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miR-212 regulated by HIF-1a promotes the
progression of pancreatic cancer
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Abstract. MicroRNA-212 (miR-212) is dysregulated in
numerous tissues and cancer types and serves a role in
the progression of human cancer. However, the function
and mechanism of miR-212 in the development of pancre-
atic ductal adenocarcinoma (PDAC) remain unknown,
particularly in a hypoxic microenvironment. In the present
study, miR-212 expression was observed to be significantly
upregulated in PDAC tissues compared with normal tissues.
Clinical data analysis indicated that miR-212 was positively
associated with a large tumor size, Tumor-Node-Metastasis
stage, lymph node metastasis and vessel invasion, and influ-
enced the overall survival time. Notably, there was a positive
association between the expression of hypoxia-inducible
factor-loo (HIF-1a) and miR-212 in vivo and in vitro in
hypoxic conditions. Mechanistically, HIF-1a bound directly
to a hypoxia response element in the miR-212 promoter region
and activated miR-212 expression in PDAC cells. Collectively,
these results demonstrated that HIF-1a positively regulated
miR-212 expression and resulted in PDAC progression.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth
leading cause of cancer-associated mortality in the USA and
likely to rise to the second by the year 2030 (1). The 5-year
overall survival rate is only 8.0% and the median survival
time of patients is <6 months (2). Despite rapid improve-
ments in PDAC diagnosis and therapy, the overall survival
time of patients with pancreatic cancer has not changed
substantially (3). Patients with PDAC mostly succumb due to
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recurrence and metastasis to distant organs (4). Furthermore,
there remains a lack of underlying biomarkers and therapeutic
targets for PDAC diagnosis and therapy. Therefore, it is neces-
sary to identify novel biomarkers and therapeutic targets in
order to improve the efficacy of treatment for patients with
PDAC.

MicroRNAs (miRNAs/miRs) are small noncoding RNAs,
usually 18-25 nucleotides in length, which regulate protein
translation by binding to the 3'-untranslated region of their
target mRNAs (5). miRNAs serve roles in numerous physi-
ological and pathological processes including apoptosis, the
cell cycle, cellular growth, proliferation, differentiation,
metabolism and aging (6). Accumulating evidence reveals that
miRNA dysfunction influences the metastasis, chemo-radio-
resistance and overall survival time of patients with cancer,
including patients with PDAC (7-10). Previous reports have
revealed miRNA involvement in PDAC progression, including
roles of miR-216b (11), miR-10a-5p (10), miR-374b-5p (12),
miR-1271 (13), miR-7-5p (14), miR-4295 (15) and miR-185 (16).
However, the molecular mechanisms underlying the involve-
ment of miRNAs in PDAC progression remain unclear.

miR-212, a cancer-associated miRNA located on chromo-
some 17p13.3, participates in the progression of different types
of human cancer (17). It has been demonstrated that miR-212,
as an oncogene, is upregulated in breast cancer (18) and pancre-
atic cancer (19); and as a suppressor gene, is downregulated in
hepatocellular carcinoma (20), prostate cancer (21), non-small
cell lung cancer (22) and nasopharyngeal carcinoma (23).
Furthermore, aforementioned studies revealed that dysregu-
lated miR-212 has an influence on the progression of a number
of solid malignancies. However, to the best of our knowledge,
the function and regulatory mechanism of miR-212 in PDAC
has not yet been examined.

The present study aimed to investigate the function and
expression mechanism of miR-212 in PDAC. The results
revealed that miR-212 was overexpressed in PDAC specimens
and associated with certain clinicopathological features,
particularly the overall survival time of patients. miR-212
overexpression in PDAC was revealed to be mediated by
hypoxia-inducible factor-1o. (HIF-1at), which directly bound to
the miR-212 promoter and upregulated its activity. The results
of the present study indicate that miR-212 is a novel direct
target of HIF-1a and may function as a novel biomarker for the
diagnosis and therapy of PDAC.
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Materials and methods

Cell culture and hypoxic treatment. Human PDAC cell lines
MiaPaca2 and AsPcl, and the 293 cell line, were obtained from
the Cell Bank of Type Culture Collection of Chinese Academy
of Sciences (Shanghai, China). These cells were cultured at
37°C in a humidified atmosphere of 5% CO, using Dulbecco's
modified Eagle's medium with 10% fetal bovine serum (both
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
For hypoxic treatment, cells were placed in a modulator incu-
bator chamber (Thermo Fisher Scientific, Inc.) with 93.5% N,,
5% CO, and 1.5% O, for 6 and 12 h. Oxygen at 21% was used
during normoxia condition.

With an approval from the Ethics Committee of the Tianjin
Cancer Institute and Hospital (Tianjin, China), PDAC and
adjacent normal pancreatic tissue specimens were obtained
from patients (age, 51-75 years; male, 12; female, 29) who
underwent surgical resection subsequent to the histopatho-
logical diagnosis of PDAC (n=41). Patients were included if
they were diagnosed with PDAC via pathological diagnosis
following radical resection and if they were willing to partici-
pate. Patients were excluded if they did not undergo radical
resection. Written informed consent was obtained from indi-
viduals or their guardians. Samples were collected between
January and December 2015 at Tianjin Cancer Institute and
Hospital with a follow-up period of 2 years to analyze over
survival.

miR-212 structure search. miRbase (www.mirbase.org) was
searched using ‘miR-212° and MI0000288 was selected to
identify precursor and mature miR-212 structures. The GC
box and the TATA box located at the transcription initia-
tion point of miR-212 were identified using the University
of California Santa Cruz genome browser (genome.ucsc.
edu) by selecting genomes and searching ‘miR-212" and
selecting ‘MIR212 (ENST00000586026.1)° for further
studies. Five hypoxia response elements (HREs) were identi-
fied (5'-A/GCGTG-3') to potentially to bind HIF-1la at the
miR-212 promoter.

Small interfering RNA (siRNA), plasmid constructs and tran-
sient transfection. siRNAs against HIF-1la (siHIF-1a) were
designed and synthesized by Shanghai GenePharma Co., Ltd.
(Shanghai, China), including the following duplexes: siHIF-1a-1,
forward, 5'-CCAGCAGACUCAAAUACAATT-3' and reverse,
5-UUGUAUUUGAGUCUGCUGGTT-3"; siHIF-10-2, forward,
5-GCCUCUUUGACAAACUUAATT-3' and reverse, 5'-UAA
GUUUGUCAAAGAGGCTT-3}; siHIF-1a-3, forward, 5-CAG
GCCACAUUCACGUAUATT-3" and reverse, 5-UAUACG
UGAAUGUGGCCUGTT-3"; and siNC, forward, 5'-UUCUCC
GAACGUGUCACGUTT-3' and reverse, 5'-ACGUGACAC
GUUCGGAGAATT-3". Following the examination transfection
efficacy, siHIF-1a-3 was selected for subsequent experiments.
The human HIF-lao cDNA was cloned into the pcDNA3.1
plasmid expression vector (Thermo Fisher Scientific, Inc.)
for overexpression experiments and the empty vector was
used as a control. siRNAs (50 nM) and plasmids (2 ug) were
prepared and transfected into the PDAC cell lines using
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.) (18,19).
At 48 h of transfection, mMRNA and protein levels were tested
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by reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) and western blotting.

RT-gPCR. Total RNA was isolated from the transfected cells
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) and used for first-strand cDNA synthesis (42°C for 20 min;
95°C for 5 min; and 5°C for 5 min) using the First-Strand
Synthesis System for RT-PCR (Takara Biotechnology Co.,Ltd.,
Dalian, China). Each sample was processed in triplicate using a
SYBR-Green PCR kit (cat no RR820A; Takara Biotechnology
Co., Ltd.) with the following thermocycling conditions: 95°C
for 30 sec followed by 40 cycles of 95°C for 5 sec and 60°C for
30 sec. Relative mRNA expression levels were quantified using
the 2244 method (24). U6 RNA and [-actin were used as refer-
ence genes. The following primers were obtained from Shanghai
GenePharma Co., Ltd. (Shanghai, China): has-miR-212 sense,
5'-ACACTCCAGCTGGGTAACAGTCTCCAGTC-3'; HIF-1a
sense, 5'-AGAAACCACCTATGACCTGC-3' and antisense,
5'-GTCGTGCTGAATAATACCACTC-3"; U6 sense, 5-GCT
TCGGCAGCACATATACTAAAAT-3' and antisense, 5-CGC
TTCACGAATTTGCGTGTCAT-3"; B-actin sense, 5'-CTG
GAACGGTGAAGGTGACA-3' and antisense, 5'-"AAGGGA
CTTCCTGTAACAATGCA-3'.

Western blot analysis. Whole-cell extracts were prepared by
lysing cells with radioimmunoprecipitation assay lysis buffer in
a proteinase inhibitor cocktail (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). Protein concentrations were quantified
using a bicinchoninic acid protein assay kit (Pierce; Thermo
Fisher Scientific, Inc.). Protein lysates (20 ug/lane) were sepa-
rated on 10% SDS-PAGE gels and transferred to polyvinylidene
fluoride membrane. Membranes were blocked with PBS plus
0.1% Tween-20 with 5% non-fat milk at room temperature for
2 h. Target proteins were detected by probing with antibodies
against HIF-1a (1:1,000; cat. no. ab16066; Abcam, Cambridge,
UK) and f-actin (1:1,000; cat. no. ab8226; Abcam) overnight
at 4°C. Following, membranes were incubated with anti-mouse
IgG second antibody (1:1,000; cat. no. ab190475; Abcam) at
room temperature for 2 h. Specific proteins were visualized
using an enhanced chemiluminescence detection reagent (cat.
no. #32106; Pierce; Thermo Fisher Scientific, Inc.).

Chromatin immunoprecipitation (ChIP) assay. A chro-
matin immunoprecipitation assay was performed using a
commercial kit (cat no. #17-295; Upstate Biotechnology,
Inc., Lake Placid, NY, USA) according to the manufacturer's
protocol. MiaPaca2 and 293 cells were treated under hypoxia
conditions (93.5% N,, 5% CO, and 1.5% O,) in the modulator
incubator chamber at 37°C for 6 and 12 h. Oxygen at 21%
was used during normoxia. ChIP assays were performed to
confirm HREs that bind to HIF-1a. The following groups
were analyzed: Negative control (NC), positive control (PC),
normoxia (N) and hypoxia (H).

Dual-luciferase reporter assay. Genomic DNA fragments
of the miR-212 gene, spanning from +1 to -2,000 relative
to the transcription initiation sites were generated by PCR
and inserted into pGL3-Basic vectors (pGL3-miR-212; cat.
no. E1751; Promega Corporation, Madison, WI, USA). A muta-
tion (mut) HRE of miR-212 was created for dual-luciferase
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reporter assays in addition to wild type fragments. All
constructs were sequenced to confirm their identity. Plasmids
(2 ug) were transfected into MiaPaca2 and 293 cells using
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.). At
48 h of transfection, cells were prepared for Dual-Luciferase
Reporter assays. Luciferase activity was measured using the
Dual-Luciferase Reporter assay system (Promega Corporation)
as previously described (25). Renilla activity was used for
normalization.

Statistical analysis. Differences between groups were
compared using a Student's t-test or one-way analysis of vari-
ance followed by a least significant difference post hoc test.
Categorical data were analyzed using either Fisher's exact test
or the ¥ test, as appropriate. Each experiment was conducted
independently at least three times, and the values are presented
as the mean =+ standard error of the mean unless otherwise
stated. Statistical analyses were performed using SPSS soft-
ware (version 21.0; IBM Corp., Armonk, NY, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

miR-212 and HIF-1a mRNA are overexpressed in PDAC and
associated with the clinicopathological features and prognosis
of patients with PDAC. The expression level of miR-212 and
HIF-1oo mRNA was detected by RT-qPCR using paired speci-
mens from patients with PDAC. The data indicated that miR-212
and HIF-lo mRNA expression levels were significantly
upregulated in PDAC samples compared with adjacent normal
pancreatic tissue samples (P<0.05; Fig. 1A). There was a posi-
tive association identified between miR-212 and HIF-1a at the
mRNA level. Subsequently, miR-212 expression level in PDAC
samples was assessed by RT-qPCR and it was revealed that
there was a significant association between miR-212 expression
level and tumor size, lymph node metastasis and vessel inva-
sion among patients with PDAC (all P<0.05; Table I). miR-212
was quartered according to the range of miR-212 expression,
<25% was considered as negative expression (-), 26-50% was
low expression (+), 51-75% was termed medium expression (++)
and >76% identified high expression (+++). Patients with PDAC
with a high expression level of miR-212 and HIF-lo. mRNA
had a significantly worse overall survival time compared with
patients with a low expression level (P=0.022 and P=0.028,
respectively; Fig. 1B and C), suggesting that miR-212 and
HIF-1o may serve a role in the survival of patients with PDAC.
The results revealed that miR-212 and HIF-lo are overex-
pressed in PDAC samples and their expression was associated
with clinicopathological features in PDAC, particularly the
overall survival time of patients.

Structure of miR-212. The present study used the miRBase
database to identify the precursor and mature miR-212
structures (Fig. 2A). The GC box and the TATA box located
at the transcription initiation point of miR-212 were identi-
fied using the University of California Santa Cruz genome
browser (Fig. 2B) and a total of five HREs were identified
(5'-A/GCGTG-3") that were potentially to bind with HIF-1a at
the miR-212 promoter (Fig. 2B). Therefore, HIF-1a may bind to
the HRE of miR-212 to initialize the transcription of miR-212.
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Figure 1. miR-212 and HIF-la. mRNA expression levels in samples from
patients with PDAC and the association with prognosis. (A) Expression
analysis of miR-212 and HIF-1a. mRNA levels in PDAC samples and adjacent
normal pancreatic samples determined by a reverse transcription-quantita-
tive polymerase chain reaction. (B) Association between HIF-1a expression
levels and the overall survival time of patients with PDAC. (C) Association
between miR-212 expression levels and the overall survival of patients
with PDAC. P<0.05 was determined using the log-rank test. "P<0.05.
miR, microRNA; HIF-1a, hypoxia-inducible factor-la; PDAC, pancreatic
ductal adenocarcinoma; (-), negative expression (<25%); (+), low expression
(26-50%); (++) medium expression (51-75%); (+++) high expression (>76%).

miR-212 and HIF-1ao mRNA levels were upregulated under
in vitro hypoxic conditions. To further confirm the positive
association between miR-212 and HIF-1la mRNA expression, the
pancreatic cancer cell lines (MiaPaca2 and AsPcl) were used for
in vitro experiments in a hypoxic microenvironment. MiaPaca2
and AsPcl cell lines were maintained in hypoxic conditions for
different durations (6 and 12 h) and RT-qPCR was used to assess
the mRNA expression of miR-212 and HIF-la. The results
indicated that the expression levels of miR-212 and HIF-1a
mRNA were significantly upregulated following hypoxia stimu-
lation at 6 h compared with O h and at 12 h compared with 6 h
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Table I. Association between miR-212 expression and clinicopathological features in patients with pancreatic ductal

adenocarcinoma.
miR-212
Variables -+ ++/+++ ’ test P-value
Tumor size (cm) 10.041 0.004
T1 6 2
T2 6 27
Histological grade 0.277 0.702
G1/G2 10 22
G3 2 7
pTNM stage 2.305 0.165
/11 10 17
v 2 12
Lymph node metastasis
NO 7 6 5.555 0.029
NI 5 23
Vessel invasion
Negative 6 5 4.640 0.041
Positive 6 24
HIF-1a 16.443 <0.001
-/+ 8 2
/4 4 27

P-values were calculated using a ? test. miR, microRNA; HIF-1a, hypoxia-inducible factor-1a; pTNM, pathological Tumor-Node-Metastasis;
(-), negative expression (<25%); (+), low expression (26-50%); (++) medium expression (51-75%); (+++) high expression (>76%).
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Figure 2. Structure of miR-212. (A) Using the miRBase database, the miR-212 precursor (upper) and mature (lower) structures were identified. (B) The GC
box and the TATA box were located at the transcription initiation point of miR-212 and there were 5 HERs (5'-A/GCGTG-3") identified. miR, microRNA;

HER, hypoxia response element; ChIP, chromatin immunoprecipitation assay.

(P<0.05; Fig. 3A and B). Additionally, HIF-1a protein expression
levels were markedly increased in hypoxia conditions at different
time points in MiaPaca2 and AsPcl cells (Fig. 3C and D).
Furthermore, it was revealed that miR-212 and HIF-loo mRNA
expression levels were positively associated in MiaPaca2 and
AsPcl cell lines in hypoxic milieu 12 h.

HIF-1a influences the expression of miR-212. In order to
confirm the influence of HIF-la. on miR-212 expression,

siHIF-1a and HIF-1a plasmid were transfected into MiaPaca2
and AsPcl cell lines. The results indicated that miR-212
expression was significantly downregulated in MiaPaca2 and
AsPcl cell lines transfected with siHIF-lo. compared with
control cells (P<0.05; Fig. 4A and B). By contrast, miR-212
expression was significantly upregulated in MiaPaca2 and
AsPcl cell lines transfected with the HIF-1a overexpression
plasmid compared with control cells (P<0.05; Fig. 4A and B).
Fig. 4C and D presents the protein expression levels of HIF-1a
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Figure 3. miR-212 and HIF-1a. mRNA expression levels are upregulated in in vitro under hypoxic conditions. (A) miR-212 and HIF-la mRNA expression
levels were measured using RT-qPCR following hypoxic stimulation in MiaPaca2 cells. (B) miR-212 and HIF-1lao mRNA expression levels were measured
using RT-qPCR following hypoxic stimulation in AsPcl cells. HIF-1a protein expression levels were measured by western blotting following hypoxic stimula-
tion in (C) MiaPaca2 and (D) AsPcl cell lines. "P<0.05. miR, microRNA; HIF-1a, hypoxia-inducible factor-la; RT-qPCR, reverse transcription-quantitative

polymerase chain reaction.
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Figure 4. HIF-1a influences the expression of miR-212. miR-212 and HIF-la mRNA expression was measured by reverse transcription-polymerase chain
reaction subsequent to transfection with a siHIF-1o and HIF-1a plasmid in (A) MiaPaca2 and (B) AsPcl cell lines. HIF-1a protein expression was measured
by western blot analysis subsequent to transfection with a siHIF-1a. and HIF-1o. plasmid in (C) MiaPaca2 and (D) AsPcl cell lines. "P<0.05. miR, microRNA;
HIF-1a, hypoxia-inducible factor-1a; siHIF-1a, small interfering RNA targeting HIF-1a; NC, negative control.

subsequent to transfection with siHIF-1a and HIF-1a plasmid
in MiaPaca2 and AsPcl cell lines, respectively. The data
implied that HIF-1a influenced the expression of miR-212.

HIF-1a directly regulates the expression of miR-212 in PDAC
by binding to the HRE at the miR-212 gene promoter. The
above results indicated that HIF-1a may serve a role in modu-
lating miR-212 expression; therefore, the present study further
investigated whether HIF-1a directly targeted miR-212. To

demonstrate the binding of HIF-1a to the miR-212 promoter
in pancreatic cancer cells, a chromatin immunoprecipitation
assay was performed in MiaPaca?2 cells at 1.5% O, or 21% O,.
In chromatin fractions pulled-down by an anti-HIF-1a antibody,
only the HRE of the miR-212 promoter located at -481 bp was
detected (Fig. SA). The binding affinity markedly increased
under hypoxic conditions compared with normal conditions.

To determine whether HIF-1a binding to the miR-212
promoter activated its transcription, miR-212 luciferase
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promoter vectors were constructed and transfected with or
without a HIF-la expression vector (pCDH-HIF-1a) into
MiaPaca2 and 293 cell lines. Luciferase analysis demonstrated
that HIF-1a overexpression significantly increased miR-212
promoter activity in HRE -481 bp in MiaPaca2 and 293 cell
lines compared with the EV group (P<0.01; Fig. 5B and C).
Additionally, the miR-212 promoter activity was not induced in
the pGL3-HRE mut group. Altogether, these results suggested
that HIF-1a not only directly bound to the miR-212 promoter
but also upregulated the activity of miR-212 in PDACs.

Discussion

The present study investigated the association between the
expression levels of miR-212 and HIF-1a in PDAC. The results
revealed that miR-212 and HIF-lo. mRNA expression levels
were higher in PDAC samples compared with in adjacent
normal pancreatic tissues. miR-212 has been demonstrated to
be upregulated and downregulated in different types of solid
tumors, as an oncogene and suppressor gene, respectively (17).
Using clinical data analysis, associations were identified
between the expression levels of miR-212 and tumor size, lymph
node metastasis and vessel invasion among patients with PDAC.
Notably, patients with PDAC with high miR-212 expression had
significantly worse overall survival time compared with patients
with low expression. The aforementioned data demonstrated
that miR-212 was overexpressed in PDAC samples, and, as an
oncogene, influenced the overall survival of patients with PDAC.

PDAC is characterized by stroma fibrosis, named desmo-
plasia, which hampers the efficacy of therapeutic treatments
for PDAC (26). Desmoplasia causes hypovascularity and
poor blood supply in pancreatic cancer tissues resulting in a
hypoxic milieu (27). In a hypoxic microenvironment, PDAC
cells constitutively express HIF-1a (28). HIF-1a as a nuclear
factor may directly bind to the HREs of target genes and
regulate their transcription (29). Clinical data indicated that
the expression of miR-212 was correlated with the expression
of HIF-la mRNA in PDAC tissues. The expression levels
of miR-212 and HIF-lo. mRNA were markedly increased in
hypoxic compared with normoxic conditions in vitro. In order
to demonstrate the effect of HIF-1a on miR-212 expression, a
HIF-1a overexpression plasmid and siHIF-1a were transfected
into PDAC cell lines. The results demonstrated that miR-212
expression was upregulated subsequent to HIF-1a overexpres-
sion. By contrast, miR-212 expression was downregulated
following transfection with siHIF-1a. These results revealed
that there was a positive association between the expression of
miR-212 and HIF-1loo mRNA.

To confirm that HIF-1a regulated miR-212 expression,
chromatin immunoprecipitation and dual-luciferase assays
were performed. The results revealed that HIF-1a was able to
directly bind to the HRE (-481 bp) of the miR-212 promoter
and the binding affinity increased under hypoxic conditions.
Notably, the overexpression of HIF-la increased miR-212
promoter activity in PDAC and 293 cell lines.

In conclusion, the present study confirmed that miR-212 was
upregulated in PDAC samples, compared with normal adjacent
pancreatic tissues, and was associated with a poor clinical prog-
nosis. Furthermore, a positive association between miR-212 and
HIF-la mRNA expression was identified in PDAC tissues and
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Figure 5. HIF-1a directly regulates the expression of miR-212 in pancreatic
ductal adenocarcinoma by binding to the HRE at the miR-212 gene promoter.
(A) Chromatin immunoprecipitation analysis identified HIF-1o binding to
the miR-212 promoter (HRE, -481 bp) in the MiaPaca?2 cell line in normoxic
and hypoxic conditions. Luciferase analysis demonstrated that HIF-1a
overexpression increased miR-212 promoter activity (containing HRE,
-481 bp) in (B) MiaPaca2 and (C) 293 cell lines. “P<0.01. miR, microRNA;
HIF-1a, hypoxia-inducible factor-la; HRE, hypoxia response element;
EV, empty vector; NC, negative control; PC, positive control; N, normoxia,
H, hypoxia; mut, mutant.

in vitro experiments. The results revealed that HIF-1a regulated
miR-212 expression by binding to the HRE. Therefore, miR-212
may function as a novel biomarker for diagnosis, and the inhi-
bition of miR-212 expression may be an effective therapeutic
method for the treatment of patients with PDAC.
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