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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal solid tumor due to the lack of reliable
early detection markers and effective therapies. MicroRNAs (miRNAs), noncoding RNAs that
regulate gene expression, are involved in tumorigenesis and have a remarkable potential for the
diagnosis and treatment of malignancy. In this study, we investigated aberrantly expressed miRNAs
involved in PDAC by comparing miRNA expression profiles in PDAC cell lines with a normal
pancreas cell line and found that miR-135a was significantly down-regulated in the PDAC cell lines.
The microarray results were validated by qRT-PCR in PDAC tissues, paired adjacent normal
pancreatic tissues, PDAC cell lines, and a normal pancreas cell line. We then defined the tumor-suppressing significance and function of miR-135a by constructing a lentiviral vector to express miR-135a. The overexpression of miR-135a in PDAC cells decreased cell proliferation and
clonogenicity and also induced G1 arrest and apoptosis. We predicted Bmi1 may be a target of
miR-135a using bioinformatics tools and found that Bmi1 expression was markedly up-regulated in
PDAC. Its expression was inversely correlated with miR-135a expression in PDAC. Furthermore,
a luciferase activity assay revealed that miR-135a could directly target the 3’-untranslated region
(3’-UTR) of Bmi1. Taken together, these results demonstrate that miR-135a targets Bmi1 in PDAC
and functions as a tumor suppressor. miR-135a may offer a new perspective for the development
of effective miRNA-based therapy for PDAC.
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Introduction
Pancreatic cancer (PC) is a highly malignant
tumor type that is characterized by aggressive invasion and a high incidence of metastasis. As a result of
late diagnosis and the lack of effective treatment
measures, PC has an extremely poor prognosis,
ranking 4th among the leading causes of cancer-related deaths in the United States [1]. Pancreatic

ductal adenocarcinoma (PDAC) is the most common
type of PC, involving more than 90% of PCs, and its
5-year survival rate does not exceed 5% [2]. Although
some progress has been made with regard to many
aspects of PC in recent years, the survival rate of PC
has not increased significantly. As cancer is a complex
disease involving numerous genetic and epigenetic
http://www.ijbs.com
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changes, a better understanding of the molecular
mechanism of PC is urgently needed to develop an
effective diagnosis and treatment.
MicroRNAs (miRNAs) are a class of short,
noncoding RNAs ranging approximately from 17-25
nucleotides, which contain a seed sequence for binding to the 3’-untranslated region of specific target
mRNAs to regulate translational repression and/or
mRNA degradation [3,4]. Since the abnormal expression of miR-15 and miR-16 was reported in chronic
lymphocytic leukemia (CLL) [5-8], an increasing
number of studies have shown that the aberrant expression of specific miRNAs is a common phenomenon in many human cancers. More and more evidences have shown that miRNA mutations or
mis-expression correlate with various human cancers
and indicate that miRNAs can act as either tumor
suppressors or oncogenes [9,10]. MiRNAs directly or
indirectly regulate the expression of many target
mRNAs simultaneously, playing a critical role in the
tumorigenesis, invasion, metastasis, and chemoresistance of cancer cells [11-13]. Indeed, the aberrant
expression of various miRNAs has been identified in
many aspects of PDAC [14-16] and may provide a
new therapeutic opportunity, leading to a better clinical outcome for patients with PDAC.
In the present study, we found that the expression
level
of
miR-135a
was
significantly
down-regulated in PDAC cell lines compared to a
normal pancreas cell line through a comprehensive
analysis of miRNA expression profiles using microarrays. We then validated the results of the microarray experiments by qRT-PCR in PDAC tissues, paired
adjacent normal pancreatic tissues, PDAC cell lines,
and a normal pancreas cell line. Further experiments
indicated that miR-135a overexpression blocked
PDAC cell proliferation. We identified Bmi1 as a target gene of miR-135a using in silico prediction and the
luciferase reporter assay. Together, our results suggest that miR-135a may play an important role in the
pathogenesis of PDAC by targeting Bmi1.

Materials and Methods
Cell culture and clinical samples
Three human PDAC cell lines, PANC-1, BxPC-3,
and ASPC-1, and a normal pancreatic ductal epithelial
cell line, HPDE6c7, were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA).
All of the cells were cultured in Dulbecco’s Modified
Eagle’s Medium (GIBCO, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (HyClone,
Logan, UT, USA) at 37°C in a humidified atmosphere
containing 5% CO2.
After obtaining informed consent from all pa-
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tients involved in the study, 11 specimens of PDAC
tissues and their adjacent non-tumor tissues were
collected immediately after surgical removal at the
Department of Hepatobiliary Surgery, Xijing Hospital
of the Fourth Military Medical University (Xi’an,
China), from September 2012 to April 2013. None of
the patients received chemotherapy prior to surgery.
The tissues were snap frozen in liquid nitrogen and
stored until further use. The study was approved by
the Ethics Committee for Clinical Research of the
Fourth Military Medical University.

MiRNA microarray analysis
The microRNA expression profile was determined using the Agilent Human microRNA array kit
(V18.0) (Agilent Technologies, Santa Clara, CA, USA),
which contains probes for 1523 human and 364 viral
microRNAs from the Sanger database (v.18.0). Total
RNA from 4 cell lines (PANC-1, BxPC-3, ASPC-1, and
HPDE6c7) was extracted with the Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and then purified
using the mirVanaTM miRNA Isolation Kit
(Cat#AM1560, Ambion, Austin, TX, USA). The
miRNA from each cell line was labeled with the
miRNA Complete Labeling and Hyb Kit
(Cat#5190-0456, Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s instructions; each array slide was hybridized with 100 ng
Cy3-labeled miRNA for 20 hours at 55°C and 20 rpm.
After hybridization, the slides were washed with the
Gene Expression Wash Buffer Kit (Cat#5188-5327,
Agilent Technologies, Santa Clara, CA, USA) in
staining dishes (Cat#121, Thermo Shandon, Waltham,
MA, USA). The slides were scanned using an Agilent
Microarray Scanner and Feature Extraction software
10.7 (Agilent Technologies, Santa Clara, CA, USA)
with the default settings. Lastly, the raw data were
normalized by the Quantile algorithm, Gene Spring
Software 11.0 (Agilent Technologies, Santa Clara, CA,
USA).

Quantitative real-time reverse transcription
PCR
To verify the microarray results, we performed
qRT-PCR to assay screen the miR-135a expression in
prepared tissues samples and cell lines. Total RNA
was isolated with the Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The expression of miR-135a was
analyzed with the miScript system (Qiagen, Hilden, Germany) in accordance with the manufacturer’s
protocol; this system contains the miScript Reverse
Transcription kit, miScript Primer assays, and miScript SYBR Green PCR kit. Human U6 RNA was amplified for normalization. SYBR green real-time
RT-PCR was adopted to detect Bmi1 mRNA, and the
http://www.ijbs.com
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first-strand complementary DNA was synthesized
using MMLV reverse transcriptase (Epicentre, Paris,
France).
Human glyceraldehyde 3-phosphatedehydrogenase (GAPDH) RNA was used as an internal
control. The primers used were as follows: Bmi1 forward, 5’GCTTCAAGATGGCCGCTTG3’, and reverse,
5’TTCTCGTTGTTCGATGCATTTC3’. All RT-PCR
reactions were analyzed using the ABI Prism 7700
Sequence Detector (Applied Biosystems, Foster City,
CA, USA) in triplicate for each sample. The fold
change for the relative expression levels of each
miRNA was calculated using the ΔΔCt method [17].

Cell transfection
Viruses were harvested at 48 h after
co-transfection with the Lentiviral vector Lenti-miR-135a or Lenti-scramble and the Lentiviral
packaging plasmid (Genechem, Shanghai, China) into
HEK 293T cells using the LipoFectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA). PANC-1 and
ASPC-1 cells were infected with 1×106 recombinant
lentivirus-transducing units plus 6 mg/ml polybrene
(Sigma-Aldrich, St. Louis, MO, USA). Stable clones
were acquired at 2 weeks after antibiotic selection.
The miR-135a mimics or inhibitor and corresponding
negative control were designed and synthesized by
Genechem (Shanghai, China). pcDNA-Bmi1 carrying
a wild-type or mutant-type 3’-UTR for miR-135a was
constructed to re-express Bmi1. Target cells were
transfected with these oligonucleotide, plasmid vectors and negative control using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Cells were collected at 48 h
after transfection.

CCK-8 assay
The Cell Counting Kit-8 (CCK-8) assay kit
(Dojindo, Kumamoto, Japan) was used to determine
the biological effect of miR-135a on cell proliferation.
Transfected cells were seeded in 96-well plates at a
density of 1×103 cells per well; 10 µl CCK-8 solution
was added to each well the next day. The cells were
incubated for 2 h at 37°C, and the absorbance at 450
nm was determined using an enzyme-linked immunosorbent assay reader (Dasit, Milan, Italy). The
experiments were repeated 3 times for 5 days, and the
average of the results was analyzed.

Colony formation assay
Cells were trypsinized and placed in each well of
a 6-well plate at a density of 1×103 cells per well; visible cell colonies appeared after 2 weeks in complete
medium at 37°C. The cell colonies were then fixed
with methanol for 15 min and stained with 0.1%
crystal violet for 20 min. The number of colonies was
counted per well, and each experiment was per-
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formed in triplicate.

EdU incorporation assay
The incorporation of 5-ethynyl-2’-deoxyuridine
(EdU), a thymidine analog, can label cells undergoing
DNA replication [18]. The Cell-LightTM EdU Apollo567 imaging kit (RiboBio, Guangzhou, China) was
used to perform the EdU incorporation assay. Lentiviral-transfected PANC-1 and ASPC-1 cells were
added 100 µl EdU (50 µM) per well in 96-well plates
and cultured for 2 h. The EdU medium mixture was
discarded, and 4% paraformaldehyde was added for
30 min at room temperature to fix the cells. The cells
were washed with glycine (2 mg/ml) for 5 min in a
decolorization shaker, 0.5% Trion X-100 was added
for 10 min, and the cells were washed twice with PBS.
Next, 100 µl Apollo 550 stain reaction buffer was
added to each well for 30 min while shielding from
light. The cells were washed three times with 0.5%
Triton X-100 and stained with 100 µl Hoechst 33342 (5
mg/ml) for 30 min at room temperature; 100 µl PBS
was then added. Images were captured using a fluorescence microscope (Olympus, Tokyo, Japan), and
the number of EdU-positive cells was calculated using
the formula EdU add-in cells/Hoechst-stained
cells×100%.

Analysis of cell cycle and apoptosis
To analyze the cell cycle distribution, cells were
harvested and fixed with 70% ethanol at 4°C overnight and washed twice with PBS. Staining Solution
(50 µg/ml propidium iodide, 1 mg/mL RNase A, and
0.1% TritonX-100 in PBS) was added to the cells for 30
min at 37°C in the dark. For the apoptosis analysis,
cells were incubated in a serum-free medium for 72 h
and stained with fluorescein isothiocyanate
(FITC)-conjugated Annexin V and propidium iodide
(PI) using the Annexin V-FITC Apoptosis Detection
kit (Jingmei, Shanghai, China) according to the manufacturer’s protocol. All of the samples were analyzed
using the FACS Caliber II sorter and Cell Quest FACS
system (BD Bio-sciences, San Jose, CA, USA). The
flow cytometry analysis was repeated three times.

Luciferase activity assay
The 3’-UTR of Bmi1 containing an intact
miR-135a recognition sequence was cloned into the
pGL3-control-mcs2 reporter vector (constructed by
our laboratory). Oligonucleotides (59bp) harboring
wild-type or mutated miR-135a binding sites from the
human BMI-1 3'-UTR were annealed and ligated into
the EcoR I and Pst I sites of the pGL3-control mcs2
reporter vector. The oligonucleotide sequences were
as follows: Bmi1-wt (F: 5’AATTCGAATAACGA
TTTCTTGCAGCTATTTAGCCATTTTGATTGCTGTT
TGATTCTGCA3’ and R:5’GAATCAAACAGCAATC
http://www.ijbs.com
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AAAATGGCTAAATAGCTGCAAGAAATCGTTATT
CG3’) and Bmi1-mut (F: 5’AATTCGAATAACGA
TTTCTTGCAGCTATTTTCGGTATTTGATTGCTGTT
TGATTCTGCA3’ and R: 5’GAATCAAACAGCAATC
AAATACCGAAAATAGCTGCAAGAAATCGTTAT
TCG3’). For the luciferase assays, the cells were
transfected with the appropriate plasmids in 24-well
plates and harvested for luciferase activity assays using the dual-luciferase reporter assay system
(Promega, Madison, WI, USA) at 48 h after transfection. The relative luciferase activity was normalized to
that of firefly luciferase. The transfection experiments
were performed in triplicate for each plasmid construct.

Protein extraction and western blotting
Cells were solubilized on ice in RIPA lysis buffer
(50 mM Tris–HCl [pH 7.4], 1% Triton X-100, 5 mM
EDTA, 1 mM leupeptin, 1 mM phenylmethylsulfonyl
fluoride, 10 mM NaF, and 1 mM Na3VO4) and centrifuged at 20,000×g for 30 min at 4°C to remove the
cellular debris. The protein concentration was determined using a BCA Protein Assay Kit (KeyGen, Nanjing, China). The protein extracts were separated by
12% SDS-PAGE and electrophoretically transferred to
polyvinylidene difluoride (PVDF) membranes
(Amersham Biosciences, New York, NY, USA). Nonspecific binding sites were blocked with 5% nonfat
dry milk in Tris-buffered saline with 0.5% Tween-20
at room temperature for 1 h, and the membranes were
then incubated at 4°C overnight with primary antibodies directed against Bmi1 (Upstate Biotechnology
Inc., Norwalk, CT, USA), p21, cyclin D1, Cdk2, Cdk4,
Akt, pAkt, Bcl-2, Bax, and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The antigen-antibody complexes were visualized using
horseradish peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence western
blotting detection system (Amersham Life Science,
Piscataway, NJ, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a protein
loading control.

Statistical analysis
All of the data are presented as the
mean±standard deviation (SD). The statistical significance was evaluated using Student’s t-test for unpaired comparison, and the analyses were performed
using the SPSS software (SPSS, Chicago, IL, USA).
P<0.05 was considered statistically significant.

Results
Identification of cancer-related miRNAs in
PDAC using a miRNA array
To identify miRNAs expressed differentially
between PDAC and normal pancreatic ductal epithelial cells, we first examined the miRNA expression
profiles in three human PDAC cell lines (PANC-1,
BxPC-3, and ASPC-1) and a normal pancreatic ductal
epithelial cell line (HPDE6c7) with the Agilent Human miRNA array (v.18.0). The microarray results
revealed that the expression of 66 miRNAs significantly differed between the PDAC and normal pancreatic ductal epithelial cells. Compared to the normal
pancreatic ductal epithelial cells, 23 miRNAs were
significantly overexpressed (fold change > 2), whereas
43 miRNAs were significantly underexpressed (fold
change < 0.5). Of the dysregulated miRNAs,
miR-205-3p, miR-203, miR-630, and miR-135a were
the most up-regulated miRNAs in the normal pancreatic ductal epithelial cells, whereas miR-193a-5p,
miR-10a-5p, miR-10b-5p, and miR-301a-3p were noted for the largest decrease in expression (Table 1).

MiR-135a is down-regulated in PDAC tissue
and cell lines
MiR-135a has recently been reported in several
types of tumors, such as renal cell carcinoma, gastric
cancer, lung cancer, Hodgkin lymphoma, and colorectal cancer [19-22], suggesting that the dysregulation of miR-135a may play an essential role in tumorigenesis. However, no studies have been performed to
assess the significance of miR-135a in PDAC. Therefore, we chose miR-135a for further investigation.

Table 1. Most dysregulated miRNAs in PDAC cell lines compared with normal pancreatic ductal epithelial cell line.
miRNA

Expression in HPDE6c7

Fold change
HPDE6c7 vs PANC-1

HPDE6c7 vs BxPC-3

HPDE6c7 vs ASPC-1

hsa-miR-205-3p

up

670.0528

628.206

659.2028

hsa-miR-203

up

433.3644

406.2996

426.3471

hsa-miR-135a

up

270.5584

210.7637

250.8373

hsa-miR-630

up

95.58312

89.61368

94.03536

hsa-miR-10a-5p

down

0.000401

0.003872

0.000248

hsa-miR-10b-5p

down

0.004478

0.004396

0.003212

hsa-miR-193a-5p

down

0.012944

0.003627

0.085107

hsa-miR-301a-3p

down

0.048843

0.031575

0.042265
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Fig 1. Expression of miR-135a is decreased in PDAC cell lines and specimens. (A) The relative expression of miR-135a in PDAC cell lines and normal pancreas cell line
was examined by qRT-PCR. (B) The relative expression of miR-135a in clinical PDAC patients was examined by qRT-PCR (*P < 0.05, **P < 0.01).

To further confirm the down-regulation of
miR-135a in PDAC, we analyzed the expression of
miR-135a in human PDAC cell lines and a normal
pancreatic ductal epithelial cell line, 11 paired clinical
PDACs, and the adjacent nontumorous pancreas tissues using quantitative real-time PCR; the results
were normalized against an endogenous control (U6
RNA). Consistent with the microarray data, miR-135a
expression was down-regulated in all three human
PDAC cell lines (PANC-1, BxPC-3, and ASPC-1)
compared to the normal pancreatic ductal epithelial
cell line HPDE6c7 (Figure 1A). We also found that the
miR-135a levels were significantly decreased in 9 of
the 11 clinical PDAC tissues relative to the adjacent
nontumorous pancreas tissues (Figure 1B). These results suggest that reduced miR-135a expression is a
frequent event in human PDAC cell lines and PDAC
tissues and this miRNA may be involved in pancreatic
tumorigenesis.

MiR-135a could inhibit the proliferation of
PDAC cells
To assess the effect of miR-135a on PDAC cell
proliferation, we established PANC-1 and ASPC-1
transfectants stably expressing miR-135a using lentiviral infection. A qRT-PCR analysis demonstrated
that the miR-135a expression level in Lenti-miR-135a-PANC-1 and Lenti-miR-135a-ASPC-1
cells was significantly higher than in the control stable
cell lines (Figure 2A). CCK-8 assays and colony formation analyses showed that the enforced expression
of miR-135a resulted in a decrease in cell growth of
the PANC-1 and ASPC-1 transfectants compared to
cells transfected with the scrambled precursor (Figure
2B, C). Moreover, EdU cell proliferation assays also
indicated that the growth of Lenti-miR-135a-PANC-1
and Lenti-miR-135a-ASPC-1 cells was significantly
inhibited relative to the scrambled precursor- and
negative control-transfected cells (Figure 2D). Previous reports have shown that the expression of
miR-135a can induce cells in G0⁄ G1 arrest in RCC cell

lines [22]. Our cell cycle assay showed that miR-135a
transfection increased the percentage of cells in the
G0⁄ G1 phase compared to the negative control, and
the proportion of S and G2/M phases was lower in
both the miR-135a-transfected cell lines compared to
the negative control (Figure 3A). Furthermore, cell
apoptosis analyses demonstrated that miR-135a
overexpression increased the number of apoptotic
cells in both cell lines compared to the negative control when these cells were maintained in serum-free
media for 72h (Figure 3B). Taken together, these results suggest that miR-135a is able to inhibit proliferation and enhance the apoptosis of PDAC cells.

Bmi1 is a direct target of miR-135a
To investigate the mechanisms by which
miR-135a suppresses tumor growth, we further explored the putative targets of miR-135a using several
prediction tools: miRanda, TargetScan, Pita, miTarget
and RNAhybrid. Among the hundreds of different
targets predicted, Bmi1 was notable because it is considered to be an oncogene that can promote cell proliferation in such cancers as lung cancer, breast cancer,
and myelogenous leukemia [23-25]. Furthermore, our
previous study demonstrated that Bmi1 expression
was markedly up-regulated in pancreatic cancer cell
lines and clinical cancer specimens [26].
We measured the levels of Bmi1 protein in
PDAC cell lines. Bmi1 protein levels were relatively
higher in the PANC-1, BxPC-3, and ASPC-1 cell lines,
whereas the miR-135a levels were relatively lower in
these cell lines. By contrast, relatively lower Bmi1 expression and higher miR-135a expression were validated in the normal pancreatic ductal epithelial cell
line, HPDE6c7 (Figure 4A, 1B). The results indicated
that the endogenous level of Bmi1 expression was
inversely associated with that of miR-135a in PDAC
cell lines. Bmi1 expression in 11 pairs of clinical PDAC
and adjacent non-tumor samples were analyzed by
western blotting. We found that the Bmi1 protein
levels in a large part of PDAC samples were significantly higher than that in adjacent non-tumor samples
http://www.ijbs.com
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(Figure 4B). Importantly, as shown in
Figure 4B and Figure 4C, Bmi1 expression
was
upregulated
in
miR-135a-downregulated
PDAC
samples. Thus, the inverse expression
levels of Bmi1 and miR-135a in PDAC
indicated that miR-135a may participate in the regulation of Bmi1.
Based on these observations, we
addressed whether the tumor suppressor function of miR-135a in PDAC
was attributable to its suppressive
effect on Bmi1 expression. Thus, we
examined the effect of miR-135a on
the endogenous Bmi1 expression level
by qRT-PCR and western blotting in
PANC-1 and ASPC-1 cells. Transfection with the miR-135a mimic led to
an obvious down-regulation of Bmi1
protein in both PANC-1 and ASPC-1
cells, whereas the miR-135a inhibitor
was able to up-regulate the expression
of Bmi1 in these cells (Figure 4D).
However, the Bmi1 mRNA expression
levels
in
the
miR-135
mimic-transfected cells were not significantly affected compared to the empty
vector-transfected cells (Figure 4E).
These results suggest that miR-135a
may suppress Bmi1 expression via
inhibiting the translation of Bmi1 but
do not have any impact on mRNA
stability.

Fig 2. Overexpression of miR-135a inhibited the
growth of PANC-1 and ASPC-1 cells. (A) Lenti-miR-135a transfection significantly increased the miR-135a
level compared to Lenti-scramble transfection. (B) The
CCK-8 assays results showed that the cell growth abilities of
PANC-1 and ASPC-1 cells were inhibited after transfection
with Lenti-miR-135a. (C) The effect of Lenti-miR-135a or
Lenti-scramble on the growth of PANC-1 and ASPC-1 cells
was examined by colony formation assay. Data are representative of three independent experiments. (D) The effect
of transfection of Lenti-miR-135a or Lenti-scramble on the
growth of PANC-1 and ASPC-1 cells was examined by EdU
incorporation assay. Magnification: ×400; (*P < 0.05, **P <
0.01 versus Lenti-scramble).

http://www.ijbs.com

Int. J. Biol. Sci. 2014, Vol. 10

739

Fig 3. (A) Flow cytometry analysis showed that transfection of Lenti-miR-135a arrested the accumulation of PANC-1 and ASPC-1 cells in the G0-G1 phase. The proportion of
S and G2/M phase was lower in both Lenti-miR-135a transfected cell lines compared with the negative control. (B) Following 72h of culturing in serum-free medium, cell apoptosis
indicated that PANC-1 and ASPC-1 cells transfection of Lenti-miR-135a increased the number of apoptotic cells versus the negative control.
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Fig 4. The protein expression of Bmi1 in PDAC and miR-135a
regulated endogenous Bmi1 protein levels. (A) The expression of
Bmi1 in PDAC cell lines was examined by western blotting. (B) The
expression of Bmi1 in PDAC tissues and adjacent non-tumor samples
were examined by western blotting. (C) miR-135a expression was
inversely related to Bmi1 expression in PDAC tissues. Bmi1 was decreased in adjacent non-tumor samples that showed increased miR-135a
expression, whereas Bmi1 was increased in PDAC tissues that showed
decreased miR-135a expression. (D) PANC-1 and ASPC-1 cells were
transfected with miR-135a mimics or inhibitor. The levels of Bmi1 protein
were analyzed by western blotting 72h later. (E) The expression of Bmi1
mRNA in PANC-1 and ASPC-1 cells treated as described above were
measured by qRT-PCR. N, adjacent non-tumor tissues; T, tumor tissues.
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Fig 5. Bmi1 is a target of miR-135a. (A) Predicted duplex
formation between human Bmi1 3’-UTR and miR-135a. Schematic
representation of firefly luciferase reporter construct containing
Bmi1 3’UTR with either wild-type (WT) or mutant (MUT)
miR-135a target site. (B) Analysis of the luciferase activity of the
luciferase reporter plasmid containing either wild-type (WT) or
mutant (MUT) Bmi1 3’-UTR in PANC-1 and ASPC-1 cells (*P <
0.05). (C) The inhibition of Bmi1 by miR-135a was partially
recovered after co-transfection with pcDNA-Bmi1 (mutant
3’-UTR for miR-135a) and miR-135a mimics. (D) The CCK-8
assays results showed that the cell growth abilities of PANC-1 and
ASPC-1 cells were recovered after co-transfection with
pcDNA-Bmi1 (mutant 3’-UTR for miR-135a) and miR-135a
mimics (*P < 0.05).

As shown in Figure 5A, an in silico
analysis revealed that the human Bmi1
mRNA 3’-UTR contains a conserved putative target site for miR-135a. Thus, to
verify whether Bmi1 is a direct target of
miR-135a, a dual-luciferase reporter system was used with the co-transfection of
miR-135a or miR-NC and a luciferase
reporter plasmid containing a region of
the 3’-UTR of human Bmi1 complementary to miR-135a. Correspondingly, we
also generated a Bmi1 3’-UTR mutant in
the miR-135a target region to disrupt
binding (Figure 5A). In PANC-1 and
ASPC-1 cells, miR-135a remarkably suppressed the expression of luciferase containing a wild-type construct of Bmi1
3’-UTR in comparison to NC. Conversely,
this effect was not observed in either cell
line carrying the mutant-type construct of
the Bmi1 3’-UTR (Figure 5B).
To further elucidate whether the
growth-suppressive effect of miR-135a
was mediated by repression of Bmi1 in
PDAC cells, we introduced pcDNA-Bmi1
with wild or mutant 3’-UTR for miR-135a
and miR-135a mimics into PDAC cells. As
shown in Figure 5C, the expression levels
of Bmi1 was recovered after exogenous
expression of pcDNA-Bmi1 (mutant
3’-UTR for miR-135a). Figure 5D showed
that PANC-1 and ASPC-1 cell proliferation was promoted when Bmi1 was
re-expressed in both cells treated with
miR-135a. Taken together, these data imply that miR-135a may attenuate the expression of Bmi1 by directly targeting its
3’-UTR.

http://www.ijbs.com
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MiR-135a regulates the expression of several
cell cycle- and survival-related proteins via
Bmi1
Bmi1 has been shown to be overexpressed in
many cancer cells and is known to regulate cell
growth, survival, and invasion through some important signal pathways [27-29]. To further investigate the mechanism by which miR-135a inhibits
PDAC growth, we examined several related molecules downstream of Bmi1. Our western blotting data
demonstrate that the overexpression of miR-135a significantly reduced the expression of cyclin D1, cyclin-dependent kinase (Cdk) 2, and Cdk4 in PANC-1
and ASPC-1 cells; in contrast, the expression of cyclin-dependent
kinase
inhibitor
(p21)
was
up-regulated. Moreover, co-transfection with the
miR-135a mimics and pcDNA-Bmi1 (mutant 3’-UTR
for miR-135a) increased the expression of cyclin D1,
Ckd2, Cdk4 and suppressed that of p21 at protein
levels (Figure 6A). In addition, we also examined the
expression of various apoptotic components by a
western blotting analysis. Following the restoration of
miR-135a in PANC-1 and ASPC-1 cells, the expression
of phospho-Akt and Bcl-2 was inhibited, whereas the
level of Bax was elevated. But the expression levels of
phospho-Akt and Bcl-2 proteins were increased and
that of Bax was suppressed after co-transfection with
miR-135a mimics and pcDNA-Bmi1 (mutant 3’-UTR
for miR-135a) (Figure 6B). Together, our data suggest
that miR-135a regulates several important molecules
through Bmi1 down-regulation in PDAC cells.

Discussion
In recent years, a significant number of miRNAs
functioning as oncogenes or tumor suppressors have
been identified and studied. With regard to PDAC, for
example, miR-21 was found to be associated with
tumor progression and an adverse clinical course
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through targeting PDCD4 and TIMP3 [30]. Conversely, Zhao et al. found that the frequently downregulated miR-217 can regulate KRAS and function as
a tumor suppressor in PDAC [31]. However, the results from different research teams are lack of consistency [32]. PDAC specimens from different patients
typically have different cell types and proportions,
which may result in inaccurate miRNA profiles. Thus,
we utilized cell lines for the microarray analysis to
avoid the disadvantage of using PDAC specimens.
The results indicated that several miRNAs, such as
miR-21 and miR-10b, are overexpressed in PDAC cell
lines and that miR-203 expression is significantly decreased in PDAC cell lines compared to the normal
pancreas cell line [30,33,34]. These data were consistent with previous reports, indicating that the use
of cell lines was helpful and reliable. Among these
dysregulated miRNAs, we chose miR-135a for further
investigation. Its function and molecular mechanism
in PDAC have not been characterized.
To verify the results of the microarray analysis,
we examined the expression of miR-135a in human
PDAC cell lines and clinical PDAC specimens using
qRT-PCR and found that the expression of miR-135a
was down-regulated in the PADC cell lines and tissues. Such evidence indicated a possible tumor-suppressive role of miR-135a in PDAC, and the
results of CCK-8 assays and colony formation analyses suggested that miR-135a overexpression inhibited the growth of PDAC cell lines. EdU cell proliferation assays further indicated that the restoration of
miR-135a expression decreased cell proliferation, and
we also found that miR-135a overexpression could
induce cells in G0⁄ G1 arrest and lead to the dramatic
induction of apoptosis in PDAC cell lines under serum-starved conditions. Taken together, our study
showed that miR-135a plays a tumor-suppressive role
in PDAC.

Fig 6. MiR-135a regulates several cell cycle and survival related proteins expression via Bmi1. (A) The expression of several cell cycle-related regulatory factors was
detected by western blotting in PANC-1 and ASPC-1 cells infected with negative control, miR-135a mimics, miR-135a mimics and pcDNA-Bmi1 (mutant 3’-UTR for miR-135a).
(B) The expression of several survival-related regulatory factors was detected by western blotting in PANC-1 and ASPC-1 cells infected with negative control, miR-135a mimics,
miR-135a mimics and pcDNA-Bmi1 (mutant 3’-UTR for miR-135a). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control.
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Navarro A et al. identified miR-135a as a novel
prognostic marker of relapse in cHL and showed that
miR-135a could modulate apoptosis and decreases
cell growth by targeting JAK2 [21], and Wu H et al.
found that miR-135a could target JAK2 to inhibit gastric cancer cell proliferation [20]. JAK2 is the predominant member of the JAK family. The JAK/STAT
signaling pathway is regulated at various steps via a
number of distinct mechanisms, and deregulation of
this pathway is associated with several aspects of
tumor pathogenesis [35]. Moreover, several studies
also have indicated that the overexpression of
miR-135a could inhibit cell proliferation and promote
apoptosis via target c-MYC, STAT6, SMAD5, BMPR2
and HOXA10 in various cancers [22,36,37]. These
target genes of miR-135a were shown to be involved
in several cellular processes, including cell proliferation, cell cycle and/or apoptosis in many types of
human cancers [36,38,39]. However, miR-135a was
reported to promote the migration and invasion of
breast cancer cells by targeting HOXA10 [40]. In colorectal cancer, miR-135a was shown to promote colorectal cancer cell proliferation, migration, and invasion by targeting the tumor suppressor gene MTSS1
[19]. Liu et al. found that miR-135a was overexpressed in portal vein tumor thrombosis and in vivo
assays indicated that blockade of miR-135a could reduce the incidence of portal vein tumor thrombosis.
MTSS1 also was identified as the direct and functional
target of miR-135a in their study [41]. MTSS1 gene
was reported in some cancers including gastric cancer, breast cancer and hepatocellular carcinoma, but
its exact roles and biochemical mechanisms in oncogenesis remain largely unknown [42-44]. Besides oncology researches, miR-135a was reported in other
fields such as megakaryocytopoiesis, bone and muscle
development, hypertension. The different roles of
miR-135a may reflect the ability of a single miRNA to
perform different functions in different cellular environments. Therefore, these studies along with our
findings indicate cancer and/or cell type-specific
functions for miR-135a.
MicroRNAs play an important role in many biological processes of cancer cells by interacting with
specific mRNAs and inhibiting the expression of target genes. It is noteworthy that one miRNA can regulate many target genes simultaneously; for example,
miR-203 regulates a cohort of pro-metastatic genes,
such as ZEB2, Bmi1, and survivin, in prostate cancer
[45]. The in silico analysis showed that miR-135a may
potentially interact with the 3’-UTR of a large number
of genes; of these target genes, Bmi1 was reported in
our earlier studies to be up-regulated in PDAC. We
found that overexpressed Bmi1 in PDAC cell lines and
clinical cancer specimens was associated with an un-
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favorable prognosis for patients with PDAC [26].
Bmi1, a member of the polycomb gene family, has
been reported to be associated with the initiation,
progression, and prognosis of various cancers, acting
as an important regulator of several cellular processes,
including cell cycle regulation, cell immortalization,
and cell senescence [18-23,45]. Moreover, many studies have shown that Bmi1 is involved in the
self-renewal and differentiation of stem cells through
multiple pathways [46-50]. However, the molecular
mechanism underlying the process of Bmi1 overexpression in PDAC has not been elucidated. In the
present study, our results showed that Bmi1 is overexpressed and inversely associated with miR-135a
expression in both PDAC cell lines and primary
PDAC tissues. Transfection of miR-135a mimics or
inhibitors was also found to alter the Bmi1 protein
level without affecting its mRNA level. Then, we
co-transfected miR-135a and Bmi1 and showed that
the down-regulation of Bmi1 by miR-135a relies on
the Bmi1 3’-UTR. A luciferase activity assay also revealed that miR-135a binds to the 3’-UTR of Bmi1
mRNA and represses its translation. This is the first
evidence to explain that Bmi1 overexpression in
PADC may result from a lack of miR-135a.
Furthermore, it has also been reported that
miR-135a regulates several pathways, including the
cell cycle, apoptosis, and cancer-related pathways
[22]. Thus, we tested the expression of several known
related molecules in miR-135a-overexpressing and
control cells. Cyclin D1, Cdk2, and Cdk4 are important proteins regulating the cell cycle and are related to the development of many cancers, including
PDAC. p21 is perceived mainly as a tumor suppressor
gene belonging to the Cip/Kip families of cyclin-dependent kinase inhibitors because of its antiproliferative effects [51,52]. Our results showed that
the expression of cyclin D1, Cdk2, and Cdk4 was reduced when miR-135a was overexpressed, though the
expression of p21 was up-regulated. Furthermore, the
expression of phospho-Akt and Bcl-2 was inhibited,
whereas the level of Bax was elevated following
miR-135a
overexpression.
Importantly,
Bmi1
re-expression antagonized the effects of miR-135a on
these proteins. Taken together, our data suggest that
miR-135a exerts its tumor-suppressive action in
PDAC through the modulation of Bmi1 expression
and its several downstream proteins and signaling,
including some cyclins (cyclin D1, Cdk2, and Cdk4)
and a CDK inhibitor (p21), Bcl-2 family proteins, and
the PI3K/AKT pathway. We plan to conduct a further
investigation with in vivo studies and clinical specimens to confirm the importance of miR-135a in
PDAC.
In conclusion, we determined that miR-135a is
http://www.ijbs.com
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frequently down-regulated in PDAC and is a candidate tumor-suppressing miRNA in PDAC cells. The
overexpression of miR-135a inhibits the proliferation
of PDAC cells, at least in part via the regulation of
Bmi1. Therefore, the identification of miR-135a as a
regulator of BMI1 may provide insight for the establishment of new strategies and useful miRNA-based
therapies for the treatment of PDAC.
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