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The interaction between miR-148a and DNMT1
suppresses cell migration and invasion by reactivating
tumor suppressor genes in pancreatic cancer
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Abstract. DNA methylation is an epigenetic mechanism that
cells use to control gene expression, which serves an important
role in tumorigenesis. DNA methyltransferase 1 (DNMT1) is
responsible for the maintenance of the pattern of DNA meth-
ylation. Overexpression of DNMT]1 is observed in numerous
malignant tumors, including pancreatic cancer, and results in
silencing of several key tumor suppressor genes (TSGs). Recent
studies have suggested that microRNAs (miRNAs/miRs)
contribute to the regulation of DNMT1 expression, and
promoter hypermethylation caused by DNMT]1 overexpres-
sion is associated with the dysfunction of some miRNAs.
The present study aimed to reveal the interaction between
miR-148a and DNMT1, and its effects on cell proliferation,
migration and invasion of pancreatic cancer cells. Initially,
the expression levels of DNMTI1 and miR-148a were detected
in pancreatic cancer tissues and AsPC-1 cells by reverse
transcription-quantitative polymerase chain reaction (PCR).
Secondly, the regulatory effects of DNMT1 on miR-148a
were evaluated using methylation-specific PCR. Furthermore,
bioinformatics analysis and dual luciferase reporter assay were
used to verify the target relationship between miR-148a and
DNMT]I. Finally, in vitro rescue experiments were conducted
to evaluate the effects of miR-148a on the expression of TSGs
and the malignant phenotype in AsPC-1 cells. The results
demonstrated that DNMT1 was aberrantly upregulated in
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pancreatic cancer, and was responsible for hypermethylation
of the miR-148a promoter. Furthermore, DNMT1 was revealed
as a direct target of miR-148a by dual luciferase reporter assay,
and restoration of miR-148a could reactivate TSGs, such as
pl6, preproenkephalin and Ras association domain family
member 1 by targeting DNMT]1 in the AsPC-1 pancreatic
cancer cell line. These results indicated that an interaction
exists between miR-148a and DNMT1 in pancreatic cancer.
Notably, miR-148a overexpression significantly inhibited
cell proliferation, migration and invasion in AsPC-1 cells.
Therefore, miR-148a may serve as a novel therapeutic target
for the treatment of pancreatic cancer.

Introduction

Pancreatic cancer is widely recognized as one of the most
aggressive malignancies of the digestive system, which is asso-
ciated with a poor prognosis. The American Cancer Society
estimates that 55,440 Americans will be diagnosed with
pancreatic cancer in 2018, and that 44,330 will succumb to
the disease (1). It is currently listed as the fourth leading cause
of cancer-associated mortality and is predicted to become the
second by 2030 in the USA (2). In China, 90,100 new cases of
pancreatic cancer and 79,400 cases of pancreatic cancer-asso-
ciated mortality were estimated to occur in 2015 (3). Despite
considerable advances in surgical and oncological treatment
in recent years, the overall 5-year survival rate for pancreatic
cancer is still ~8%. One of the main factors contributing to
the poor prognosis of pancreatic cancer is late diagnosis,
when it has already metastasized to distant organ sites and is
unresectable. In addition, there remains a lack of an effective
therapy for metastatic pancreatic cancer; therefore, the current
status of diagnosis and treatment of pancreatic cancer is chal-
lenging. There is an urgent need to elucidate the underlying
mechanisms of pancreatic cancer, which regulate its pathogen-
esis and progression, and provide useful information for the
clinical management of pancreatic cancer.

MicroRNAs (miRNAs/miRs) are non-coding RNA
molecules, 18-22 bases in length, which post-transcriptionally
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regulate gene expression through binding to a sequence in
the 3'-untranslated region (3'UTR), which has partial or full
complementarity. It has been indicated that miRNAs serve an
important role in regulating cancer-associated processes, such
as proliferation, cell cycle progression, apoptosis, angiogenesis,
invasion and metastasis (4). According to the distinct cellular
function of their targets in different tumors, miRNAs may
function as oncogenes or tumor suppressors in the development
of cancer. miR-148a is a member of the miR-148/152 family,
which is located at chromosome 7pl15.2. In previous studies,
miR-148a has been identified as a tumor suppressor miRNA
that is downregulated in various types of cancer, including
breast cancer (5), gastrointestinal cancers (6,7), cholangio-
carcinoma (8) and hepatocellular carcinoma (9). miR-148a is
also downregulated in pancreatic cancer tissues and several
pancreatic cell lines (10,11). In addition, DNA methyltrans-
ferase 1 (DNMT1) (12), cholecystokinin B receptor (13), B-cell
lymphoma 2 (13), cell division cycle 25B (14) and erb-b2
receptor tyrosine kinase 3 (15) have been identified as target
genes of miR-148a.

DNA methylation is one of the epigenetic mechanisms
affecting cell fate via the regulation of gene expression.
Aberrant hypermethylation of CpG sites is often involved in
silencing of tumor suppressor genes (TSGs). Furthermore,
previous studies have identified CpG island methylation-
associated silencing of miRNAs with tumor suppressor
features in human cancer (16,17). DNMT1 is responsible for
the maintenance of the pattern of DNA methylation. Previous
reports have demonstrated that DNMT1 is overexpressed in
pancreatic cancer tissues and cell lines; furthermore, increased
DNMT1 expression is markedly correlated with poor prog-
nosis (18,19). DNMT1 has also been verified as a target for
miR-148a in gastric (20) and breast cancer (5), and hepatocel-
lular carcinoma (21) and pancreatic cancer (12). Furthermore,
hypermethylation of the miR-148a promoter is associated with
DNMT1 overexpression in pancreatic cancer (12). Therefore,
the interaction between miR-148a and DNMT1 may regulate
the expression of TSGs in pancreatic cancer.

Our previous study demonstrated that miR-148a is markedly
downregulated in human pancreatic ductal adenocarcinoma
(PDAC) cell lines and tissues. In addition, the downregulation
of miR-148a is associated with poor prognosis and epithe-
lial-mesenchymal transition (EMT). Conversely, restoration of
miR-148a suppresses EMT and invasion of pancreatic cancer
cells by targeting Wnt10b and inhibiting the Wnt/p-catenin
signaling pathway (22). The present study aimed to reveal the
interaction between miR-148a and DNMT1, and its effects
on TSG expression, cell proliferation, migration and invasion
of pancreatic cancer cells. The findings may provide novel
insights into the upstream and downstream regulatory mecha-
nisms of miR-148a in pancreatic cancer, and may identify a
potential target for the future treatment of pancreatic cancer.

Materials and methods

Tissue samples. A total of 30 paired PDAC and adjacent
non-tumorous tissues (ANT) were obtained from patients with
PDAC who underwent surgery between January 2013 and
December 2015 at The First Affiliated Hospital of Nanchang
University (Nanchang, China). None of the patients received
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radiotherapy or chemotherapy prior to surgery. The samples
were snap-frozen and stored at -80°C until analysis. Written
informed consent was obtained from all participants prior to
recruitment. The present study was approved by the Ethics
Committee of The First Affiliated Hospital of Nanchang
University.

Cell lines and cell culture. The normal human pancreatic
ductal epithelial cell line HPDE and the pancreatic cancer cell
line AsPC-1 were obtained from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China).
AsPC-1 cells were routinely cultured in Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), penicillin
(100 U/ml) and streptomycin (100 gg/ml) in an incubator
containing 95% air and 5% CO,.

5-Aza-2'-deoxycytidine (5-Aza-CdR) treatment. AsPC-1
cells were seeded in 6-well plates (5x10° cells/well), and were
treated with 5 uM 5-Aza-CdR (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) for 72 h; 5-Aza-CdR containing
medium was replaced every 24 h. Exponentially growing cells
were used for subsequent assays.

RNA interference. To silence DNMT1 expression, DNMT1-
small interfering RNA (siRNA) (Ambion; Thermo Fisher
Scientific, Inc.) was transfected into AsPC-1 cells. The
DNMT1 siRNA sequences were as follows: Sense, 5'-AGA
UGACGGAUGCCUAGAGUU-3"; antisense, 5'-CUCUAG
GCAUCCGUCAUCUUU-3'. Negative control (NC) siRNA
was also purchased from Ambion; Thermo Fisher Scientific,
Inc. (cat. no. 4390843). The final siRNA concentration was
10 nM. Cells were plated at 2x10° cells/well in a 6-well plate
overnight, and were then transfected with siRNA at room
temperature using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Cells were collected for RNA and protein extraction
or for further assays 48 h post-transfection.

Synthetic miRNA transfection. AsPC-1 cells were seeded
at 2x10° cells/well into a 12-well plate, and were incubated
overnight, after which, the cells were transfected with
100 nM miR-148a mimics (cat. no. 4464066) or mimics-NC
(cat. no. 4464058; Ambion; Thermo Fisher Scientific, Inc.)
for 48 h at room temperature using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol. Cells transfected with Lipofectamine®
only were considered a blank control. Cells were collected
for RNA and protein extraction, or for further assays, 48 h
post-transfection.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was isolated
from AsPC-1 cells using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) and was quantified using a NanoDrop
spectrophotometer (NanoDrop; Thermo Fisher Scientific,
Inc., Wilmington, DE, USA). Total RNA (2 ug) was used as
a template for synthesizing cDNA using the M-MLV Reverse
Transcriptase kit (Takara Bio, Inc., Otsu, Japan), according to



Bzl SPANDIDOS
7] .§, PUBLICATIONS

the manufacturer's protocol. gPCR was performed using the
Applied Biosystems 7500 Fast Real-Time PCR system with
the SYBR-Green PCR kit (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) to detect DNMT1
and miR-148a expression. The thermocycling conditions were
as follows: 94°C for 4 min, followed by 40 cycles at 94°C for
30 sec, 50°C for 30 sec and 72°C for 40 sec, followed by final
extension at 72°C for 5 min. B-actin and human U6 RNA
served as internal control genes, respectively. Quantification
cycle (Cq) values were used to quantify the expression levels
of each gene, and mRNA or miRNA levels were calculated
according to the 2-22°4 method (23). The primer sequences are
shown in Table I

Protein extraction and western blot analysis. Total proteins
were extracted with radioimmunoprecipitation assay lysis
buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
and the protein concentration of each sample was determined
using the Bicinchoninic Acid Protein Assay kit (Thermo
Fisher Scientific, Inc.). Equal amounts of protein (50 ug/lane)
were subjected to 10% SDS-PAGE, and were then transferred
to nitrocellulose membranes (EMD Millipore, Billerica, MA,
USA). After blocking with 5% skimmed milk in Tris-buffered
saline-Tween (TBST; 20 mM Tris-HCI, 150 Mm NaCl, 0.1%
Tween-20; pH 7.6) for 5 h at room temperature, the membranes
were incubated with primary antibodies overnight at 4°C.
After washing with TBST, membranes were incubated with
the appropriate horseradish peroxidase-conjugated secondary
antibody (1:2,000, cat. no. ab205718; Abcam, Cambridge,
MA, USA) for 2 h at room temperature. Finally, the proteins
were visualized using enhanced chemiluminescence reagents
(EMD Millipore). Band intensity was semi-quantified
using Quantity One image analysis software version 4.62
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
primary antibodies used were as follows: DNMT1 (1:500,
cat. no. ab188453; Abcam), p16 (1:200, cat. no. ab51243;
Abcam), preproenkephalin (ppENK; 1:100, cat. no. ab98128;
Abcam) and Ras association domain family member 1
(RASSF1A; 1:200, cat. no. ab97749; Abcam). B-tubulin
(1:500, cat. no. ab151318; Abcam) was used as an internal
loading control.

DNA extraction, methylation-specific PCR (MSP) and bisul-
fite sequencing PCR (BSP). Genomic DNA of tissues and cells
was extracted using QIAamp DNA Mini kit (Qiagen GmbH,
Hilden, German) and quantified using the Quantifiler Human
DNA Quantification kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.). Aliquots of genomic DNA were treated with
sodium bisulfite using the EZ DNA Methylation-Gold™ kit
(Zymo Research Corp., Irvine, CA, USA), according to the
manufacturer's protocol. The methylation status of miR-148a
and three TGSs (p16, ppENK and RASSF1A) was analyzed by
MSP. The methylated and unmethylated primers are listed in
TableI.Briefly, PCR was conducted in a 50 #1 volume containing
10 pmol/ul each primer (1 ul), 10 ng/ul bisulfte-modifed DNA
(5 ul), 10X PCR buffer (5 ul), 10 nM dNTPs (1 pl), 5 U/ul
Taq DNA polymerase (0.5 pl; Thermo Fisher Scientific, Inc.),
25 mM MgCl, (5 pl) and ddH,O (31.5 ul). Amplification was
performed using a thermocycler under the following condi-
tions: 95°C for 5 min, followed by 35 cycles at 95°C for 30 sec,
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Table I. Primer sequences for reverse transcription-quantitative
PCR, BSP and methylation-specific PCR.

Gene Sequence (5'-3")
DNMT1 : CGTGACATTAAGGAGAAGCTG
: CTAGAAGCATTTGCGGTGGAC
B-actin : AACCTTCACCTAGCCCCAG
: CTCATCCGATTTGGCTCTTCA
miR-148a : TGCGGTCAGTGCACTACAGAAC
: CCAGTGCAGGGTCCGAGGT
ue6 : CTCGCTTCGGCAGCACA

: AACGCTTCACGAATTTGCGT

: ATAGGTAGTTTGGTAGAGGTTGGTG
: TATCAAATCAACAAATTCCCTCC

miR-148a BSP

miR-148a-M  F: TAGGGGAGGTTTCGTAAAGC

: CACGAAAACGAATATTCGAAA
miR-148a-U  F: TTTTAGGGGAGGTTTTGTAAAGT

: ACACAAAAACAAATATTCAAAACT
RASSFIA-M  F: GTGTTAACGCGTTGCGTATC

: AACCCCGCGAACTAAAAACGA
RASSFIA-U  F: TTTGGTTGGAGTGTGTTAATGTG

: CAAACCCCACAAACTAAAAACAA
pl6-M : TTATTAGAGGGTGGGGCGGATCGC

: GACCCCGAACCGCGACCGTAA
pl6-U : TTATTAGAGGGTGGGGTGGATTGT

: CAACCCCAAACCACAACCATAA
ppENK-M : TGTGGGGAGTTATCGAGC

: GCCTTCGCGAAAAAAATCG
ppENK-U : TTGTGTGGGGAGTTATTGAGT

AT AmMm AW T AT AT IO AT AT ZT AT AT I

: CACCTTCACAAAAAAAATCAATC

BSP, bisulfite sequencing PCR; DNMT1, DNA methyltransferase 1;
M, methylated; miR-148, microRNA-148; PCR, polymerase chain
reaction; ppENK, preproenkephalin; RASSF1A, Ras association
domain family member 1; U, unmethylated.

60°C for 60 sec and 72°C for 30 sec, followed by an extension
at 72°C for 7 min. PCR products underwent 3% agarose gel
electrophoresis containing ethidium bromide (Thermo Fisher
Scientific, Inc.) and were then visualized by ultraviolet illu-
mination. Furthermore, the methylation level of the miR-148a
promoter in AsPC-1 cells treated with 5-Aza-CdR or trans-
fected with DNMT1-siRNA was analyzed by BSP. The BSP
primer was designed by Methprimer (http://www.urogene.
org/methprimer/), according to the sequence of the miR-148a
promoter (2 kb, NC_000007.14: c25951986-25949987), and
the sequence is listed in Table I. The product size was 246 bp
with 29 CpGs. PCR amplification was performed according
to the protocol of MSP. Subsequently, the amplified PCR
products were purified and cloned into the pMDI19-T vector
(Takara Bio, Inc.); five clones of each cell were sequenced
using Sanger sequencing methods (24) by Sangon Biotech Co.,
Ltd. (Shanghai, China). The percentage of methylation was
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calculated comprehensively and comparatively using CpG
viewer, QUMA and Big-analyzer (25,26).

Dual luciferase reporter assay. A dual luciferase reporter
assay was performed as previously described (22). The 3'UTR
mRNA sequence of the DNMT]1 gene containing the miR-148a
binding site was amplified by PCR, in a total volume of 25 pul
containing 100 ng human genomic DNA, and cloned into
the pmirGLO vector (Promega Corporation, Madison, W1,
USA) [DNMT1 3'UTR-wild type (wt)]. The human genomic
DNA was extracted from the peripheral blood of healthy
volunteers after obtaining written informed consent. Mutant
DNMTI1 3'UTR was generated using the overlap-extension
PCR method (27) and was cloned into the pmirGLO vector
[DNMT1 3'UTR-mutant (mut)]. Subsequently, the AsPC-1
cells (1x10°) were seeded in a 48-well plate and co-transfected
with DNMT1 3'UTR-wt or DNMT1 3'UTR-mut vector
(100 ng) with miR-148a mimics or mimics-NC (100 nM)
using Lipofectamine® 2000 at room temperature. Luciferase
activity was detected using the Dual-Luciferase Reporter
Assay system (Promega Corporation) 48 h post-transfection;
the relative luciferase activity was calculated as a ratio of
Firefly luciferase activity versus Renilla luciferase activity.
The experiments were performed independently in triplicate.

Cell proliferation analysis. Cell proliferation was detected by
MTT assay (Sigma-Aldrich; Merck KGaA). Briefly, AsPC-1
cells (5x10° cells/well in 96-well plates) were transfected with
Lipofectamine® as a blank control, mimics-NC or miR-148a
mimics. After 24, 48, 72, 96 and 120 h, cells were incubated
with MTT (5 mg/ml) for 4 h at 37°C, the supernatants were
discarded and the insoluble formazan was dissolved in dimethyl
sulfoxide. A microplate reader (Bio-Rad Laboratories, Inc.)
was used to determine the optical density (OD) at 490 nm.
Inhibition rate (%) = (OD 490 value of blank - OD 490 value
of miR-148a mimics)/(OD 490 value of blank) x 100%. All
experiments were repeated three times, and the average results
were calculated.

Cell migration and invasion assays. The migratory and
invasive abilities of AsPC-1 cells were examined using a
Transwell chamber (Corning Incorporated, Corning, NY,
USA). Transwell filters coated with Matrigel were used for the
tumor cell invasion assay, whereas Transwell filters without
Matrigel were used for the migration assay. Briefly, 5x10°
AsPC-1 cells in serum-free DMEM were plated in the upper
chamber, and DMEM containing 10% FBS was added to the
bottom chamber. After 24 h at 37°C, cells that remained in
the upper chamber were carefully removed using cotton wool.
The cells that had invaded or migrated to the lower surface
of the membrane and the bottom chambers were fixed with
methanol for 30 min, and stained with 0.1% crystal violet
for 20 min at room temperature. Subsequently, the number
of stained cells was counted and observed under an inverted
light microscope. Five fields were randomly selected and the
number of cells was expressed as the mean. The experiment
was repeated three times.

Statistical analysis. Statistical analyses were performed
using SPSS 22.0 software (IBM Corp., Armonk, NY, USA).
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Measurement data were expressed as the means + standard
deviation of three replicate experiments. Comparative data
between the groups were assessed using a two-tailed Student's
t-test, and comparisons among multiple groups were performed
using one-way analysis of variance followed by the least
significant difference post hoc test. Spearman's correlation test
was used for correlation analyses. P<0.05 was considered to
indicate a statistically significant difference.

Results

Overexpression of DNMTI is responsible for hypermethyl-
ation of the miR-148a gene promoter. The expression levels
of miR-148a were significantly decreased in PDAC speci-
mens compared with in ANT specimens (Fig. 1A), whereas
the expression of DNMT1 was significantly increased in
PDAC specimens (Fig. 1B). Furthermore, the expression of
miR-148a was negatively correlated with DNMT1 expres-
sion (r=-0.7261, P<0.01; Fig. 1C). The expression levels of
DNMTI1 were markedly higher in AsPC-1 cells than in
HPDE cells, whereas the expression levels of miR-148a were
reduced (Fig. 1D and E). To verify the hypotheses that over-
expression of DNMTT1 is responsible for the downregulation
of miR-148a in pancreatic cancer, the present study assessed
the methylation status of the miR-148a promoter by MSP in
PDAC tissues and AsPC-1 cells. The results indicated that the
positive rate of miR-148a methylation was significantly higher
in PDAC tissues than in ANT tissues (76.7 vs. 16.7%, P<0.01;
Fig. 2A). In addition, the methylation status of the miR-148a
gene promoter was positive in AsPC-1 cells, whereas it was
negative in HPDE cells (Fig. 2B). After 5-Aza-CdR treatment
or DNMT1-siRNA transfection, the expression of miR-148a
was significantly increased alongside downregulation of
DNMTI, and the miR-148a promoter was unmethylated
in AsPC-1 cells (Fig. 2C and D). Furthermore, the methyl-
ated CpG sites of the miR-148a promoter were significantly
decreased in AsPC-1 cells following 5-Aza-CdR treatment or
DNMTI1-siRNA transfection (P<0.01 Fig. 2E). These results
suggested that hypermethylation of the miR-148a promoter
suppressed its expression, and overexpression of DNMT1 may
be responsible for hypermethylation of the miR-148a promoter
in pancreatic cancer.

Restoration of miR-148a expression suppresses DNMTI
expression in vitro. To investigate the effects of miR-148a
on the regulation of DNMT]1 expression, AsPC-1 cells in the
control groups were transfected with Lipofectamine® (blank)
or mimics-NC, whereas cells in the experimental group
were transfected with miR-148a mimics. As shown in
Fig. 3A, miR-148a expression was significantly higher
following miR-148a mimics transfection. To further investigate
a miRNA-dependent mechanism of DNMT1 regulation, the
protein expression levels of DNMT1 were detected by western
blot analysis following transfection with miR-148a mimics. As
expected, DNMT1 expression was significantly decreased in
AsPC-1 cells transfected with miR-148a mimics (Fig. 3B).

miR-148a directly targets DNMTI 3'UTR. The present study
revealed that DNMT 1 expression was significantly inhibited by
miR-148a in AsPC-1 cells. In addition, DNMT1 was identified
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Figure 1. Association between DNMT1 and miR-148a expression in pancreatic cancer. (A) Relative miR-148a expression in ANT and PDAC specimens.
(B) Relative DNMT|1 expression in ANT and PDAC specimens. (C) DNMT]1 expression was inversely correlated with miR-148a in PDAC tissues (Spearman's
correlation analysis, r=-0.7261, P<0.01). (D) Relative DNMT]1 expression in HPDE and AsPC-1 cells ('P<0.01). (E) Relative miR-148a expression in HPDE
and AsPC-1 cells ("P<0.01). ANT, adjacent non-tumorous; DNMT1, DNA methyltransferase 1; miR-148a, microRNA-148a; PDAC, pancreatic ductal

adenocarcinoma.

as a potential target of miR-148a using the bioinformatics
prediction tools TargetScan 7.1 (http://www.targetscan.org)
and miRBase (http:/www.mirbase.org/) (Fig. 4A). Therefore,a
dual luciferase reporter assay was performed to validate direct
binding of miR-148a to DNMT1 mRNA 3'UTR. The results
indicated that miR-148a mimics significantly decreased the
luciferase activity of the DNMT1 3'UTR-wt vector, but did not
affect the activity of the DNMT1 3'UTR-mut vector (Fig. 4B),
thus suggesting that the 3'UTR of DNMT1 was a functional
target site for miR-148a-induced silencing of DNMT1.

Restoration of miR-148a decreases the methylation levels
of pl6, ppENK and RASSFIA promoter regions, and
reactivates their expression in AsPC-1 cells. DNMTI is
constitutively expressed in proliferating cells, and functions
as a maintenance enzyme to ensure that methylation patterns
are copied to daughter cells during DNA replication (28). To
further investigate whether miR-148a could reactivate TSGs
by targeting DNMTI1, AsPC-1 cells were transfected with
Lipofectamine® (blank), mimics-NC or miR-148a mimics.
Subsequently, the methylation levels of three pancreatic
cancer-associated TSGs, pl6, ppENK and RASSFI1A, were
detected by MSP. As shown in Fig. 5, the methylation status

of pl6, ppENK and RASSF1A was positive. In addition, the
basal expression levels of these three proteins were detected by
western blot analysis in AsPC-1 cells. The results indicated that
restoration of miR-148a altered the methylation status of p16,
ppENK and RASSFIA promoter regions (pl6 and ppENK,
from methylated to unmethylated; RASSF1A, from methyl-
ated to partially methylated), and significantly increased the
protein expression levels of pl6, ppENK and RASSFIA in
AsPC-1 cells (Fig. 5A and B).

miR-148a inhibits cell proliferation, migration and inva-
sion of AsPC-1 cells. To determine the effects of miR-148a
on cell proliferation, migration and invasion, AsPC-1 cells
were transfected with Lipofectamine® (blank), mimics-NC or
miR-148a mimics. Subsequently, the MTT assay was used to
evaluate cellular proliferation, and Transwell assays were used
to measure the migratory and invasive ability of AsPC-1 cells.
Compared with the two control groups, the miR-148a mimics
group exhibited ascending cell proliferation at 48, 72, 96 and
120 h post-transfection (Fig. 6A). In addition, the migratory
and invasive abilities of AsPC-1 cells were significantly
reduced following miR-148a mimics transfection (Fig. 6B).
These findings indicated that miR-148a overexpression may
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Figure 2. Methylation status of the miR-148a promoter. (A) Methylation status of the miR-148a promoter in ANT and PDAC specimens. (B) Methylation status
of the miR-148a promoter in HPDE and AsPC-1 cells. (C) Effects of 5-Aza-CdR on methylation status of the miR-148a promoter, and DNMT1 and miR-148a
expression ('P<0.01). (D) Effects of si-DNMT]1 on methylation status of the miR-148a promoter, and DNMT1 and miR-148a expression (‘P<0.01). (E) Bisulfite
sequencing polymerase chain reaction analysis of CpG sites in the miR-148a promoter in AsPC-1 cells with or without 5-Aza-CdR treatment and si-DNMT1
transfection. Open and filled circles represent U and M CpG sites, respectively. Each horizontal row represents a single clone. There are 29 CpG sites. 5-AZA,
5-Aza-2'-deoxycytidine; ANT, adjacent non-tumorous; DNMT1, DNA methyltransferase 1; M, methylated; miR-148a, microRNA-148a; NC, negative control;
PDAC, pancreatic ductal adenocarcinoma; si, small interfering RNA; U, unmethylated.
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Figure 3. miR-148a suppresses DNMT1 expression in AsPC-1 cells. (A) Relative expression of miR-148a. (B) Protein expression of DNMT1. ‘P>0.05 compared
with the blank group; “P<0.01 compared with the blank and mimics-NC groups. DNMT1, DNA methyltransferase 1; miR-148a, microRNA-148a; NC, negative

control.
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Figure 4. miR-148a directly targets DNMT]1 in AsPC-1 cells. (A) Schematic representation of the predicted miR-148a binding sites in DNMT1 3'UTR.
(B) Luciferase activities of DNMT1 3'UTR-wt and DNMT]1 3'UTR-mut constructs in AsPC-1 cells. Data are presented as the means + standard deviation
of three independent experiments. ‘P<0.01, DNMT1 3'UTR-wt + mimics-148a group compared with the other five groups. 3'UTR, 3'-untranslated region;
DNMT]1, DNA methyltransferase 1; miR-148a, microRNA-148a; mut, mutant; NC, negative control; wt, wild type.
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Figure 5. MicroRNA-148a reactivates p16, ppENK and RASSFI1A expression in AsPC-1 cells. (A) Methylation status of pl6, ppENK and RASSF1A. (B) Protein
expression levels of p16, ppENK and RASSF1A. “P<0.01 compared with the blank group; “P<0.01 compared with the mimics-NC group. M, methylated,;
NC, negative control; ppENK, preproenkephalin; RASSF1A, Ras association domain family member 1; U, unmethylated.

inhibit cell proliferation, migration and invasion of AsPC-1
cells.

Discussion

The molecular pathogenesis of pancreatic cancer is the result
of a complex multi-stage and multi-step process, which is
associated with numerous genes. The inactivation of TSGs
and aberrant expression of miRNAs are two important
molecular mechanisms that contribute to the progression of
pancreatic cancer (29,30); however, their intrinsic association

remains poorly understood. DNA methylation is an epigenetic
mechanism that occurs following the addition of a methyl
group to DNA, thereby often modifying the function of the
gene and regulating gene expression. DNMT1 serves a role in
maintaining methylation patterns during the DNA methylation
process. The overexpression of DNMT]1 has been reported to
be responsible for hypermethylation and silencing of some
cancer-associated miRNAs and TSGs (31-34). Furthermore,
DNMTT has been identified as the target of some miRNAs.
Therefore, it was hypothesized that DNMT1 might be a func-
tional link between miRNAs and TSGs. The present study
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Figure 6. miR-148a inhibits proliferation, migration and invasion of AsPC-1 cells in vitro. (A) Cell proliferation was determined in AsPC-1 cells post-transfection
with miR-148a mimics or mimics-NC. "P<0.05 compared with the blank group and mimics-NC group. (B) Migration and invasion were determined in AsPC-1
cells post-transfection with miR-148a mimics or mimics-NC (magnification, x100). "P<0.01 compared with the blank group and mimics-NC group. miR-148a,

microRNA-148a; NC, negative control; OD, optical density.

revealed that DNMT1 was aberrantly upregulated in PDAC,
and was responsible for hypermethylation of the miR-148a
promoter. Furthermore, restoration of miR-148a reactivated
the TSGs pl6, ppENK and RASSF1A by targeting DNMT],
and inhibited cell proliferation, migration and invasion of
AsPC-1 pancreatic cancer cells.

miR-148a is a member of the miR-148/152 family, which
has been investigated in numerous types of cancer. In addition,
its aberrant expression has a significant role in tumorigenesis
and metastasis. miR-148a has been identified as a tumor
suppressor miRNA in several types of cancer (5-9); however,
the antitumor effects of miR-148a remain controversial in
pancreatic cancer. At least four studies have revealed that
re-expression of miR-148a inhibits cell proliferation, apoptosis,
migration and invasion in pancreatic cancer (12-15). However,
Delpu et al (35) demonstrated that miR-148a does not impact
PDAC proliferation in vitro and in vivo. Our previous study
revealed that upregulation of miR-148a suppresses cell migra-
tion and invasion of BxPC-3 pancreatic cancer cells (22).
The present study revealed that re-expression of miR-148a
in AsPC-1 pancreatic cancer cells, which was mediated by
miR-148a mimics transfection, could inhibit tumor cell growth,
migration and invasion. Therefore, the tumor suppressor role
of miR-148a in pancreatic cancer has been validated.

Numerous TSGs are aberrantly methylated and silenced in
pancreatic cancer, including p16, ppENK and RASSF1A (36).
pl6 is a cyclin-dependent kinase inhibitor that slows down
the cell cycle by inhibiting progression from G, phase to

S phase (37). ppENK is a neuropeptide transmitter gene
that encodes Met-enkephalin, which is a topically active
inhibitor of cancer that interacts with the opioid growth factor
receptor (38). The protein encoded by the RASSF1A gene has
a key role in mediating numerous cellular processes, including
apoptosis, cell migration, cell survival and microtubule
stabilization (39). The RASSF1A gene has also been revealed
to arrest the cell cycle by inhibiting accumulation of cyclin
D1 (40). Attri et al (41) reported that p16 expression is decreased
in 80% (20/25) of pancreatic cancer cases, 65% (13/20) of
which is caused by high methylation of the promoter region.
Dammann et al (42) revealed that RASSF1A hypermethyl-
ation is detected in 64% of PDAC tissues and 87.5% of eight
pancreatic cancer cell lines; in addition, p16 hypermethylation
is detected in 43% of PDAC tissues and 63% of eight pancre-
atic cancer cell lines. Fukushima et al (43) demonstrated that
93.3% (14/15) of invasive PDAC cases exhibit ppENK meth-
ylation, whereas no methylation is detected in noncancerous
pancreatic epithelium. In the present study, restoration of
miR-148a altered the methylation status of pl6, ppENK and
RASSFI1A promoter regions, and reactivated their protein
expression in AsPC-1 cells. These results could explain, at least
in part, the tumor suppressor effects of miR-148a. To further
investigate the potential mechanism underlying the regula-
tory effects of miR-148a on the expression of these TSGs, the
present study focused on DNMT1 due to its important role in
the process of DNA methylation. Our previous study demon-
strated that DNMT1-siRNA could inhibit cell growth and
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promote apoptosis of BxPC-3 pancreatic cancer cells, and its
mechanisms were associated with demethylation of the TSGs
pl6, ppENK and RASSF1A (44). The present findings clearly
suggested that DNMT1 was a direct target gene of miR-148a.
This conclusion was based on numerous experimental data.
Firstly, the expression of DNMT1 in PDAC tissues was
negatively correlated with miR-148a. Secondly, miR-148a
upregulation significantly downregulated DNMT1 expression
in AsPC-1 cells. Finally, the luciferase reporter assay using the
DNMT1 3'UTR-wt reporter indicated that miR-148a mimics
significantly reduced luciferase activity.

The mechanism underlying aberrant downregulation of
miR-148a in pancreatic cancer is another issue of concern.
miR-148a has been reported to be silenced by promoter
hypermethylation in gastrointestinal, hepatocellular and naso-
pharyngeal carcinoma (20,45-47). Hanoun et al (48) revealed
that hypermethylation of the promoter region encoding
miR-148a is responsible for its repression, not only in PDAC
samples, but also in pancreatic intraepithelial neoplasia.
Furthermore, the interplay between miR-148a and DNMT1
has been detected in PDAC, and the increased expression
of miR-148a arrests UTR methylation of p27, giving rise to
increased levels of p27, which is a cyclin-dependent kinase
inhibitor that possesses tumor suppressor activity (12). The
present results demonstrated that DNMT1 was overexpressed
in PDAC tissues and AsPC-1 cells, which was accompanied
by hypermethylation of the miR-148a promoter. In AsPC-1
cells treated with 5-Aza-CdR or DNMTI1-siRNA, DNMT1
was downregulated, miR-148a expression was significantly
increased, and the miR-148a promoter was demethylated.
Furthermore, the results of BSP indicated that the methyl-
ated CpG sites of miR-148a were significantly decreased in
5-Aza-CdR-treated or DNMT1-siRNA-transfected AsPC-1
cells. Therefore, it may be concluded that overexpression
of DNMT1 leads to the hypermethylation and silencing of
miR-148a in pancreatic cancer.

In conclusion, the present study demonstrated that
DNMT1 was aberrantly upregulated in pancreatic cancer, and
its overexpression was responsible for hypermethylation of
the miR-148a promoter. Furthermore, restoration of miR-148a
reactivated the TSGs pl6, ppENK and RASSF1A by targeting
DNMT]I. These results indicated that an interaction exists
between miR-148a and DNMT1 in pancreatic cancer. Notably,
overexpression of miR-148a significantly inhibited cell prolif-
eration, migration and invasion in pancreatic cancer cells.
These results suggested the existence of a miR-148a-DNMT1
regulatory circuit and indicated that miR-148a may be a
potential therapeutic target in pancreatic cancer.
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