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Background: MicroRNA (miR)-21 is overexpressed in numerous types of malignancy and
participates in the development of cancer. However, the basic mechanism of the influence of
miR-21 on the malignant phenotype of pancreatic cancer remains unclear.

Purpose: The present study aimed to investigate the role of miR-21 in pancreatic cancer
development and explore its molecular mechanism.

Patients and methods: The tissue samples were collected at the Second Hospital of
Tianjin Medical University (Tianjin, China) between January 2013 and December 2015.
The expression of VHL in tissue samples was evaluated by IHC staining. The expression of
miR-21 was measured by quantitative real-time polymerase chain reaction (QRT-PCR). MiR-
21 target gene was detected by real-time PCR, Western blot and the luciferase reporter assay.
Cell viability, cell proliferation, cell migration and invasion were evaluated by the MTT
assays, the colony formation assays and the transwell assays. The nude mouse tumor
xenograft model was performed to detect the effect of miR-21 on tumor growth in vivo.
Results: Von Hippel-Lindau tumor suppressor (VHL) was downregulated in pancreatic
cancer tissues compared with pancreatic non-tumor tissues. VHL was identified as a novel
direct target of miR-21, by which it is negatively regulated. In PANC-1 cells, inhibition of
miR-21 and upregulation of VHL significantly suppressed cell proliferation, migration and
invasion. Knockdown of miR-21 inhibited the hypoxia-inducible factor (HIF)-1a/vascular
endothelial growth factor (VEGF) pathway, while inhibiting the expression of matrix metal-
lopeptidase (MMP)-2 and MMP-9. Silencing of miR-21 inhibited tumor growth in vivo.
Conclusion: Knockdown miR-21 increased the expression of VHL, and thus modulated the
HIF-1o/VEGF pathway and the expression of MMP-2 and MMP-9, which led to the
inhibition of the proliferation, migration and invasion of pancreatic cancer cells. All of
these results suggest that the miR-21/VHL interaction may be a novel potential target for
pancreatic cancer prevention and therapy.
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Introduction

Pancreatic cancer is one of the most lethal malignancies in the world, with mortality
rates being close to the incidence rates. The incidence rates of pancreatic cancer is
3%."? Most patients with pancreatic cancer are diagnosed at the advanced stage due
to the deficiency of a standard program for screening patients at a high risk of
pancreatic cancer,leading to a poor prognosis with a 5-year survival rate of <7%."~
Therefore, it is very important to clarify the mechanisms of pancreatic cancer
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progression and develop novel therapeutic strategies to
improve the overall survival of affected patients.

Previous studies have demonstrated that mircoRNAs
(miRNAs/miRs) are implicated in the development of
both
suppressors.”* miRNAs regulate gene expression at the

pancreatic cancer  as oncogenes Or tumor
post-transcriptional level by binding to the complementary
3'-untranslated regions (3'-UTR) of target genes.® Studies
have shown that miRNAs are involved in many biological
processes, such as proliferation, migration and invasion,
by regulating the expression of their target genes.’*
Increasing evidence shows that miR-21 is markedly over-
expressed in numerous types of cancer, including pancrea-
tic cancer.””’ It has been reported that miR-21 acts as an
oncogene participating in the development of pancreatic
cancers and may be utilized as a diagnostic or prognostic
miRNA for pancreatic cancer.®”® In pancreatic cancer,
miR-21 decreased the expression of Slug and Fas ligand,
and influenced the growth, apoptosis and invasion of pan-
creatic cancer cells.”'® Another study indicated that miR-
21 regulated the epithelial growth factor receptor/AKT
signaling pathway through targeting Von Hippel-Lindau
tumor suppressor (VHL) in glioblastomas;'' however, the
function of the interaction of miR-21 and VHL in pancrea-
tic cancer has remained elusive.

VHL is a component of the protein complex that
includes elongin B, elongin C and cullin-2, and possesses
ubiquitin ligase E3 activity. When oxygen supply is ade-
quate, hypoxia-inducible factor (HIF)-1a is hydroxylated
by prolyl hydroxylase proteins and is then recognized by
VHL, leading to the ubiquitination and degradation of
HIF-10.'? However, numerous types of solid tumor are
anoxic; HIF-lo may be upregulated due to inactivation
of VHL, thus promoting the progression of tumors. VHL
is a tumor suppressor inactivated in various types of tumor
through diverse mechanisms, including the regulation by
miRNAs. Numerous miRNAs have been reported to reg-
ulate the expression of VHL; for instance, miR-101 and"?
miR-155.14 However, whether miR-21 and VHL contrib-
uted together to the development of the pancreatic cancer
remained to be clarify. The present study demonstrated
that VHL is a direct and functional target of miR-21 and
is downregulated in pancreatic cancer cells. Knockdown of
miR-21 increased the expression of VHL and modulated
the HIF-lo/vascular endothelial growth factor (VEGF)
pathway, leading to inhibition of the malignant phenotypes
of pancreatic cancer. The present study may provide novel
clues to improve the poor prognosis of pancreatic cancer.

Materials and methods

Tissue samples and ethics statement

A total of 16 pancreatic ductal adenocarcinoma tissues and
9 pancreatic non-tumorous samples were collected at the
Second Hospital of Tianjin Medical University (Tianjin,
China) between January 2013 and December 2015, and all
tissues were paraffin-embedded. Written informed consent
was obtained from each patient.and the consent procedure
was in accordance with the Declaration of Helsinki. All of
the experiments were approved by the ethics committee of
the Tianjin Medical University (Tianjin, China).

Cell lines and culture

The PANC-1 and MiaPaca-2 human pancreatic cancer cell
lines were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cells were
cultured at 37°C in a humidified atmosphere of 5% CO,
and 95% air in Dulbecco’s modified Eagle’s medium
(DMEM; Hyclone; GE Healthcare, Little Chalfont, UK)
serum (FBS;

supplemented with 10% fetal bovine

Hyclone; GE Healthcare).

Public databases and prediction

algorithms

Oncomine (Compendia Bioscience, Ann Arbor, MI, USA)
and the Human Protein Atlas (http://www.proteinatlas.org/
ENSG00000134086-VHL/tissue) were used for analysis and
visualization the expression of VHL in pancreatic cancer and
normal pancreas samples. The prediction algorithms of
TargetScan (http:/genes.mit.edu/targetscan.test/ucsc.html),
PicTar (https://pictar.mdc-berlin.de/) and miRanda (http://
www.microrna.org/microrna/home.do) were used to predict
the potential targets of miR-21.

Immunohistochemical (IHC) analysis

The expression of VHL in tissue samples was evaluated by
IHC staining. The paraffin-embedded tissue sections were
used for examination of VHL expression using antibody
against VHL. The sections were deparaffinized by heating
at 55°C for 30 min and by 2 washes, 10 mins each, with
xylene at room temperature, then rehydrated by a series of
incubations in absolute alcohol for 5 min at room tempera-
ture, 95% alcohol for 2 min and 70% alcohol for 2 min at
room temperature. Antigen retrieval was undertaken by
boiling the sections in citrate antigen retrieval solution
Leader
Endogenous peroxidase activity was blocked with 3%

(Guangzhou Bio-Technology) for 8 min.
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H,0, for 10 min at room temperature. The sections were
next blocked in 10% normal goat serum at room tempera-
ture for 30 min. Sections were incubated with primary
antibodies against VHL (1:1,000 dilution; cat. no.
ab140989; Abcam, Cambridge, UK) overnight at 4°C,
followed by incubation with biotin-labeled secondary anti-
body (1:100 dilution; cat. no. ZB-2010; Zhongshan
Golden Bridge Biological Technology Co., Beijing,
China) for 1 h at room temperature. Sections were then
incubated with avidin biotin complex-peroxidase
(Solarbio, Beijing, China) and diaminobenzidine
(Solarbio) for 30 min at room temperature, counterstained
with hematoxylin (Solarbio) and visualized using a light
microscope (Olympus, Tokyo, Japan). The VHL expres-
sion in tissue samples was semi-quantitated by measuring
the integrated optical density (IOD) using the image ana-
lysis software Image-Pro Plus 6.0 (Media Cybernetics,
Rockville, MD, USA). The mean density of each sample
was used as an index of VHL expression, and was calcu-
lated as follows: Mean density=IOD/Area. We selected
three samples per tissue specimen and evaluated five fields
of view per slide. The clinical information and the mean
density values of each sample are presented in Tables 1
and 2.

Western blot analysis

Pancreatic cancer cells were washed with PBS and lysed
with ice-cold radioimmunoprecipitation assay buffer
(Pierce; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) containing the protease inhibitor phenylmethane sul-
fonylfluoride (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany). The protein concentration was measured with a
NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies; Thermo Fisher Scientific, Inc.). Equal
amounts of total protein were separated by 10%SDS-
PAGE and transferred onto polyvinylidene difluoride mem-
branes (Roche, Basel, Switzerland). The membranes were
incubated with primary antibodies against VHL (1:1,000
dilution; cat. no. ab140989; Abcam, Cambridge, UK),
MMP-2 (1:1,000 dilution; cat. no. MO00286; Boster
Biotechnology, Wuhan, China), MMP-9 (1:1,000 dilution;
cat. no. BA0573; Boster Biotechnology, Wuhan, China),
VEGF (1:1,000 dilution; cat. no. BM4256; Boster
Biotechnology, Wuhan, China), HIF-1a (1:1,000 dilution;
cat. no. ab16066; Abcam Cambridge, UK;) and GAPDH
(1:1,000 dilution; cat. no. TA-08; Zhongshan Golden
Bridge Biological Technology Co., Beijing, China) over-
night at 4°C. Blots were washed with PBS containing 0.1%

Table | The mean density of immunohistochemistry staining for VHL in 16 pancreatic cancer tissues

Mean density

110.5+£29.45
235.6+28.53

109.5+12.54
72.9+16.43

169.3+21.32
I151.1+£16.53
119.0+21.23

140.2+25.87

Pathology

PDAC
PDAC
PDAC
PDAC
PDAC
PDAC
PDAC
PDAC

Tumor size (cm)

5
5
7
2.5
6

4.5

Gender

Male

Female

Female
Male

Male
Male
Male

Male

Age

64

72
71
62
68
75

6l

44

Sample ID

9

Mean density

218.7+38.82
50.9+11.34

163.5.£23.67
106.2+27.43
155.4+30.65
267.8+26.96
200.7+31.34

120.2+15.65

Pathology

PDAC
PDAC
PDAC
PDAC
PDAC
PDAC
PDAC
PDAC

Tumor size (cm)

2.5
2.5

Gender

Female

Male

Female
Female
Female
Female
Male

Female

Age

59

47
72
66
6

57
44
65

Sample ID

Abbreviation: PDAC, Pancreatic ductal adenocarcinoma.
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Table 2 The mean density of immunohistochemistry staining for VHL in 9 pancreatic non-tumor tissues

Sample ID Age Gender Mean density Sample ID Age Gender Mean density
| 69 Male 360.8+51.32 6 64 Female 591.2+62.54

2 58 Male 510.7+71.43 7 68 Male 625.1+£53.97

3 68 Male 391.4+42.34 8 63 Male 607.3+52.65

4 53 Male 298.4+24.54 9 60 Male 751.0+66.76

5 58 Female 364.1+34.87

Tween-20 and labeled with horseradish peroxidase-conju-
gated secondary anti-mouse or anti-rabbit antibody (1:1,000
dilution; cat. no. ZB-2301; cat. no. ZB-2305; Zhongshan
Golden Bridge Biological Technology Co; Beijing, China.).
Antibody-labeled protein bands on the membranes were
detected using a G:BOX F3 (Syngene, Cambridge, UK).
The protein expression levels were quantified by optical
densitometry using Imagel software version6.0 (National
Institutes of Health, Bethesda, MD, USA).

Lentiviral infection and gene transfection
Lentiviruses containing a miR-21 inhibitor segment (lenti-
AS-21) or negative control (lenti-NC) segment were
obtained from Genepharma (Shanghai, China). The human
pancreatic cancer cell lines PANC-1 and MiaPaca-2 were
seed in 6-well tissue plates and grown to 80-90% confluence
prior to infection and transfection. Cells were infected with
the viral suspension at a multiplicity of infection of 10.
pcDNA3 and pcDNA3-VHL plasmids provided by
Dr. ChunSheng Kang (Department of Neurosurgery, Tianjin
Medical University General Hospital) were transfected using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) following the manufacturer’s protocols. After 6 hrs, the
transfection solution was replaced by normal medium. The
cells were further cultured for another 48 h before RNA and
protein extractions were performed.

Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from pancreatic cancer cells using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer’s protocols. To detect miR-21,
stem-loop RT-PCR was performed with a one-step RNA PCR
kit (cat. no. RRO66A; Takara Bio Inc., Otsu, Japan) according
to the manufacturer’s protocols. Real-time PCR was per-
formed with SYBR green detection with a forward primer
for the mature miRNA sequence and a universal adaptor
reverse primer (miR-21 forward, 5-GCCGCTAGCTTATC
AGACTGATG-3". and reverse, 5'-GTCGTATCCAGTGCAG

GGTCCGAGGTATTCGCACTGGATACGACTCAACA-3';
U6 forward, 5'-CTCGCTTCGGCAGCACA-3' and reverse,
5'-AACGCTTCACGAATTTGCGT-3'; miR-21-RT-primer:5’
-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT-

GGATACGACTCAACA-3";U6-RT-primer:5'-GTCGTATCC
AGTGCAGGGTCCGAGGTGCACTGGATACACAAAAT-
ATGG-3'). The thermocycling conditions for PCR were as
follows: 95°C for 30 sec, 40 cycles of 95°C for 5 sec, 60°C
for 20 sec and 72°C for 20 sec, followed by 40°C for 20 min.
The primer sets of U6 and miR-21 used for RT-PCR were
purchased from GenePharma (Shanghai, China). Quantitative
miR-21 expression data were calculated using the 2-AACq
method."> All miRNA expression data were normalized to
U6 small nuclear RNA from the same sample. All reactions
were performed in triplicate.

MTT assay

Cells were seeded into 96-well plates at 5x103 cells per
well after infection and transfection as described above.
For each group, five wells with the same experimental
conditions were tested at 24, 48 and 72 h after seeding
using the MTT assay. Subsequently, 50 ul MTT solution
(5 mg/mL; Sigma-Aldrich; Merck KGaA) was added to
each well and the cells were incubated at 37°C for an
additional 4 h. The supernatant was then discarded, and
200 pl dimethyl sulfoxide (Solarbio) was added to each
well to dissolve the precipitate at room temperature for
10 min. The OD of each well was measured at the wave-
length of 570 nm.

Colony formation assay

Cells were infected and transfected as described above and
a single-cell suspension was prepared by detachment with
trypsin (Hyclone; GE Healthcare). The treated cells were
seeded into 6-well cell culture plates (200 cells per well)
and incubated for 14 days at 37°C. Methanol was used to
fix the cell colonies for 15 min at 4°C, followed by stain-
ing with 0.1% crystal violet (Solarbio) for 20 min at room
temperature. The plates were washed and air-dried at room

submit your manuscript

7218

Dove

OncoTargets and Therapy 2019:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Sun et al

temperature, followed by capturing of images and count-
ing of colonies. The efficiency of colony formation was
calculated as the percentage of plated cells that formed
colonies, and each colony with a minimum of 50 cells was
counted.

Cell migration and invasion assay

A cell suspension contain PANC-1 cells (5%104 for migration
and 7x104 for invasion) in 200 ul DMEM without FBS was
seeded into each well of the upper compartment of a Transwell
chamber (Corning, Inc., Corning, NY, USA), which was pre-
coated with or without Matrigel® (BD Biosciences, San Jose,
CA, USA). In the lower chamber, 600 pl DMEM with 10%
FBS was added. After 48 h of incubation at 37°C with 5%
CO2, cells that had migrated or invaded through the mem-
brane were fixed with 20% methanol for 30 min at room
temperature, and stained with 0.1% crystal violet for 30 min
at room temperature. The cells that had transgressed through
the membrane were counted under a microscope in 10 ran-
domly selected visual fields.

Luciferase reporter assay

In order to validate that VHL mRNA is a target of miR-21,
a reporter plasmid containing luciferase with the 3'-UTR
sequence of VHL mRNA was generated. The 3'-UTR
segment of VHL mRNA containing miR-21 binding sites
was inserted into the Xbal site of pGL3-control vector
(Promega Corp., Madison, WI, USA) and named pGL3-
WT-VHL-3'UTR. To generate the pGL3-VHL-mutated
reporter plasmid, 3'-UTR segment of VHL mRNA without
miR-21 binding sites was inserted into the Xbal site of
pGL3-control vector and named pGL3-MUT-VHL-3'UTR.
In a 96-well plate, PANC-1 or MiaPaca-2 cells (5x104
cells per well) were infected with lenti-AS-21 or lenti-
NC, and co-transfected with 0.2 pg pGL3-WT-VHL-3'
UTR plasmid using Lipofectamine 3000 (Thermo Fisher
Scientific, Inc.). For another group, PANC-1 or MiaPaca-2
cells (5x104 cells per well) infected with lenti-AS-21 or
lenti-NC co-transfected with pGL3-MUT-VHL-3'UTR
plasmid using Lipofectamine 3000. After 48 h of transfec-
tion, luciferase activity was measured using the Promega
Bright-Glo™ Luciferase Assay Systerm (Promega Corp.).

Tumor xenograft model in nude mice

To investigate the effect of miR-21 on the proliferation of
pancreatic cancer in vivo, a tumor xenograft model in nude
mice was established. A total of 12 female BALB/c nude
mice (age, 6 weeks) were purchased from the Guangdong

Medical Laboratory Animal Center (Guangdong, China).
PANC-1 cells that were infected with miR-21 inhibitor or
scrambled oligonucleotide for 24 h were suspended by
100ul serum-free DMEM culture medium and were sub-
cutaneously injected into the flanks of the nude mice at a
concentration of 5x107 cells/mL. After 4 days of injection,
animal weight and tumor size were measured, and every
three days after that. The tumor volume was calculated as
follows: Tumor volume = (length x width2)/2. All mice
were sacrificed by cervical dislocation at 21 days after
implantation and the tumors were isolated from the mice
for subsequent IHC analysis. Cryosections (4 mm) were
stained with hematoxylin and eosin and used for IHC
analysis of VHL expression. The study was performed
according to the NIH guidelines for the humane treatment
of animals and the protocol adhered to national and inter-
national standards. The animal experiments were approved
by the ethics committee of the Tianjin Medical University.

Statistical analysis

All data included in the present study were obtained from
at least three independent experiments for each condition.
SPSS 19 statistical analysis software (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism 7.0 were used
for statistical analysis. The Student’s t-test was used to
determine the significance of differences between the two
groups. Differences were considered significant if P<0.05.
Values are expressed as the mean + standard deviation.

Results
VHL is downregulated in human

pancreatic cancer tissues

The expression of VHL in 16 pancreatic cancer tissues and
9 pancreatic non-tumor tissues was assessed by IHC ana-
lysis. The basic information of the tissues is presented in
Tables 1 and 2, and informed consent was obtained from
each patient. IHC staining revealed that VHL is markedly
downregulated in pancreatic cancer tissues compared to
non-tumor tissues (Figure 1A), which was supported by a
semi-quantitative analysis using an IOD/area index for the
IHC staining (Figure 1B). This observation was confirmed
by mining of public databases. The Oncomine expression
data indicated downregulation of VHL transcript in pan-
creatic adenocarcinoma compared with that in normal
pancreas tissues. Data from the Human Protein Atlas indi-
cated positive staining for VHL in the cytosol and mem-
brane of normal pancreas tissue and weak or negative
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Figure | Expression levels of VHL in human pancreatic cancer tissues and pancreatic non-tumor tissues. (A) Representative images of VHL protein expression determined
by immunohistochemical staining of pancreatic non-tumor tissues (left) and human pancreatic cancer tissues (right). (B) Semi-quantitative analysis of VHL protein expression
using the mean density in human pancreatic cancer tissues and pancreatic non-tumor tissues. Values are expressed as the average values from several fields of view from
several slices of the same sample and from several samples per group. Values are expressed as the mean * standard deviation.

Notes: **P<0.01. The image color is RGB.
Abbreviations: VHL, Von Hippel-Lindau tumor suppressor.

staining in pancreatic cancer tissues (http://www.proteina
tlas.org/ENSG00000134086-VHL/tissue; http://www.pro
teinatlas.org/ENSG00000134086-VHL/pathology). These
results suggested that VHL is downregulated in pancreatic
cancer tissues and may have an important role in the
genesis and progression of pancreatic cancer.

VHL is a direct target of miR-21

To investigate whether miR-21 contributed to the downregula-
tion of VHL, a bioinformatics analysis was performed to
predict the potential targets of miR-21. It was revealed found
that the 3'-UTR of the VHL transcript has a putative miR-21
binding site (Figure 2A). To confirm whether miR-21 regu-
lates the expression of VHL, luciferase reporter plasmids
containing the wild-type (pGL3-WT-VHL-3'UTR) or mutant
type (pGL3-MUT-VHL-3'UTR) binding sequence from the
3"-UTR of VHL mRNA were constructed (Figure 2A) and
employed in subsequent luciferase reporter assays. Pancreatic
cancer cells were co-transfected pGL3-WT-VHL-3'UTR or
pGL3-MUT-VHL-3'UTR with lenti-AS-21 or lenti-NC and
the luciferase activity was measured after 48 h of treatment.
The results revealed that knockdown of miR-21 triggered a
marked increase of pGL3-WT-VHL-3'UTR luciferase activity
compared to the control group, while no significant change in
luciferase activity was observed in the cells transfected with
pGL3-MUT-VHL-3'UTR along with lenti-AS-21 or lenti-NC
(Figure 2B). To determine whether VHL expression is indeed
regulated by miR-21, miR-21 was silenced in PANC-1 and
MiaPaca-2 cells and VHL expression levels were examined by
Western blot analysis. The results indicated that VHL protein
was significantly increased in lenti-AS-21-treated cells com-
pared with that in lenti-NC-treated cells (Figure 2C and D). All
of these results indicate that VHL is a direct target of miR-21
and downregulated by miR-21.

VHL inhibits the proliferation, migration

and invasion of PANC-1 cells

To confirm whether VHL is involved in the development of
pancreatic cancer, the biological function of VHL in PANC-1
cells was explored. First, the effectiveness of the VHL
expression plasmid pcDNA3-VHL was verified by
RT-qPCT and Western blot assays (Figure 3A and B). Next,
MTT, colony formation and Transwell migration/invasion
assays were performed to examine the influence of VHL on
cell viability, proliferation, migration and invasion. The results
of the MTT assay demonstrated that ectopic expression of
VHL reduced the cell viability (Figure 3C). The colony for-
mation assays demonstrated the proliferation rate of PANC-1
cells transfected with pcDNA3-VHL was decreased to 40%
compared with that of the controls (Figure 3D). Finally, trans-
well assays were performed to determine the effect of VHL on
the migration and invasion abilities. The results revealed that
the migration and invasion capacities of PANC-1 cells trans-
fected with pcDNA3-VHL were decreased to 42% and 32%,
respectively (Figure 3E and F). All of these results demon-
strate that VHL acts as a tumor suppressor gene and inhibits
the cell viability, proliferation, migration and invasion of
PANC-1 cells.

Silencing of miR-21 inhibits the

proliferation, migration and invasion of
PANC-1 cells

The present study demonstrated that VHL is a potential
target of miR-21 and VHL acts as a tumor suppressor gene
regulating the malignant phenotypes of PANC-1 cells.
Thus, it was assumed that miR-21 is an oncogene that
promotes the development

of pancreatic cancer.

Therefore, the impact of miR-21 on the cell viability,
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Figure 2 VHL is a direct target of miR-21. (A) The 3’-UTR fragments containing the predicted miR-21| targeting sites of VHL (wild type or mutant type) were cloned into
the reporter plasmid downstream of the firefly luciferase gene. (B) PANC-| and MiaPaca-2 cells were co-transfected with human VHL 3'-UTR (wild type or mutant type)
firefly luciferase reporter plasmid and lenti-NC or lenti-AS-21 as indicated. After 48 h, firefly luciferase activity was measured. (C) The expression levels of VHL protein in
PANC-| and MiaPaca-2 cells treated with lenti-NC or lenti-AS-2| were detected by Western blot analysis. (D) Quantification of VHL protein expression detected by

Western blot and normalized to GAPDH. Values are expressed as the mean * standard deviation from three independent experiments.

Notes: *P<0.05; *P<0.01; “No significance.

Abbreviations: VHL, Von Hippel-Lindau tumor suppressor; UTR, untranslated region; lenti-NC, negative control lentivirus; lenti-AS-2|, microRNA-21 inhibitor vector;

PANC-1, human pancreatic cancer cell; Mia Paca-2, human pancreatic cancer cell.

proliferation, migration and invasion of pancreatic cancer
cells was evaluated. The endogenous expression of miR-
21 was knocked down by infecting pancreatic cancer cells
with lenti-AS-21, a lentiviral vector expressing a sponge
inhibitor of miR-21, which was confirmed by RT-qPCR.
The expression of miR-21 was decreased by 57 and 48%,
respectively, in PANC-1 and MiaPaca-2 cells infected with
lenti-AS-21 compared with that in the lenti-NC treated
controls (Figure 4A). Furthermore, MTT and colony for-
mation assays were used to evaluate the roles of miR-21 in
cell viability and proliferation. The cells infected with
lenti-AS-21 had a significantly lower viability and col-
ony-forming ability than the controls (Figure 4B and C).
The Transwell assays indicated that the migration and
invasion capability of PANC-1 cells infected with lenti-
AS-21 was significantly decreased to 60% and 31%
respectively compared with that in the controls
(Figure 4D and E). These results reveal that knockdown of
miR-21 inhibited the cell viability, proliferation, migration
and invasion of pancreatic cancer cells.

Silencing of miR-21 inhibits the HIF-1a/
VEGF pathway and the expression of
MMP-2 and MMP-9

The above mentioned results confirmed that miR-21
regulates the malignant phenotypes of PANC-1 cells
and negatively regulates the expression of VHL. To
further explore the potential mechanism of miR-21 to
promote the malignant phenotypes of pancreatic cancer,
it was investigated whether miR-21 affects the down-
stream signaling pathways of VHL. The expression of
HIF-10, VEGF, MMP-2 and MMP-9 in PANC-1 cells
with knockdown of miR-21 was detected by Western
blot analysis. The results indicated that silencing of
miR-21 inhibited the expression of HIF-la, VEGEF,
MMP-2 and MMP-9 (Figure 5A and B). It was there-
fore suggested that miR-21 promotes the malignant
phenotype of pancreatic cancer, at least partially by
regulating the VHL/HIF-10/VEGF pathway and the
expression of MMP-2 and MMP-9.
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Figure 3 VHL inhibits the proliferation, migration and invasion of pancreatic cancer cells. (A) PANC-1| cells were transfected with either control plasmid or pcDNA3-VHL
The mRNA expression levels of VHL at 24 h post-transfection were detected by reverse transcription-quantitative polymerase chain reaction analysis with normalization to
B-actin. (B) The protein expression levels of VHL at 48 h post-transfection were detected by Western blot analysis. (C) Cell viability was measured using an MTT assay at 24,
72 and 120 h post-transfection. (D) Colony formation assay was performed at 24 h post-transfection. (E) Transwell migration and (F) invasion assays were carried out at
24 h post-transfection. Values are expressed as the mean * standard deviation from three independent experiments.

Notes: *P<0.05; **P<0.01; ***P<0.001. The image color is RGB.

Abbreviations: VHL, Von Hippel-Lindau tumor suppressor; pcDNA3-VHL, overexpression plasmid for Von Hippel-Lindau tumor suppressor; PANC- |, human pancreatic cancer cell.

Knockdown of miR-21 inhibits tumor

growth in vivo

To further assess the effect of miR-21 on tumor growth in
vivo, an animal experiment using the nude mouse tumor
xenograft model was performed. PANC-1 cells were pre-
treated with lenti-AS-21 and lenti-NC, and the pre-treated
cells were subcutaneously injected into the flank of 6-week-
old female nude mice. Compared with that in the lenti-NC
groups, the average tumor volume in the lenti-AS-21 groups
was lower (Figure 6A). Furthermore, IHC analysis and wes-
tern bolt assays suggested that tumor tissues derived from
lenti-AS-21-treated PANC-1 cells displayed an increased
expression of VHL compared with those in the lenti-NC-
treated group (Figure 6B and C).

Discussion
Pancreatic cancer is a highly lethal malignancy with a poor
prognosis owing to the lack of early diagnostic and

effective therapeutic strategies.! Extensive studies have
demonstrated that certain miRNAs are involved in regulat-
ing the development of pancreatic cancer by controlling
the expression of different oncogenes or tumor suppres-
sors, which provides a novel basis for diagnostic and

1617 1miR-21 is known to

effective therapeutic strategies.
be an oncogene and to have a key role in the genesis,
recurrence and metastasis of various types of cancer.'®
miR-21 has been reported to regulate the expression of
PDCD4 to control the development of medullary thyroid
carcinoma and colorectal cancer.'®** miR-21, through tar-
geting PTEN, RECK and B-cell lymphoma-2, regulates
the cell proliferation, migration and invasion in lung squa-
mous cell carcinoma.?’ In addition, the oncogenic role of
miR-21 has been well described in other cancer types,
including glioblastoma®* and gastric cancer.”* A previous
study reported that miR-21 is highly expressed in the

serum of pancreatic cancer patients and may be a novel
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Figure 4 Silencing of miR-2| suppresses the proliferation, migration and invasion of pancreatic cancer cells. (A) PANC-| and MiaPaca-2 cells were infected with lenti-AS-21
or lenti-NC. Reverse transcription-quantitative polymerase chain reaction analysis was used to confirm the knockdown of miR-21 in PANC-1 and MiaPaca-2 cells after 24 h
infection. (B) An MTT assay was used to detect the viability of PANC-| cells infected with lenti-AS-21 or lenti-NC for 24, 72 or 120 h. (C) A colony formation assay was
used to detect the colony formation rate of PANC-1 cells infected with lenti-AS-21 or lenti-NC. The colony formation rate was calculated using the following equation:
Colony formation rate = (number of colonies/number of plated cells) x100%. (D) Transwell migration and (E) invasion assays were performed with PANC-1 cells infected

with lenti-AS-21 or lenti-NC. Values are expressed as the mean * standard deviation from three independent experiments.

Notes: *P<0.05; **P<0.01; ***P<0.001. The image color is RGB.

Abbreviations: miR, microRNA; lenti-NC, negative control lentivirus; lenti-AS-21, microRNA-21 inhibitor vector; PANC-I, human pancreatic cancer cell; Mia Paca-2,

human pancreatic cancer cell.

diagnostic marker and therapeutic target for pancreatic
cancer.** It has been indicated that miR-21 contributes to
chemoresistance in pancreatic cancer,”> In the present
study, we demonstrated that miR-21 acts as an oncogene
in pancreatic cancer. The results indicate that silencing of
miR-21 led to an inhibition of proliferation, migration and
invasion of PANC-1 cells. Furthermore, VHL was con-
firmed as a direct functional target of miR-21 and it was
indicated that the effect of miR-21 on the malignant phe-
notype of pancreatic cancer cells is, at least in part,
mediated by downregulation of the expression of VHL.
The VHL tumor suppressor gene is located on the short
arm of chromosome 3 and widely expressed in human
tissue.”® The mutation or loss of VHL leading to VHL
disease has been well studied.”” While recent research has
indicated that the loss of VHL is not exclusive to VHL
disease, certain cancer types are highly associated with a

VHL mutation. For instance, VHL - elongin B and C
protein complex components are important for the genesis
of pheochromocytomas.”® VHL inactivation was observed
in 80% of renal clear cell carcinomas.”’ However, whether
VHL is associated with the development of pancreatic
cancer has yet to be explored. The present study demon-
strated that VHL is downregulated in human pancreatic
cancer tissues, and the results were further confirmed by
mining of public databases. Thus, it is likely that VHL
may regulate the development of pancreatic cancer. As
expected, the present results suggested that ectopic over-
expression of VHL inhibited the proliferation, migration
and invasion of PANC-1 cells.

The tumor suppressor effect of VHL has been
described to be due to its ability to induce the ubiquitina-
tion and proteasomal destruction of HIF-10.>**' HIF-1a

has an important role in tumor development through
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Figure 6 Knockdown miR-21 inhibits tumor growth in vivo. (A) The nude mouse tumor xenograft model was utilized to study the effect of miR-21 on tumor growth in vivo.
The tumor growth curve is presented on the left. The tumor volume was calculated as follows: Tumor volume = (length x width?)/2. *P<0.05, n=6 (Student’s t-test). The
mice were euthanized and the tumors were isolated 21 days after implantation (right panel). (B) The VHL expression levels in the tumors of the mice were detected by
immunohistochemistry, and representative photomicrographs of the tumor sections are presented. (C) The VHL expression levels in the tumors of the mice were detected
by Western blot with normalization to GAPDH. Values are expressed as the mean * standard deviation from six nude mouse tumor samples.

Notes: GAPDH: internal control; nude mice: female BALB/c nude mice (age, 6 weeks). The image color is RGB.

Abbreviations: VHL, Von Hippel-Lindau tumor suppressor; miR, microRNA Lenti-NC, negative control lentivirus; lenti-AS-21, microRNA-21 inhibitor vector.

inducing tumor cells to become more aggressive to better
adapt to the hypoxic environment of solid tumors.*? It has
been reported that under hypoxic stress, HIF-1a regulates
tumor angiogenesis by regulating the expression of several
pro-angiogenic factors, including VEGF.** VEGF contri-
butes to tumor growth and metastasis in pancreatic
cancer.>® In the present study, it was demonstrated that
knockdown of miR-21 resulted in reduced expression of

HIF-10, which in turn inhibited the expression of VEGF.
Furthermore, additional downstream molecules of VHL,
including MMP-2 and MMP-9, were also downregulated
by miR-21 inhibition. These results demonstrate that miR-
21 regulates the malignant phenotypes of pancreatic can-
cer, at least partially by regulating the expression of VHL,
thus modulating the HIF-1o/VEGF pathway or other
downstream molecules.
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Conclusion

Taken together, the present study demonstrated that knock-
down of miR-21 and overexpression of VHL inhibited the
proliferation, migration and invasion of pancreatic cancer
cells. VHL is downregulated by miR-21 as its direct and
functional target. miR-21 exerts it oncogenic effect to promote
the malignant phenotypes of pancreatic cancer by repressing
the expression of VHL and modulating the HIF-1o/VEGF
pathway.

Abbreviations

miR-21, microRNA-21; miRNAs, microRNAs; 3’-UTR,
3'-untranslated regions; VHL, Von Hippel-Lindau tumor
suppressor; MMP-2, matrix metallopeptidase 2; MMP-9,
matrix metallopeptidase 9; VEGF, vascular endothelial
growth factor; IHC, immunohistochemical staining.
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