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MicroRNA-584 directly targets CCND1 and inhibits
cell proliferation and invasion in pancreatic cancer
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Abstract. Multiple previous studies have demonstrated that
the dysregulation of microRNAs (miRNAs) is implicated
in the occurrence and development of pancreatic cancer.
Therefore, a further characterisation of deregulated miRNAs
in pancreatic cancer may provide novel insight into the onco-
genesis and progression of pancreatic cancer, which may
facilitate the identification of effective therapeutic targets for
treating patients with this disease. In the present study, reverse
transcription-quantitative polymerase chain reaction analysis
demonstrated that the expression level of miRNA-584-5p
(miR-584) was significantly decreased in pancreatic cancer
tissues and cell lines. It was demonstrated that restoration of
miR-584 expression significantly suppressed the proliferative
and invasive ability of pancreatic cancer cells. Bioinformatics
analysis predicted that cyclin D1 (CCNDI1) was a putative target
of miR-584. Subsequent experiments demonstrated that CCND1
was a direct target gene of miR-584 in pancreatic cancer cells.
Furthermore, the inhibition of CCNDI1 mimicked the suppres-
sive effect of miR-584 overexpression in pancreatic cancer cells.
The restoration of CCNDI expression significantly abolished
the inhibitory effects of miR-584 overexpression on pancreatic
cancer cells. Collectively, the present results demonstrated that
miR-584 inhibited the development of pancreatic cancer by
directly targeting CCNDI, suggesting that this miRNA may
represent a potential therapeutic target for this fatal disease.

Introduction

Pancreatic cancer, a highly lethal malignancy, is the sixth
leading cause of cancer-associated mortalities due to malignant
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tumours in China (1). Pancreatic cancer is difficult to diagnose
early since the clinical symptoms are not obvious; therefore,
patients with pancreatic cancer are frequently diagnosed at
advanced stages and are unsuitable for surgical resection (2).
Despite significant developments in diagnosis and therapy,
the treatment outcomes of patients with pancreatic cancer
remain poor with high recurrence and an unsatisfactory
five-year survival rate (3). Numerous genetic and epigenetic
alterations that cause inactivation of tumour suppressor genes
and activation of oncogenes, contribute to pancreatic cancer
pathogenesis and development (4,5). However, the causes of
pancreatic cancer remain largely unknown. Therefore, further
elucidation of the underlying mechanisms of pancreatic cancer
initiation and progression is urgently required to identify
effective therapeutic strategies for the treatment of patients
with this disease.

MicroRNAs (miRNAs) are a class of highly conserved and
non-coding RNA molecules that are involved in the regula-
tion of gene expression (6). miRNAs negatively modulate
gene expression by recognising and directly binding to the
3'-untranslated regions (3'-UTRs) of their target genes, inhib-
iting translation and/or inducing mRNAs degradation (7).
miRNAs are aberrantly expressed in numerous human malig-
nancy types, including pancreatic (8), gastric (9), thyroid (10)
and lung (11) cancer. By modulating the expression of their
targets, miRNAs affect numerous biological processes and
thus are involved in the regulation of tumourigenesis and
tumour progression (12,13). Specifically, miRNAs that are
downregulated in human cancer may serve tumour suppres-
sive roles (14). By contrast, oncogenic miRNAs are generally
upregulated and serve oncogenic roles during carcinogenesis
and cancer progression (15). Therefore, understanding the
expression patterns, biological roles and the mechanisms
associated with miRNA regulation is crucial for anticancer
therapy.

miR-584-5p (miR-584) serves tumour suppressive roles
in multiple types of human malignancy (16-18). However, the
expression pattern and detailed roles of miR-584 in pancre-
atic cancer and its underlying mechanisms require further
examination and investigation. In the present study, it was
demonstrated that miR-584 is downregulated in pancreatic
cancer. In addition, miR-584 inhibited cell proliferation and
invasion in pancreatic cancer by directly targeting cyclin D1
(CCNDI).
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Materials and methods

Tissue collection. A total of 26 primary pancreatic cancer
tissues and their matched normal adjacent specimens were
collected from patients (17 males, 9 females; age, 42-67 years)
The First Affiliated Hospital of Jiamusi University (Jiamusi,
China) between June 2014 and February 2016. None of these
patients had received chemotherapy, radiotherapy or other
treatments prior to surgical resection. Patients that had been
treated with chemotherapy, radiotherapy or other treatments
prior to surgery were excluded from the study. All tissue speci-
mens were quickly snap-frozen in liquid nitrogen subsequent
to surgical resection and were stored at -80°C. The present
study was approved by The Ethics Committee of the First
Affiliated Hospital of Jiamusi University and was performed
in accordance with the Declaration of Helsinki and the guide-
lines of the Ethics Committee of The First Affiliated Hospital
of Jiamusi University. Informed written consent was obtained
from all patients enrolled in the present study.

Cell culture. A normal human pancreatic cell line HPDE6c7
was purchased from The American Type Culture Collection
(Manassas, VA, USA). A total of three human pancreatic
cancer cell lines, Panc-1, Sw1990 and Bxpc-3, were purchased
from Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China). All these cell lines were cultured at 37°C
under 5% CO,, and were maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% v/v fetal
bovine serum (FBS), 100 U/ml penicillin and 100 U/ml
streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA).

Transfection. miR-584 mimics, negative control miRNA mimics
(miR-NC), small interfering RNA (siRNA) targeting CCNDI1
(si-CCND1) and negative control siRNA (si-NC) were chemi-
cally synthesised by Guangzhou RiboBio Co., Ltd. (Guangzhou,
China). The miR-584 mimics sequence was 5'-UUAUGGUUU
GCCUGGGACUGAG-3'and the miR-NC sequence was 5'-UUC
UCCGAACGUGUCACGUTT-3" The si-CCNDI sequence
was 5-CUACCUGGACCGUUUCUUGUU-3" and the si-NC
sequence was 5-UUCUCCGAACGUGUCACGUUU-3". The
cytomegalovirus promoter (pCMV)-CCNDI and empty pPCMV
plasmids were ordered from Amspring (Changsha, China). Cells
were seeded (7x10° cells/well) into six-well plates and cultured
to 60-70% confluence. Prior to transfection, the culture medium
was replaced with fresh FBS-free DMEM. Cells were trans-
fected with miR-584 mimics (100 pmol), miR-NC (100 pmol),
si-CCNDI (100 pmol), si-NC (100 pmol), pPCMV-CCDNI 4 pg)
orpCMYV (4 ug) using Lipofectamine® 2000 Reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufacturer's
protocol. Transfected cells were incubated at 37°C with 5% CO,
for 8 h. Subsequently, the culture medium was replaced with
10% v/v FBS-containing DMEM. The efficiency of miR-584
mimics and pCMV-CCNDI transfection was determined using
reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) and western blot analysis, respectively.

RT-gPCR. Total RNA of the tissues or cultured cells was
isolated using TRIzol® (Thermo Fisher Scientific, Inc.)
reagent, according to the manufacturer's protocol. For the
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analysis of miR-584 expression, synthesis of miR-584 cDNA
was conducted using a TagMan™ miRNA RT kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.) with the following
parameters: 16°C for 30 min, 42°C for 30 min and 85°C for
5 min. Subsequently, qPCR was conducted using the Applied
Biosystems 7500 Sequence Detection System (Thermo Fisher
Scientific, Inc.) using a TagMan miRNA PCR kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.) and qPCR was
performed as follows: 50°C for 2 min, 95°C for 10 min;
followed by 40 cycles of denaturation at 95°C for 15 sec; and
annealing/extension at 60°C for 60 sec. For the detection of
CCNDI1 mRNA expression, total RNA was subjected to RT
for the synthesis of cDNA using a PrimeScript RT Reagent kit
(Takara Biotechnology Co., Ltd., Dalian, China) as follows:
37°C for 15 min and 85°C for 5 sec. A SYBR Premix Ex Tag
kit (Takara Biotechnology Co., Ltd.) was used to conduct the
PCR amplification. gPCR was performed with thermocycling
conditions as follows: initial denaturation for 5 min at 95°C,
followed by 40 cycles of 95°C for 30 sec and 65°C for 45 sec.
U6 small nuclear RNA and GAPDH served as the endogenous
controls for miR-584 and CCNDI mRNA, respectively. Data
were analysed using the 2429 method (19). The primers were
designed as follows: miR-584, forward 5"-TGCAATGTGTGT
GTTAGCCA-3', reverse 5'-ATCATTGCTCCTTGGATG
GT-3"; U6, forward 5'-CTCGCTTCGGCAGCACA-3', reverse
5'-AACGCTTCACGAATTTGCGT-3'; CCNDI, forward
5'-GACGGCCGAGAAGCTGTGCA-3, reverse 5'- GCCACC
ATGGAGGGCGGATT-3"; and GAPDH, forward 5'-CGG
AGTCAACGGATTTGGTCGTAT-3, reverse 5'-AGCCTT
CTCCATGGTGGTGAAGAC-3.

Cell Counting Kit-8 (CCK-8) assay. Transfected cells were
collected at 24 h post-transfection and were inoculated into
96-well plates at a density of 3,000 cells/well. Following
culturing for 0, 24, 48 and 72 h, CCK-8 assays were
performed to determine cell proliferation. In total, 10 ul
CCK-8 reagent (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was added into each well at each time point. The
cells were further incubated at 37°C under 5% CO, for 2 h,
and the absorbance of each well was detected at 450 nm
wavelength using a microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Matrigel invasion assay. The invasive ability of transfected
cells was evaluated using 24-well Transwell chambers that were
precoated with Matrigel (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). Transfected cells were incubated
for 48 h and subsequently harvested and washed twice with
FBS-free DMEM. A total of 1x10° transfected cells, suspended
in FBS-free DMEM, were added to the upper Transwell
chambers. In total, 500 ul DMEM containing 20% FBS was
added to the lower chambers as a chemoattractant. Following
24 h of incubation at 37°C with 5% CO,, cotton swabs were
used to remove the non-invasive cells remaining on the upper
surface of the membranes. The invasive cells were fixed with
100% methanol at room temperature for 20 min and stained
with 0.1% crystal violet at room temperature for 20 min. The
number of invasive cells was counted in five randomly chosen
fields under an inverted light (Olympus Corporation, Tokyo,
Japan; magnification, x200).
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Bioinformatics prediction. TargetScan (http://www.targetscan.
org) and Pictar (http:/www.pictar.org/) were used to predict
the potential targets of miR-584.

Luciferase reporter gene assay. The 3'-UTRs of CCNDI1
containing the wild-type (WT) or mutant (Mut) target
sequences of miR-584 were amplified by Shanghai
GenePharma Co., Ltd. (Shanghai, China), inserted down-
stream of the pMIR-REPORT™ Luciferase Plasmid (Thermo
Fisher Scientific, Inc.) and defined as WT-CCNDI1-3'-UTR
and Mut-CCNDI1-3'-UTR, respectively. For reporter assays,
WT-CCNDI-3'-UTR or Mut-CCNDI1-3'-UTR, together with
miR-584 mimics or miR-NC were transfected into Panc-1 and
Sw1990 cells using Lipofectamine® 2000 reagent. Luciferase
activity was determined 48 h following transfection using
the Dual-Luciferase® Reporter Assay System (Promega
Corporation, Madison, WI, USA) according to the manufac-
turer's protocol. Firefly luciferase activity was normalised to
Renilla luciferase activity.

Western blot analysis. Tissue specimens or cells were lysed
in cold radioimmunoprecipitation assay buffer (Thermo
Fisher Scientific, Inc.) to isolate the total protein, which was
subsequently quantified using the Bicinchoninic Acid Protein
Assay kit (Pierce; Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocol. Subsequently, equal amounts of
protein (30 pg) were separated by 10% SDS-PAGE and trans-
ferred onto polyvinylidene difluoride membranes, followed
by blocking with 5% skimmed milk that was dissolved in
Tris-buffered saline containing 0.1% Tween-20 (TBST) for
2 h at room temperature. The membranes were incubated
overnight at 4°C with rabbit anti-human CCNDI1 monoclonal
antibody (1:1,000; cat. no. ab16663; Abcam, Cambridge, UK)
or rabbit anti-human GAPDH monoclonal antibody (1:1,000;
cat. no. ab128915; Abcam). The membranes were washed
three times with TBST and subsequently probed with goat
anti-rabbit horseradish peroxidase-conjugated immuno-
globulin G secondary antibody (1:5,000; cat. no. ab205718;
Abcam) at room temperature for 2 h. Chemiluminescence
detection was performed using an enhanced chemilumines-
cence kit (Thermo Fisher Scientific, Inc.). GAPDH served
as the loading control. Quantity One software version 4.62
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to
analyse the densitometry.

Statistical analysis. Data are presented as the mean + standard
deviation from at least three independent experiments and
analysed using SPSS software (version 19.0; IBM Corp.,
Armonk, NY, USA). Student's t-test and one-way analysis
of variance (ANOVA) were used to compare the differences
between groups. Student-Newman-Keuls test was used as the
post hoc test following ANOVA. P<0.05 was considered to
indicate a statistically significant difference.

Results

miR-584 expression is decreased in pancreatic cancer tissues
and cell lines. To measure the miR-584 expression level in
pancreatic cancer, RT-qPCR was performed in 26 primary
pancreatic cancer tissues and their matched normal adjacent
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specimens. miR-584 expression was significantly downregu-
lated in pancreatic cancer tissues compared with the normal
adjacent specimens (Fig. 1A). The expression level of miR-584
was additionally determined in three human pancreatic cancer
cell lines (Panc-1, Sw1990 and Bxpc-3). As depicted in Fig. 1B,
the miR-584 expression level was significantly decreased
in all three pancreatic cancer cell lines compared with the
normal human pancreatic cell line HPDE6c7. Therefore, these
findings suggested that miR-584 may be associated with the
development of pancreatic cancer.

miR-584 overexpression suppresses the proliferation and
invasion of pancreatic cancer cells. The significant decrease
in miR-584 expression level in pancreatic cancer suggested
that miR-584 may serve tumour suppressive roles in the
progression of pancreatic cancer. To test this hypothesis,
Panc-1 and Sw1990 cell lines that expressed relatively lower
miR-584 expression were selected for the following functional
experiments. miR-584 mimics or miR-NC was transfected
into Panc-1 and Sw1990 cells, and RT-qPCR analysis was used
to evaluate the transfection efficiency. miR-584 expression was
significantly upregulated in Panc-1 and Sw1990 cells trans-
fected with miR-584 mimics compared with cells transfected
with miR-NC (Fig. 2A). CCK-8 and Matrigel invasion assays
were performed to examine the effects of miR-584 overexpres-
sion on cell proliferation and invasion in pancreatic cancer,
respectively. miR-584 overexpression resulted in a significant
decrease in the proliferation at 48 and 72 h (Fig. 2B) and inva-
sion (Fig. 2C) of Panc-1 and Sw1990 cells. The present results
suggested that miR-584 may serve as a tumour suppressor in
pancreatic cancer.

CCNDI is adirect target gene of miR-584 in pancreatic cancer
cells. The mechanism underlying the action of miR-584 in
pancreatic cancer was further examined. Bioinformatics anal-
ysis was conducted to predict the potential targets of miR-584.
CCNDI, a predicted target of miR-584 (Fig. 3A), serves crucial
roles in pancreatic cancer progression (20-25) and was thus
selected for further investigation. To test whether the 3'-UTR
of CCNDI is directly targeted by miR-584, luciferase reporter
plasmids were constructed and co-transfected into Panc-1
and Sw1990 cells together with miR-584 mimics or miR-NC.
The overexpression of miR-584 significantly decreased the
luciferase activity of WT-CCNDI-3'-UTR; however, had no
effect on Mut-CCNDI1-3'-UTR in Panc-1 and Sw1990 cells
(Fig. 3B). To test whether miR-584 may affect endogenous
CCNDI expression, RT-qPCR and western blot analysis were
performed to measure CCNDI mRNA and protein expression
levels, respectively, in Panc-1 and Sw1990 cells that were
transfected with miR-584 mimics or miR-NC. The overex-
pression of miR-584 significantly decreased CCNDI mRNA
(Fig. 3C) and protein (Fig. 3D) expression levels in Panc-1 and
Sw1990 cells. The present results demonstrated that CCNDI1
was directly targeted by miR-584 in pancreatic cancer cells.

CCNDI knockdown mimics the suppressive effect of miR-584
in pancreatic cancer cells. To elucidate the roles of CCNDI in
pancreatic cancer, a knockdown of endogenous CCNDI expres-
sion was performed in Panc-1 and Sw1990 cells via transfection
with si-CCNDI. Western blot analysis demonstrated that the
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Figure 1. Expression levels of miR-584 in pancreatic cancer tissues and cell lines. (A) Total RNA was isolated from 26 primary pancreatic cancer tissues
and their matched normal adjacent specimens. RT-qPCR was performed to detect miR-584 expression. "P<0.05. (B) Expression levels of miR-584 in three
human pancreatic cancer cell lines (Panc-1, Sw1990 and Bxpc-3) and a normal human pancreatic cell line HPDE6¢7 were determined by RT-gPCR. "P<0.05
vs. HPDE6c¢7. miR-584, microRNA-584-5p; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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Figure 2. Effects of miR-584 overexpression on the proliferation and invasion of Panc-1 and Sw1990 cells. (A) miR-584 mimics or miR-NC was transfected
into Panc-1 and Sw1990 cells, and the transfection efficiency was evaluated by reverse transcription-quantitative polymerase chain reaction. (B) Proliferation
of Panc-1 and Sw1990 cells that were transfected with miR-584 mimics or miR-NC was determined by a Cell Counting Kit-8 assay. (C) Transwell invasion
assay was performed to detect the invasive ability of Panc-1 and Sw1990 cells following transfection with miR-584 mimics or miR-NC (magnification, x200).

“P<0.05 vs. respective miR-NC. miR, microRNA; NC, negative control.

CCNDI protein was significantly downregulated in Panc-1 and
Sw1990 cells following transfection with si-CCNDI (Fig. 4A).
Functional experiments indicated that the inhibition of CCNDI1
decreased the proliferative (Fig. 4B and C) and invasive ability
(Fig. 4D) of Panc-1 and Sw1990 cells, mimicking miR-584 over-
expression. The present results suggested that miR-584 directly
targeted CCNDI in pancreatic cancer cells.

CCNDI overexpression attenuates the suppressive roles of
miR-584 in pancreatic cancer cells. Rescue experiments were
performed to test the role of CCNDI in mediating the action
of miR-584 in pancreatic cancer cells. Panc-1 and Sw1990
cells were transfected with miR-584 mimics, in combination
with pCMV-CCNDI or empty pCMYV plasmids. Western blot

analysis demonstrated that the CCNDI overexpressing plasmid
pCMV-CCNDI was able to effectively restore the CCNDI
protein expression level in Panc-1 and Sw1990 cells (Fig. 5A). In
addition, CCK-8 and Matrigel invasion assays demonstrated that
restoring CCNDI expression inhibited the suppressive effects
of miR-584 overexpression on the proliferation (Fig. 5B and C)
and invasion (Fig. 5D) of Panc-1 and Sw1990 cells. The present
results suggested that miR-584 served tumour suppressing roles
in pancreatic cancer cells by repressing CCNDI expression.

Discussion

Multiple previous studies have demonstrated that the
dysregulation of miRNAs is implicated in the occurrence
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and development of pancreatic cancer (26-28). Nevertheless,
the detailed roles of miRNAs in pancreatic cancer and their
underlying mechanisms of action remain largely unknown.
Hence, the further characterization of deregulated miRNAs
in pancreatic cancer may provide insight into the oncogenesis

and progression of pancreatic cancer, and guide the identifica-
tion of novel therapeutic targets for treating patients with this
disease. In the present study, the expression, biological roles
and underlying mechanisms of miR-584 in pancreatic cancer
were examined. The expression of miR-584 in pancreatic
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cancer was investigated and it was identified that the miR-584
expression level was significantly decreased in pancreatic
cancer tissues and cell lines. Notably, ectopic miR-584 expres-
sion decreased the proliferation and invasion of pancreatic
cancer cells and CCNDI was identified as a direct target
gene of miR-584 in pancreatic cancer cells. It was observed
that inhibition of CCNDI1 and miR-584 overexpression led
to similar effects on pancreatic cancer cells. Importantly,
restoring CCNDI expression inhibited the suppressive roles of
miR-584 overexpression in pancreatic cancer cells. The present
results demonstrated that miR-584 inhibited pancreatic cancer
progression by directly targeting CCNDI, suggesting that this
miRNA may represent a novel potential therapeutic target for
the treatment of patients with pancreatic cancer.

miR-584 has been identified to be differently expressed in
numerous types of human malignancy. miR-584 expression was
downregulated in non-small cell lung cancer, and its downregu-
lation was strongly associated with tumour size, tumour node,
metastasis stage and distant metastasis (16). miR-584 expres-
sion was decreased in neuroblastoma tissues and cell lines, and

was an independent prognostic biomarker for predicting the
prognosis of patients with neuroblastoma (17). In gastric cancer,
low expression of miR-584 was detected and its expression was
negatively correlated with tumour size (18). Aberrant down-
regulation of miR-584 was additionally reported in glioma (29)
and clear cell renal cell carcinoma (30). Collectively, numerous
findings suggested that miR-584 may be a valuable biomarker
for the diagnosis and prediction of the therapeutic outcomes of
patients with these specific cancer types.

miR-584 serves tumour suppressive roles in multiple
types of human cancer. Restoration of miR-584 expression
suppressed the proliferative and invasive capabilities of
non-small cell lung cancer cells (16). Xiang et al (17) observed
that miR-584 overexpression prohibited the proliferation,
metastasis and angiogenesis of neuroblastoma cells in vitro
and in vivo. Li et al (18) demonstrated that the upregulation of
miR-584 expression inhibited gastric cancer cell proliferation
and induced apoptosis in vitro. Wang et al (29) demonstrated
that miR-584 restoration supressed cell growth and motility,
and induced apoptosis of glioma. Ueno et al (30) demonstrated



that miR-584 overexpression attenuated cell migration and
invasion in clear cell renal cell carcinoma. These findings
suggested that miR-584 may serve crucial roles in the tumouri-
genesis and tumour development of these human cancer types.
Therefore, miR-584 restoration may be an attractive thera-
peutic strategy for treating patients with these specific human
cancer types.

Identifying the direct targets of miR-584 may elucidate the
mechanisms underlying its biological roles in human cancer.
Numerous target genes of miR-584 have been previously iden-
tified, including metadherin (16) in non-small cell lung cancer,
matrix metalloproteinase-14 (17) in neuroblastoma, WW
domain containing E3 ubiquitin protein ligase 1 (18) in gastric
cancer, pituitary tumour-transforming gene 1 (29) in glioma
and Rho-associated protein kinase 1 (30) in clear cell renal
cell carcinoma. The CCNDI gene, located on chromosome
11q13, was demonstrated to be a direct target gene of miR-584
in pancreatic cancer. It is highly expressed in numerous types
of human cancer, including colorectal cancer (31), breast
cancer (32), lung cancer (33), hepatocellular carcinoma (34)
and glioma (35). CCNDI1 expression was upregulated in
pancreatic cancer tissues and cell lines and the high expression
of CCNDI1 was correlated with differentiation and prognosis
of patients with pancreatic cancer (20,21). Additionally, the
dysregulation of CCNDI is implicated in the development
of pancreatic cancer by affecting cell growth and metastasis
in vitro and in vivo (22-25). The present results suggested that
the miR-584/CCNDI pathway has potential therapeutic appli-
cations in treating patients with this malignancy.

In conclusion, miR-584 was downregulated in pancreatic
cancer tissues and cell lines. miR-584 may have tumour
suppressive roles in pancreatic cancer partly by directly
targeting CCNDI, suggesting that this miRNA may represent
a promising therapeutic target for treating patients with this
aggressive disease. However, the association between miR-584
and the prognosis of patients with pancreatic cancer was not
analysed, representing a limitation of the present study, that
requires investigation in future studies.
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