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Abstract: In ~70% of breast cancer (BC) cases, estrogen and progesterone receptors (ER and PR) are
overexpressed, which can change during tumor progression. Expression changes of these receptors
during cancer initiation and progression can be caused by alterations in microRNA (miR, miRNA)
expression. To assess the association of BC progression with aberrant expression of miRNAs that
target ER and PR mRNAs, we quantified miR-19b, -222, -22, -378a, and -181a in BC samples (n = 174)
by real-time PCR. Underexpression of miR-222 and miR-378a in stage T2–T4 BC was characteristic for
HER2-overexpressing tumors. In addition, the expression of miR-181a and miR-378a was higher in
these tumors than in tumors with a HER2 IHC score of 0 or 1+. In tumors with a Ki-67 index ≥ 14%,
all tested miRNAs were underexpressed in BC with a high Allred PR score (6–8). In ER-and-PR–
negative tumors, miR-22, miR-222, miR-181a, and miR-378a underexpression was associated with
Ki-67 index > 35% (median value). MiR-19b and miR-22 underexpression could be a marker of lymph
node metastasis in ER- and/or PR-positive tumors with HER2 IHC score 0. Thus, the association of
miR-19b, miR-22, miR-222, miR-378a, and miR-181a levels with BC characteristics is influenced by
the status of tumor ER, PR, HER2, and Ki-67.

Keywords: microRNA; breast cancer; biomarker; lymph node metastasis; hormone-dependent car-
cinogenesis

1. Introduction

Despite modern advances in medicine, cancer remains one of the leading causes
of death [1]. In women, the most prevalent malignant tumor is breast cancer (BC). BC
treatment depends on expression levels of estrogen receptor (ER), progesterone receptor
(PR) and HER2 (a receptor for Epidermal Growth Factor, EGF). Approximately 70% of cases
of this cancer are characterized by increased expression of ER and PR, which are involved
in breast carcinogenesis [2]. Enhanced expression of their target genes (e.g., CCND1, VEGF,
and MYC) promotes tumor growth through the regulation of the cell cycle, signaling,
differentiation, and apoptosis [3–5]. Nonetheless, ER and PR status may change during
tumor progression to metastasis. The change of ER or PR status from positive to negative
is associated with a worse prognosis [6]. Therefore, a study of the pathways involved in
the regulation of ER and PR expression may help the understanding of the mechanisms of
cancer progression and evolution.

One of the factors affecting ER and PR expression during the initiation and progression
of cancer is a change in the microRNA (miR, miRNA) expression profile [7]. These short
single-stranded RNAs participate in post-transcriptional regulation of the expression of
various genes by acting as oncogenic or tumor-suppressive molecules. A number of
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miRNAs target ER and PR; therefore, it can be assumed that their expression also changes
during BC initiation and progression.

In this study, to assess the association of aberrant expression of miRNAs that target
ER and PR mRNAs with the progression of BC, we quantified miR-19b, -222, -22, -378a,
and -181a in BC samples (n = 174). We demonstrated that the expression of these miRNAs
may correlate with the expression of PR and HER2, and in certain cases, it correlates with T
and N stages and Ki-67 index, suggesting that these miRNAs may serve as biomarkers.

2. Materials and Methods
2.1. Tissue Samples

A total of 174 pairs of BC tissue samples and samples of normal adjacent tissue from
female patients who had not received preoperative pharmacotherapy, were collected in
2017–2018 at Novosibirsk municipal publicly funded healthcare institution Municipal
Clinical Hospital #1. Tissue samples were placed in an RNAlater™ Stabilization Solution
(Invitrogen™, Carlsbad, CA, USA) and kept at −20 ◦C until experiments were performed.
Clinicopathologic information was obtained by reviewing medical records and reports on
results of immunohistochemical assays. The following variables were determined: the T
stage, N stage; immunohistochemical (IHC) scores on ER, PR, HER2, and Ki-67 (Table 1).
For cases with HER2 IHC-score 2+, the determination of the final HER2 status was carried
out using FISH. All patients recruited into the study had grade 2 (G2) tumors.

Table 1. Characteristics of the breast tumors under study.

Characteristics
ER- And/Or
PR-Positive

(n = 130)

ER-and-PR-
Negative
(n = 44)

HER2 2+, 3+
(n = 43)

HER2 1+
(n = 31)

HER2 0
(n = 100)

Triple-
Negative
(n = 20)

Age (mean and range, year) 60 (27–90) 52 (38–76) 56 (39–90) 57 (44–84) 58 (27–83) 54 (38–76)

T stage

T1 46 18 16 8 40 9

T2 77 23 22 22 56 10

T3 2 1 3 - - -

T4 5 2 2 1 4 1

N stage

N0 70 29 27 11 61 16

N1 46 8 10 15 29 3

N2 10 6 5 3 8 1

N3 4 1 1 2 2 -

Ki-67 index

<14% 73 7 14 14 52 3

14–39% 47 19 20 13 33 8

≥40% 10 18 9 4 15 9

ER score

0–2 4 44 18 7 23 20

3–5 13 - 2 1 10 -

6–8 113 - 23 23 67 -

PR score

0–2 22 44 24 13 29 20

3–5 34 - 7 3 24 -

6–8 74 - 12 15 47 -

HER2 score

0 80 20 - 100 20

1 23 8 - 31 - -

2–3 27 16 43 - - -

Estrogen and progesterone receptors (ER and PR). ER and PR were graded by the Allred scoring method [8].
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2.2. MicroRNA Isolation

Total miRNA was extracted from human tissue by a previously published protocol [9].

2.3. MiRNA Reverse Transcription and Real-Time PCR (RT-PCR)

Relative expression levels for miRNAs were measured by real-time reverse transcription-
PCR. A reverse-transcription reaction was carried out using stem-loop primers [10] and the
RT-M-MuLV-RH kit (Biolabmix Ltd., Novosibirsk, Russia). Real-time PCR was performed
with TaqMan probes and the BioMaster UDG HS-qPCR (2×) kit (Biolabmix Ltd.). To detect
PCR products, a CFX96™ Detection System (Bio-Rad Laboratories, Hercules, CA, USA)
was applied. Small nuclear RNAs U44 and U48 were used to normalize the data.

Primers for the reverse transcription were as follows: hsa-miR-19b-3p, 5′- GTC GTA
TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT CAG TTT -3′; hsa-
miR-22-3p, 5′- GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG
ACA CAG TTC T -3′; hsa-miR-222-3p, 5′- GTC GTA TCC AGT GCA GGG TCC GAG GTA
TTC GCA CTG GAT ACG ACA CCC AGT A -3′; hsa-miR-378a-3p, 5′- GTC GTA TCC AGT
GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACG CCT TCT -3′; hsa-miR-181a-5p,
5′- GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA CTC
ACC G -3′; U44, 5′- GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT
ACG ACA GTC AGT T -3′; U48, 5′- GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC
GCA CTG GAT ACG AGA CGG TCA G-3′.

The following specific oligonucleotides were employed for RT-PCR: hsa-miR-19b-3p,
(forward primer) 5′- GCCGTGTGCAAATCCATGCA -3′, (probe) 5′-(R6G)-TTCGCACTGGA
TACGACTCAGTTT-(BHQ1)-3′; hsa-miR-22-3p, (forward primer) 5′-GCCGAAGCTGCCAG
TTGA-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACACAGTTCT-(BHQ1)-3′; hsa-miR-222-
3p, (forward primer) 5′-GCCGCAGCTACATCTGGC-3′, (probe) 5′-(R6G)-TTCGCACTGGAT
ACGACACCCAGTA-(BHQ1)-3′; hsa-miR-378a-3p, (forward primer) 5′-GCCGCACTGGAC
TTGGAGTC-3′, (probe) 5′-(R6G)- TTCGCACTGGATACGACGCCTTCT -(BHQ1)-3′; hsa-
miR-181a-5p, (forward primer) 5′-GCCGCAACATTCAACGCTGT-3′, (probe) 5′-(R6G)-
TTCGCACTGGATACGACACTCACCG-(BHQ1)-3′; U44, (forward primer) 5′- GCCGCTCTT
AATTAGCTCT-3′, (probe) 5′-(R6G)-TTCGCACTGGATACGACAGTCAGTT-(BHQ1)-3′; U48,
(forward primer) 5′-CCCTGAGTGTGTCGCTGATG-3′, (probe) 5′-(R6G)-TTCGCACTGGAT
ACGAGACGGTCAG-(BHQ1)-3′. A similar type of reverse primer targeting the stem-loop
region in the synthesized cDNAs was 5′-AGTGCAGGGTCCGAGGTA-3′. Each sample was
analyzed in triplicate. Relative expression level was assessed based on threshold cycle (Ct)
values taking into account PCR efficacy (E) for both the analyzed and reference RNAs.

2.4. Statistical Analysis

STATISTICA software (version 12; TIBCO Software Inc., Palo Alto, CA, USA) was used
for statistical data analysis and plotting. Data are presented as median values. The Shapiro–
Wilk test was used to check data normality. Since the distribution was not normal in some
groups, the statistical analysis was carried out using the non-parametric Mann–Whitney U
test. Data with p < 0.05 were regarded as statistically significant.

3. Results
3.1. Analysis of miR-19b, miR-22, miR-222, miR-378a, miR-181a Expression in Breast Cancer

According to the miRTarBase database [11], PR expression in humans can be regulated
by miR-181a and miR-378a (strong evidence). In addition, using a reporter assay, western
blot analysis and qPCR, it was shown that the ER is a target for miR-206, miR-18a/18b,
miR-22, miR-19a/19b, miR-20b, and miR-221/222 (Table 2). First, we were interested in
miRNAs, which can target both receptors with a high probability. We chose miR-181a,
miR-378a, miR-22, miR-222, and miR-19b. In addition to the fact that these miRNAs are
likely to target both receptors, their expression level has been shown in few studies to be
inversely correlated with ER status. A large number of target genes are known for these
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miRNAs, which can play the role of oncogenes or tumor suppressors in BC. All of the
above points to the important role of these miRNAs in BC.

Table 2. The miRNAs regulating the expression of ER and PR.

miRNA Target (Score Class *) Other Targets Associated
with BC ** Association with ER or PR Status Association with Tumor

Characteristics

hsa-miR-181a-5p PR;
ER (very high)

NLK, GATA6, BCL2, ATM,
HIPK2, HRAS, SIRT1, DUSP5,

FOS, MTMR3, XIAP

The averages of the expression fold
change of miR-181a was significantly

lower in the PR-positive group
compared to the PR-negative group

of BC patients [12].

MiRNA was downregulated in
lymph node metastasis group of BC

patients [13].

hsa-miR-378a-3p PR;
ER (medium)

VEGFA, NPNT, MYC,
CYP19A1

Not available, but miR-378a-3p
expression was down-regulated in

tamoxifen-resistant MCF-7 cells [14].

Lower expression levels of
miR-378a-3p were associated with

poor prognosis for tamoxifen-treated
patients [14].

hsa-miR-22-3p ER;
PR (high)

BMP7, MYCBP, RGS2,
NCOA1, ERBB3, PTEN, SP1

ER-positive breast tumor specimens
had significantly lower miR-22 levels

than ER-negative specimens [15].

Downregulation of miR-22 was
significantly associated with the
poor differentiation, advanced

clinical stage, as well as lymphatic
and distant metastasis in breast

cancer [16].

hsa-miR-222-3p ER;
PR (high)

STAT5A, MMP1, FOXO3,
CDKN1C, FOS, ICAM1,

PTEN, ETS1, RECK, TRPS1,
CERS2, DKK2

MiR-221/222 was more abundant in
triple-negative tumors than in
ER/PR–positive tumors [17].

MiR-222, but not miR-221, led to
suppress the expression of the

luciferase reporter plasmid carrying
the full-length 3′-UTR of ESR1

mRNA signal by more than 40% [15].

Increased expression of miR-222 was
associated with lymph node positive

status [18].
High expression levels of miR-222 in
patients with ER+ breast cancer were

associated with decreased
disease-free survival as compared to
ER+ breast cancer patients exhibiting

low levels of miR-222 [19].

hsa-miR-221-3p

FOXO3, CDKN1C, TBK1,
DKK2, BRAP, USP18, ICAM1,

FOS, BNIP3, PTEN, ETS1,
TRPS1, CERS2, STAT5A,

RECK

Expression level of miR-221 was
significantly lower in ERa-negative
than in ERa-positive tumors [20].

Low miR-221-3p expression may
contribute to the poor outcome of
triple negative BC patients [21].

hsa-miR-19b-3p ER;
PR (high)

PTEN, MYLIP, SOCS1, TLR2,
CYP19A1, TGFBR2, SMAD4,

MYCN
The expression of both miR-19a and

b in BC tissue samples with
ER-positive status were

down-regulated compared to those
with ER-negative. The most

significant difference was for the
MiR-19b [22].

The miR-19b expression was
associated with distant metastasis

and TNM stage [23].
MiR-19b-1 stable overexpression in
MDA-MB-231 caused tumor growth

arresting entirely [24].

hsa-miR-19a-3p

HOXA5, MECP2, PTEN,
CCND1, ERBB4, SOCS1,

TLR2, TGFBR2, SMAD4, TNF,
ABCA1, MYCN

High serum miR-19a levels are
associated with inflammatory breast

cancer [25].

hsa-miR-206 ER;
PR (very high)

NOTCH3, CCND2, CDK4,
TKT, CCND1

The expression of miR-206 was
inversely correlated with ER mRNA

level in breast cancer tissues [26].

Decreased miR-206 was significantly
associated with advanced clinical

stage and lymph node
metastasis [27].

hsa-miR-20b-5p ER;
PR (high)

CDKN1A, MYLIP, VEGFA,
EPHB4, LIMK1, PTEN -

High expression of miR-20b
associated with breast cancer brain

metastasis [28].

hsa-miR-18a-5p ER;
PR (medium)

PTEN, TNFSF11, NR3C1,
HIF1A, ATM, TGFBR2,

SMAD4, RUNX1, CTGF

Pre-miR-18a levels were significantly
higher in ER-positive tumors

compared with negative tumors [29].
Expression levels of miR-18a were
strongly and negatively correlated
with PR protein scores. MiR-18a
expression was much higher in
ER-negative than in ER-positive

tumors [20].

A relatively high miR-18a expression
was associated with a poor

prognosis, especially in the luminal
subtype [30].

hsa-miR-18b-5p MDM2, CTGF
MiR-18b expression was not

correlated with ERa
protein expression [20].

Low miR-18b expression was
significantly associated

with improved survival in
HER2-negative breast cancer [20].

The receptor, which is a target for microRNA according to the miRTarBase database, is highlighted in bold. * The score class for the
predicted target receptor is given according to the mirDIP database [31]. ** miRTarBase database data.

The relative levels of selected miRNAs were determined in 174 pairs of tumor and
healthy tissues by RT-PCR (Figure 1). We found that the expression of miR-19b, miR-378a,
miR-222, and miR-22 was significantly reduced in tumor tissues.
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Figure 1. The comparison of microRNA expression between normal and cancerous tissue groups. The Y axis presents the
expression level (log2 2–∆Ct). ** p < 0.0001.

3.2. Analysis of the Association of MiR-19b, MiR-22, MiR-222, MiR-378a, and MiR-181a
Expression with ER, PR, HER2 Status and Ki-67 Index

We investigated whether the expression of a number of ER-, and PR-associated miR-
NAs depends on the status of ER, PR, HER2, Ki-67 index, and age. So far, several studies
have shown that ER is a target for miR-19b, miR-22 and miR-222 [29,32,33], whereas miR-
181a targets the PR mRNA [34]. Regulation of PR expression by miR-378a has been proved
by means of pig granulosa cells as a model [35].

We observed that miR-22 was underexpressed in tumors of patients with a high Ki-67
index (Table 3). The expression levels of miR-378a and miR-181a were significantly higher
in tumors of patients with HER2-overexpressing/amplified cancer than in tumors with
HER2 0 and HER2 1+ scores. Expression of miR-22 and miR-378a was significantly lower
in tumors of patients older than 50 years compared to tumors of younger patients. No
association with the presence or absence of ER and PR expression in tumors was found.

Table 3. Associations between the amounts of miR-19b, miR-22, miR-222, miR-378a, or miR-181a in tissue samples from BC
patients and ER, PR, HER2 status, Ki-67 index, or age.

Characteristics n
Relative Level * of miRNA and p-Value

miR-
19b p-Value miR-22 p-Value miR-

222 p-Value miR-
378a p-Value miR-

181a p-Value

ER and
PR status

ER+

and/or
PR+

130 0.48

0.974

0.46

0.533

0.41

0.535

0.20

0.407

0.85

0.518
ER−

and
PR−

44 0.46 0.57 0.54 0.24 0.97

HER2
status

HER2+ 43 0.55
0.345

0.48
0.470

0.70
0.181

0.44
0.013

1.33
0.015

HER2− 131 0.42 0.48 0.41 0.18 0.74

Ki-67
index (%)

<14 80 0.52
0.335

0.76
0.043

0.46
0.537

0.24
0.407

0.85
0.904

≥14 94 0.38 0.36 0.43 0.19 0.96

Age
≤50 58 0.59

0.238
0.97

0.002
0.54

0.283
0.36

0.003
1.24

0.133
>50 116 0.40 0.36 0.41 0.14 0.79

* Median of differences in miRNA levels between BC tissue and normal adjacent tissue (control) samples; the results were normalized to
the control. Significant differences are highlighted in bold.



Genes 2021, 12, 582 6 of 13

3.3. Expression of MiR-19b, MiR-22, MiR-222, MiR-378a, and MiR-181a in Relation to
Clinicopathologic Features of ER- and/or PR-Positive BC and ER-and-PR-Negative BC

Next, we evaluated the relation between the expression of miRNAs and clinicopatho-
logic features of tumors with various ER and PR status (Table 4). We noted that the ex-
pression of miR-222 was significantly lower (3-fold) in samples of ER- and/or PR-positive
tumors from patients with BC stages T2–T4. We also divided patients into subgroups
based on their Ki-67 index. In ER-and-PR-negative BC, an association of miR-22, miR-222,
miR-378a, and miR-181 expression with the Ki-67 was observed. The expression of these
miRNAs was significantly lower in the samples where the Ki-67 index was higher than
the median value (>35%) as compared to cases with the lower Ki-67. The most significant
difference was found for miR-181a.

Table 4. Association of miR-19b, miR-22, miR-222, miR-378a and miR-181a expression levels with clinicopathologic
characteristics of ER- and/or PR-positive BC and ER-and-PR-negative BC.

Characteristics n
Relative Level * of miRNA and p-Value

miR-19b p-Value miR-22 p-Value miR-222 p-Value miR-
378a p-Value miR-

181a p-Value

ER+ and/or PR+

T stage
T1 46 0.80

0.088
0.85

0.124
0.92

0.009
0.27

0.152
1.22

0.332
T2–T4 84 0.36 0.39 0.29 0.18 0.80

N stage
N0 70 0.58

0.173
0.70

0.301
0.44

0.241
0.24

0.593
1.20

0.492
N1–N3 60 0.37 0.38 0.43 0.18 0.80

Ki-67 index
(%)

<M ** 66 0.52
0.507

0.62
0.176

0.43
0.308

0.18
0.817

0.77
0.551

≥M ** 64 0.38 0.34 0.40 0.22 1.03

ER score
6–8 113 0.47

0.960
0.49

0.872
0.32

0.477
0.19

0.968
0.82

0.577
0–5 17 0.65 0.40 0.28 0.12 0.60

PR score
6–8 74 0.38

0.090
0.48

0.841
0.41

0.819
0.18

0.454
0.77

0.495
0–5 56 0.58 0.37 0.38 0.24 0.88

ER− and PR−

T stage
T1 18 0.48

0.858
0.78

0.625
0.60

0.321
0.34

0.808
1.01

0.775
T2–T4 26 0.43 0.48 0.47 0.20 0.90

N stage
N0 29 0.46

0.958
0.49

0.903
0.54

0.825
0.23

0.722
1.11

0.445
N1–N3 15 0.37 0.62 0.64 0.19 0.80

Ki-67 index
(%)

≤M 23 0.51
0.158

0.96
0.024

0.71
0.027

0.44
0.035

1.71
0.003

>M 21 0.28 0.36 0.28 0.10 0.58

* Median of relative differences in miRNA amounts between breast tumors and paired samples of normal adjoining (control) tissue; the
results were normalized to the control. ** M—median value. For ER− and/or PR-positive BC, median = 12, and for ER-and-PR-negative
cancer, median = 35. Significant differences are highlighted in bold.

3.4. Expression of MiR-19b, MiR-22, MiR-222, MiR-378a, MiR-181a in Relation to
Clinicopathologic Features of HER2-Positive BC or HER2-Negative BC

Another important characteristic that is used for tumor subtyping is HER2 status.
We assessed the relation between levels of the miRNAs and clinicopathologic features of
HER2-positive or -negative BC (Table 5).

The amount of all miRNAs turned out to be associated with the T stage in HER2-
expressing tumors. MiRNA levels were lower in patients with BC stages T2–T4. The most
significant differences (p < 0.01) were observed for miR-222 and miR-378a. The levels of
miR-222, miR-378a, and miR-181a correlated with the level of expression of HER2. The
levels of these miRNAs were higher in tumor tissues with high HER2 expression (a score
of 2–3 according to IHC) as compared to tumors with low HER2 expression (1 ICH score).
For miR-181a, a relation with PR expression was also revealed. The amount of this miRNA
was significantly higher in BC tissues with low PR expression (a score of 0–5 in the IHC
assay, Allred scoring method).
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Table 5. Association of miR-19b, miR-22, miR-222, miR-378a and miR-181a expression with clinicopathologic characteristics
of HER2 1+, 2+, and 3+ tumors and HER2 0 BC.

Characteristics n
Relative Level * of miRNA and p-Value

miR-19b p-Value miR-22 p-Value miR-222 p-Value miR-
378a p-Value miR-

181a p-Value

HER2 1+, 2+, 3+

T stage
T1 24 0.83

0.048
1.30

0.037
1.00

0.004
0.63

0.001
1.58

0.044
T2–T4 50 0.32 0.43 0.28 0.19 0.80

N stage
N0 38 0.34

0.827
0.45

0.268
0.39

0.885
0.27

0.339
1.33

0.416
N1–N3 36 0.39 0.58 0.70 0.34 0.80

PR score
6–8 27 0.37

0.271
0.50

0.889
0.32

0.527
0.19

0.317
0.72

0.037
0–5 47 0.48 0.47 0.59 0.35 1.48

HER2
score

2–3 43 0.57
0.424

0.55
0.316

0.78
0.029

0.47
0.003

1.46
0.019

1 31 0.34 0.50 0.32 0.18 0.66

HER2 0

T stage
T1 40 0.48

0.610
0.57

0.522
0.51

0.156
0.15

0.540
0.66

0.926
T2–T4 60 0.49 0.38 0.41 0.18 0.91

N stage
N0 61 0.60

0.046
0.85

0.008
0.51

0.127
0.21

0.075
0.98

0.515
N1–N3 39 0.34 0.30 0.41 0.13 0.66

PR score
6–8 47 0.41

0.197
0.41

0.884
0.42

0.710
0.13

0.219
0.85

0.875
0–5 53 0.54 0.42 0.45 0.18 0.65

HER2 0, ER+/PR+

T stage
T1 31 0.45

0.706
0.47

0.800
0.41

0.138
0.20

0.771
0.69

0.962
T2–T4 49 0.46 0.36 0.28 0.13 0.85

N stage
N0 45 0.61

0.034
0.85

0.009
0.40

0.144
0.24

0.108
0.74

0.677
N1–N3 35 0.32 0.20 0.27 0.11 0.75

PR score
6–8 47 0.41

0.342
0.41

0.504
0.42

0.504
0.13

0.550
0.85

0.355
0–5 33 0.52 0.35 0.28 0.19 0.64

* Medians of relative differences in miRNA levels between breast tumors and paired samples of normal adjoining (control) tissue; the
results were normalized to the control. Significant differences are highlighted in bold.

For tumors not expressing HER2, an association of miR-22 and miR-19b levels with
the presence of lymph node metastasis (LNM) was detected. The level of these miRNAs
was significantly lower in tumors of patients with LNM as compared to cases without.
Because there was a relatively small number of metastatic cases among patients with ER-,
PR-, and HER2-negative BC (four patients) in our study population, we also quantified
miRNAs separately for HER2-negative ER- and/or PR-positive tumors. The lower miR-19b
level in LNM cases was indeed more statistically significant for such tumors.

Here, we assigned patients with HER2-low tumors (i.e., 1+ and lack of ERBB2 ampli-
fication) to the same group as patients in whom HER2 gene amplification was detected.
This was because the level of HER2 expression is higher in HER2 1+ BC compared to HER2
0 tumors [36]. In addition, these variants of tumors differ in the expression profile of a
number of genes, and clinically, HER2-low BC shows more axillary lymph-node involve-
ment compared to HER2 0 BC [37]. Thus, biologically HER2 1+ tumors differ significantly
from HER2 0 tumors. However, when choosing a treatment, only patients with HER2 IHC
score 3+ or HER2 IHC score 2+ (positive for HER2 amplification by in situ hybridization,
ISH) are classified as HER2-positive type. Therefore, we also analyzed miRNA expression
separately for patients with HER2 0 and HER2-low tumors and for patients with HER2-
overexpressing/amplified tumors (Table 6). The association with tumor size in patients
with HER2-overexpressing/amplified BC was observed only for miR-222 and miR-378a.
In patients with HER2 0 and HER2 1+ BC, the level of miR-19b was significantly reduced
in cases with metastasis. When we divided patients into such groups, no association of
miRNAs with the PR level was found.
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Table 6. Association of miR-19b, miR-22, miR-222, miR-378a and miR-181a expression levels with clinicopathologic
characteristics of HER2-overexpressing/amplified tumors and ER+, PR+, HER2 0, 1+ BC.

Characteristics n
Relative Level * of miRNA and p-Value

miR-
19b p-Value miR-22 p-Value miR-

222 p-Value miR-
378a p-Value miR-

181a p-Value

HER2 2+, 3+

T stage
T1 16 0.81

0.479
1.09

0.434
1.00

0.021
0.62

0.033
1.55

0.761
T2–T4 27 0.37 0.44 0.29 0.25 1.20

N stage
N0 27 0.33

0.161
0.45

0.199
0.68

0.372
0.41

0.118
1.40

0.736
N1–N3 16 0.88 1.05 0.93 0.79 1.64

HER2 0, 1+, ER+ and/or PR+

T stage
T1 48 0.48

0.379
0.60

0.745
0.51

0.094
0.16

0.993
0.73

0.610
T2–T4 83 0.40 0.39 0.32 0.18 0.77

N stage
N0 72 0.56

0.028
0.67

0.090
0.43

0.131
0.19

0.292
0.77

0.680
N1–N3 59 0.31 0.36 0.34 0.15 0.66

* Medians of relative differences in miRNA levels between breast tumors and paired samples of normal adjoining (control) tissue; the
results were normalized to the control. Significant differences are highlighted in bold.

No association was detected between miRNA expression and the Ki-67 index when
we subdivided the patients into groups according to HER2 status.

3.5. Expression of MiR-19b, MiR-22, MiR-222, MiR-378a, and MiR-181a in Relation to
Clinicopathologic Features of Tumors with the Ki-67 < 14% or ≥ 14%.

Yet another characteristic that underlies BC subtyping is the Ki-67 index. We found
miR-222 to be significantly downregulated in patients with BC stage T2–T4 when the Ki-67
was ≥ 14% (Table 7). In addition, in patients with the Ki-67 index ≥ 14%, all miRNA
amounts were associated with PR expression; the amounts of miRNAs were higher in
tumors with low PR expression (a score of 0–5) compared to tumors with higher PR
expression (a score of 6–8).

Table 7. Association of miR-19b, miR-22, miR-222, miR-378a and miR-181a expression with clinicopathologic characteristics
of breast tumors with the Ki-67 index < 14% or ≥ 14.

Characteristics n
Relative Level * of miRNA and p-Value

miR-
19b p-Value miR-22 p-Value miR-

222 p-Value miR-
378a p-Value miR-

181a p-Value

Ki-67 < 14%

T stage
T1 26 0.81

0.334
0.87

0.665
0.54

0.199
0.27

0.696
0.92

0.966
T2–T4 54 0.46 0.54 0.46 0.19 0.88

N stage
N0 45 0.59

0.106
0.88

0.273
0.45

0.536
0.26

0.458
1.25

0.995
N1–N3 35 0.42 0.58 0.46 0.19 0.83

PR
score

6–8 46 0.50
0.738

0.75
0.325

0.62
0.319

0.20
0.458

0.93
0.300

0–5 34 0.51 0.44 0.38 0.25 0.78

Ki-67 ≥ 14%

T stage
T1 38 0.51

0.372
0.57

0.068
0.84

0.006
0.32

0.087
1.11

0.158
T2–T4 56 0.31 0.30 0.28 0.16 0.77

N stage
N0 54 0.45

0.539
0.49

0.539
0.48

0.443
0.21

0.780
1.15

0.228
N1–N3 40 0.32 0.34 0.45 0.16 0.64

PR
score

6–8 28 0.24
0.017

0.16
0.046

0.21
0.022

0.09
0.011

0.37
0.047

0–5 66 0.54 0.46 0.55 0.23 0.98

* Medians of relative differences in miRNA amounts between breast tumors and samples of paired normal adjoining (control) tissue; the
results were normalized to the control. Significant differences are highlighted in bold.
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4. Discussion

It is generally recognized that miRNAs play an essential role in carcinogenesis. By
altering the expression of genes involved in the regulation of the cell cycle, apoptosis,
epithelial–mesenchymal transition, and/or intercellular signaling, miRNAs can serve as
oncogenic or tumor-suppressive molecules [38]. Recent studies showed that certain miRNA
expression profiles correlate with tumor aggressiveness, treatment responses, and treatment
outcomes, suggesting that miRNAs can be used as diagnostic or prognostic markers [39].

BC is the most common cancer in women. Efforts have been made to search for
miRNAs whose changes in expression are critical for initiation and/or progression of BC.
Nonetheless, most of these studies are conducted without considering the tumor subtype.
On the other hand, changes in the expression and activity of ER and PR are associated with
the initiation and progression of BC. In this regard, it can be expected that these disorders
are accompanied by a change in the expression of miRNAs targeting steroid receptors. For
instance, it is known that ER mRNA is a target for miR-19b, miR-22, and miR-222, whose
relationship with breast carcinogenesis has already been demonstrated, whereas PR mRNA
is a target for miR-378a and miR-181a.

The choice of BC treatment is based on the status of ER, PR, HER2, and Ki-67 index.
The expression levels of these receptors and Ki-67 can, among other things, lead to vari-
ations in the expression of miRNAs. Therefore, here we divided all patients into groups
depending on the ER and PR status, on the HER2 status, and on the Ki-67 index. In practice,
when choosing a method of treatment, only cases with a HER2 IHC score of 3+ or HER2
IHC score of 2+ (with HER2 amplification) are classified as HER2-positive tumors. How-
ever, biologically HER2 1+ tumors differ significantly from HER2 0 tumors [36]. HER2-low
tumors (1+ and 2+ with lack of HER2 amplification) and HER2 0 tumors differ in the
expression profile of a number of genes, and HER2-low tumors are characterized by larger
tumor sizes and more nodal involvement compared to HER2 0 tumors [37]. Therefore, we
also analyzed the levels of miRNA expression separately for the group of patients with
HER2 1+, 2+, 3+ tumors, for the group of patients with HER2 0 tumors, for the group
of patients with HER2-overexpressing/amplified tumors, and for the group of patients
with HER2 0, 1+ tumors. The main identified correlations between differences in miRNA
expression and tumor characteristics in these groups are presented in Table 8.

Table 8. The identified relation between differences in miRNA expression and tumor characteristics.

Observed Change Associated Tumor Characteristics

ER+ and/or PR+ ER− and PR− HER2+ HER2 0, ER+ and/or PR+ Ki-67 ≥ 14%

miR-19b decreased N1–N3 stages PR score 6–8

miR-22 decreased Ki-67 > 35% N1–N3 stages PR score 6–8

miR-222 decreased stages T2–T4 Ki-67 > 35% stages T2–T4
HER2 score 1

T2–T4 stages
PR score 6–8

miR-378a decreased Ki-67 > 35% stages T2–T4
HER2 score 1

PR score 6–8

miR-181a decreased Ki-67 > 35% HER2 score 1 PR score 6–8

It is reported that miR-22 and miR-378a play a tumor suppressor role in BC [14,16,40].
The results of our study are consistent with the above studies. We showed that miR-22
expression is lower in tumors with the Ki-67 ≥ 14% relative to tumors with the lower Ki-67.
The expression of miR-378a turned out to be associated with that of Ki-67 in ER-and-PR-
negative tumors. Its level proved to be significantly lower in samples with the Ki-67 > 35%.
In our group of HER2 0 breast tumors, miR-22 was downregulated in the samples from BC
patients who have LNM. However, when we combined patients with HER2 0 and HER2 1+
tumors into one group, the association of miR-22 with metastases was not significant. Thus,
the level of miR-22 can be a marker of LNM only for patients with HER2 IHC-score 0.
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The expression of miR-378a and miR-22 was detected to be related to the age of the
patients: the level of miRNAs is significantly lower in tumors of patients over 50 years
old. The median age at menopause among women from industrialized countries ranges
between 50 and 52 years [41]. Thus, it can be expected that changes in the expression of
these miRNAs may be associated with menopause in women.

It is known that miR-222 usually plays an oncogenic role in carcinogenesis [19,42].
By contrast, here we revealed that miR-222 underexpression is associated with a large
tumor size (stage T2–T4) in the group of tumors with ER- and/or PR-positive status, in
the group of HER2-positive tumors, and in the group of tumors with the Ki-67 ≥ 14%.
Additionally, the level of this miRNA is lower in the tumor samples with the Ki-67 ≥ 35%
in the ER-and-PR-negative group. It should be noted that according to the TargetScan
database, mRNA of the gene encoding Ki-67 is predicted as a target for miR-222 [43]. That
is, a high level of Ki-67 may be a consequence of, among other things, a decrease in the
expression of this miRNA.

For miR-19b and miR-181a, there is conflicting evidence indicating both oncogenic
and tumor-suppressive functions of these miRNAs in BC [23,44,45]. We showed that
miR-19b is downregulated in ER- and/or PR-positive HER2-negative BC with LNM. The
amount of miR-181a is significantly lower in the tumor samples with the Ki-67 ≥ 35% in
the ER-and-PR-negative group.

In the group of tumors with HER2 IHC scores 1+, 2+, 3+, the levels of all studied
miRNAs are lower in stage T2–T4 BC as compared to tumors with stage T1. However,
the association with tumor size in HER2-overexpressing/amplified BC is retained only
for miR-222 and miR-378a. It is noteworthy that among the potential targets of miRNAs
(according to the TargetScan database) are HER3 mRNA (the target of miR-22, miR-222,
miR-19), which is a partner of HER2, and CCR4 mRNA (the target of miR-22, miR-222, miR-
378a), whose expression has been reported previously to correlate with HER2 status [46].
Both proteins are known to take part in cancer progression. Among the predicted targets
of miRNAs, there are also MAPK1 (the target of all five microRNAs), AKT2 (the target
of miR-181, miR-222, miR-22), PIK3CA (the target of miR-19, miR-222, miR-378a,), and
CDK6 (the target of miR-222, miR-378a, miR-19, miR-181), which encode participants in
the signaling pathways regulated by HER2 [47–49]. Thus, it is possible that these miRNAs
play a tumor-suppressing role in patients with smaller tumors through participation in the
regulation of the expression of these genes.

We also demonstrated that in the group of tumors with the Ki-67 index ≥ 14%,
miRNAs levels were higher in tumors with lower PR expression (a score of 0–5 in the IHC
assay, Allred scoring method). The regulation of PR expression by miR-181a and miR-378a
has already been demonstrated previously. Nevertheless, the receptor’s mRNA is also
predicted to be a target for miR-19b, miR-22, and miR-222 (Table 2). Thus, changes in PR
expression during breast carcinogenesis can be caused by alterations in the levels of these
miRNAs. We also found that miR-222, miR-378a, and miR-181a are upregulated in HER2-
overexpressing tumors as compared to cases with a HER2 expression score of 1+. The
difference is most significant for the miR-378a. It has been previously demonstrated that
the expression of miR-378 is regulated by the HER2 signaling pathway [50]. In addition,
according to the TargetScan database, HER2 mRNA is a potential target for miR-378a. The
increase in this miRNA expression is possibly associated with a cellular response to HER2
upregulation.

5. Conclusions

Our study indicates that the association of miR-19b, miR-22, miR-222, miR-378a, and
miR-181a levels with the characteristics of breast tumors is influenced by the status of ER,
PR, HER2, and the Ki-67 index. Underexpression of these miRNAs in stage T2–T4 BC is
characteristic only for HER2-expressing tumors (IHC scores 1+, 2+, 3+). In the same tumors,
the expression of miR-222, miR-181a, and miR-378a is stronger when the level of the HER2
protein is high (IHC scores 2+, 3+). In tumors with the Ki-67 ≥ 14%, the expression of all
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tested miRNAs is low when PR expression is high (a score of 6–8 in IHC analysis). In ER-
and PR-negative tumors, underexpression of miR-22, miR-222, miR-181a, and miR-378a
is associated with a high Ki-67 index (>35%). We also discovered that decreased levels of
miR-19b and miR-22 may be a marker of LNM in ER- and/or PR-positive tumors with
HER2 IHC score 0.
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