancer cells, which is in 
accordance with previous studies reporting that they target sev-
eral cell cycle genes (48,49). Li et al. showed that the promoter of 
the miR-195/497 cluster is hypermethylated and this leads to their 
downregulation in breast cancer. Interestingly, these miRNAs have 
been shown to be repressed by Myc (34), which is constitutively 
active in many cancers and promotes tumorigenesis. Chang et  al. 
showed that re-expression of Myc-repressed miRNAs, among them 
miR-195/497, inhibited lymphomagenesis (34). This suggests that 
miR-195 and miR-497 may be potential therapeutic and diagnostic 

Fig. 4. miR-195 and miR-497 inhibit breast cancer cell growth and colony formation. (A) MCF-7 cells were transfected with pre-miR-195, pre-miR-497 and pre-
miR negative control. Cell growth was monitored over 156 h period of time in INCUCYTE Live-Cell Imaging System. As a positive control, siRNA for KIF11 
was used. (B) MCF-7 cells were transfected with the pre-miR constructs and incubated for 48 h. Thereafter, the cell cycle distribution was analyzed from the 
nuclei preparations with �uorescence-activated cell sorting. The distribution of cells in each phase of the cell cycle is shown. (C) MCF-7 cells were transfected 
with the pre-miR constructs. After 24 h incubation, the cells were seeded in 0.35% agarose containing growth medium. The colony numbers were counted 2 
weeks later. The data represent mean of two biological replicates.
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A.Tahiri et al.

targets in breast cancer. Furthermore, we identi�ed many miRNAs 
with deregulated expression being the hallmark of either benign 
or malignant tumors. It remains to clarify whether these miRNAs 
can be used in the clinic to differ between two disease states or to 
diagnose patients with either benign or malignant tumors simply by 
miRNA expression levels.

In conclusion, the results described in this study show that malig-
nant primary breast tumors and two types of benign tumors are 
more similar to each other than to normal tissue, with respect to the 
expression of certain miRNAs. Our �ndings suggest that several miR-
NAs, previously considered to be ‘cancer-related’ miRNAs, may in 
fact be markers of proliferation and growth rather than markers of 
malignancy, as these miRNAs are deregulated in benign tumors in 
the same way as in breast carcinomas. Alternatively, this may sug-
gest that certain early events of malignancy-related deregulation of 
miRNA expression can also be seen in benign tumors. All in all, the 
present study contributes to the general understanding of miRNAs in 
breast cancer. Our data strongly suggests that miRNAs may be used 
as biological markers in all stages of the disease.
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