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MicroRNA-mediated regulation of pancreatic
cancer cell proliferation
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Abstract. MicroRNAs (miRNAs) comprising 19-25 nucleotides
are highly conserved small non-coding RNAs which regulate
normal gene expression during development, cell proliferation
and apoptosis by targeting mRNAs of protein-coding genes
at the post-transcriptional level. Prevalent studies suggest that
some human miRNAs, such as miRNA-16, are deregulated in
human cancer and behave as tumor suppressors. The overall
objective of our investigation was to assess whether miRNA-16
(miR-16) is involved in the regulation of critical genes, such as
BCL2, that control the sensitivity of pancreatic cancer cells to
apoptosis. This study showed that the ectopic overexpression
of miR-16 may be therapeutically beneficial as is evidenced
by impaired cell survival with concomitant attenuation of anti-
apoptotic protein Bcl-2. Moreover, the luciferase reporter assay
suggested that miR-16 post-transcriptionally regulates Bcl-2
expression in pancreatic cancer cells through the target sites of
the 3' untranslated region of this gene.

Introduction

Pancreatic cancer is one of the leading causes of cancer-
related mortality in the US, since the majority of affected
patients present with advanced stages of surgically inoperable
disease (1,2). The identification of effective therapeutic and
prevention strategies (3-5) against this metastatic disease is of
high priority and has public health significance.

Previous studies revealed the link between microRNAs
(miRNAs) and human cancer, thus yielding interest in using
them as targets for cancer therapies. miRNAs are a class
of highly conserved, non-coding RNAs that are approxi-
mately 19-25 nucleotides long (6-8). Biogenesis of miRNA
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results from primary miRNAs (pri-miRNAs), endogenously
expressed transcripts of hairpin RNAs. These pri-miRNAs
are cleaved by the ribonuclease Drosha in the nucleus in
order to generate 72-100 nucleotide precursor miRNAs
(pre-miRNAs). The nuclear protein Exportin 5 translocates
pre-miRNAs, in the fold-back structure, to the cytoplasm.
Cytoplasmic ribonuclease Dicer then digests the pre-miRNAs
to form short double-stranded miRNA duplexes. The miRNA
duplexes separate into mature, single-stranded miRNAs of
19-25 nucleotides. These mature miRNAs are able to bind the
RNA-induced silencing complex to align with target miRNAs
at their 3' untranslated region (UTR). Such interaction leads
to translational repression or cleavage of miRNAs and the
subsequent down-modulation of the respective genes.

Several miRNAs are involved in the regulation of gene
expression, a critical aspect of many biological processes,
including cell development, differentiation, apoptosis and
proliferation (7-12). Recent studies have implicated miRNAs
in the development of human malignancies (9-12) and have
documented the oncogenic (overexpressed) and tumor-
suppressor (underexpressed) roles of miRNAs in several
neoplasms. Notably, previous findings have established the
role of miRNA-16 (miR-16) as a tumor suppressor in a variety
of human cancers (13-15). Moreover, Lu et al (16) demon-
strated that the expression of miR-16 was globally higher in
normal cells compared to cancer cells. miR-16 is involved in
cell growth and apoptosis pathways in human malignancies,
including chronic lymphocytic leukemia (13) and gastric carci-
noma (14), by negatively regulating Bcl-2. The anti-apoptotic
protein, Bcl-2, is also overexpressed in human pancreatic
cancer (17,18). Previously, Bold et al (18) suggested that an
increased BCL2 expression correlates with apoptotic resis-
tance and metastatic potential, since the deregulation of BCL2
expression may be involved in the metastatic progression of
pancreatic carcinoma. Findings of this study showed that the
enforced overexpression of miR-16 mimic in pancreatic adeno-
carcinoma cells attenuates cell growth with the simultaneous
repression of the BCL2 gene.

Materials and methods
Cell culture and treatment. Human pancreatic adenocarci-

noma BxPC-3 cells were obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA). Cells were
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grown in RPMI with supplements of 10% fetal bovine serum
and 50 pg/ml of gentamicin at 37°C in a 5% CO, humidified
atmosphere.

Transfection of miRNA mimic and inhibitor. Cells were plated
at a density of 1.8x10° cells/ml in T75 flasks and incubated
overnight at 37°C. The following day, cells were either mock-
transfected or transfected with 27 nM miR-16 miRIDIAN
miRNA hairpin inhibitor or miR-16 miRNA mimic and their
appropriate negative controls, using the Dharmafect2 transfec-
tion reagent (Dharmacon, Lafayette, CO, USA) in accordance
with the manufacturer's protocol. miRIDIAN mimic and
inhibitor oligos were prepared by dissolution in 1X small
interfering RNA (siRNA) buffer. Diluted oligos were placed in
Tube 1, and transfection reagent was maintained in Tube 2 in
serum-free medium. Reagents were mixed gently, followed by
incubation at room temperature (RT) for 5 min. The contents
in Tubes 1 and 2 were then combined and incubated at RT for
30 min. Subsequently, complete medium with 10% serum was
added to the mixture followed by addition to the cells. The
transfected cells were allowed to grow overnight. The transfec-
tion medium was replaced after 24 h with fresh medium.

miRNA Northern blot analysis. Total RNA (5 ug) was loaded
and separated on a 15% denatured urea gel. After electropho-
resis and transfer, the blot was hybridized with corresponding
biotin pre-labeled miRNA probe (Signosis Inc., Sunnyvale,
CA, USA). To normalize the hybridization, a biotin pre-
labeled RNU48 probe was mixed with miRNA probe for
co-hybridization. The hybridized probes were then monitored
with streptavidin-HRP and chemiluminescent detection.

Luciferase activity assay. pGL3-BCL2 3' UTR sense and
antisense constructs were prepared as previously described
(13). For luciferase reporter assay, human pancreatic cancer
cells were co-transfected in a 96-well plate with 100 ng of the
firefly luciferase reporter vector and 10 ng of the pEGFPC2
expression vector (transfection control; Clonetech) either
alone or in combination with 50 nM miR-16 mimic oligo or
50 nM mimic negative control using the Dharmafect Duo
transfection reagent. Luciferase activity was normalized to
GFP expression. The relative expression was determined for
the mimic negative control and miR-16-transfected samples.

Western immunoblotting. Following the designated treatment,
total cellular proteins were extracted. Equal protein from
each sample was fractionated by SDS-PAGE and blotted
onto a nitrocellulose membrane (GE Healthcare, NJ, USA).
Membranes were probed with the Bcl-2 antibody (Upstate
Biotechnology, Syracuse, NY, USA) followed by incubation
with a HRP-conjugated secondary antibody (3,4). Finally,
immunodetection was carried out by the enhanced chemilu-
minescence method (GE Healthcare). Immunodetection with
the B-actin antibody (Sigma, St. Louis, MO, USA) served as a
protein loading control.

Clonogenic cell survival assay. Cells were washed 24 h post-
transfection with phosphate-buffered saline and then seeded
in triplicate (20,000 cells/10-cm dish). The cells were allowed
to grow for an additional 2 weeks. The medium was changed
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every 4 days. The cells were then fixed with 4% buffered
formalin (Electron Microscopy Sciences, Hatfield, PA, USA)
and stained with 0.1% crystal violet for visualization and
photography (19,20).

Results

Overexpression of miR-16 impairs pancreatic cancer cell
clonal growth. To understand whether miR-16 regulates
pancreatic adenocarcinoma cell proliferation, we used a
commercially available miR-16 mimic (mature). miR-16
mimics and inhibitors as well as the respective negative
controls were transfected into BxPC-3 cells. The overexpres-
sion or silencing of miR-16 was verified by Northern blotting
of the transfected cells (Fig. 1B). At the 48-h transfection,
we achieved a significant expression of miR-16 over mock-
transfected and scrambled control-containing cells (Fig. 1B).
The clonogenic cell survival assay (19,20) was employed to
determine the long-term survival ability of BxPC-3 cells
following transfection with miR-16 and its inhibitor oligos.
Notably, the overexpression of miR-16 significantly decreased
the clonogenic cell survival of pancreatic tumor cells when
compared to the mimic negative control (Fig. 1, panel II vs.
panel I), whereas silencing of the same miR-16 had no effect
on cell survival (Fig. 1A, panel III vs. panel IV). Due to the
low endogenous level, silencing of miR-16 did not enhance
cell survival when compared to the control.

Exogenous expression of miR-16 reciprocally regulates Bcl-2
expression in BxPC-3 cells. As mentioned previously, miR-16
has the ability to down-modulate anti-apoptotic protein Bcl-2
in diverse cancer types. We attempted to ascertain whether the
transfection of miR-16 mimic oligonucleotide exerts any effect
on the Bcl-2 level in pancreatic cancer cells. A decrease in the
Bcl-2 protein level in the BxPC-3 cells (Fig. 2, lane 2) was
clearly evident due to the ectopic overexpression of miR-16.
However, the level of Bcl-2 did not decrease when the hairpin
inhibitor oligonucleotide of miR-16 was transfected into these
cells (Fig. 2, lane 4).

Post-transcriptional repression of BCL2 by miR-16 in
pancreatic cancer cells. The decrease in Bcl-2 protein in
miR-16-overexpressed cells may be the direct effect of
miRNA::mRNA complementarity or by an indirect interaction
with other unknown targets. To address this issue, we used
luciferase reporter constructs where the 3' UTR sequence of
the human BCL2 gene contained a presumed miR-16 comple-
mentary site that was fused into a luciferase reporter plasmid
in both sense and antisense orientations (immediately down-
stream of the stop codon of luciferase). The resulting plasmids
and control plasmid (pEGFPC2) were introduced into BxPC-3
pancreatic cancer cells together.

Notably, as shown in Fig. 3A, the co-transfection of the
sense orientation constructs (pGL3 BCL2) with miR-16
mimic oligo resulted in a significant reduction in firefly
luciferase reporter activity when normalized against GFP
(P<0.002). In contrast, the transfection of miR-16 oligo in
the presence of the luciferase vector containing BCL2 3'
UTR in the antisense orientation terminated this suppression
(Fig. 3B). Moreover, the co-transfection of mimic negative
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Figure 1. miR-16 impairs the colony formation ability of pancreatic tumor cells and down-regulates Bcl-2/FGF-2. The transfection of miR-16 mimic, inhibitor
and the respective negative controls was carried out using Dharmafect2 transfection reagent as described in Materials and methods. (A) Clonogenic cell
survival assay. Cells were washed 2 times with phosphate-buffered saline and seeded in triplicate (20,000 cells/10-cm dish) 24 h post-transfection. Cells were
allowed to grow for an additional 2 weeks, followed by staining with 0.1% crystal violet for visualization and photography. Panel I, mimic negative control;
panel II, miR-16 mimic oligonucleotide; panel III, inhibitor negative control; panel IV, miR-16 inhibitor. (B) Northern blot analysis. RNA was isolated from
the negative control, miR-16 mimic- and inhibitor-transfected BxPC-3 cells and subjected to Northern blotting. Lane 1, mock; lane 2, mimic negative control;
lane 3, miR-16 mimic; lane 4, inhibitor negative control; lane 5, miR-16 inhibitor; lane M, molecular weight markers. To normalize the hybridization, RNU48

probe was used as an internal control.
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Figure 2. Bcl-2 expression correlates with the miR-16 level. A cell-free
extract was subjected to Western blotting with the Bcl-2 antibody 48 h
post-transfection. Lane 1, mimic negative control; lane 2, miR-16 mimic
oligonucleotide; lane 3, inhibitor negative control; lane 4, miR-16 inhibitor.

control miRNA had no effect on the luciferase activity of
pGL3 BCL2 and pGL3 BCL2 AS. Thus, our observation
suggests that miR-16 directly regulates Bcl-2 expression in
pancreatic cancer cells through the target site of 3' UTR of
BCL2 mRNA at the post-transcriptional level.

Discussion

Pancreatic cells often become malignant during tumorigenesis
when cells acquire traits such as the ability to evade apoptosis,
replicate indefinitely and engage in persistent angiogenesis.
These malignant cells acquire resistance to therapy due to
multiple genetic alterations at each stage of tumorigenesis,
thereby imparting a selective advantage of growth over
normal cells. In this respect, the ability of miR-16 to attenuate
the growth of pancreatic adenocarcinoma cells by down-mod-
ulation of the anti-apoptotic gene BCL2 is significant. Our
finding is potentially significant for utilizing miRNA-16 as a
therapeutic tool for pancreatic cancer treatment. The role of
miR-16 as a tumor suppressor was primarily documented (13)
in B-cell chronic lymphocytic leukemia, which is a common
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Figure 3. Direct identification of BCL2 3' UTR by miR-16 in pancreatic
cancer cells. (A and B) 3' UTR (220 bp) of the BCL2 gene cloned in pGL3
control vectors in both sense (pGL3 BCL2) and antisense (pGL3 BCL2
AS) orientations. For luciferase reporter assay, human pancreatic cancer
BxPC-3 cells were co-transfected in a 96-well plate with 100 ng of firefly
luciferase reporter vector (pGL3-BCL2 UTR sense and antisense) and 10 ng
of the pPEGFPC2 expression vector in the presence of 50 nM miR-16 mimic
oligo or 50 nM mimic negative control. The luciferase activity was mea-
sured (Allele Biotechnology, San Diego, CA, USA), 48 h post-transfection,
and normalized to GFP expression. Notably, the luciferase activities of the
control plasmids were considered to be 1.
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form of adult leukemia. Among other studied potential tumor
suppressor miRNAs, let-7 was found to be consistently under-
expressed in lung cancers compared to normal adjacent tissues
(21). Similar to our finding, the overexpression of tumor
suppressor let-7¢ miRNA was shown to impair lung cancer
cell proliferation and promote cell death in vitro and in vivo
(22,23).

Notably, the effect of anticancer drugs and chemopreventive
agents that modulate cell proliferation and apoptotic signaling
on miRNA expression profiles has also been explored. In
this context, Blower er al (24) suggested the potential role of
miRNAs, such as let-7i, miR-16 and miR-21, in the anticancer
drug response when tested in NCI-60 human cancer cell lines.
Recently, the pro-apoptotic action of EGCG, a significant
component of green tea, has been shown to be mediated by
the up-regulation of miR-16 and down-regulation of Bcl-2 in
hepatocellular carcinoma cells (25). Previously, Scott et al
(26) demonstrated a functional link between histone deacety-
lase inhibition and the presence of miR-27a/27b miRNA. In
addition, all-trans-retinoic acid treatment of leukemic cells
resulted in the differential expression of a number of miRNAs,
including let-7 and the miR-16 family (27). More importantly,
Weidhaas er al (22) suggested that miRNAs may be potential
targets for altering resistance to cytotoxic anticancer therapy.

Since miRNA-16 overexpression diminishes the prolif-
eration of human pancreatic cancer cells, it can be used in
conjunction with chemotherapeutic agents such as gemcit-
abine to combat pancreatic cancer. miRNAs have multiple
target genes and may decrease the expression levels of
genes with various biological functions. As opposed to the
silencing of individual genes, this multi-targeted approach can
revolutionize therapeutic strategies against pancreatic cancer
by exerting a stronger inhibitory effect on tumor growth.
Therefore, this novel observation implicating the antiprolifera-
tive effect of miR-16 on pancreatic adenocarcinoma cells, may
provide new insights into treating pancreatic cancer.
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