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Abstract
It is well established that transcriptional silencing of critical tumor-suppressor genes by DNA methylation is a 
fundamental component in the initiation of breast cancer. However, the involvement of microRNAs (miRNAs) 
in restoring abnormal DNA methylation patterns in breast cancer is not well understood. Therefore, 
we investigated whether miRNA-29b, due to its complimentarity to the 3’-untranslated region of DNA 
methyltransferase 3A (DNMT3A) and DNMT3B, could restore normal DNA methylation patterns in 
human breast cancers and breast cancer cell lines. We demonstrated that transfection of pre-miRNA-29b 
into less aggressive MCF-7 cells, but not MDA-MB-231 mesenchymal cells, inhibited cell proliferation, 
decreased DNMT3A and DNMT3B messenger RNA (mRNA), and decreased promoter methylation 
status of ADAM23, CCNA1, CCND2, CDH1, CDKN1C, CDKN2A, HIC1, RASSF1, SLIT2, TNFRSF10D, and TP73 
tumor-suppressor genes. Using methylation polymerase chain reaction (PCR) arrays and real-time PCR, we 
also demonstrated that the methylation status of several critical tumor-suppressor genes increased as stage 
of breast disease increased, while miRNA‑29b mRNA levels were significantly decreased in breast cancers 
versus normal breast. This increase in methylation status was accompanied by an increase in DNMT1 
and DNMT3B mRNA in advanced stage of human breast cancers and in MCF-7, MDA-MB-361, HCC70, 
Hs-578T, and MDA-MB-231 breast cancer cells as compared to normal breast specimens and MCF-10-2A, 
a non‑tumorigenic breast cell line, respectively. Our findings highlight the potential for a new epigenetic 
approach in improving breast cancer therapy by targeting DNMT3A and DNMT3B through miRNA-29b in 
non-invasive epithelial breast cancer cells.
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INTRODUCTION

Breast cancer is the most prevalent malignancy and the second 
leading cause of cancer death in women.[1] Successful treatment 
of breast cancer relies on the ability to detect the disease 
early and correct molecular abnormalities associated with its 
development. Classic molecular cancer biology focuses on 
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the role of direct DNA damage in the etiology of cancer;[2‑4] 
however, it is now well documented that epigenetic alterations 
play a fundamental role in cancer initiation and progression,[5] 
including breast cancer.[6‑9] In addition, it is now well supported 
that altered gene‑specific methylation triggered by abnormal 
functioning of DNA methyltransferases (DNMTs) may 
cause the transcriptional silencing of cancer‑related genes in 
human cancers.[10‑12] For instance, it has been demonstrated 
that DNMT1 and DNMT3B are overexpressed in breast 
cancer.[13] In support of the involvement of DNA methylation 
in transcriptional silencing, more than 100 individual 
tumor‑suppressor genes, involved in multiple molecular 
pathways, have been identified to be frequently hypermethylated 
in breast cancer alone.[14] Recognition of the fundamental role of 
these epigenetic abnormalities in breast cancer progression[7,14‑17] 
suggests that they could be used as biomarkers for clinical 
molecular diagnosis of breast cancer.[9,18‑20] However, the main 
question as to whether or not detection of these abnormal 
methylated genes can be used as therapeutic targets for breast 
cancer management, remains unresolved.

It is widely believed that reintroducing or reinforcing the 
expression of these epigenetically silenced genes is a rational 
strategy to restore control of critical cancer‑related pathways 
and enhance the efficacy of cancer treatment.[21‑23] As a result, 
the promising field of epigenetic therapy for cancer treatment 
has emerged.[24‑26] Epigenetic modifiers, especially DNMT 
inhibitors such as 5‑azacytidine and 5‑aza‑2’‑deoxycytidine, are 
currently approved by the US Food and Drug Administration 
for the treatment of myelodysplastic syndrome. These drugs 
are incorporated into DNA during replication and their 
modified cytosine rings cause irreversible inactivation of 
DNMTs[22‑23] resulting in the re‑expression of epigenetically 
silenced genes in vitro and in vivo.[25] However, treatment of 
solid tumors with epigenetic drugs thus far has been less 
promising compared to the treatment of myelodysplastic 
syndrome.[27‑30] The major obstacles in the modern field of 
epigenetic therapy include instability of epigenetic drugs 
in vivo, toxicity, and possible side effects associated with broad 
modes of action. In particular, results of recent studies have 
demonstrated a lack of association between clinical response 
and reversal of the methylated state of tumor‑suppressor 
genes, suggesting a more complex mechanism behind their 
clinical efficacy may be involved.[25] This indicates the crucial 
need in developing more specific targeted epigenetic therapies.

Results of recent studies have suggested that cancer therapeutic 
strategies based on modulation of microRNA (miRNA) 
functioning in cancer cells hold great promise for cancer 
treatment.[31‑33] Specifically, the enforced up‑regulation of 
miRNA‑29,[31] which is expressed in normal tissues but lost in 
cancers, caused inhibition of cancer cell proliferation, induction 

of tumor‑specific apoptosis, and inhibition of tumorigenesis 
in vitro and in vivo. More importantly, studies by Fabbri et al.,[31] 
and Garzon et al.,[33] attributed the cancer inhibitory effect of 
miRNA‑29b to its direct targeting of DNMTs DNMT3A 
and DNMT3B and suggested the use of miRNA‑29b as a 
potentially effective hypomethylating agent.[33]

In this study, we initially investigated the methylation status 
of critical tumor‑suppressor genes, expression of DNMTs, 
and miRNA‑29b in human primary breast cancer tissues 
and breast cancer cell lines. Subsequently, the expression 
of miRNA‑29b in MCF‑7 and MDA‑MB‑231 human 
breast cancer cells was conducted by transfection of these 
cells with pre‑miRNA‑29b. Restoration of the abnormal 
methylation patterns of critical breast cancer‑related genes in 
miRNA‑29b‑transfected MCF‑7 cells was observed. This was 
evidenced by a substantial decrease in the extent of methylation 
of several hypermethylated tumor‑suppressor genes; however, 
transfection of MDA‑MB‑231 cells with pre‑miRNA‑29b 
caused only moderate demethylation of five tumor‑suppressor 
genes, namely CCNA1, CCND2, CDKN1C, RASSF1, and 
TP73 genes, while the methylation status of the majority of 
the genes remained either unaffected or slightly increased. 
In contrast, the demethylating effect of miRNA‑29b in 
MDA‑MB‑231 cells was associated with down‑regulation of 
the de novo DNMTs, DNMT3A and DNMT3B. Finally, these 
molecular epigenetic changes caused substantial inhibition of 
proliferation in miRNA‑29b‑transfected MCF‑7 breast cancer 
cells, but not miRNA‑29b‑transfected MDA‑MB‑231 breast 
cancer cells. Collectively, our results highlight the potential for 
a new epigenetic approach in improving breast cancer therapy 
by targeting DNMT3A and DNMT3B through miRNA‑29b 
in non‑invasive epithelial breast cancer cells.

MATERIALS AND METHODS

Cell lines and cell culture
Human MCF10‑2A, MCF‑7, MDA‑MB‑361, HCC70, 
BT‑549, Hs‑578T, and MDA‑MB‑231 breast cell lines were 
obtained from the American Type Culture Collection (ATCC, 
Manassas, VA) and maintained according to ATCC 
recommendations. Cells were seeded at a density of 
0.5 × 106 viable cells per 100 mm plate, and the media were 
changed every other day for 6 days. Cells were harvested by 
incubation with 0.05% trypsin‑Ethylenediaminetetraacetic 
acid (Invitrogen Corporation, Carlsbad, CA), washed in 
phosphate‑buffered saline (PBS), and immediately frozen 
at ‑80°C for subsequent analyses.

Human breast cancer specimens
A total of 60 breast tissue specimens consisting of fresh 
frozen normal (n = 20), who primarily underwent bilateral 
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mastectomy for reduction mammoplasty, and stage I‑IV breast 
cancer (n = 40) specimens were purchased from the Cooperative 
Human Tissue Network (Birmingham, AL) and analyzed 
by quantitative real‑time polymerase chain reaction (PCR). 
Samples were snap‑frozen and stored at −80°C until analysis.

Of the 60 breast specimens obtained, 15 specimens were 
analyzed for gene‑specific methylation using methylation 
PCR arrays (SABiosciences, Frederick, MD). Tissue 
specimens used for gene‑specific methylation analysis 
consisted of five donors who had undergone reduction 
mammoplasty for macromastia (normals) and the remaining 
10 donors had either surgical lumpectomies or mastectomies 
for the removal of the carcinoma. Patient age, tumor 
histologic type, tumor histologic grade, prognostic/predictive 
marker status, and history of neoadjuvant chemotherapy if 
available were retrospectively recorded from the medical 
records. Donor characteristics used in this study are listed in 
Table 1. All experiments that involved human tissue samples 
were reviewed and approved by the FDA Research Involving 
Human Subjects Committee and followed the principles 
embodied in the declaration of Helsinki.

RNA isolation and quantitative reverse 
transcription real‑time polymerase chain reaction
Total RNA was extracted from breast cell lines and human 
breast tissue using TRI reagent (Ambion, Austin, TX) according 
to the manufacturer’s instructions. Reverse transcription was 

performed using a high capacity cDNA reverse transcription 
kit (Applied Biosystems, Foster City, CA).

The level of DNMT1, DNMT3A, and DNMT3B gene 
transcripts were determined by quantitative reverse transcription 
real‑time (QRT‑PCR) using TaqMan gene expression 
assays (Applied Biosystems) according to the manufacturer’s 
protocol. Relative quantification of gene expression was 
performed using glyceraldehyde‑3‑phosphate dehydrogenase 
as an internal control. QRT‑PCR of miRNA‑29b was 
performed using TaqMan miRNA assays (Applied Biosystems) 
according to the manufacturer’s instructions. RNU48 was 
used as endogenous control. The 2−ΔΔCt method was used 
for calculating the relative amount of target RNA.[34] All 
QRT‑PCR reactions were performed in triplicate, repeated 
at least 3 times, and always included a no‑template sample 
as a negative control. Real‑time PCR results are presented as 
average fold change of target gene in breast cancer cell lines 
relative to control, which gives the value 1.

Methylation polymerase chain reaction array
Genomic DNA was isolated from normal human breast 
tissue, breast cancer tissue, and MCF‑7 and MDA‑MB‑231 
breast cancer cell lines using DNeasy Blood and Tissue 
kits (Qiagen, Valencia, CA) according to the manufacturer’s 
instructions. The methylation status of the tumor‑suppressor 
genes most frequently hypermethylated in human breast 
cancer was determined using the Methyl‑Profiler DNA 
Methylation PCR Array System (SABiosciences, Frederick, 
MD) according to the manufacturer’s protocol. A list of 
tumor‑suppressor genes analyzed and their function are 
listed in Table 2. Each experiment was repeated twice, and 
each specimen was tested in triplicate.

Transfection of breast cells with pre‑microRNA‑29b 
and analysis of cell growth
MCF‑7 and MDA‑MB‑231 cells were seeded in 100 mm 
dishes at a density of 1 × 106 cells/dish, and transfected with 
25 nM, 50 nM, and 100 nM of pre‑miRNA‑29b (Applied 
Biosystems) for 72 h in three independent replicates, using 
Lipofectamin™ 2000 transfection reagent (Invitrogen) 
according to the manufacturer’s instructions. The cells 
transfected with scrambled RNA oligonucleotide served as 
control. The viability and growth of cells were monitored by 
the methyl thiazol tetrazolium test. Seventy‑two hours after 
transfection, cells were harvested by incubation with 0.05% 
trypsin‑EDTA (Invitrogen), washed in PBS, and immediately 
frozen at ‑ 80°C for subsequent analyses.

Western blot analysis
Whole t issue and cel l  lysates  were prepared by 
homogenization in 200 μl of lysis buffer (50 mM Tris–HCl, 

Table 1: Characteristics of donors analyzed in this study
Donor Age Race Stage 

of 
disease

Histology ER/PR/
her‑2 
status

Chemotherapy

N1 24 Black - Macromastia - -
N2 32 Black - Macromastia - -
N3 42 White - Fibroadenoma - -
N4 45 Black - Macromastia - -
N5 38 White - Macromastia - -
T1 57 White 1 DC (−/−/−) No

T2 88 White 1 DCIS NA No
T3 56 White 2A DC (+/+/−) No

T4 53 White 2A DC (−/−/−) Yes

T5 65 White 2A LC (+/+/−) No

T6 57 White 2A DC (−/−/−) No

T7 56 White 2B DC NA NA
T8 78 White 2B DC NA NA
T9 51 White 2B LC NA NA
T10 56 White 2B DC (−/−/−) NA

T11 30 White 3A DC (+/−/+) No

T12 47 White 3A LC NA NA
T13 46 Black 3A DC NA NA
T14 44 White 3C DC (+/+/−) Yes

T15 39 Black 4 DC (+/−/−) Yes
DC: Invasive ductal carcinoma; LC: Invasive lobular carcinoma; NA: Not available, 
PR: Progesterone receptor, ER: Estrogen receptor
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pH 7.4; 1% NP‑40; 0.25% sodium deoxycholate; 150 mM 
NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg/ml each aprotinin, 
leupeptin, pepstatin; 1 mM Na3VO4, 1 mM NaF), 
sonication, and incubation at 4°C for 30 min, followed 
by centrifugation at 12,000 × g at 4°C for 10 min. Extracts 
containing equal quantities of proteins were separated by 
SDS‑PAGE on 8% polyacrylamide gels and transferred 
to polyvinylidene difluoride (PVDF) membranes. 
Membranes were probed with primary antibodies against 
DNMT1 (1:1000; BD Biosciences, San Jose, CA), 
DNMT3A (1:200; Santa Cruz Biotechnology, Santa 
Cruz, CA), and DNMT3B (1:750; Millipore Corporation, 
Billerica, MA). Horseradish peroxidase‑coupled bovine 
secondary antibodies (Santa Cruz Biotechnology) were 
used for visualization. Chemiluminescence detection was 
performed with the Immobilon Western Chemiluminescent 
HRP Substrate (Millipore Corporation) and measured 
directly by a BioSpectrum Imaging System (UVP, 

Upland, CA). Equal protein loading was confirmed by 
immunostaining against β‑actin (1:4000; Sigma‑Aldrich 
Corporation, St. Louis, MO). The signal intensity was 
analyzed by ImageQuant software (Molecular Dynamics, 
Sunnyvale, CA) and normalized to β‑actin.

Statistical analysis
Statistical analyses were conducted by one‑way analysis 
of variance, with pair‑wise comparisons being conducted 
by Student‑Newman–Keuls test. Results are presented 
as mean ± SD for analyzing the correlation between two 
categorical variables, Pearson’s coefficient (r) was used. All 
differences were considered statistically significant at the 
level of P < 0.05. All statistical analysis was performed using 
GraphPad Prism (version 4) software (GraphPad Software, 
Inc, La Jolla, CA).

RESULTS

Methylation of tumor‑suppressor genes in breast 
cancer
Figure 1 shows the methylation status of 23 most frequently 
hypermethylated tumor‑suppressor genes in human breast 
cancers (n = 15) and normal breast tissues (n = 5) samples 
as detected by the Methyl‑Profiler DNA Methylation 
PCR Array System. Substantial DNA hypermethylation of 

Table 2: Characteristics of tumor suppressor genes 
analyzed in this study
Symbol Description (function)
ADAM23 ADAM metallopeptidase domain 23 

(cell-cell and cell-matrix interactions)
CDKN2A p16; Cell cycle G1 control (inhibits CDK4)
BRCA1 Breast cancer 1, early onset (maintain genomic stability)
CCNA1 Cyclin A1 (control of germline meiotic cell cycle)
CCND2 Cyclin D2 (responsible for cell cycle G1/S transition)
CDH1 E-cadherin (cell-cell adhesion)
CDH13 H-cadherin (negative regulator of axon growth during 

neural differentiation)
CDKN1C p57, Kip2 (inhibitor of G1 cyclin/Cdk complex; Regulator 

of cell proliferation)
ESR1 Estrogen receptor 1 

(sexual development and reproduction)
GSTP1 Glutathione S-transferase pi 

(detoxification of compounds)
HIC1 Hypermethylated in cancer 1 (growth regulator)
MGMT O-6-methylguanine-DNA methyltransferase (DNA repair)
PRDM2 PR domain containing 2 

(transcription regulation during neuronal differentiation)
PTEN Phosphatase and tensin homolog 

(regulator of AKT/PKB signaling pathway)
PTGS2 Prostaglandin-endoperoxide synthase 2 

(prostaglandin biosynthesis)
PYCARD PYD and CARD domain containing 

(assembly of signaling complexes)
RASSF1 Ras association domain family member 1 

(induce cell cycle arrest)
SFN Stratifin (cell cycle regulator)
SLIT2 Slit homolog 2 (suggested to regulate 

neurodevelopmental processes)
THBS1 Thrombospondin 1 (cell-cell and cell-matrix interactions)
TNFRSF10C TNF member 10c 

(p53-regulated DNA damage-inducible gene)
TNFRSF10D TNF member 10d (inhibit TRAIL-induced cell apoptosis)
TP73 Tumor protein p73 

(cellular response to stress and development)

Figure 1: Gene‑specific methylation changes in primary human 
breast cancers and normal (control) breast tissues. The 
methylation status of 24 tumor‑suppressor genes, frequently 
hypermethylated in human primary breast cancer, was identified 
in 15 human breast tissues using the Methyl‑Profiler DNA 
Methylation PCR Array System (SABiosciences). Samples N1‑N5 
represent control (normal) breast tissues samples and samples 
T1‑T15 represent stages I‑IV human breast tumor tissues from 
female donors. Each row represents a tumor‑suppressor gene 
clone and each column represents a single DNA specimen. 
The degree of methylation is depicted by the level of intensity 
of the square, red representing greater than 25% promoter 
hypermethylation and green representing less than 20% promoter 
methylation (unmethylated) alleles for the tumor‑suppressor 
gene clone, respectively
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tumor‑suppressor genes was found in human breast tumor 
samples compared to normal (control) samples, including 
TP73, TNFRSF10C, HIC1, RASSF1A, CCND2, SLIT2, 

CDH13, CCNA1, and PTGS2 [Figure 1]. Interestingly, 
the frequency of hypermethylation of tumor‑suppressor 
genes correlated with breast cancer progression. This 
was evidenced by a progressive increase in the number 
of hypermethylated genes at increasing stages of breast 
disease.

To determine whether the observed differences in 
methylation patterns were also evident in breast cell 
lines, we analyzed the methylation status of the same 
tumor‑suppressor genes in MCF‑7 and MDA‑MB‑231 breast 
cell lines [Figure 2a]. Figure 2a demonstrated that several 
genes, including ADAM23, CCND2, CDH13, CDKN2A, 
HIC1, RASSF1, and TP73, were hypermethylated in both 
MCF‑7 and MDA‑MB‑231 cells. The mean percentage of 
hypermethylated tumor‑suppressor genes was greater in 
the more aggressive MDA‑MB‑231 cells (32%) compared 
to the less aggressive MCF‑7 cells (18%), a difference was 
significant (P = 0.02) (data not shown).

Because MDA‑MB‑231 breast cancer cells exhibit a 
more aggressive, basal‑like mesenchymal phenotype than 
MCF‑7, we were interested in determining whether 
hypermethylation of 10 tumor‑suppressor genes from 
the Methylation PCR array correlated to a decrease in 
tumor‑suppressor gene expression [Figure 2b]. Among 
the majority of tumor‑suppressor genes, a decrease 

Figure 3: Expression of DNMT1, DNMT3A, and DNMT3B in human breast tissues and breast cell lines. (a) DNMT1, DNMT3A, and 
DNMT3B mRNA expression in adjacent normal breast tissues and stages I‑IV breast cancers. (b) DNMT1, DNMT3A, and DNMT3B 
mRNA expression in six breast cancer cell lines and MCF‑10‑2A, a non‑tumorigenic breast cell line. (c) DNMT1, DNMT3A, and 
DNMT3B protein  expressions  in MCF‑10‑2A, MCF‑7,  and MDA‑MB‑231 breast  cell  lines.  *Indicates  significant  difference  from 
MCF‑10‑2A non‑tumorigenic breast cell line

Figure 2: Evaluation of gene‑specif ic methylation changes 
and gene expression in MCF‑7 and MDA‑MB‑231 breast cell 
lines. (a) The methylation status of 24 tumor‑suppressor genes, 
frequently hypermethylated in human primary breast cancer, 
was identified using the Methyl‑Profiler DNA Methylation PCR 
Array System (SABiosciences). Grey bars (vertical) represent 
the percentage of DNA hypermethylation for a specif ic 
tumor‑suppressor gene (horizontal) in MCF‑7 cells and black 
bars (vertical) represent the percentage of DNA hypermethylation 
for a specific tumor‑suppressor gene (horizontal) in MDA‑MB‑231 
human breast cancer cells. Data are presented as percent of 
methylation ± SD. (b) Correlation of gene expression to gene‑
specific promoter methylation in MCF‑7 relative to MDA‑MB‑231 
breast cell lines

a

b

a

b c
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in gene expression correlated to an increase in DNA 
hypermethylation (Pearson’s correlation coefficient: 
r = −0.7) in both MCF‑7 and MDA‑MB‑231 breast 
cancer cells. Specifically, this was evident among CDH1, 
ESR1, GSTP1, SLIT2, TNFRSF10C, and TNFRSF10D 
tumor‑suppressor genes.

Expression of DNA methyltransferases DNMT1, DNMT3A, and 
DNMT3B in human breast tissues and breast cancer cell lines
The observed, aberrant gene‑specific methylation changes in 
human breast cell lines prompted us to investigate whether 
or not these changes are associated with altered expression 
of DNMT1, DNMT3A, and DNMT3B in breast cancer 
tissues [Figure 3a] and breast cancer cell lines [Figure 3b]. We 
observed differential messenger RNA (mRNA) expression of 
DNMTs in breast cancers and normal human breast tissues. 
In human breast tissue specimens and stage I‑IV breast 
cancers, we observed that DNMT1 and DNMT3B mRNA 
were significantly up‑regulated in stages III‑IV sporadic breast 
cancers as compared to adjacent normal tissue [Figure 3a]. 
Although DNMT3A mRNA was slightly increased in 
stage III‑IV breast cancers as compared to adjacent normal 
breast tissues, its expression in stage III‑IV breast cancers 
as compared to adjacent normal breast tissues was not 
significantly up‑regulated (P = 0.157). Furthermore, there 
was no difference in DNMT3A mRNA expression levels in 
stage I‑II breast cancers compared to adjacent normal breast 
tissues (P = 0.548).

In a panel of six breast cancer cell lines and the normal 
MCF‑10‑2A breast cell line, all three functional DNMTs 
DNMT1, DNMT3A, and DNMT3B were expressed 
at higher levels in MCF‑7, MDA‑MB‑361, HCC70, 
and MDA‑MB‑231 human breast cancer cell lines than 
in non‑tumorigenic MCF‑10‑2A cells [Figure 3b]. 

However, each breast cancer cell line was characterized by 
different expression patterns within DNMTs. Specifically, 
MCF‑7 cells were characterized by a 4‑fold up‑regulation 
of DNMT1, DNMT3A, and DNMT3B as compared to 
non‑tumorigenic MCF‑10‑2A cells, whereas Hs‑578T and 
MDA‑MB‑231 cells exhibited a profound up‑regulation of 
DNMT3B. The level of DNMT1 mRNA expression in 
the more aggressive Hs‑578T and MDA‑MB‑231 invasive 
mesenchymal breast cancer cells was 8 and 13 times 
greater, respectively, as compared to MCF‑10‑2A and 
MCF‑7 cells. This up‑regulation of DNMT mRNA in 
MCF‑7 and MDA‑MB‑231 breast cancer cells compared 
to MCF‑10‑2A was further confirmed by Western blot 
analysis [Figure 3c].

Expression of microRNA‑29b in breast cancer
In order to determine the mechanism associated with altered 
DNMT expression in breast cancers, we searched for a link 
between DNMT3A and DNMT3B expression and altered 
miRNA expression. Interestingly, a member of the miR‑29 
family, miRNA‑29b, has a sequence complementarity to 
the sequence in the 3’‑untranslated region (3’‑UTR) of the 
human DNMT3A and DNMT3B gene (www.targetscan.
org) [Figure 4a]. Figure 4b shows significant down‑regulation 
of miRNA‑29b expression, a known‑regulator of DNMT3A 
and DNMT3B,[31,33] in breast cancer tissues. Similar to 
primary breast tissue, MCF‑7 cells exhibited substantial 
down‑regulation of miRNA‑29b expression as compared to 
non‑tumorigenic MCF‑10‑2A cells [Figure 4c]. Surprisingly, 
we found a significant up‑regulation of miRNA‑29b in 
MDA‑MB‑231 cells [Figure 4c].

Figure 4: miRNA‑29b directly targets DNMT3A and DNMT3B. 
(a) Complementary sequence for miRNA‑29b in the 3‑UTR of 
DNMT3A and DNMT3B. (b) Expression of miRNA‑29b in normal 
and tumor tissues. (c) Expression of miRNA‑29b in MCF‑10‑2A, 
MCF‑7, and MDA‑MB‑231 breast cell lines

a

b c

Figure 5: Effect of ectopic up‑regulation of miRNA‑29b in 
MDA‑MB‑231 cells. (a) miRNA‑29b expression in MDA‑MB‑231 
cells after 72 h transfection with pre‑miR‑29b (MDA‑MB‑231/
miRNA‑29b) and with scrambled RNA oligonucleotide (mock) 
served as a control (0 nM pre‑miRNA‑29b). (b) DNMT1, DNMT3A, 
and DNMT3B mRNA expressions in mock (control) and pre‑
miRNA‑29b‑transfected MDA‑MB‑231cells.  (c) Gene‑specific 
methylation analysis after transfection of MDA‑MB‑231 cells 
with pre‑miRNA‑29b

a b

c
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Effect of ectopic up‑regulation of miRNA‑29b on 
the methylation status of tumor‑suppressor genes in 
MCF‑7 and MDA‑MB‑231 cells
To determine whether or not expression of miRNA‑29b 
would affect gene‑specific methylation and inhibit breast 
cancer cell growth in MDA‑MB‑231 cells, we transfected 
MDA‑MB‑231 cells with pre‑miRNA‑29b. Figure 5a 
shows that transfection with pre‑miRNA‑29b for 72 h 
substantially elevated miRNA‑29b levels [Figure 5a], which 
was associated with a decrease in expression of DNMT3A 
and DNMT3B by 60% and 44%, respectively [Figure 5b]. 
In contrast, the expression of DNMT1 in miRNA‑29b/
MDA‑MB‑231‑transfected cells did not change [Figure 5b]. 
These changes in the expression of DNMT3A and 
DNMT3B resulted in moderate demethylation of CCNA1, 
CCND2, CDKN1C, RASSF1A, SFN, and TP73 genes only, 
while the methylation status of the majority of genes either 
increased or remained unaffected [Figure 5c]. In contrast, 
72‑h transfection of MCF‑7 cells with pre‑miRNA‑29b 
resulted in a substantial decrease in the extent of methylation 
in the majority of hypermethylated tumor‑suppressor 
genes, including ADAM23, CCNA1, CCND2, CDH1, 
CDKN1C, CDKN2A, HIC1, MGMT, RASSF1, SFN, 
SLIT2, TNFRSF10C, TNFRSF10D, and TP73 [Figure 6a]. 
These demethylation changes were associated with 
inhibition of cell growth at 50 and 100 nM concentrations of 
pre‑miRNA‑29b in MCF‑7 cells as compared to control (0 
nM) cells [Figure 6b]. In contrast, 72‑h transfection with 0, 
25, 50, or 100 nM of pre‑miRNA‑29b did not inhibit cell 
growth of MDA‑MB‑231 cells [Figure 6c].

DISCUSSION

Aberrant DNA methylation is an important epigenetic event 
that has been found to be associated with tumorigenesis.[9] 
Accumulated evidence during recent years has established 
that hypermethylation of cytosine phosphate guanine (CpG) 
island‑containing promoters of critical cancer‑related genes 
and the concomitant transcriptional inhibition of gene 
expression are the most frequent epigenetic abnormalities 
found in all major human cancers,[5] including breast 
cancer.[7,9] In our study, we analyzed the methylation status 
of 23 tumor‑suppressor genes in breast tissues and MCF‑7 
and MDA‑MB‑231 breast cell lines. Similar to previous 
more comprehensive reports,[9,10,11] we observed progressive 
tumor‑suppressor gene‑specific hypermethylation in 
both human breast cancer tissues and breast cancer cell 
lines [Figures 1 and 2a]. Specifically, we found substantial 
hypermethylation of several analogous tumor‑suppressor 
genes in human breast tumor samples including CCNA1, 
CCND2, CDH13, RASSF1A, SLIT2, TNFRSF10C, and 
TP73. Numerous studies have linked this gene‑specific 
hypermethylating event in breast cancer to the increased 
activity, expression, or protein stability of one or more of 
the three known catalytically active DNMTs[14,35,36] which 
were analyzed in this study. We observed an increase in 
gene expression of DNMT1 and DNMT3B in more 
aggressive breast cancer cells of basal‑like mesenchymal 
phenotype, MDA‑MB‑231 and Hs‑578T, and advanced 
stage of breast disease. In support of our research findings, 
a similar study demonstrated that DNMT3B mRNA, not 
DNMT3A, levels were highly expressed in breast tumors.[13] 
In addition, this finding corresponds to the suggestion that 
overexpression of DNMT1 and DNMT3B contributes to the 
establishment of a “hypermethylator” phenotype in invasive 
human mesenchymal breast cancer cells,[36] and therefore 
may be a crucial biomarker for predicting more aggressive 
and advanced stage of breast carcinogenesis. However, 
the mechanism responsible for cancer‑specific DNMTs 
up‑regulation is largely unknown.

Several groups of investigators have reported a crucial role of 
miRNAs s in control of DNA methylation through either direct 
targeting of DNMT3A and DNMT3B by miRNA‑29b.[31,33,37] 
In this study, we found that in human breast cancer tissues, 
up‑regulation of DNMT3B was accompanied by an overall 
decrease in expression of miRNA‑29b. To our knowledge, 
this is the first report that provides evidence of miRNA‑29b 
down‑regulation in human breast cancer tissues and MCF‑7 
breast cancer cells. The finding that up‑regulation of DNMT3B 
is associated with a decrease in miRNA‑29b in breast tissues and 
breast cancer cells suggests that miRNA‑29b, similarly to its role 
in lung cancer and acute myeloid leukemia,[33] may control the 
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Figure 6: Effect of ectopic up‑regulation of miRNA‑29b in 
MCF‑7 cells. (a) Gene‑specif ic methylation analysis after 
transfection of MCF‑7 cells with pre‑miRNA‑29b. (b) Cell 
viability assay of 0, 25, 50, and 100 nM pre‑miRNA‑29b in MCF‑7/
miRNA‑29b cells after 24, 48, and 72 h. (c) Cell viability assay of 0, 
25, 50, and 100 nM pre‑miRNA‑29b in MDA‑MB‑231/miRNA‑29b 
cells after 24, 48, and 72 h
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functioning of DNMT3B in breast cancer. Therefore, loss of 
miRNA‑29b in breast carcinomas may lead to overexpression 
of DNMT3B and concomitant hypermethylation of critical 
tumor‑suppresor genes.

Results of recent studies conducted by Fabbri et al.,[31] 
and Garzon et al.,[33] demonstrated that enforced ectopic 
expression of miRNA‑29b inhibits progression of lung 
cancer in mice and partially diminishes tumor‑specific 
phenotype in acute myeloid leukemia Kasumi‑1 cells. In 
this study, we demonstrate that the methylation status of the 
majority of tumor‑suppressor genes analyzed in this study 
was significantly decreased after restoration of miRNA‑29b 
expression in MCF‑7 epithelial breast cancer cells and cell 
growth decreased. On the other hand, enforced ectopic 
up‑regulation of miRNA‑29b in MDA‑MB‑231 breast cancer 
cells did not affect the methylation status of tumor‑suppressor 
genes or prevent tumor cell growth in invasive MDA‑MB‑231 
mesenchymal breast cancer cells. Despite previous finding 
showing that miRNA‑29b can indirectly down‑regulate 
DNMT1 by targeting zinc finger transcription factor 
Sp1,[33] in this study we did not detect changes in DNMT1 
expression neither in miRNA‑29b‑transfected MCF‑7 
nor MDA‑MB‑231 cells. This discrepancy may be more 
attributed to Sp3‑dependent up‑regulation of DNMT1 
in MDA‑MB‑231 cells, rather than Sp1‑dependent. 
This is evidenced by a survey analysis of a panel of breast 
cancer cell lines showing that MDA‑MB‑231 cells are 
characterized by a greater expression of Sp3 transcription 
factor and lower expression of Sp1.[38] Therefore, DNMT1 
in MDA‑MB‑231 cells may be targeted through Sp3, not 
Sp1 transcription factor.

Collectively, results from our study suggest that restoration of 
the methylation status of hypermethylated gene promoters by 
targeting DNMT3B through miRNA‑29b in less aggressive 
epithelial breast cancers could be a promising avenue for 
cancer therapy.
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