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DNA methylation is involved in the aberrant
expression of miR-133b in colorectal cancer cells
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Abstract. The dysregulation of microRNA (miRNA) expres-
sion is highly involved in cancer. Recently, a number of studies
have demonstrated that the silencing of specific miRNAs
is associated with DNA methylation. The muscle-specific
miRNA-113b (miR-133b) is markedly downregulated in human
colorectal cancer (CRC) compared with healthy colon cells,
and is critical in the regulation of CRC cell proliferation and
apoptosis. However, the mechanism of miR-133b downregula-
tion in CRC has yet to be elucidated. Therefore, the aim of the
present study was to determine the existence of an association
between DNA methylation and miR-133b expression in CRC
cells. It was identified that miR-133b promoter hypermethyl-
ation is upregulated in CRC tissues. To investigate the role of
miR-133b methylation in CRC cells, the survival, cell cycle and
invasion were analyzed in HT-29 and SW620 CRC cells treated
with 5-aza-2'-deoxycytidine (5-Aza-CdR), 4-phenylbutyric acid
(PBA) and 5-Aza-CdR/PBA. Functional analysis demonstrated
that demethylation increased the expression of miR-133b, which
restored migration and apoptosis in CRC cells. Thus, these
results indicate that the regulation of miR-133b methylation
may provide a novel therapeutic strategy for CRC treatment.

Introduction

Colorectal cancer (CRC) is the third most commonly diag-
nosed type of cancer worldwide and demonstrates a high
incidence and mortality rate (1), with the number of cases
continuing to rise, particularly in Asian countries (2). Despite
a progressive improvement in the available treatment regi-
mens, prolonging patient survival following surgery continues
to be predominantly hindered by post-operative recurrence
and metastasis. Therefore, the development of more efficient
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treatment regimens and greater understanding of the precise
molecular mechanisms of CRC are required.

MicroRNAs (miRNAs) are conserved short sequences of
non-coding RNA that are 22-24 nucleotides long and appear
to be involved in a broad range of biological functions, such as
cell invasion, metastasis, proliferation, angiogenesis and apop-
tosis (3,4). miRNAs bind to complementary target mRNA
sequences and regulate the expression of target genes at the
post-transcriptional level. In the last decade, an increasing
number of studies have identified miRNAs as critical regula-
tors of carcinogenesis and tumor progression, affecting tumor
growth, progression, metastasis and drug resistance (5-7). As
a result, an increasing number of studies have demonstrated
the potential of miRNAs as novel therapeutic targets and diag-
nostic markers (8.9).

Despite a lack of comprehensive understanding of the
mechanisms underlying miRNA dysregulation in cancer, a
number of studies have demonstrated that the silencing of
specific miRNAs and DNA methylation are strongly associated.
For example, in cancer cells, hypermethylated CpG islands
are found within the DNA sequences encoding miR-127 and
miR-124a. Furthermore, miR-127 expression was restored in a
human bladder cancer cell line following treatment with chro-
matin-modifying agents (10,11) and restoration of miR-124a
expression was observed in a CRC cell line following genetic
disruption of DNA methyltransferases (11). Similarly, miR-34b
and miR-34c CpG island hypermethylation was observed
in CRC (12,13). Thus, the silencing of miRNA expression in
cancer appears to be largely mediated by DNA methylation,
particularly the methylation of tumor suppressor genes.

miR-133b is known to be a muscle-specific miRNA and
has been reported to be involved in the development of skel-
etal muscle (14). However, previous studies have supported a
broader expression pattern of miR-133b in a diverse range of
tissues. Furthermore, miR-133b has previously been identified
as a tumor suppressor, with miR-133b deregulation observed
in colorectal, head and neck, squamous cell, lung, and bladder
cancers (15-17). miR-133b regulates various target genes in
these cancer types, such as myeloid cell leukemia sequence 1,
B-cell lymphoma-like 2, fascin homolog 1, c-Met and epidermal
growth factor receptor (16,18-21). Although previous studies
have demonstrated that miR-133b is significantly downregulated
in CRC, the epigenetic mechanisms associated with aberrant
miR-133b expression in CRC remain unclear. Therefore, the
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present study aimed to determine the epigenetic mechanisms
involved in the regulation of miR-133b silencing in CRC cells.

Materials and methods

Cell lines and specimens. Five CRC cell lines, consisting of
the HT-29, HCT-116, SW480, SW620 and LoVo cell lines
(American Type Culture Collection, Rockville, MD, USA),
and the healthy human colonic epithelial HCoEpiC cell line
(Sciencell Research Laboratories, Carlsbad, CA, USA) were
used in the present study. The cells were maintained under the
recommended conditions.

In total, 6 human CRC, 2 adjacent non-tumor and 2 healthy
colorectal tissue samples were obtained in March 2014 from
patients that were diagnosed with colon adenocarcinoma at the
Department of General Surgery, The Third Xiangya Hospital
of Central South University (Changsha, Hunan, China). The
specimens were obtained subsequent to surgical resection and
were immediately frozen at -80°C until use. Written informed
consent was obtained from all patients. The methodology used
in the present study conformed to the standards set by the
Declaration of Helsinki (22) and was approved by the ethics
committee of The Third Xiangya Hospital of Central South
University.

5-aza-2'-deoxycytidine (5-Aza-CdR) and 4-phenylbutyric
acid (PBA) treatment. To evaluate the expression of miR-133b,
all cell lines were treated with 3 yM of the demethylation agent
5-Aza-CdR, 3 mM histone deacetylase (HDAC) inhibitor
(PBA), or 3 uM 5-Aza-CdR (Sigma-Aldrich, St. Louis, MO,
USA) and 3 mM PBA (Sigma-Aldrich) for 24,48 and 72 h. The
cells were seeded 24 h prior to treatment.

RNA extraction and reverse transcription quantitative-poly-
merase chain reaction (RT-gPCR). Total RNA was extracted
from the CRC cell lines and HCoEpiC cells using TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA)
and then reverse-transcribed into complementary DNA.
HmiRQPO167 primers were obtained from GeneCopoeia,
Inc. (Rockville, MD, USA). The PCR protocol consisted of
35 cycles at 95°C for 3 min, 95°C for 12 sec and 58°C for 30 sec.
The relative expression level of miRNA was normalized to the
expression of the internal control U6 small nuclear RNA using
the 242“method (23).

Methylation-specific PCR (MSP). MSP was used to analyze
the methylation status of healthy and CRC tissues, as well
as healthy, HT-29 and SW620 cell lines, as described previ-
ously (24). Genomic DNA was extracted from tissues or
cells using the DNA Extraction Mini Kit (Qiagen GmbH,
Hilden, Germany) according to the manufacturer's instruc-
tions. Extracted DNA samples underwent sodium bisulfite
modification using a Universal CpGenome™ DNA Modi-
fication Kit (Merck Millipore, Darmstadt, Germany).
MethPrimer software (available from www.methdb.de)
was used to design the two sets of primers, as follows: methyl-
ated miR-133b forward, 3" TTTATTTAAAATATAAAAATA
GCGG-5' and reverse, 3'-TCACCCAAACTAAAATACAAT
AACG-5'"; and unmethylated miR-133b forward, 3"TTTTTA
TTTAAAATATAAAAATAGTGG-5' and reverse, 3'-ACC

LV et al: EFFECT OF DNA METHYLATION ON miR-133b EXPRESSION IN CRC CELLS

CAAACTAAAATACAATAACACT-5. MSP was performed
using the previously described negative controls and condi-
tions (25).

Combined bisulfite restriction analysis (COBRA). The meth-
ylation pattern of miR-133b was analyzed using COBRA, as
previously described (26). Briefly, the process involved
sodium bisulfite treatment, which was followed by PCR,
restriction digestion and quantitation (27). The following
primers were designed using MethPrimer software to
specifically amplify the methylated sequence of miR-133b:
Forward, 3'-GTATTT AGTATAAAGAAAGTAA-5" and
reverse, 3'-ACCAATACC CATAAACAACG-5'.

Cell viability assay. The cells were seeded into 96-well
plates at a density of 1x10* cells/well. Following treatment,
cell viability was evaluated at 0, 24, 48 and 72h using a Cell
Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto,
Japan), according to the manufacturer's instructions. Optical
density was measured at a wavelength of 450 nm and all data
is based on the results of three independent experiments with
six replicates.

Transwell migration assay. Transwell migration chambers
(BioCoat Matrigel Invasion Chamber; BD Biosciences,
Franklin Lakes, NJ, USA) were used to evaluate cell inva-
sion. A total of 2.5x10° cells/well were starved in serum-free
medium (Invitrogen Life Technologies) for 24 h, then
resuspended in serum-free medium. The cells were added
to the upper chamber, while the lower chamber was filled
with basic medium containing 10% fetal bovine serum.
Following incubation for 24 h, the cells that had migrated
across the membrane were fixed with 75% alcohol and stained
with crystal violet (Amresco LLC, Solon, OH, USA) for
20 min. Migrated cells were then counted using an inverted
microscope (TS100; Nikon Corporation, Tokyo, Japan). All
experiments were repeated in triplicate.

Flow cytometry analysis of the cell cycle. Flow cytometry
was used to analyze cell cycle distribution, as previously
described (27). Briefly, 5-Aza-CdR or PBA-treated cells were
fixed in ice-cold 70% ethanol and stained with propidium
iodide. The cell cycle profiles were assayed using EPICS Elite
ESP flow cytometry (Beckman Coulter, Inc., Brea, CA, USA)
at a wavelength of 488 nm and the data were analyzed using
the BD CellQuest software (BD Biosciences, San Jose, CA,
USA).

Statistical analysis. Data in the present study are expressed
as the mean + standard deviation of a minimum of three
independent experiments, unless otherwise stated. Analyses
were conducted using SPSS software version 17.0 (SPSS, Inc.,
Chicago, IL, USA). An unpaired Student's #-test was used for
comparisons between two groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

Reduced expression of miR-133b in CRC. The expression of
miR-133b was previously reported to be decreased in CRC
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Figure 1. miR-133b expression is downregulated in CRC tissues and cell lines. (A) Reverse transcription-quantitative polymerase chain reaction identified
significant downregulation in the expression levels of miR-133b in CRC tissues but not in healthy or matched adjacent non-tumor tissues. U6 small nuclear
RNA was used as the endogenous control. (B) Relative expression level of miR-133b in one healthy colon cell line and five CRC cell lines. CRC, colorectal

cancer; miR, microRNA.
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Figure 2. miR-133b methylation in CRC tissue samples and cell lines, and reactivation of miR-133b by demethylation. (A and B) Methylation-specific PCR,
revealing frequent methylation of miR-133b in CRC tissue samples and the CRC HT-29 and SW60 cell lines, and healthy human colonic HCoEpiC cell lines.
A1-A2, Healthy colon tissue; A3-A4, adjacent non-tumor tissue; C1-C6, human CRC tissue. (C) Reverse transcription-quantitative PCR and (D) combined
bisulfite restriction analysis demonstrating that pharmacological demethylation can restore miR-133b expression in CRC cells. (E) Survival curve of CRC cells
following treatment with 5-Aza/PBA, determined by using CCK-8. CRC, colorectal cancer; PCR, polymerase chain reaction; M, methylated; U, unmethylated;
miR, microRNA; con, control; 5-Aza, 5-aza-2'-deoxycytidine; PBA, 4-phenylbutyric acid; OD, optical density; CCK-8, cell counting kit-8.

tissues and two colon adenocarcinoma cell lines (21). There-
fore, the present study used RT-qPCR to determine miR-133b
expression levels in healthy colon tissues, human CRC tissue
and adjacent non-tumor tissue, as well as five CRC cell
lines, consisting of the HT-29, HCT-116, SW480, SW620 and

LOVO cell lines, and the healthy HCoEpiC colon cell line.
miR-133b expression was notably downregulated or silenced
in all the investigated CRC tissues and cell lines (P=0.013),
but miR-133b was broadly expressed in all healthy tissues and
HCoEpiC cell lines (Fig. 1A and B).
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Figure 3. Effect of miR-133b demethylation on the cell cycle distribution of CRC HT-29 and SW620 cells. Representative cell cycle analysis graphs of (A) con-
trol HT-29 cells, (B) HT-29 5-Aza/PBA-treated cells, (C) control SW620 cells and (D) SW620 5-Aza/PBA-treated cells. (E) Summarized flow cytometry data.
Results are presented as the mean + standard deviation and are based on three independent experiments. "P<0.05 vs. untreated control cells, determined using
a Student's 7-test. miR, microRNA; 5-Aza, 5-aza-2'-deoxycytidine; PBA, 4-phenylbutyric acid.
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Figure 4. miR-133b demethylation inhibits tumor cell invasion. Colorectal cancer HT-29 and SW620 cells were treated with 5-Aza, PBA and 5-Aza/PBA. The
number of invading tumor cells was calculated by analyzing Transwell invasion assays, and the miR-133b demethylation and control groups were compared.
“P<0.05 vs. untreated control cells. miR, microRNA; 5-Aza, 5-aza-2'-deoxycytidine; PBA, 4-phenylbutyric acid; OD, optical density.

Promoter methylation of miR-133b and restoration of
miR-133b expression by demethylation. The present study
investigated whether miR-133b silencing in CRC was caused
by CpG methylation in the promoter region. MSP analysis
revealed that miR-133b was frequently methylated in the
investigated CRC tissues and in the SW260 and HT-29 colon

cancer cell lines, and was strongly associated with expres-
sion levels. However, no miR-133b methylation was identified
in the healthy colon tissue samples or healthy colon cell
line (Fig. 2A and B). This finding was supported by results
obtained from the RT-qPCR and COBRA analyses (Fig. 2C
and D), which indicated that the expression of miR133b was
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increased in SW620 and HT-29 cells treated with Aza, PBA
and Aza+PBA. CCK-8 was also used to assess the effects of
demethylation agents on SW620 and HT-29 cell proliferation.
It was observed that inhibition of proliferation was induced
by Aza or PBA treatment, whilst a significantly higher level of
inhibition was induced by Aza+PBA treatment (Fig. 2E).

miR-133b demethylation affects cell cycle arrest and cell
invasion in CRC. The present study investigated the effects of
miR-133b expression on the cell cycle and invasive ability of
the HT-29 and SW620 CRC cell lines. Representative results of
cell cycle distribution in control and 5-Aza-CdR/PBA-treated
cells are shown in Fig. 3A-D. Flow cytometry analysis
revealed a statistically significant increase in the number of
5-Aza-CdR/PBA-treated cells in the GO/G1 phase (13% in
HT-29 cells and 12% in SW620 cells) compared with the
number of control cells in the GO/G1 phase (P<0.05). This
was accompanied by a significant decrease in the number
of 5-Aza-CdR/PBA-treated cells in the S and G2-M phase
compared with the control cells (P=0.027; Fig. 3E).

The effect of miR-133b methylation on tumor metastasis
was evaluated by performing a cell invasion assay. Analysis of
the Transwell invasion chamber assay data indicated that the
invasive ability of cells in the miR-133b demethylation group
treated with 5-Aza-CdR/PBA was significantly inhibited
compared with the control group (P<0.05; Fig. 4).

The aforementioned results indicate that miR-133b methyla-
tion reduced CRC cell cycle progression and the invasiveness of
CRC tumor cells.

Discussion

In previous years, an increasing number of studies have identi-
fied the dysregulation of miRNA expression in a broad range
of cancer types (3,5,6,8,11,12). Epigenetic mechanisms were
found to be the key mediators underlying the downregulation
of miRNA expression. For example, miR-126 was downregu-
lated in human cancer cells and was activated by inhibitors of
DNA methylation and histone deacetylation (28). In addition,
the activation of miR-512-5p by epigenetic treatment resulted
in the apoptosis of gastric cancer cells (29). Similarly, miR-34b
and miR-34c¢ are novel tumor suppressors that are frequently
silenced by DNA methylation in gastric cancer (12). In addi-
tion, the hypermethylation of miRNA genes that is frequently
observed in CRC, as well as the association between the clinico-
pathological features and methylation status, provides evidence
for the hypothesis that epigenetic instability is an important
event in tumorigenesis, particularly in CRC. The present find-
ings revealed miRNA methylation is involved in an epigenetic
field defect and may be a target of epigenetic therapy in cancer.

Considering the high occurrence, mortality and relapse rates
of CRC, there is an acute requirement for the identification of
novel prognostic factors and development of therapeutic strate-
gies. miR-133b is known to be a muscle-specific miRNA (30)
and has recently been reported to act as a tumor suppressor that
is dysregulated in colorectal, head and neck, squamous cell,
lung, and bladder cancer (20,31). Aberrant miR-133b expression
has been identified in CRC cancer tissues (24), with the overex-
pression of miR-133b in CRC cells observed to induce apoptosis
and GI phase cell cycle arrest (20). However, the epigenetic

mechanisms associated with aberrant miR-133b expression
remain unclear.

The present study identified that the expression of miR-133b
was significantly decreased in CRC cells with miR-133b
promoter hypermethylation, indicating that miR-133b was
silenced by epigenetic mechanisms. Furthermore, inhibitors of
DNA methylation and HDAC reduced the extent of DNA meth-
ylation and activated the expression of silenced miR-133b in
human CRC cells. In addition, functional studies have revealed
that miR-133b methylation interfered with CRC cell apoptosis,
cell cycle progression and cell invasion. The results of the
present study are consistent with those of previous studies
which revealed that miR-133b inhibits cell growth and inva-
sion in bladder (32), non-small-cell lung (33) and prostate (34)
cancer.

In conclusion, the present study observed a high frequency
of miR-133b hypermethylation in CRC cells and tissue
samples, indicating that methylation of the miR-133b gene
may be a useful diagnostic marker for patients with CRC.
However, future in vivo studies are required to investigate the
tumor-suppressive role of miR-133b in CRC.
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