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Breast cancer (BC) including its progression into bone metastasis is a complex process involving changes in gene expression 
and function of both, microRNAs (miRNAs) and their target genes. Deregulation of miRNAs has been described as a crucial 
factor responsible for the initiation and progression of BC, and specific miRNA expression profiles have been found to be 
associated with particular disease states, histological tumor types, and BRCA1/2 or HER status. BRCA1 tumor suppressor is 
involved in DNA damage response and repair and epigenetically controls miR-155 expression and its pre-cancerous potential. 
MiR-155 targets 3´UTR region of multiple components of the pro-oncogenic signaling cascades, including FOXO3a tumor 
suppressor and RUNX2 transcription factor regulating metastatic potential in BC. We employed qRT-PCR to determine 
expression level and examine possible regulatory role of selected miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-21, 
miR-27a and miR-155) and their impact on expression modulation of FOXO3a and RUNX2 in peripheral blood mononuclear 
cells (PBMCs) in healthy individuals, in women carrying BRCA1 mutations with no disease manifestation, in women car-
rying BRCA1 mutations after tumor resection and therapy and in women with BC of unknown BRCA1 status in acute stage 
before tumor resection. Our results showed significant increase of miR-17, miR-19a, miR-21, miR-27, miR-155 and RUNX2 
expression in PBMCs in BRCA1 patients and patients in acute stage, while FOXO3a expression was significantly decreased 
in these patients. MiR-18a and miR-20a expression was not affected. We propose that expressional changes reported in this 
study could provide significant additive information for early BC diagnosis, disease development prediction and therapy 
outcome monitoring.
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Breast cancer (BC) is the most common cancer in women 
worldwide and the second most common cancer overall. It is 
a leading cause of cancer death in less developed countries and 
the second leading cause of cancer death in American and EU 
women, exceeded only by lung cancer. BC comprises approx. 
10.4% of all cancer incidences among women [1], and 21% of 
all new cancer diagnoses [2]. In 2013, BC led to death of about 
88,886 women in Europe and 39,620 women in the US [3].

This malignant neoplasm originates from breast tissues, 
and its advanced form tends to metastasize into bone. Strik-
ing incidence and mortality numbers could be decreaed if 

efficient screening, early diagnosis and subsequent patient-
monitored therapy leading to successful treatment were 
employed. Significant effort has been put into searching for 
efficient and informative biomarkers. However, due to lack of 
sensitivity and specificity of known biomarkers, especially in 
early disease stages, there is no available efficient biomarker 
up to now [4,5].

MicroRNAs (miRNAs, ~22 nucleotides long) belong to 
a highly promissing class of endogenous interfering RNAs 
that play a crucial role in post-transcriptional gene silencing. 
By targeting messenger RNAs (mRNAs) miRNAs partici-
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pate in many biological processes encompassing apoptosis, 
cell-cycle control, cell proliferation, DNA repair, immunity, 
metabolism, stress, aging etc. [6]. MiRNAs are remarkably 
stable in plasma due to their association with RNA binding 
proteins (Ago2 protein) and exosomal vesicular transportation 
proteins [7,8]. Therefore, miRNAs are detectable by a non-
invasive diagnostic approach of liquid biopsy. Representing 
tumor-derived molecules released early into circulation and 
reflecting tumor initiation and development, miRNAs are 
recognized as promising early diagnostic, prognostic and 
predictive biomarkers of BC.

As reported in several studies, miRNA-155 (miR-155), 
miR-17~92 cluster (miR-17, miR-18a, miR-19a, miR-20a, 
miR-19b-1 and miR-92a-1), miR-21 and miR-27a are known 
potent oncogenic miRNAs playing an important role in tu-
morigenesis and progression of many cancers including BC 
[9-14]. Their up-regulation is associated with progression of 
cancer pathogenesis.

Up-regulation of miR-155, the key oncogenic miRNA, 
associates with promotion of tumorigenesis in BC [15]. Over-
expression of miR-155 can be triggered by mutation of BRCA1 
(breast cancer 1, early onset), well-known tumor suppressor 
involved in DNA damage response and repair. BRCA1 plays 
a role in regulation of transcription through interactions with 
histone deacetylase complexes (HDACs) [15,16]. Mutations in 
the BRCA1 gene are considered a genetic predisposing factor 
in approx. 21% of women. In human cell lines deficient in 
BRCA1, miR-155 levels were up-regulated 50-fold compared 
to cells with functional BRCA1 [16]. Highly up-regulated 
miR-155 in pathogenesis of BC results in down-regulation 
of tumor suppressor targets and consequent up-regulation 
of tumor genes expression reflecting regulatory pathways’ 
activation in BC development and progression.

FOXO3a protein belongs to the forkhead/winged-helix 
family of FOXO transcriptional regulators controlling DNA 
binding interactions during transcription. These transcrip-
tion factors regulate many cellular processes and functions, 
including survival, proliferation, differentiation, cell-cycle 
progression and arrest, DNA damage response and repair 
and cell death [17,18]. Down-regulation of FOXO3a activity 
is often seen in cancers and ERK- or inhibitor κappa B kinase 
(IκKβ)-mediated inhibition of FOXO3a has been shown to 
promote tumorigenesis [19,20]. MiR-155 directly targets 3’-
UTR of FOXO3a and represses its protein expression. On the 
other hand, FOXO3a binds to the promoter region of miR-21 
and suppresses its promoter activity [21]. FOXO3a was also 
verified as a new target of miR-27a in glioblastoma cells and 
administration of antagomiR-27a inhibited the proliferation 
and invasion ability of glioblastoma cells [22].

Runt-related transcription factor 2, RUNX2, is another 
direct target controlled by deregulated miR-155. It has been 
shown to importantly control osteogenesis and development of 
osteosarcoma orchestrating the bone developmental program 
in mammals [23]. Originally, this transcription factor was 
thought to contribute to skeletal formation [24], but recent 

research data indicates that RUNX2 may be a potential target 
for inhibiting metastatic growth of BC cells [25]. RUNX2 is 
reported to be a “master” transcription factor of metastatic 
growth of BC cells and its high expression has been shown 
to be associated with poor clinical outcomes in this diagnosis 
[26].

In present study, we have examined possible regulatory roles 
of selected miRNAs (miR-17, miR-18a, miR-19a, miR-20a, 
miR-21, miR-27a and miR-155) in BC tumorigenesis through 
their impact on expressional modulation of the two key regula-
tors of this process, FOXO3a and RUNX2. In addition, a link 
between BRCA1 and these miRNAs and their two targets has 
been studied. We propose that expressional changes reported 
in this study could provide significant additive information 
for early BC diagnosis, disease development prediction and 
therapy outcome monitoring.

Patients and methods

Patient samples. Blood samples were obtained from 
Department of Clinical Genetics, National Cancer Institute, 
Bratislava, Slovakia and Department of Clinical Genetics, 
St. Elisabeth Cancer Institute Ltd., Bratislava, Slovakia. Four 
groups of samples were included: (i) 13 healthy individuals 
(age 27-44) (from now on referred to as Healthy control – 
group 1), (ii) 14 women carrying BRCA1 mutations with no 
disease manifestation (age 25-46) (from now on referred to 
as BRCA1 carriers with no disease manifestation – group 2), 
(iii) 10 women carrying BRCA1 mutations after tumor resec-
tion and 4-6 years after chemotherapy (age 27-61) (from now 
on referred to as BRCA1 carriers with BC – group 3), and 
(iv) 30 women with BC of unknown BRCA1 status in acute 
stage of disease before tumor resection (age 36 -78) (from 
now on referred to as Acute BC patients – group 4).  Five of 
BRCA1 positive patients reported familial history of breast, 
ovarian or prostate cancer, but none of the affected relatives 
was available for testing. The retrospective study in patients 
revealed two prevailing BRCA1 mutations – p.Cys61Gly and 
c.5266dupC. These mutations were detected also in healthy 
high-risk individuals, considering these familial cases. Both, 
p.Cys61Gly and c.5266dupC, belong to founder mutations 
that are frequent in Slavic nations and many European coun-
tries [27, 28]. Other five BRCA1 positive patients provided 
no information on familial history of breast cancer and were 
considered as sporadic cases. In a group 4, invasive ductal and 
invasive lobular carcinomas were preferentially diagnosed by 
conventional diagnostic methods.

The study was approved by the Scientific and Ethical Com-
mittees of the National Cancer Institute, Bratislava, Slovakia 
and St. Elisabeth Cancer Institute Ltd., Bratislava, Slovakia. 
All subjects donated their samples with informed consent 
approved by the Ethic Committee of the Institute of Hema-
tology and Blood Transfusion and each patient/donor gave 
written informed consent in accordance with the Declaration 
of Helsinki. PBMCs were prepared by sedimentation using 
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Ficoll-PaqueTM PLUS (GE Healthcare, Freiburg, Germany) 
density gradient. Cells were resuspended in freezing solution 
(DMEM supplemented with 10% DMSO and 20% fetal calf 
serum) and stored at -80 °C before RNA extraction.

RNA extraction. To extract total RNA containing all small 
RNA molecules including miRNAs, TRI Reagent solution 
(Life technologies), Ribo Pure-Blood kit (Ambion Inc., no. 
AM1928, Austin, TX, USA) and RNA/DNA/Protein Purifica-
tion Kit (Norgen Biotek®, Thorold, ON, Canada) were used. 
Total RNA was quantified using the NanoDrop ND-1000 
Spectrophotometer (Thermo Scientific, USA) and the Qubit 
fluorometer (Qubit® RNA HS Assay Kit, LifeTechnologies, 
USA).

miRNA qRT-PCR quantification. Differentially ex-
pressed oncogenic miRNAs, miR-17, miR-18a, miR-19a, 
miR-20a, miR-21, miR27a and miR-155 were evaluated in 
PBMCs by qRT-PCR. Expression of mature miRNAs was 
determined using First-Strand cDNA Synthesis System 
(Central European Biosystems, Czech Republic) supple-
mented with poly(A)polymerase (Takara, Japan) and ATP 
(Sigma, Germany). Briefly, for cDNA synthesis 100 ng of 
RNA in a final volume of 10 μl including 1μl of 10x poly(A)
polymerase buffer, 0.1 mM of ATP, 1μM of RT-primer, 
0.1 mM of each deoxynucleotide (dATP, dCTP, dGTP and 
dTTP), 100 units of MuLV reverse transcriptase and 1 unit 
of poly(A)polymerase was incubated at 42°C for 1 hour 
followed by enzyme inactivation at 95°C for 5 minutes. The 
sequence of the oligo-d(T)/adapter primer was 5’-CAG-
GTCCAGTTTTTTTTTTTTTTTVN, where V is A, C and 
G and N is A, C, G and T (IDT, Leuven, Belgium).

Real-time PCR detection and quantification of mature 
forms of hsa-miR-17-5p, hsa-miR-18a-5p, hsa-miR-19a-3p, 
hsa-miR-20a-5p, hsa-miR-21-5p, hsa-miR-27a-3p, hsa-
miR-155-5p and small RNA reference endogenous control 
Snord44 were performed using SYBR Premix Ex Taq II 
(Tli RNaseH Plus), ROX plus (Takara, Japan), adapter-
specific reverse primer and miRNA-specific (and Snord44 
specific 5´CCTGGATGATGATAAGCAAAT´3) forward 
primers (http://registre.indprop.gov.sk/registre/detail/popup.
do?register=uv&puv_id=668162, http://registre.indprop.gov.
sk/registre/detail/popup.do?register=uv&puv_id=668163, 
http://registre.indprop.gov.sk/registre/detail/popup.
do?register=uv&puv_id=668166, http://registre.indprop.gov.
sk/registre/detail/popup.do?register=uv&puv_id=668174, 
http://registre.indprop.gov.sk/registre/detail/popup.
do?register=uv&puv_id=668175,

http://registre.indprop.gov.sk/registre/detail/popup.
do?register=uv&puv_id=318681 and for miR-19a-3p: 5` 
CAGTGTGCAAATCTATGCAA` 3). qPCR was performed 
using BIOER, LineGene 9660 Real-Time PCR System 
(Hangzhou Bioer Technology Co., Ltd, China) at following 
settings: 95°C for 5 min, followed by 40 cycles of 95°C for 
20 sec and 60°C for 50 sec, followed by melt cycle. Mature 
miRNA amplification was done in triplicate. Ct values were 
averaged and normalized against reference endogenous 

control Snord44. Relative expression was determined by the 
2-(∆∆Ct) comparative threshold method.

Target gene qRT-PCR quantification. Differentially 
expressed target genes FOXO3a and RUNX2 were evaluated 
by qRT-PCR using First-Strand cDNA Synthesis System 
(Central European Biosystems, Czech Republic). Briefly, 
for cDNA synthesis in a final volume of 10 μl, 500 ng of 
total RNA, 2μl of 10x MuLV buffer, 1μM of p(dN)6 primer, 
0.1 mM of each deoxynucleotide (dATP, dCTP, dGTP and 
dTTP) and 100 units of MuLV reverse transcriptase were 
incubated at 42°C for 1 hour followed by enzyme inactiva-
tion at 95°C for 5 minutes. Real-time PCR detection and 
quantification of FOXO3a, RUNX2 and HPRT reference 
gene control were performed using SYBR Premix Ex Taq II 
(Tli RNaseH Plus), ROX plus (Takara, Japan) and specific 
reverse and forward primers (https://isdv.upv.cz/webapp/
webapp.pts.det?xprim=10049277&lan=cs&s_majs=&s_
puvo=&s_naze=&s_anot=). qPCR was performed using 
BIOER, LineGene 9660 Real-Time PCR System (Hangzhou 
Bioer Technology Co., Ltd, China) at following settings: 
95°C for 5 min, followed by 40 cycles of 95°C for 20 sec 
and 60°C for 50 sec, followed by melt cycle. All samples 
were amplified in triplicates. Ct values were averaged and 
normalized against reference endogenous control HPRT. 
Relative expression was determined by the 2-(∆∆Ct) compara-
tive threshold method.

Statistical analysis. Data shown in graphs represent the 
mean values ± SD. Group comparison and the significance 
of fold change in miRNA expression was analyzed by one–
way ANOVA. Analyses were performed using GraphPad 
Prism v.5 (La Jolla, CA, USA) and STATISTICA 7 (StatSoft, 
CZ) software. Results with a P value <0.05 were considered 
significant.

Results

Expression levels of selected miRNAs. qRT-PCR differen-
tial analysis of expression of selected miRNAs in PBMCs in 
individual groups of BC patients (groups 3 and 4) compared 
to healthy individuals (group 1) showed significantly increased 
expression levels of miR-17, miR-19a, miR-21, miR-27a and 
miR-155, while expression levels of miR-18a and miR-20a 
left unchanged or even slightly down-regulated (Figure 1). In 
our study, miR-19a was the only miRNA observed to be up-
regulated in individuals carrying BRCA1 mutations with no 
disease manifestation (group 2). MiR-19a is a member of miR-
17~92 cluster and represents the most abundantly expressed 
miRNA triggering the expression of other members of this 
oncogenic cluster. Compared to healthy controls, where the 
level of miR-19a expression was 0.86±0.15 a.u., BRCA1 carriers 
with no disease manifestation displayed the miR-19a expres-
sion levels of 2.74±0.28 a.u. (p < 0.01). MiR-19a expression 
further increased in BRCA1 carriers with BC (3.61±0.46 a.u., 
p < 0.001) and the highest levels of its expression were detected 
in acute BC patients (4.78 ±0.61 a.u., p < 0.001).
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MiR-17, miR-21, miR-27a and miR-155 showed similar ex-
pressional profiles in all tested groups (Figure 1). None of these 
miRNAs was up-regulated in BRCA1 carriers with no disease 
(miR-17: 1.12±0.11 a.u., miR-21: 0.91±0.10 a.u., miR-27a: 
0.90±0.11 a.u., miR-155: 1.02±0.06 a.u.) and their expression 
levels were almost identical with healthy control (miR-17: 
1.04±0.06 a.u., miR-21: 0.84±0.20 a.u., miR-27a: 1.02±0.05 a.u., 
miR-155: 0. 96±0.05 a.u.). Expression levels of these miRNAs 
significantly increased in BRCA1 carriers with BC (miR-17: 
2.19±0.17 a.u., p < 0.01; miR-21: 2.01±0.25 a.u., p < 0.001; 

miR-27a: 1.71±0.14 a.u., p < 0.001; miR-155: 1.92±0.13 a.u., 
p < 0.001) and acute BC patients (miR-17: 3.16±0.25 a.u., p< 
0.01; miR-21: 3.96±0.48 a.u., p< 0.001; miR-27a: 4.33±0.59 
a.u., p< 0. 01; miR-155: 2.56±0.31 a.u., p< 0.001). Substantial 
increase of expression of miR-21, miR-27a and miR-155 was 
observed also in acute BC patients compared to BRCA1 car-
riers with BC (p < 0. 05).

MiR-18a and miR-20a as members of oncogenic cluster 
miR-17~92 showed a unique pattern of expression profiles in 
individual groups. The expression levels of miR-18a in groups 
2-4 were 1.12±0.12, 1.33±0.21 and 1.41±0.38 a.u. respectively, 
and these values were comparable with those of healthy control 
(0.87±0.13 a.u.), suggesting that miR-18a expression level is 
not affected by BRCA1 status, therapy process/outcome and 
disease stage. In a similar manner, miR-20a expression levels 
were almost unchanged in groups 2-3 compared to healthy 
control (0.98±0.15 a.u.), but in acute BC patients they were 
down-regulated (0.78±0.13 a.u.), indicating tumor suppres-
sive role of this miRNA. In line with this assumption, tumor 
resection and subsequent therapy restored normal levels of 
miR-20a (1.22±0.14 a.u., p < 0. 05) (Figure 1).

Expression levels of FOXO3a. To further explain and 
confirm the regulatory role of these oncogenic miRNAs in 
BC, we have evaluated the expression levels of the FOXO3a 
and RUNX2 genes that are both known to be regulated by 
the studied miRNAs [17, 20, 24, 26]. qRT-PCR analysis of 
mRNA expression of FOXO3a in PBMCs showed, that com-
pared to healthy control (4.11±0.42 a.u.), FOXO3a expression 
significantly decreased in all tested groups to approximately 
the same level (Figure 2A). These results suggest that selected 
oncogenic miRNAs could post-transcriptionally suppress the 
expression of FOXO3a mRNA due to complementary binding 
to its 3´UTR region. Consequently, expression of FOXO3a 
mRNA was correlated with that of the oncogenic miRNAs, 
miR-17, miR-19a, miR-21, miR-27a and miR-155. Indeed, 
negative correlation between expression of FOXO3a and se-

Figure 1. Real-time RT-PCR quantitation of the selected miRNAs. The 
expression of miR-17, miR-19a, miR-21, miR-27a and miR-155 was sig-
nificantly up-regulated in all tested groups (group 2: n=14, 3 replicates 
each; group 3: n=10, 3 replicates each; group 4: n=30, 3 replicates each) 
compared to healthy controls (group 1: n=13, 3 replicates each). On the 
other hand, miR-18a and miR-20a expression levels left unchanged in 
groups 2-3 (group 2: n=14, 3 replicates each; group 3:n=10, 3 replicates 
each) compared to healthy control. In group 4 (n=30, 3 replicates each) 
miR-18a left unchanged and miR-20a was significantly down-regulated. All 
data were normalized against Snord44 reference gene expression control. 
Values represent mean ± SEM; *,#<0.05, **p<0.01, ***p<0.001.

Figure 2. Real-time RT-PCR quantitation of expression of the two target genes, FOXO3a and RUNX2. (A) qRT-PCR analysis of mRNA expression of 
FOXO3a showed significant decrease in all tested groups of patients 2-4 in comparison to healthy control. (B) In contrary, the expression levels of RUNX2 
were significantly up-regulated in groups 2-4 compared to healthy control. Significant increase of RUNX2 expression was also observed in group 4 
compared to group 3. All data were normalized against HPRT reference gene expression. Values represent mean ± SEM; **p<0.01, ***,###<0.001.
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lected oncogenic miRNAs was revealed (Figure 3A). On the 
other hand, it appears that FOXO3a expression is not subject 
to regulation by miR-18a and miR-20a (Figure 4A).

Expression levels of RUNX2. In opposite, the expression 
levels of RUNX2 in PBMCs were significantly up-regulated 
in groups 2-4 compared to healthy control. While RUNX2 
expression levels in healthy control reached values of 0.69±0.10 
a.u., in a group of BRCA1 carriers with no disease manifesta-
tion they were 1.01±0.07 a.u., p < 0.01. Very similar pattern of 
RUNX2 expression increase was observed in BRCA1 carriers 
with BC (1.07±0.06 a.u., p < 0.01); however, a highly significant 
increase of RUNX2 expression level was observed in group 
of acute BC patients (1.95±0.17 a.u., p < 0.001). Difference in 
RUNX2 expression between groups 3 and 4 was also significant 
(p < 0.001) (Figure 2B), suggesting that tumor resection and 
therapy suppressed high expression of this oncogenic tran-
scription factor. In accordance with the situation for FOXO3a, 
the expression of RUNX2 mRNA positively correlates with that 
of the oncogenic miRNAs (miR-17, miR-19a, miR-21, miR-27a 
and miR-155) (Figure 3B) and, in general, is not under the 
control of miR-18a or miR-20a (Figure 4B).

Discussion

There has been an extensive research focused on identifica-
tion and clinical validation of novel molecular biomarkers that 
would enable early recognition, diagnostics and prediction of 
BC. Novel molecular diagnostic tests dealing with personal-
ized information allow specific treatment plans recognizing 
resistance, non-response, and treatment toxicity. PBMCs act as 
the first line of defense against malignancy in immune system, 
their dysfunction may occur as an early event in cancer im-
munogenicity or immune evasion [29]. Therefore, the analysis 
of miRNAs and their expressional profiles in PBMCs could 
provide supplementary information to conventional diagnos-
tics and may contribute to improved decision making process 
for diagnostic and therapeutic approaches [30, 31].

Our study shows that expression profile of miR-17, miR-
19a, miR-21, miR-27a and miR-155 can distinguish BC 
patients from healthy individuals, reflect BC patients’ therapy 
outcome, as well as distinguishes BRCA1 mutation carriers 
with manifested disease from those with no disease mani-
festation. To further support informative value of miRNA 

Figure 3. Expression profile correlation of oncogenic miRNAs with 
FOXO3a and RUNX2. The expression correlation of FOXO3a mRNA (A) 
with oncogenic miRNAs, miR-17, miR-19a, miR-21, miR-27a and miR-155 
revealed their negative correlation, while the expression of RUNX2 mRNA 
(B) was up-regulated in a similar manner to all oncogenic miRNAs. Values 
represent mean ± SEM.

Figure 4. Expression profile correlation of suppressor miRNAs with FOX-
O3a and RUNX2. Down-regulation of FOXO3a (A) expression correlated 
with unchanged or even decreased expression of miR-18a and miR-20a. On 
the other hand, the expression of RUNX2 (B) followed the up-regulated 
expression of oncogenic miRNAs and was increased in miR-18a/miR-20-
a-independent manner. Values represent mean ± SEM.
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expression profiling for potential diagnostic purposes, we 
followed their regulatory roles and evaluated the effect of 
selected miRNAs on expression of the two key target BC 
genes, FOXO3a and RUNX2.

We compared miRNA and target genes’ expression profiles 
of acute BC patients and BRCA1 mutation carriers with and 
without disease manifestation against healthy control. In 
acute BC patients and BRCA1 carriers with BC, we observed 
significant up-regulation of oncogenic miR-17, miR-19a, miR-
21, miR-27a and miR-155, while expression of miR-18a and 
miR-20a, also members of miR-17~92 cluster, left unchanged, 
or even down-regulated, pointing to their tumor suppressor 
role in BC. Interestingly, miR-19a expression increased not 
only during the transition from no observable to obvious 
disease state in the BRCA1 mutation carriers, but it was higher 
even in BRCA1 mutation carriers with no disease manifesta-
tion compared to healthy control (very likely non-mutation 
carriers), indicating that impaired BRCA1 function leads to 
aberrant miR-19a production. Such miR-19a expressional 
change could be one of the factors that are responsible for 
epithelial and stromal changes observed in the asymptomatic 
breast of BRCA1 germline mutation carriers [32].

Published data on expression of indiviual members of 
miR-17~92 cluster in BC are not uniform. Our observa-
tion of increased expression of miR-17 and miR-19a was in 
correlation with findings by Calvano Filho and co-workers 
[33] who observed overexpression of miR-17~92 cluster in 
triple-negative BC on one side, but up-regulation of miR-
18a and miR-20a on the other. Previous studies suggested 
that miR-17 is highly expressed in the aggressive BC cell 
line MDA-MB-231, but not in the less invasive MCF-7 cell 
line. Zuoren et al. reported that miR-17/20 abundance is re-
duced in highly invasive BC cell lines and node-positive BC 
specimens [34]. MiR-18a was observed to be overexpressed 
in tumors compared with normal breast tissues and in triple-
negative compared with luminal A tumors [35]. These data 
suggest that miR-18a may function as an oncogene. How-
ever, other studies reported that miR-18a was overexpressed 
in ER-negative breast tissues, suggesting that it may have 
a role as tumor suppressor [35]. It is obvious that members 
of this cluster may function as both oncogenes and tumor 
suppressors [36].

Up-regulation of miR-17~92 cluster has been observed in 
multiple tumor types, including BC. Regarding the mecha-
nism, miR-17~92 cluster post-transcriptionally inhibits E2F 
and Myc. In return, E2F and Myc induce the transcription 
of miR-17~92, thus forming a negative feedback loop in the 
interaction network. The E2F family of transcription factors 
and Myc critically regulate cell-cycle and apoptosis [37–39]. 
On the other hand, pro-apoptotic gene BCL2L11/BIM has 
been reported to be a direct target of multiple members 
of the miR-17~92 cluster in BC [40]. The pro-tumorigenic 
activity of the miR-17~92 cluster additionally involves cell 
non-autonomous functions including induction of angio-
genesis in solid tumors [41].

MiR-17~92 is transactivated by Myc in an ER-alpha–
dependent manner. Because miR-17 targets BRCA1, this 
regulation suggests a mechanism by which the oncogene Myc 
may repress tumor-supressor BRCA1 [42]. Approximately 10% 
of patients diagnosed with BC harbor a mutation in genes 
encoding BC susceptibility protein 1/2 (BRCA1/2). Familial 
history of cancer explains only 10%–37% of the cases, of which 
10%–25% were attributable to BRCA1/2 mutations, currently 
known as the two major BC predisposing genes [43, 44]. In 
sporadic cases, this frequency is remarkably lower, ranging 
from 3%–10% [45]. Women who carry such mutations are 
at increased risk of developing breast and ovarian cancers 
[46-50]. BC associated with BRCA1 mutations often have ag-
gressive characteristics including presentation at a younger 
age, poor differentiation, and high proliferation rate. They are 
also more likely to be ER-negative [46-50].

Another cross-talk between BRCA1 and miRNA network 
is mediated by miR-155, as it has been shown that BRCA1 ab-
rogates the repression of miR-155 [15]. BRCA1 is recruited to 
MIR155HG promoter where it contains two putative binding 
sites, leading to repression of activity of this promoter. Impor-
tantly, cells expressing functional BRCA1 treated with HDAC 
inhibitors up-regulate the expression of miR-155, suggesting 
that BRCA1 epigenetically represses miR-155 expression via 
its association with HDAC2, which deacetylates histones 
H2A and H3 in the MIR155HG promoter. In addition, we 
show that BRCA1 regulates the miR-19a levels (Figure 1). To-
gether, this suggests that a strong BRCA1-miRNA regulatory 
network operates in BC tumorigenesis and that a proportion 
of BRCA1 functions in a cell is mediated epigenetically via 
miRNA molecules.

MiR-155 is significantly up-regulated in BC and positively 
correlates with high tumor grade, progressive stage and me-
tastases to lymph nodes, whereas it inversely correlates with 
overall and disease-free survival [51]. MiR-155 suppresses 
the functions of several tumor repressors. Pro-oncogenic 
environment in tumors, including hypoxia and inflamma-
tion, trigger its expression. MiR-155 expression is promoted 
by TGF-β through the direct activity of Smad4 transcription 
factor, contributing to epithelial–mesenchymal transition, 
cancer cell migration and invasion [52]. In many BC cancer 
cell lines, expression of miR-155 is also promoted by factors 
that induce tumor inflammation, like interleukin (IL)-6 and 
interferon (IFN)-γ. MiR-155 prevents SOCS1 and stimulates 
activity of the JAK2/STAT3 pathway, which leads to tumor 
growth [53]. Overexpression of miR-155 accelerates whereas 
the knockdown of miR-155 attenuates the growth of tumor 
cell lines in vivo. The mature miR-155 prevents the translation 
of miR-155 target mRNAs in BC, including RhoA, FOXO3a 
and SOCS1 [54].

Pro-apoptotic transcription factor FOXO3a is a critical tar-
get of miR-155 [55]. A negative correlation between miR-155 
and FOXO3a in multiple BC cell lines and tumors has been 
well-documented [56,57]. Our data on expression profiles of 
FOXO3a in BC patients are in correlation with published data. 
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The expression of FOXO3a negatively correlated with expres-
sion profiles of oncogenic miRNAs.

FOXO3a participates in many physiological processes and 
is a critical regulator of cell survival and proliferation. Several 
reports have demonstrated in breast cancer MCF7 cells, the 
ability of chemotherapeutic drugs to induce FOXO3a activa-
tion (i.e. accumulation of FOXO3a in the nucleus) [58, 59]. 
FOXO3a activation results in an increase in pro-apoptotic 
protein expression and provides a mechanism promoting 
apoptosis in breast and other cancer cells [60, 61]. The steroid 
hormone estrogen facilitates progression of hormone-sensitive 
tumors, including breast cancer, through its classical nuclear 
receptors by transcriptional regulation resulting in cell survival 
and proliferation [62]. However, estrogen also mediates rapid 
signaling and growth effects through an additional estrogen 
receptor, GPER [63, 64]. These signaling events include the 
activation of MAPKs [65], as well as activation of the PI3Ki-
nase pathway [66, 67]. It has been established that PI3Kinase 
activation by growth factor receptors in general can stimulate 
Akt to phosphorylate and inactivate FOXO3a, thereby exclud-
ing it from the nucleus, leading to its degradation, and the 
downregulation of pro-apoptotic gene expression [68].

It is widely recognized that BC cells preferentially metas-
tasize to bones [69, 70]. MiR-155 directly targets RUNX2 
[71, 72], a trascription factor associated with osteogenesis, as 
well as BC-mediated bone metastasis [69]. Our results show 
positive correlation of RUNX2 expression with all oncogenic 
miRNAs tested but not with miR-18a and miR-20a.

RUNX2 is expressed in mammary epithelial cells during 
development at low levels, but has been found to be expressed 
at high levels in metastatic BC cells [73, 74]. RUNX2 activates 
cancer related genes in response to deregulated cell signaling 
pathways during early stages of BC. Inhibition of RUNX2 
activity abolishes the ability of BC cells to form osteolytic le-
sions in vivo [69]. RUNX2 was identified as one of the most 
up-regulated genes in a comparative screen of invasive versus 
non-invasive BC cell lines [75]. It has been shown to control 
the expression of genes associated with tumor cell migra-
tion, metastasis and angiogenesis, such as bone sialoprotein, 
osteopontin, matrix metalloproteinases (MMPs), vascular 
endothelial growth factor (VEGF) and collagenase-3 [76, 25, 
77].

In line with other authors, we observed significantly up-
regulated expression of miR-21 in BRCA1 mutation carriers 
with BC, as well as in acute BC patients. Overexpression of 
miR-21 was observed in glioblastoma [78], lung [79], prostate 
[80], colon [81], cervical and breast cancers [82-84]. Up-regu-
lation of miR-21 in primary BC samples has been shown to be 
associated with the advanced clinical stage, lymph node metas-
tasis and poor prognosis [85]. MiR-21 can target a number of 
tumor-suppressor genes, supporting its oncogenic role in vast 
majority of cancer types. The tumor suppressor gene TPM1 
(tropomyosin-1) in BC is considered as direct target of miR-
21 [86]. Some tumor suppressors such as p53, PDCD4, and 
maspin are other miR-21 targets in BC [87].

In line with data by others, we also detected up-regulated 
miR-27a expression in BC patients. MiR-27a appears to 
target the transcriptional co-factor, zinc finger and BTB 
domain containing 10 (ZBTB10) [88]. ZBTB10 represses 
the specificity protein 1 (SP1) transcription factor. The 
SP1 transcription factor is overexpressed in many cancers 
and plays a role in the G0-G1 to S phase progression in 
BC cells [89]. If expression of ZBTB10 is reduced, miR-27a 
indirectly up-regulates SP1, thus increasing S phase progres-
sion, and functions as an oncogene. MiR-27a can regulate 
E2-responsiveness in MCF-7 cells through suppression of 
ZBTB10, thereby enhancing expression of ER [88]. MiR-27a 
was shown to suppress the cdc2/cyclin B inhibitor Myt-1 in 
MDA-MB-231 cells and facilitate BC cell proliferation. Thus, 
the oncogenic activity of miR-27a in MDA-MB-231 cells 
was due to suppression of expression of ZBTB10 and Myt-1 
proteins [89]. FOXO3a has been shown as direct target of 
miR-27a in glioblastoma cells [90].

Our results show that expression profiles of oncogenic 
miRNAs, miR-17, miR-19a, miR-21, miR-27a and miR-155, 
are associated with increased expression of RUNX2 and, in 
parallel, down-regulation of FOXO3a in BC patients. Opposite 
expression pattern was observed for miR-18a and miR-20a. 
Clinical and laboratory correlative analyses indicate that BC 
patients with higher expression of RUNX2 and low expres-
sion of FOXO3a tend to develop metastasis and suffer from 
a greater risk of disease recurrence or death [91,92]. Therefore, 
the expression levels of miR-155, miR-17~92 cluster, miR-21 
and miR-27a, as well as of two their targets (FOXO3a and 
RUNX2), could provide an additional improvement for devel-
opment of screening and early diagnostic strategies and could 
be considered as valuable supportive markers for diagnostics 
and prediction of BC patients. We suggest that expression 
profiles of miR-17, miR-19a, miR-21, miR-27a, miR-155 and 
RUNX2 could be used as biomarkers of therapy outcome in 
BC patients. In addition, it seems that miR-19a, FOXO3a 
and RUNX2 expression levels could be able to reflect very 
early molecular changes in normal breast tissue of BRCA1 
mutation carriers before observable morphological changes 
at cellular levels occur. Finally, information on miR-19a and 
FOXO3a expression levels along with molecular characteri-
zation of BRCA1 germline mutation in BRCA1 carriers with 
no disease manifestation could stratify them mainly in terms 
of disease onset. Further work on more extensive number of 
patients is required to confirm and address these possibilities 
in more detail.
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