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MicroRNA-214 upregulates HIF-1o and VEGF
by targeting ING4 in lung cancer cells
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Abstract. Previous reports have indicated a potential link
between microRNA (miR)-214 and hypoxia. In the present
study, the biological functions and potential mechanisms
of miR-214 were determined, as well as its correlation with
HIF-1a signaling in non-small cell lung cancer (NSCLC)
cells. Quantitative polymerase chain reaction revealed that
miR-214 expression was upregulated in lung cancer tissues
compared with adjacent normal tissues. miR-214 mimics
were transfected into A549 cells, and MTT, colony forma-
tion, invasion and wound healing assays were performed.
It was demonstrated that miR-214 mimic transfection
promoted the invasion, proliferation and migration of
A549 cells. Furthermore, miR-214 inhibitor transfection
decreased H1299 cell invasion, proliferation and migration.
Next, the association between miR-214 expression and the
HIF-1a signaling cascade was examined. It was demon-
strated that miR-214 mimics upregulated the expression
of hypoxia-inducible factor (HIF)-1a, vascular endothelial
growth factor (VEGF), adenylate kinase 3 and matrix
metalloproteinase (MMP)2, whereas miR-214 inhibitor
downregulated the expression of these factors. Using predic-
tion software, it was demonstrated that tumor suppressor
ING4 was a target of miR-214. A luciferase reporter assay
confirmed that ING4 was a direct target of miR-214. There
was a negative correlation between ING4 and miR-214
expression in lung cancer tissues. In addition, ING4 siRNA
and plasmid was transfected into cells in order to validate
its effect on HIF-1a, MMP2 and VEGF expression. ING4
overexpression downregulated HIF-1a and its targets MMP2
and VEGF, while ING4 siRNA upregulated HIF-1a, MMP2
and VEGF. In conclusion, it was demonstrated that miR-214
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targeted ING4 in lung cancer cells, and upregulated the
HIF-1a cascade, leading to MMP2 and VEGF upregulation.
This approach may help to clarify the role of miRNA in
non-small lung cancer and may be a new therapeutic target
for non-small lung cancer.

Introduction

Lung cancers are the most commonly diagnosed and most
fatal type of cancers worldwide, of which non-small cell
lung cancer (NSCLC) accounts for ~80% of all primary lung
cancer cases (1-4). Since it has been reported that the majority
of patients with NSCLC are diagnosed at advanced stages,
chemotherapeutics are widely applied as the main first-line
agents for the treatment of these advanced stage NSCLC
patients in addition to surgical resection. Despite efforts to
improve the therapeutic efficacy of patients with NSCLC, the
total 5-year survival rate is <15% (5). Therefore, it is urgent
to uncover the molecular mechanisms involved in NSCLS,
which may help to provide new prognostic biomarkers and
therapeutic targets for patients with NSCLC.

MicroRNAs (miRNAs/miRs) are small non-coding RNAs
which downregulate specific mRNA targets through binding
to sequences located in the 3'-untranslated regions (UTRs),
leading to reduced gene transcription (6). It has been esti-
mated that miRNAs directly regulate =30% of human genes.
Therefore, miRNAs are involved in several physiological and
pathological processes (7-10). In addition, they serve impor-
tant roles in RNA silencing, and the majority of miRNAs are
located at fragile sites, which are frequently dysregulated in
human cancers (11,12). In recent decades, the dysregulation
of miRNA expression has been identified in numerous human
diseases, including cancer (13-15). A previous report revealed
that miR-539 was significantly downregulated in cisplatin
(DDP)-resistant NSCLC tissues and cells when compared
with DDP-sensitive NSCLC tissues and parental NSCLC
cells. miR-539 inhibited DDP-resistant NSCLC cell inva-
sion and migration through targeting DCLK1 (16). miR-362
had a greater expression in NSCLC tissues than in adjacent
normal tissues. In addition, miR-362 promoted NSCLC cell
invasion, migration and colony formation in vitro by targeting
Semaphorin-3A, which is significantly associated with metas-
tasis (17). In addition, some other miRNAs were involved


https://www.spandidos-publications.com/10.3892/mmr.2019.10170

4936

in non NSCLC, including miR-421 (18), miR-873 (19),
miR-21 (20) and miR-486 (21).

Among all known miRNAs, miR-214 has been extensively
studied in cancer. It has been reported as a tumor suppressor
in gastric, cervical and colorectal cancer (22-24). However,
studies have also identified miR-214 as a promoter of growth
and metastases in lung cancer (25,26). In addition, miR-214
may mediate hypoxia-induced cell proliferation and apoptosis
inhibition in pulmonary artery smooth muscle cells (27).
Hypoxia-inducible factor-la. (HIF-1a) is overexpressed in
several human cancers, and its overexpression promotes
tumor growth and metastasis by initiating angiogenesis and
regulating metabolism to overcome hypoxia. Additionally,
HIF-1a induces the expression of the angiogenic protein
vascular endothelial growth factor (VEGF) (28,29). In the
present study, the association between miR-214 with HIF-1a
and VEGF in A549 and H1299 lung cancer cells was explored.
The underlying mechanisms were also investigated, which
may help to clarify the associations between miR-214 and
inhibitor of growth family member 4 (ING4), HIF-1a, VEGF.
Future studies should be performed to test the therapeutic
applications of miR-214.

Materials and methods

Clinical specimens. Fresh samples from lung cancer and corre-
sponding normal adjacent tissues were obtained from patients
at The First Affiliated and Shengjing Hospitals of China
Medical University (Shenyang, China) between May 2013 and
December 2015. The present study was conducted with the
approval of the Ethics Committee of China Medical University
(Shenyang, China). Informed consent was obtained from all
patients. The mean patient age was 56.5 years (range, 41 to
77 years). All patients underwent surgical resection without
prior chemotherapy or radiation therapy. There were 15 male
patients and five female patients. The tumor, node, metastasis
(TNM) staging system was used to classify specimens as
stage I (n=7), II (n=9) and III (n=4). There were 12 cases of
adenocarcinoma and eight cases of squamous cell carcinoma.

Cell culture and transfection. A549, H1299, H2228, H292,
H3255 and H358 cell lines were obtained from the American
Type Culture Collection (Manassas, VA, USA). Cells were
cultured in Dulbecco's modified Eagle medium (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing
10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37°C in 5% CO,.

miR-214 mimics (cat. no. miR10000271; 100 nM)/mimic
control (cat. no. miR 01101; 100 nM) and miR-214 inhibitor
(cat. no. miR20000271; 150 nM)/inhibitor mimic (cat. no. miR
021011; 50 nM) were purchased from Guangzhou RiboBio Co.,
Ltd. (Guangzhou, China; all sequences are not commercially
available). ING4 small interfering (si)RNA (cat. no. SR309575;
50 nM) and non-targeting siRNA (cat. no. SR30004; 50 nM)
were obtained from OriGene Technologies, Inc. (Rockville,
MD, USA). Cells were transfected with miR-214 mimics,
inhibitor or ING4 siRNA using DharmaFECT 1 transfection
reagent (GE Healthcare Dharmacon, Inc., Lafayette, CO,
USA) according to the manufacturer's protocol; cells were
used for subsequent experimentation at 48 h post-transfection.
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pCMV6-ING4 plasmid and pCMV6 empty plasmid were
purchased from OriGene Technologies, Inc. Lipofectamine®
3000 transfection reagent was used for plasmid transfection
(Invitrogen; Thermo Fisher Scientific, Inc.).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from fresh tissue samples
and cells with TRIzol® reagent (Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. Total RNA was
reversed transcribed to cDNA using PrimeScript RT Master
mix (Takara Biotechnology Co., Ltd., Dalian, China). In brief,
reverse-transcription reaction solution (10 ul) was prepared,
which contained 2 yl 5X RT Master mix, 500 ng RNA and
DEPC H,O. Reverse transcription was performed at 37°C for
15 min and 85°C for 5 sec using the PrimerScript RT Reagent
Mix kit (cat. no. RR0O37A; Takara Biotechnology Co., Ltd.).
Bulge-Loop™ miRNA RT-qPCR primer sets for miR-214 and
U6 were purchased from Guangzhou RiboBio Co., Ltd. gPCR
analyses were performed in an ABI 7500 Real-time PCR
system (Thermo Fisher Scientific, Inc.) using the SYBR Green
Master mix (cat. no. a25778; Applied Biosystems; Thermo
Fisher Scientific, Inc.). The thermocycling conditions were
50°C for 2 min, 95°C for 2 min, followed by 45 cycles of 95°C
for 15 sec and 60°C for 40 sec. Relative gene expression was
determined with the following formula: ACq=Cq gene-Cq
reference. Fold changes in gene expression were calculated
using the 224% method (30). Primer sequences for mRNA
PCR were as follows: ING4 forward, 5-GCCCGTTTTGAG
GCTGAT-3' and reverse, 5'-CACGAGCAGCTTTCTTCT
CCT-3'; p-actin forward, 5'-ATAGCACAGCCTGGATAG
CAACGTAC-3' and reverse, 5'-CACCTTCTACAATGAGCT
GCGTGTG-3"; miR-214 forward, 5“TATACATCAAACAGC
AGGCACA-3', and reverse, 5'-CATTCGATCTTCTCCACA
GTCTC-3"; U6 forward, 5'-CTGGCTTCGGCAGCACA-3'
and reverse, 5" AACGCTTCACGAATTTGCGT-3". The ratio
(>1.5) of miR-214 in cancer tissues and the corresponding
normal tissue was defined as miR-214 upregulation.

Western blot analysis. Total proteins were extracted using
Radioimmunoprecipitation Assay lysis and extraction buffer
(cat. no. 89900; Thermo Fisher Scientific, Inc.). Proteins
concentration was determined using the Bradford method.
Proteins (50 ug/lane) were separated by 10% SDS-PAGE
and transferred to polyvinylidene difluoride membranes. The
membranes were incubated overnight at 4°C with primary anti-
bodies against ING4 (1:800; cat. no. 10617-1-AP; ProteinTech
Group,Inc.,Chicago,IL,USA),adenylate kinase 3 (AK3; 1:800;
cat. no. 12562-1-AP; ProteinTech Group, Inc.), matrix metallo-
proteinase 2 (MMP2; 1:800; cat. no. 10373-2-AP; ProteinTech
Group, Inc.), HIF-1a (1:1,000; cat. no. ab51608; Abcam,
Cambridge, MA, USA), VEGF (1:1,000; cat. no. ab53465ame;
Abcam) and GAPDH (1:2,000; cat. no. 2118; Cell Signaling
Technology, Inc., Danvers, MA, USA). Following incubation
with horseradish peroxidase-conjugated anti-mouse/rabbit
IgG (cat. nos. #7076 and #7074, respectively; 1:2,000; Cell
Signaling Technology, Inc.) at 37°C for 2 h, target proteins
were visualized using enhanced chemiluminescence reagent
(Pierce; Thermo Fisher Scientific, Inc.). Images were captured
using a MicroChemi (DNR Bio-Imagining Systems, Ltd., Neve
Yamin, Israel). The relative intensity of blotted proteins was
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Figure 1. Expression of miR-214 in lung cancer tissues. (A) Relative miR-214 expression levels in 20 lung cancer and paired adjacent normal tissue samples.
Samples were divided into well/moderately/poorly differentiated groups according to their tumor grade. (B) Mean miR-214 expression levels in cancer tissues
were higher compared with corresponding normal tissues (Student's t-test). "P<0.05 vs. normal group. miR-214, microRNA-214.

determined using ImageJ 1.8.0 software (National Institutes
of Health, Bethesda, MD, USA).

Matrigel invasion assay. The cell invasion assay was
performed in a 24-well Transwell chamber (pore size, 8 ym),
and the inserts were coated with 20 xl Matrigel (1:6 dilution;
dilution with serum-free medium; BD Biosciences; Becton,
Dickinson and Company, Franklin, Lakes, NJ, USA). The
transfected cells were cultured for 48 h following transfection
at 37°C with 5% CO, Then the cells were trypsinized, trans-
ferred to the upper Matrigel chamber in 100 ul serum-free
medium (1x10° cells/ml) and incubated at 37°C for 18 h.
Medium supplemented with 10% fetal bovine serum (FBS;
Invitrogen; Thermo Fisher Scientific, Inc.) was added to the
lower chamber. Following this, non-invaded cells on the
upper membrane surface were removed and cells that invaded
through the filter were fixed in 4% paraformaldehyde at room
temperature for 20 min and stained with hematoxylin (Fuzhou
Maixin Biotech Co, Ltd., Fuzhou China) at room temperature
for 5 min. The cells were counted under a light microscope
(magnification, x200; Olympus CX22LED).

MTT assay. Cells (10°/well) were plated in 96-well plates
and cultured overnight at 37°C. MTT (20 ul; 5 mg/ml,
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) solu-
tion was added to each well. Following a 4 h incubation,
the supernatant was removed and 150 ul dimethyl sulfoxide
was added to dissolve the formazan crystals. Absorbance
was measured at 490 nm and the data were obtained from
triplicate wells.

Colony formation assay. Cells (10*/dish) were seeded into
three 6 cm cell culture dishes and incubated for ~2 weeks.
Following this, plates were washed with PBS and stained
with hematoxylin (Fuzhou Maixin Biotech Co, Ltd.) at room
temperature for 10 min. Colony numbers were manually
counted.

Wound healing assay. After 24 h of culture, cells were seeded
into 6-well plates until 70-90% confluence was reached. The
monolayer was gently scratched using a 1 ml pipette tip.

Detached cells were washed away with PBS and the plates
were incubated at 37°C for 24 h. Photos of the stained mono-
layer were taken using a light microscope (magnification,
x200; Olympus CX22LED).

Validation of target gene. A reporter vector (pmiR-RB)
(Promega Corporation, Madison, Wisconsin, USA) was used
for the luciferase assay. TargetScan 7.1 software was used to
predict potential binding sites (31). The wild-type miR-214
target site in ING43'-UTR was CCUGCUG. The mutant
miR-214 target site was CCCCCUG. Transfection of reporter
plasmid was performed using Attractene reagent (Qiagen,
Inc., Valencia, CA, USA). Luciferase activity was measured
in cellular extracts using a dual luciferase reporter gene assay
kit (Promega Corporation) at 36 h post-transfection. The rela-
tive activity of the reporter gene was normalized to Renilla
luciferase activity.

Statistical analysis. SPSS version 16 (SPSS, Inc., Chicago,
IL, USA) was used for all statistical analyses. Data was
presented as the mean + standard deviation. Student's t-test or
one way analysis of variance with Tukey's post hoc test was
used to compare differences between control and treatment
groups. Linear regression was used to estimate the correlation
between miR-214 and ING4 expression in tissues. All P-values
were based on a two-sided statistical analysis. P<0.05 was
considered to indicate a statistically significant difference.

Results

miR-214 expression is upregulated in lung cancer tissues.
The expression of miR-214 was examined in 20 cases of lung
carcinoma tissues and paired adjacent normal tissues using
RT-qPCR (Fig. 1A). The mean value of miR-214 expression
was higher in cancer tissues compared with normal tissues
(Fig. 1B). A cancer/normal ratio of >1.5 was defined as miR-214
upregulation, which was observed in 10 out of 20 paired tissues
(Fig. 1A). The percentage of miR-214 upregulation in tissues
with different tumor grades was also examined. miR-214
upregulation in well/moderately/poorly differentiated tumors
was present in 40% (2/5), 36.3% (5/11), and 50% (2/4) of
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Figure 2. miR-214 regulates lung cancer cell proliferation, invasion and migration. (A) miR-214 expression was examined in lung cancer cell lines (A549,
H1299, H2228, H292, H3255, H358) and the normal bronchial epithelium cell line HBE. (B) The transfection efficiency of miR-214 in the A549 and H1299
cell lines was determined by RT-qPCR. (C) MTT assay results demonstrated that the miR-214 mimics promoted cell growth rate, whereas miR-214 inhibitor
decreased cell growth rate. (D) The colony formation assay revealed that miR-214 mimics increased A549 cell colony number. miR-214 inhibitor decreased
H1299 cell colony number. (E) The Matrigel invasion assay demonstrated that the number of invading A549 cells increased when transfected with miR-214
mimic. The number of invading H1299 cells decreased when transfected with miR-214 inhibitor. (F) The wound healing assay determined that miR-214 mimics
upregulated A549 migration, whereas miR-214 inhibitor downregulated H1299 migration. “P<0.05 vs. corresponding control group. miR-214, microRNA-214.
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Figure 3. miR-214 regulates ING4, HIF-1a, VEGF, AK3 and MMP?2 protein expression. (A) Western blotting showed that miR-214 mimic transfection
significantly increased HIF-1o, VEGF, AK3 and MMP?2 protein expression levels, and significantly decreased ING4 expression in A549 and H1299 cell lines.
HIF-la, MMP2, AK3 and VEGF expressions levels decreased, and ING4 expression increased in A549 and H1299 cells transfected with miR-214 inhibitor.
(B) Quantification of the western blotting results. “P<0.05 vs. mimic control; #P<0.05 vs. inhibitor control. ING4, inhibitor of growth family member 4;
HIF-1a, hypoxia-inducible factor la; AK3, adenylate kinase 3; VEGF, vascular endothelial growth factor; MMP2, matrix metalloproteinase 2; miR-214,
microRNA-214.

cases, respectively. There was no obvious correlation between = miR-214 promotes lung cancer cell proliferation, invasion
miR-214 overexpression and tumor grade. and migration. miR-214 expression levels were examined in
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several lung cancer cell lines (A549, H1299, H2228, H292,
H3255 and H358) and normal bronchial epithelium cell line
HBE (Fig. 2A). High miR-214 expression was detected in
H1299, H3255 and H358 cell lines. Relatively low miR-214
expression was detected in HBE, A549, H2228 and H292
cell lines. The A549 and H1299 cell lines were subsequently
selected for miR-214 mimic and inhibitor transfection; the
A549 cell line was used as it has high transfection efficiency
and is widely used in literature (32). Transfection efficiency
was confirmed by RT-qPCR. miR-214 mimics significantly
upregulated miR-214 expression, whereas miR-214 inhibitor
downregulated its expression in both cell lines (Fig. 2B). A
MTT assay was performed for 5 days to examine the cell growth
curves. As presented in Fig. 2C, miR-214 mimics promoted
cell growth rate, whereas miR-214 inhibitor decreased the cell
growth rate. The colony formation assay demonstrated that
miR-214 mimics promoted cell colony formation ability,
whereas miR-214 inhibitor decreased this ability (Fig. 2D).
Similarly, the Matrigel invasion assay demonstrated that
miR-214 mimics promoted A549 cell invasion, whereas
miR-214 inhibitor downregulated H1299 invasion (Fig. 2E). To
assess cell migration alterations, a wound healing assay was
performed. The results revealed that miR-214 mimics facili-
tated A549 migration, while the miR-214 inhibitor prevented
H1299 cell invasion (Fig. 2F).

miR-214 regulates HIF-1a, VEGF, MM P2 and AK 3 expression.
To investigate the mechanisms underlying cell proliferation
and invasion regulation by miR-214, and to explore the poten-
tial association between miR-214 and the hypoxia induced
effects, A549 and H1299 cells were transfected with miR-214
mimics and inhibitors, and the expression of relevant proteins
was detected by western blotting (Fig. 3A). It was demonstrated
that miR-214 upregulated the expression of MMP-2, HIF-1a,
as well as its target proteins VEGF and AK3, compared with
the corresponding control group. Transfection of miR-214
inhibitor exhibited the opposite effects by downregulating
MMP2, HIF-1a, VEGF and AK3 expression, compared with
the corresponding inhibitor control (Fig. 3B).

miR-214 targets and downregulates ING4 in A549 and
H1299 cell lines. Using the online target prediction database
TargetScan 7.1, it was determined that miR-214 directly
bound to the 3'UTR of ING4, which has previously been
reported to be a tumor suppressor and inhibitor of HIF-1a.
To determine their exact relationship, ING4 expression
was examined following transfection with miR-214 mimics
or inhibitor. miR-214 mimics significantly downregulated
ING4 expression, whereas miR-214 inhibitor transfection
upregulated ING4 expression at the mRNA and protein level
(Figs. 3A and 4A). To determine if ING4 was a direct target
of miR-214, luciferase reporter assays were performed.
Reporter plasmids with wild-type (CCUGCUG) or mutant
(CCCCCUQG) 3'-UTR binding sites for ING4 were transfected
in A549 and H1299 cells together with miR-214 mimic.
miR-214 mimics significantly suppressed luciferase activity
in cells transfected with the wild-type vector (Fig. 4B). No
marked alteration was detected in cells with the mutant site
plasmid, suggesting that miR-214 bound to the ING4 3'-UTR
and thus downregulated ING4 expression. To validate their
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association in lung cancer tissues, the mRNA expression of
both miR-214 and ING4 was examined. Linear regression
analyses demonstrated that there was an inverse correlation
between miR-214 and ING4 mRNA expression (Fig. 4C;
P=0.008).

The effects of miR-214 on HIF-1a, MMP2 and VEGF are
dependent on ING4. ING4 has been reported as a tumor
suppressor which inhibits MMP2 and HIF-la expres-
sion (33-35). To confirm the involvement of ING4 in
miR-214-mediated regulation of MMP2, VEGF and HIF-1a,
ING4 plasmid was transfected into A549 and H1299 cells
together with the miR-214 mimic. Western blotting demon-
strated the success of ING5 plasmid transfection in the two
cell lines (Fig. 5A). ING4 overexpression was demonstrated to
abolish the miR-214-induced upregulation of MMP2, VEGF
and HIF-1a expression (Fig. 5B and C).

In addition, ING4 siRNA was introduced into A549 and
H1299 cells in combination with miR-214 inhibitor. ING4
expression was markedly reduced by siRNA transfection,
compared with the control (Fig. 6A). As presented in Fig. 6B,
ING4 siRNA upregulated MMP2, VEGF and HIF-1a expres-
sion. These data indicated that miR-214 induced the expression
of MMP2, VEGF and HIF-1a by targeting tumor suppressor
ING4.

Discussion

Evidence indicates that miRNAs participate in cancer
development. miR-214 has been reported to be dysregulated
in a variety of human diseases, including cancer (36-38).
Downregulation of miR-214 has been implicated in several
cancers including gastric, cervical, esophageal and colorectal
cancer (22-24). However, studies have also identified miR-214
as a promoter of growth and invasion in non-small cell lung
cancer (25,39). Thus, the biological roles of miR-214 in
human cancer are contradicting. In the present study, it was
confirmed that miR-214 expression was upregulated in lung
cancer tissues and cell lines. Using MTT, colony formation,
Matrigel invasion and migration assays, it was demonstrated
that miR-214 served as a promoter of cell growth invasion
and migration in NSCLC cells. As miR-214 has been reported
to mediate hypoxia-induced cell proliferation in pulmonary
artery smooth muscle cells (27), the expression of HIF-1a
and its downstream factors were measured. It was revealed
that miR-214 upregulated HIF-1a, while miR-214 inhibitor
downregulated HIF-1a.

HIF-1a is involved in adaptation to hypoxia and angiogen-
esis during the development of various cancers (40). HIF-1a
has been reported to be overexpressed in human NSCLCs, and
is associated with angiogenesis, invasion, epithelial-mesen-
chymal transition and chemoresistance (41-43). VEGF is a
downstream protein of HIF-1a, which has been implicated as
an angiogenesis stimulating protein during cancer progres-
sion (44-46). AK3 is a target protein of HIF-1a (47), which
is located exclusively in the mitochondrial matrix (48).
AK3 may participate in the high-energy phosphate transfer
process (49). The results of the present study demonstrated that
miR-214 induced HIF-1a and its target VEGF, which may have
promoted tumor angiogenesis and cell survival.
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Figure 4. ING4 is a target of miR-214. (A) RT-qPCR demonstrated that miR-214 mimics downregulated the mRNA expression of ING4 mRNA, whereas
miR-214 inhibitor had the opposite effect. (B) The luciferase reporter assay showed that in cells transfected with the wild-type reporter, miR-214 mimics
significantly inhibited luciferase activity. In cells transfected with the mutant site reporter plasmid, no significant alteration was detected. (C) ING4 expression
was examined by RT-qPCR in 20 lung cancer cases. Linear regression analyses demonstrated that there was an inverse correlation between miR-214 and
ING4 mRNA expression levels. "P<0.05 vs. corresponding control. ING4, inhibitor of growth family member 4; miR-214, microRNA-214; RT-qPCR, reverse

transcription-quantitative polymerase chain reaction.

Next, the underlying mechanisms were explored.
Prediction software and reporter assays were used, which
demonstrated that miR-214 suppressed the mRNA and protein
expression of ING4, a well-defined tumor suppressor. ING4
has been reported to inhibit tumor invasion by suppression
of the MMP family of proteins in osteosarcoma, gastric and
lung cancer (50,51). ING4 may also suppress HIF-1a and its
downstream signaling proteins (52,53). Thus, it was postulated
that the biological effects of miR-214 may be dependent on
its regulation of ING4 expression. To confirm this hypothesis,
ING4 plasmid and siRNA were co-transfected with miR-214
mimics or inhibitor. The results demonstrated that ING4

siRNA prevented the effects of the miR-214 inhibitor by
upregulating MMP2, VEGF and HIF-1a expression, whereas
ING4 plasmid suppressed the expression of these proteins.
Collectively, these data demonstrated that miR-214 induced
MMP?2 and HIF-1a signaling in lung cancer cells by targeting
tumor suppressor ING4.

In conclusion, the present study demonstrated that miR-214
functioned as an oncogene in lung cancer cells. miR-214
targeted tumor suppressor ING4, which in turn inhibited
HIF-1a, VEGF and MMP2 expression. Therefore, miR-214
may serve as a potential therapeutic target in non-small cell
lung cancer.
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Figure 6. ING4 siRNA transfection downregulates MMP2, HIF-1a and VEGF expression. (A) Western blotting confirmed that ING4 siRNA transfection
downregulated ING4 protein expression in A549 and H1299 cells. (B) A549 and H1299 cells were transfected with the inhibitor control, miR-214 inhibitor or
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