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Abstract—miRNA genes play an important role in cancer pathogenesis, while they may be suppressed by
hypermethylation. Here, we assess the diagnostic potential of a group of hypermethylated miRNA genes
(MIR-124-1, MIR-124-3, MIR-125B-1, MIR-127, MIR-132, MIR-193a, and MIR-34b/c) in a representative
set of 70 breast cancer samples and 17 breast tissue samples from deceased donors with no malignancies. For
these seven genes, the methylation status is determined using the methylation-specific PCR. Methylation
reached 26–76% in tumor specimens, 1‒27% in paired considered normal breast tissues, and 0–18% in
breast tissue from deceased donors. By quantitative RT-PCR, reduced expression levels of the investigated
miRNAs are detected, with a negative correlation of expression levels with gene hypermethylation. Combi-
nations of three or four hypermethylation biomarkers, namely, MIR-124-1, MIR-125B-1, MIR-127, and
MIR-34b/c are found suitable for breast cancer diagnostics; with sensitivity (76‒93%), specificity
(88‒100%), and AUC (0.88‒0.94). Notably, the MIR-127 gene was hypermethylated only in the tumor sam-
ples of patients with metastases, and, therefore, should be tested as a marker of breast cancer dissemination.
These findings may lead to improvement in the management of breast cancer.
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INTRODUCTION

Methylation of regulatory DNA sequences and
interaction between miRNA and mRNA of target
genes play an important role in the dynamic regulation
of gene activity. Aberrations in these mechanisms may
result in the dysfunction of cellular signaling path-
ways, which is observed in malignant tumors [1–3]. In
the past decade, interest in the search for new targets of
methylation, new regulatory miRNAs, and their target
genes involved in oncogenesis continues to increase.
These studies determined the progress in the personal-
ized treatment of many malignant tumors [4, 5].

Breast cancer is the most common type of cancer in
women: it accounts for 1/10 of all malignant tumors
and is considered the most common cause of female
cancer death [6]. Every year, as many as 1.6 million
cases of breast cancer are recorded in the world, and its
prevalence steadily increases [6]. In Russia, more than
70500 new cases of breast cancer were recorded in 2017
[7]. In addition, there is a trend towards younger breast

cancer in recent years. The lack of effective diagnosis
at the early stages of this disease and the high rate of
lethal outcomes necessitate the search for new mark-
ers. The prospects of using miRNAs as markers that
allow diagnosing breast cancer at an early stage, predict
its course, and assess the individual response of the body
to therapy are currently widely discussed [8–10].

The factors that modify the expression level of
miRNAs (in particular, aberrant methylation of regu-
latory CpG islands) play a systemic role in the regula-
tion of the function of miRNA target genes [11]. In the
past decade, the role of hypermethylation of a wide
range of miRNA genes in the development of tumors
of various localizations has been established [12].
Epigenomic studies showed that the proportion of the
miRNA genes that undergo methylation is several
times higher than that of the protein-coding genes.
This fact indicates that methylation plays a major role
in the deregulation of miRNA genes in tumors and
makes hypermethylated miRNAs promising diagnos-
tic markers [13, 14].
371
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Table 1. Clinical and histological characteristics of 70 specimens of breast cancer

Designation: ID-BC, infiltrative ductal breast cancer; IL-BC, infiltrative lobular breast cancer; N0/M0, absence of metastases; N1–2,
lesion of regional lymph nodes; M1, distant metastases.

Tumor characteristics

Histological
type of cancer Number of samples

ID-BC 49

IL-BC 21

Clinical stage I 9

II 37

III 23

IV 1

Degree of
differentiation

Highly differentiated (hd) 6

Moderately differentiated (md) 51

Low differentiated (ld) 13

Metastasizing N0/M0 26

N1–2 44

M1 1

Size and degree of
tumor invasion

T1 13

T2 43

T3 5

T4 9
Earlier, we detected aberrant methylation of a large
group of miRNA genes, which was involved in ovarian
and breast cancer pathogenesis [15–18], and showed
the potential applicability of hypermethylated miRNA
genes for diagnosing ovarian cancer [19]. In this study,
using a representative set of 70 breast cancer samples
and 17 breast tissue samples of donors (subjects who
died of non-cancerous diseases),we investigated the
role of hypermethylation of a groups of miRNA genes
(MIR-124-1, MIR-124-3, MIR-125B-1, MIR-127,
MIR-132, MIR-193a, and MIR-34b/c) and estimated
the diagnostic potential of these genes.

MATERIALS AND METHODS
Breast cancer samples were collected and clinically

described at the Research Institute of Clinical Oncol-
ogy, Blokhin National Medical Research Center of
Oncology, Ministry of Health of the Russian Federa-
tion. In the study, we used paired samples of tumors
and histologically unmodified (conditionally normal)
breast tissues obtained from 70 patients with breast
cancer. The clinical and histological data of the
patients are summarized in Table 1.

We analyzed the samples of malignant tumors of
the patients who did not receive specific treatment
(radiotherapy or chemotherapy) before surgery. All
breast tumors were classified in accordance with the
TNM classification of the International Union
Against Cancer [21] and histologically verified based
on the classification criteria of the World Health Orga-
nization [22]. To select the specimens with a high content
of tumor cells (at least 70–80%), we performed an addi-
tional histological analysis of microsections (3–5 μm)
that were stained with hematoxylin and eosin.

In addition, we analyzed 17 breast tissue samples
obtained from women who died of non-neoplastic dis-
eases and had no history of cancer (the so-called
donors).

Tissue samples were stored at –70°C. Tissue frozen
in liquid nitrogen was ground with a SilentCrusher S
homogenizer (Heidolph, Germany).

Isolation of DNA and RNA and reverse transcrip-
tion. High-molecular-weight DNA was isolated from
tissue using phenol extraction according to the stan-
dard protocols. The total RNA was isolated according
to the extraction protocol with the use of guanidine
thiocyanate, phenol, and chloroform as described pre-
viously [23].

The concentration of the total RNA was deter-
mined spectrophotometrically at 260 nm. The quality
of RNA was also assessed spectrophotometrically
using absorbance coefficients at 260 vs 230 nm and at
260 vs 280 nm. The preservation of RNA was deter-
mined by the ratio of band intensities of 28S rRNA and
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019
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Table 2. Methylation frequency of seven miRNA genes in breast cancer

Statistically significant hypermethylation frequencies are shown in bold. With allowance for the Benjamini–Hochberg correction for
multiple comparisons, p < 10–4 values for six genes were statistically significant at FDR = 0.01; for the MIR-132 gene, p = 0.01 was sig-
nificant at FDR = 0.05.

miRNA gene Tumor Norm p Donors

MIR-124-1 76% (53/70) 27% (19/70) 1 × 10–8 12%, 2/17

MIR-124-3 39% (27/70) 3% (2/70) 1 × 10–7 12%, 2/17

MIR-125B-1 49% (34/70) 6% (4/70) 1 × 10–8 0%, 0/17

MIR-127 30% (21/70) 1% (1/70) 2 × 10–6 0%, 0/17

MIR-132 26% (18/70) 9% (6/70) 0.01 0%, 0/17

MIR-193a 59% (41/70) 13% (9/70) 2 × 10–8 18%, 3/17

MIR-34b/c 39% (27/70) 9% (6/70) 4 × 10–5 0%, 0/17
18S rRNA by electrophoresis in 1% denaturing aga-
rose gel. Before use, all RNA samples were treated
with RNase-free DNase. cDNAs were synthesized
from 1 μg of total RNA using M-MuLV reverse tran-
scriptase and random nanomers according to the
manufacturer’s protocol (Thermo Fisher Scientific,
United States).

Quantitative PCR (to assess the changes in the con-
tent of seven miRNAs in breast cancer samples) was
performed using the cDNA obtained as described in
[16]. We used TaqMan MicroRNA Assays (Applied
Biosystems, United States): miR-124-3p (Assay ID:
001182), miR-125b-5p (Assay ID: 000449), miR-127-5p
(Assay ID: 002229), miR-132-3p (Assay ID: 000457),
miR-193a-5p (Assay ID: 002281), miR-34b-3p
(Assay ID: 002102) and miR-34c-3p (Assay ID:
241009). For normalization, we used RNU48 (Assay
ID: 001006) and RNU6 (Assay ID: 001093). All reac-
tions were repeated thrice. Samples without cDNA were
used as a negative control. Data were analyzed using the
relative quantification by the ΔΔCt method. Changes in
the miRNA level by a factor less than 2(| ΔΔCt | ≤ 2) were
regarded as the absence of changes [16].

Bisulfite conversion of DNA and methylation-spe-
cific PCR (MS-PCR) was performed as described pre-
viously [15, 16]. PCR was performed in a DNA Engine
Dyad Cycler T-100 thermal cycle (Bio-Rad, United
States) using the oligonucleotides and amplification
conditions described in [15–18]. Three to six CpG-
dinucleotides in each gene were analyzed. False posi-
tive results due to incomplete bisulfite conversion of
the DNA were excluded at the primer selection stage
by the absence of an MS-PCR product on the DNA
that was not treated with bisulfite. Human methylated
DNA (#SD1131, Thermo Scientific) was used as a
control for the methylated allele, and human DNA
(#G1471, Promega, United States) served as a control for
the unmethylated alleles. PCR products of different
genes were separated simultaneously in 2% agarose gel.
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Statistical analysis was performed using Fisher’s
exact test in the BioStat 6.1 software. Changes were
considered significant at p ≤ 0.05. Changes in the level
of expression and methylation of the genes with the
determination of the Spearman correlation coefficient
(rs) were compared using correlation analysis. Optimal
marker systems were selected by the results of ROC
(Receiver Operator Characteristic) analysis [24]. The
results of multiple comparison were taken into
account using the Benjamini–Hochberg correction.
Results were considered significant at a false discovery
rate (FDR)≤ 0.05.

RESULTS
Hypermethylated miRNAs as Potential Specific Markers 

of Breast Cancer

Using a representative sample consisting of 70 paired
breast cancer samples (tumor/conditional norm), we ana-
lyzed methylation of seven miRNA genes (MIR-124-1,
MIR-124-3, MIR-125B-1, MIR-127, MIR-132,
MIR-193a, and MIR-34b/c) by MS-PCR. Table 2
summarizes the results of determining the frequency
of methylation of these genes in breast tissue specimens
obtained from 70 breast cancer patients and 17 donors
(subjects who died of non-neoplastic diseases).

Table 2 shows that two genes (MIR-124-1 and
MIR-193a) were most frequently methylated in
tumors (76 and 59%, respectively). However, their
methylation was also often detected in the condition-
ally normal tissue (27 and 13%, respectively) and in
the donor breast tissues (12 and 18%, respectively). It
was found that four genes (MIR-125B-1, MIR-127,
MIR-132, and MIR-34b/c) were methylated with a
frequency of 26–49% in tumors and 1–9% in the con-
ditional norm, whereas in the breast tissue samples of
17 donors the methylation of these genes was not
detected. Therefore, these four genes can be proposed
as sufficiently specific diagnostic markers of breast
cancer.
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Table 3.  Frequency of changes in miRNA level in breast cancer

The high frequencies of unidirectional changes in expression (decrease) are shown in bold; the frequencies of the decreased expression
prevailing over the increased expression are underlined.

miRNAs Decrease Increase No change

miR-124-3p 68% (26/38) 13% (5/38) 18% (7/38)
miR-125b-5p 76% (29/38) 8% (3/38) 16% (6/38)
miR-127-5p 39% (15/38) 8% (3/38) 53% (20/38)
miR-132-3p 50% (19/38) 5% (2/38) 45% (17/38))
miR-193a-5p 79% (30/38) 3% (1/38) 18% (7/38)
miR-34b-3p 47% (18/38) 11% (4/38) 42% (16/38)
miR-34с-3p 37% (14/38) 16% (6/38) 47% (18/38)

Table 4. Correlation between changes in methylation status of miRNA gene and miRNA content in analysis of 38 paired
breast cancer samples

Spearman correlation coefficient values (rs) are shown. For six rs, values p ≤ 2 ×10–3 with allowance for the Benjamini–Hochberg
correction for multiple comparisons are statistically significant at FDR = 0.01; p = 0.02 for MIR-34b/c/miR-34c-3p is significant at
FDR = 0.05.

miRNA gene miRNA rs p

MIR-124-1 miR-124-3p 0.61 4 ×10–5

MIR-124-3 miR-124-3p 0.24 0.15
MIR-125B-1 miR-125b-5p 0.77 2 ×10–8

MIR-127 miR-127-5p 0.50 2 ×10–3

MIR-132 miR-132-3p 0.60 7 ×10–5

MIR-193a miR-193a-5p 0.64 2 ×10–5

MIR-34b/c miR-34b-3p 0.51 10–5

MIR-34b/c miR-34c-3p 0.38 0.02
Hypermethylation Contributes to the Suppression
of Expression of the Group of miRNA Genes 

in Breast Cancer

To test the functional role of methylation, we
determined the changes in the expression level of the
miRNA genes that are hypermethylated in breast
cancer. Table 3 shows the frequencies at which the con-
tent of mature miRNAs (products of these genes)
decreased and increased in a subset of 38 breast can-
cer samples included in the total set (or collection) of
70 samples. At can be seen in Table 3, the content of
all mature miRNAs transcribed from these hyper-
methylated genes in the breast cancer samples was
mostly decreased. For example, miR-124-3p,
miR-125b-5p, miR-127-5p, miR-132-3p, miR-193a-5p,
miR-34b-3p, and miR-34с-3p were primarily inhibited,
which is characteristic of tumor suppressors. This inhibi-
tion is associated with the hypermethylation of their
encoding genes, as follows from the results of the correla-
tion analysis between the changes in the methylation sta-
tus and expression, which was performed on the total
subset of 38 specimens (Table 4).

We found a strong correlation between the changes
in methylation and expression of six of the seven
genes; the Spearman correlation coefficient (rs) was in
the range between 0.38 and 0.61, p ≤ 0.02. Only one
gene, MIR-124-3, showed a weak correlation between
the change in the methylation status and expression of
miR-124-3p. It can be assumed that the synthesis of
miR-124-3p is ensured primarily by the MIR-124-1,
but not MIR-124-3, gene. Thus, we can conclude that
hypermethylation of the regulatory regions of the
MIR-124-1, MIR-125b-1, MIR-127, MIR-132, MIR-
193a, and MIR-34b/c genes significantly contributes
to the suppression of expression of these genes and to
the synthesis of respective mature miRNAs in breast
cancer. These data confirm the involvement of aber-
rant methylation in the breast cancer pathogenesis.

Diagnostic Potential of the Group of miRNA Genes
in Breast Cancer

Based on the data on the methylation status of
seven miRNA genes in the breast cancer samples (70)
and in the donor breast tissue samples (17), two opti-
mal potential diagnostic marker systems for the detec-
tion of breast cancer were determined by ROC analysis
(Table 5).

The first system consists of three genes whose
methylation was not detected in any donor breast tis-
sue sample (see Table 2). The specificity of this system
is 100% at a sensitivity of only 76% and Area under
ROC-Curve (AUC) value (an integrated characteris-
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019
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Table 5. Potential diagnostic systems of miRNA marker genes

The Area under ROC-Curve (AUC) values, the optimum criterion, the sensitivity (Sn), and specificity (Sp) at a 95% confidence inter-
val (95% CI) are shown.

Set of miRNA genes AUC (95% CI) Criterion Sn, % (95% CI) Sp, % (95% CI) p

MIR-125B-1
MIR-127
MIR-34b/c

0.88
(0.79‒0.94) >0 76

(64‒85)
100

(80‒100) <10–4

MIR-124-1
MIR-125B-1
MIR-127
MIR-34b/c

0.94
(0.87‒0.98) >0 93

(84‒98)
88

(64‒98) <10–4
tic of the system reliability) of 0.88. The addition to
this system of the MIR-124-1 marker with a high fre-
quency of methylation in the tumor samples (76%,
Table 2) and a low frequency of methylation in the
donor tissues (12%, 2/17) allowed us to obtain the
optimum system. This system of four genes is charac-
terized by a high AUC value (0.94) and 93% sensitivity
at 88% specificity.

Thus, the system consisting of the four markers can be
proposed as a potential diagnostic system. The detection
of methylation of at least one of the genes of this system
is sufficient to classify a sample with the breast cancer.

MIR-127 Gene Is Hypermethylated Only in Tumor 
Samples from Patients with Metastases and Is a Highly 

Specific Marker of Metastatic Breast Cancer

The correlation between the methylation status of
each of the seven genes (MIR-124-1, MIR-124-3,
MIR-125B-1, MIR-127, MIR-132, MIR-193a, and
MIR-34b/c) and the clinical and histological charac-
teristics of 70 breast cancer samples was studied. We
established the significant correlation of the MIR-127
gene methylation with later clinical stages (p < 10–4),
MOLECULAR BIOLOGY  Vol. 53  No. 3  2019

Fig. 1. Correlation between methylation frequency of MIR-127 g
Metastasizing: N0/M0, group without metastases; N1–2/M1, gr
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metastasizing (mainly to the regional lymph nodes)
(p < 10–4), and the tumor size (p < 10–4, Fig. 1). A less
significant correlation was found between the methyla-
tion of this gene and the loss of differentiation (p ≤ 0.05).

It was found that the MIR-127 gene is methylated
solely in the group of tumor samples from the patients
with metastases (in half of the cases, 21/44, Fig. 1).
The methylation of MIR-127 was detected in only one
conditionally normal sample (1/70, Table 2). This
sample was obtained from a patient with the clinical
stage III of the disease, a low degree of tumor differenti-
ation, and metastases in two lymph nodes (T2N2M0). A
tumor with such a degree of progression may exhibit
significant invasion into the surrounding tissues as
also as into the regional lymph nodes, and paired adja-
cent tissue may contain tumor cells, which showed the
methylation of this gene in the analysis of the condi-
tionally normal tissue.

Thus, of the seven miRNA genes whose methyla-
tion was studied in the set of 70 paired samples, only
one, the MIR-127 gene, was associated with the pro-
gression of breast cancer. Moreover, this gene is
hypermethylated only in the tumor samples obtained
from the patients with metastases. Thus, the MIR-127
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gene is a potential highly specific marker that can be
used to detect or predict metastatic tumors in the
patients in which this gene is methylated.

DISCUSSION
In this study, we demonstrated a significant role of

hypermethylation in the suppression of expression of seven
miRNA genes (MIR-124-1, MIR-124-3, MIR-125B-1,
MIR-127, MIR-132, MIR-193a, and MIR-34b/c) and in
the decrease in the content of mature miRNAs in
breast cancer. The correlation between the methyla-
tion of six of these genes and the synthesis of corre-
sponding mature miRNAs was established. These data
suggest that aberrant methylation implements a func-
tional role in the pathogenesis of breast cancer.

Hypermethylation and the decrease in expression
of these genes are consistent with the suppressor role of
their encoded miRNAs (miR-124, miR-125b, miR-127,
miR-132, miR-193a-5p, and miR-34b/c) in breast
cancer, which was established mostly with the use of
cell cultures [25–30]. A decreased level of expression
of these miRNAs is considered as a marker of breast
cancer. Furthermore, the correlation of miR-124,
miR-125b, miR-127, miR-132, and miR-193a-5p
with the breast cancer’s progression, invasion, and
metastasizing was found [26, 28, 30–32].

We studied the hypermethylation of six miRNA
genes as breast cancer markers: the functional role of
hypermethylation was confirmed by the correlation
between the changes in their methylation and expression.

We created a potential system of markers for diag-
nosing breast cancer, which is based on the analysis of
methylation of miRNA genes (namely, MIR-124-1,
MIR-125B-1, MIR-127, and MIR-34b/c). This system
is characterized by a high level of sensitivity (93%) and
specificity (88%) (AUC = 0.94). These parameters
were calculated on the basis of data for a representative
sample of 70 breast cancer samples relative to the
absolute norm (17 donors without a history of cancer).

The miRNA expression profiles are studied as
diagnostic systems (e.g., in cancers of the prostate,
bladder, lung, colorectal, and larynx) [33–38]. The
proposed panels of markers are characterized by a high
degree of sensitivity, specificity, and AUC values (>0.9).
Markers based on the methylation status of miRNA
genes are also being actively developed. Such panels
were proposed, for example, for colorectal, bladder,
and prostate cancers [39–41]. As a result of the system
analysis of methylation of the suppressor miRNA
genes, our group has developed marker systems for
diagnosing lung, kidney, and ovarian cancers [19, 42,
43] and, in this study, for diagnosing breast cancer. As
far as we know, this is the first study to propose a set of
diagnostic breast cancer markers selected based on the
analysis of hypermethylated miRNA genes.

Interestingly, we detected the MIR-127 gene,
which is often hypermethylated in tumor samples
obtained from the patients with metastases (21 of 44)
and is not methylated in any tumor sample from the
patients without metastases (0 of 26). Thus, the MIR-127
gene is a fairly unique highly specific potential prog-
nostic marker of metastatic breast cancer.

The correlation between decreased miR-127
expression and metastatic breast cancer was noted pre-
viously [32, 44]. Information about miR-127 targets is
scarce: in breast cancer, the BCL6 protooncogene is
regarded as a miR-127 target [32, 44]. The nuclear fac-
tor κB (NF-κB) is considered as a putative miR-127
target in hepatocellular carcinoma [45], which con-
firms the suppressive properties of this miRNA but
does not explain its antimetastatic activity. It is sur-
prising that, in lung cancer, miR-127 induces, rather
than inhibits, the epithelial–mesenchymal transition
[46]. Thus, the molecular mechanism of the antimet-
astatic activity of miR-127 and the activatory effect of
MIR-127 gene methylation on the dissemination of
breast cancer requires further research. At the same
time, the content of miR-127 in blood is correlated
with the presence of tumor cells circulating in blood,
which makes miR-127 a potential non-invasive clini-
cally significant marker [47].

Thus, the revealed features of methylation of seven
miRNA genes, the unique prognostic potential of
MIR-127 gene hypermethylation, and the proposed
system of diagnostic markers of breast cancer, which is
based on the methylation status of miRNA genes, may
find clinical application in the development of mod-
ern approaches for the diagnosis, prognosis, and
selection of treatment for breast cancer.
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