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Objective: MicroRNA-218 (miR-218) critical for preventing the progression of numerous dis-
eases, including diseases of the retinal pigment epithelium (RPE). However, the mechanism
by which miR-218 regulates the PRE in humans remains largely unknown. Our study inves-
tigated the effects of glucose-induced miR-218 expression on human RPE cells (ARPE-19),
as well as its targeted regulatory effect.
Methods: The levels of miR-218 and runt-related transcription factor 2 (RUNX2) expression
were investigated by RT-qPCR or Western blot assays. Cell viability and apoptosis were
assessed by CCK-8 assays, flow cytometry, and Hoechst staining. A luciferase reporter
assay was performed to determine whether Runx2 is a target gene of miR-218.
Results: Our results showed that glucose up-regulated miR-218 expression, suppressed
proliferation, and induced the apoptosis of ARPE-19 cells. We verified that miR-218 could
inhibit the proliferation and facilitate the apoptosis of ARPE-19 cells, while inhibition of
miR-218 expression produced the opposite effects. In terms of mechanism, we demon-
strated that RUNX2 was a direct target of miR-218. Functional experiments showed that
Runx2 served as a miR-218 target to help inhibit the proliferation and induction of apopto-
sis in ARPE-19 cells.
Conclusion: Our findings suggest the miR-218/Runx2 axis as a potential target for treating
diabetic retinopathy (DR).

Introduction
Diabetic retinopathy (DR) is a series of fundus lesions caused by abnormal retinal circulation resulting
from aberrant glucose metabolism in diabetic patients [1]. In the early stage of DR, the basal membrane
of capillary endothelial cells is thickened, peripheral cells are lost, and the automatic regulatory function
of capillaries is decompensated. Later, endothelial cell function becomes impaired, blood components
are exudated, and capillaries become occluded [2]. Extensive retinal ischemia causes retinal edema and
neovascularization, complicated with vitreous hemorrhage, traction retinal detachment and many other
complications that lead to loss of vision and even blindness [3,4]. DR is one of the most common causes
of preventable blindness among working-age people, and the incidence of retinopathy in diabetic patients
with a course > 10 years exceeds 50% [5]. DR can be divided into early stage and late stage DR based on its
severity; proliferative diabetic retinopathy (PDR) represents the advanced stage, which can severely affect
the vision of patients with diabetes [6,7]. DR is also recognized as a blinding eye disease. Therefore, it is of
great importance to study its pathogenesis with the goal of preventing and treating DR, and finding new
therapeutic molecular targets.
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MicroRNAs (miRNAs) comprise a class of endogenous, tissue specific, and highly conserved RNAs with a length
of 20–24 nucleotides [8]. MiRNA is a new type of gene expression regulatory factor that mainly binds to the
3’-untranslated region (UTR) of the target gene mRNA via complementary base pairs at the post-transcriptional
level. This binding inhibits expression of the target mRNA, due to its degradation or lack of translation [9,10]. Studies
have found that ∼90% of miRNAs in human eyes are highly selective and expressed in the retina and choroid [11,12].
Several studies have also verified that certain miRNAs including miR-126, miR-31, miR-200b, and miR-29 are closely
associated with the progression of DR [13–17]. Research studies have found that miR-218 contributes to the clini-
cal course of various diseases, including cancers [18–22], Hirschsprung’s disease [23], cardiomyocyte hypertrophy
[24], neuropathic pain [25], and chronic obstructive pulmonary disease [26]. More importantly, recent studies have
suggested that miR-218 is highly expressed in the crystalline lens of mice raised on a high glucose diet [27], and is
associated with retinal neovascularization [28,29]. Therefore, we speculated that miR-218 might play a role in retinal
diseases. However, the mechanism by which miR-218 functions in DR has not been fully elucidated.

In the present study, we further investigated the potential protective effect of miR-218 on human retinal pigment
epithelial cells exposed to high glucose concentrations. We first examined how glucose and miR-218 effect the pro-
liferation and apoptosis of ARPE-19 cells. In a mechanistic analysis, we used bioinformatics methods to predict po-
tential biological targets for miR-218, and verified that runt-related transcription factor 2 (RUNX2) can function as
a miR-218 sponge that is negatively regulated by miR-218. We also showed that RUNX2 could reverse the effects of
miR-218 in ARPE-19 cells. Our findings suggest that miR-218 and RUNX2 might be vital targets for use in diagnosing
and treating DR.

Materials and methods
Cell culture and treatment
ARPE-19 cells were purchased from ATCC (Manassas, VA, U.S.A.; CRL-2302) and maintained in DMEM/F12
medium (Life Technologies, Carlsbad, CA, U.S.A.; cat. no. 10565018) containing 10% fetal bovine serum (FBS, Gibco,
Waltham, MA, U.S.A.; cat. no. 10091-148) and 1% penicillin–streptomycin (Gibco; cat. no. 15140-122). The cells were
grown in a 37◦C incubator with a 5% CO2 atmosphere. The ARPE-19 cells were treated with 5, 15, or 25 mM glucose
or an equivalent amount of PBS for 0, 1, 2, and 3 days, respectively.

Cell transfection
Negative control (NC) mimics, miR-218 mimics, a NC inhibitor, and a miR-218 inhibitor were purchased from
GenePharma (Shanghai, China). A Runx2 overexpression plasmid and empty plasmid were purchased from
Genechem (Shanghai, China). ARPE-19 cells (1 × 105 cells/ml) were seeded into the wells of six-well plates and
incubated for 8 h at 37◦C. After incubation, the cells were transfected with NC mimics, miR-218 mimics, the NC
inhibitor or miR-218 inhibitor for 24 h by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, U.S.A.) according to
instructions provided by the manufacturer. Similarly, a Runx2 overexpression plasmid or empty plasmid was trans-
fected into ARPE-19 cells by using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

RNA extraction and quantitative real-time PCR (RT-qPCR) assay
Total RNA was extracted from the transfected ARPE-19 cells using TRIzol reagent (Takara, Japan; cat. no. 9109).
cDNA was synthesized using an All-in-One™ First-Strand cDNA Synthesis Kit (GeneCopoeia, Rockville, MD,
U.S.A.). The levels of RUNX2 and miR-218 expression were assessed by using SYBR-Green PCR Master Mix (Takara)
on an ABI 7300 real time system. The results were analyzed using the 2−��C

t method [30], and the sequences of
primers are listed in Table 1.

Western blot assay
Total proteins were obtained using an EpiQuik Total Histone Extraction Kit (Epigentek, Farmingdale, NY, U.S.A.;
cat. no. OP-0006-100) according to instructions provided with the kit. Protein concentrations were determined using
a Bradford Protein Assay Kit (Solarbio, Beijing, China; cat. no. PC0010). Aliquots of total protein from each sam-
ple were separated by 10% SDS-PAGE, and the protein bands were transferred onto PVDF membranes (Millipore,
Burlington, MA, U.S.A.). The membranes were then blocked with 5% low fat dried milk for 2 h at room tempera-
ture and subsequently incubated with primary antibodies against RUNX2 (1:500, mouse, Abcam, Cambridge, U.K.;
ab76956) andβ-actin (1:3000, mouse, Abcam; ab20272) overnight at 4◦C. After washing, the membranes were treated
with Goat Anti-Mouse IgG (HRP, 1:5000, Abcam; ab205719) for 2 h at room temperature. The results were examined
using enhanced chemiluminescent reagents.
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Table 1 The PCR primers used in our study

ID Sequence(5’- 3’)

GAPDH F TGTTCGTCATGGGTGTGAAC

GAPDH R ATGGCATGGACTGTGGTCAT

RUNX2 F TGGTTACTGTCATGGCGGGTA

RUNX2 R TCTCAGATCGTTGAACCTTGCTA

U6 F CTCGCTTCGGCAGCACA

U6 R AACGCTTCACGAATTTGCGT

All 1R CTCAACTGGTGTCGTGGA

hsa-miR-218 UUGUGCUUGAUCUAACCAUGU

hsa-miR-218 RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACATGGTT

hsa-miR-218 F ACACTCCAGCTGGGTTGTGCTTGATCTAAC

Cell Counting Kit-8 (CCK-8) assay
The proliferation of treated ARPE-19 cells was determined with the CCK-8 assay. Briefly, the treated ARPE-19 cells
were seeded into 96-well plates at a concentration of 3000 cells/well, and maintained at 37◦C for 8 h Next, a CCK-8
detection kit (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was used to measure cell proliferation at 0,
1, 2, and 3 days, respectively, according to instructions provided by the manufacturer.

Hoechst staining
Apoptosis of the treated ARPE-19 cells was examined using Hoechst 33342 nuclear staining. For Hoechst staining,
treated ARPE-19 cells were cultured for 30 min in six-well plates with 2 ml of medium that contained Hoechst 33342
blue fluorescent nuclear dye (Sigma-Aldrich, St. Louis, MO, U.S.A.). Nuclear morphology was detected by fluores-
cence microscopy that was performed using a Hoechst 33342 filter at 365 nm.

Flow cytometry analysis
Cell apoptosis was evaluated using an Annexin V FITC/PI apoptosis detection kit (Abcam; ab14085). Treated
ARPE-19 cells (2 × 106 cells/ml) were harvested and incubated with 5 μl of Annexin V-FITC and 5 μl of PI for 15
min at room temperature in the dark. Cell apoptosis was examined using a BD FACSCalibur flow cytometer (Beckton
Dickinson, Franklin Lakes, NJ, U.S.A.).

Plasmid construction and dual luciferase activity assay
The 3’-UTRs of Runx2 cDNA containing the putative target and mutant sites for miR-218 were chemically generated
and cloned into a pGL3 vector (Promega, Madison, WI, U.S.A.) to produce pGL3-Runx2-WT and pGL3-Runx2-Mut
plasmids, respectively. ARPE-19 cells were plated into 24-well plates at a concentration of 2 × 105 cells/well and
cultured at 37◦C for 24 h. Next, 200 ng of pGL3-Runx2-WT or pGL3-Runx2-Mut plasmids were co-transfected into
ARPE-19 cells along with miR-218 mimics by using Lipofectamine 2000 (Invitrogen). Luciferase activity was then
assessed using the Dual Luciferase Reporter Assay System (Promega). Firefly luciferase activity was normalized to
that of Renilla luciferase activity.

Statistical analysis
All data were analyzed by One-Way ANOVA performed with IBM SPSS 21.0 software (IBM Corp., Armonk, NY,
U.S.A.). Experimental results are presented as the mean +− SD. A P-value < 0.05 was considered to be statistically
significant.

Results
Glucose suppressed the proliferation and induced the apoptosis of
ARPE-19 cells
To explore whether glucose affected the proliferation and apoptosis of RPEs, ARPE-19 cells were treated with 0,
5, 15, or 25 mM glucose. CCK-8 analyses showed that cell proliferation was remarkably decreased among the
glucose-treated ARPE-19 cells relative to the control cells, and the decrease was dose-dependent (P < 0.05, P <

0.01, P < 0.001, Figure 1A). In addition, we found that glucose significantly up-regulated miR-218 expression in
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Figure 1. Glucose suppressed the proliferation and induced the apoptosis of ARPE-19 cells

(A) The viability of ARPE-19 cells treated with PBS (control), 5, 15, or 25 mM glucose for 0, 1, 2, and 3 days, respectively, was

checked using the CCK-8 assay. *P < 0.05, **P < 0.01, ***P < 0.001 versus control group. (B) The relative levels of miR-218

expression in ARPE-19 cells treated with glucose were analyzed by RT-qPCR. *P < 0.05, **P < 0.01 versus control group. (C)

The apoptosis of ARPE-19 cells treated with different concentrations of glucose was analyzed by flow cytometry. (D) The effect

of glucose on ARPE-19 cell apoptosis was investigated by Hoechst staining (original magnification ×200, scale bar = 50 μm). All

experiments were repeated three times.

ARPE-19 cells in a dose-dependent manner (P < 0.05, P < 0.01, Figure 1B). Moreover, Hoechst staining and flow
cytometry analyses revealed that ARPE 19 cells treated with glucose had significantly increased rates of apoptosis
when compared with control cells (Figure 1C,D). These results suggested that glucose inhibited the proliferation and
promoted the apoptosis of ARPE-19 cells in dose dependent manners, which might be related to changes in miR-218
expression.

Effects of miR-218 on the proliferation and apoptosis of ARPE-19 cells
To explore the impact of miR-218 on the proliferation and apoptosis of RPEs, ARPE-19 cells were transfected with
miR-218 mimics to increase miR-218 expression or a miR-218 inhibitor to decrease miR-218 expression. Our results
showed that miR-218 was significantly up-regulated in the miR-218 mimics group and significantly down-regulated in
miR-218 inhibitor group when compared with miR-218 expression in a NC group (P < 0.001, Figure 2A). Subsequent
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Figure 2. Effects of miR-218 on the proliferation and apoptosis of ARPE-19 cells

ARPE-19 cells were transfected with NC mimics, miR-218 mimics, a NC inhibitor or miR-218 inhibitor, respectively. (A) The effects

of transfection of ARPE-19 cells with the miR-218 mimics and inhibitor were confirmed by RT-qPCR; ***P < 0.001 vs. NC group.

(B) CCK-8 analysis of cell proliferation among ARPE-19 cells transfected with miR-218 mimics or the inhibitor; **P < 0.01, ***P <

0.001 vs. NC group. (C) The apoptosis of transfected ARPE-19 cells was analyzed by flow cytometry. (D) Hoechst staining was

used to evaluate the effects of miR-218 on the apoptosis of ARPE-19 cells transfected with miR-218 mimics or the inhibitor (original

magnification ×200, scale bar = 50 μm); NC, negative control. All experiments were repeated three times.

CCK-8 assays verified that overexpression of miR-218 tended to reduce cell proliferation, while inhibition of miR-218
expression enhanced the proliferation of ARPE-19 cells (P < 0.01, P < 0.001, Figure 2B). Flow cytometry and Hoechst
staining results showed that miR-218 overexpression promoted apoptosis, and miR-218 knockdown inhibited the
apoptosis of ARPE-19 cells (Figure 2C,D). These results suggest that miR-218 can suppress the proliferation and
facilitate the apoptosis of RPEs.

MiR-218 negatively regulated Runx2 by targeted binding
Bioinformatics analysis results from TargetScan Human 5.1 (http://www.targetscan.org) predicted that Runx2 might
be the target gene for miR-218. We found that the Runx2 gene was conserved in humans, chimps, mice, rats, and
rabbits (Figure 3A). In order to determine whether Runx2 was a target gene of miR-218, we constructed a luciferase
reporter vector containing the putative wild type or mutant Runx2 3’-UTR target site for miR-218 (Figure 3B). The
WT-Runx2 or mutant-Runx2 vector was co-transfected into ARPE-19 cells along with miR-218 mimics. The relative
levels of luciferase activity in cells co-transfected mutant Runx2 along with miR-218 mimics showed no obvious
changes; however, a dramatic down-regulation of relative luciferase activity was observed in cells co-transfected with
WT Runx2 and miR-218 mimics (P < 0.01, Figure 3C). These results indicated that glucose had downregulated Runx2
expression in the ARPE-19 cells in a dose-dependent manner (Figure 3D).

Runx2 overexpression accelerated the proliferation and the suppressed
apoptosis of ARPE-19 cells
Because Runx2 was demonstrated to be a target gene for miR-218, we further evaluated whether Runx2 was involved
in the proliferation and apoptosis of ARPE-19 cells. Results from RT-qPCR and Western blot assays revealed that
Runx2 expression was higher in the Runx2 overexpression group than the NC group, indicating that the Runx2 over-
expression plasmid had been successfully transfected into the ARPE-19 cells (P < 0.001, Figure 4A,B). CCK-8 assay
results revealed that cells in the Runx2 overexpression group had higher proliferation rates than cells in the NC group
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Figure 3. MiR-218 negatively regulated Runx2 by targeted binding

(A) The conserved sequence of the Runx2 gene in humans, chimps, mice, rats, and rabbits. (B) The potential binding site between

miR-218 and Runx2 mRNA was predicted by bioinformatics. (C) The relative levels of luciferase activity in ARPE-19 cells that were

co-transfected with the Runx2 mutant or wild type plasmid and miR-218 mimics or its NC. **P < 0.01. (D) Runx2 protein expression

in ARPE-19 cells treated with 0, 5, 15, or 25 mM glucose was examined by Western blotting. NC, negative control. All experiments

were repeated three times.

(P < 0.001, Figure 4C). Hoechst staining and flow cytometry analyses showed that overexpression of Runx2 could sig-
nificantly decrease the apoptosis of ARPE-19 cells (Figure 4D,E). In short, our results showed that Runx2 participated
in the proliferation and apoptosis of ARPE-19 cells.

MiR-218 suppressed the proliferation and induced the apoptosis of RPEs
via Runx2
To further verify whether miR-218 worked in conjunction with Runx2 to inhibit RPE cell proliferation and induce
RPE cell apoptosis, ARPE-19 cells were co-transfected with miR-218 mimics and the Runx2 plasmid. Results showed
that Runx2 overexpression markedly rescued the inhibition of Runx2 expression mediated by miR-218 (P < 0.01,
P < 0.001, Figure 5A,B). CCK-8 assays indicated that cell proliferation was significantly reduced in the miR-218
mimics group, while that effect was reversed when miR-218 mimics and the Runx2 overexpression plasmid were
co-transfected (P < 0.01, P < 0.001, Figure 5C). Regarding apoptosis, Runx2 overexpression dramatically reversed
the promotion of cell apoptosis induced by miR-218 (Figure 5D,E). When taken together, these results proved that
overexpression of Runx2 could abolish the effects of miR-218 on the proliferation and apoptosis of RPE cells.

Discussion
DR is one of the principal diabetic microvascular diseases, and a type of fundus disease that has become the leading
cause of blindness in diabetic patients [31]. Human retinal pigment epithelial cells (RPEs), such as ARPE-19 cells,
are located between the vascular-rich choroid and the retinal nerve cortex, which are crucial nutrient, maintenance,
and metabolic tissues of the retina [32]. RPEs are easily stimulated due to their special position and function, and
this stimulation can lead to multiple retinopathies [33]. In our study, glucose was utilized to induce ARPE-19 cells,
and we verified that high glucose concentrations could inhibit the proliferation and induce the apoptosis of ARPE-19
cells.

It is well known that miRNAs significantly affect many biological processes, such as cell proliferation, apoptosis, dif-
ferentiation, and metabolism [34,35]. An increasing body of evidence indicates that miR-218 is downregulated in var-
ious diseases. For example, down-regulation of miR-218 was reported to result in epithelial–mesenchymal transition
and the metastasis of lung cancer [21]. Other studies indicated that miR-218 could prevent the cell cycle progression of
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Figure 4. Effects of Runx2 overexpression on the proliferation and apoptosis of ARPE-19 cells

ARPE-19 cells were transfected with the NC or Runx2 overexpression plasmid, respectively. The effect of transfection with the

Runx2 overexpression plasmid was determined by Western blot (A) and RT-qPCR assays (B); ***P < 0.001 vs. NC group. (C)

CCK-8 analysis of the proliferation of ARPE-19 cells transfected with the Runx2 overexpression plasmid at 0, 1, 2, and 3 days, ***P

< 0.001 vs. NC group. (D) The effect of Runx2 overexpression on the apoptosis of ARPE-19 cells as examined by flow cytometry. (E)

The effect of Runx2 overexpression on the apoptosis of ARPE-19 cells as investigated by Hoechst staining (original magnification

×200, scale bar = 50 μm). All experiments were repeated three times.
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Figure 5. MiR-218 suppressed the proliferation and induced the apoptosis of RPEs via Runx2

ARPE-19 cells were either transfected with miR-218 mimics or co-transfected with miR-218 mimics or the Runx2 plasmid. (A)

Western blot analysis of Runx2 expression; β-actin served as an internal control. (B) RT-qPCR analysis of Runx2 levels, ***P <

0.001 vs. NC group; ##P < 0.01 vs. mimics group. (C) Cell proliferation was examined by the CCK-8 assay, ***P < 0.001 vs. NC

group; ##P < 0.01 vs. mimics group. (D) Cell apoptosis was assessed by flow cytometry. (E) Hoechst staining was performed to

evaluate cell apoptosis (original magnification ×200, scale bar = 50 μm). All experiments were repeated three times.
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gastric cancer cells [18], participate in cardiomyocyte hypertrophy via REST [24], and affect chronic obstructive pul-
monary disease (COPD) by regulating the TNFR1-mediated activation of NF-κB [26]. Research has also verified that
miRNAs can significantly contribute to endothelial dysfunction [36,37]. Regarding miR-218, studies have suggested
that miR-218 can suppress oxygen-induced retinal neovascularization [29], and is involved in retinal neovasculariza-
tion [28]. In our study, we proved that glucose could increase miR-218 expression in ARPE-19 cells. Therefore, we
speculated that miR-218 might be involved in the glucose regulation of SW480 cell function.

Furthermore, we also verified that up-regulation of miR-218 could inhibit the proliferation and increase the apop-
tosis of ARPE-19 cells, while down-regulation of miR-218 could promote the proliferation and suppress the apoptosis
of ARPE-19 cells. Therefore, our data further suggest miR-218 as a therapeutic target for DR.

The transcription factor Runx2 is a member of the RUNX transcription factor family [38]. The RUNX family
comprises transcription factor proteins that are responsible for encoding a class of Runt DNA-binding domain nu-
cleoproteins [39,40]. This DNA binding domain is composed of 128 amino acids and is highly homologous with the
drosophila gene Runt in the evolutionary process; therefore, it is called the Runt domain [41]. The RUNX family
of transcription factors can bind to the core binding factor β (CBFβ) to form a heterodimer that greatly enhances
their ability to bind to DNA [42]. Numerous studies have demonstrated that RUNX2 participates in the physiological
and pathological processes of various diseases, such as cancers [43–45], asthma [46], cleidocranial dysplasia [47,48],
and acromegaly [49]. Many studies have also verified that RUNX2 expression is closely associated with the progres-
sion of various diseases by affecting cell proliferation, apoptosis, autophagy, metastasis, and osteogenic differentiation
[50–52]. However, its function in RPE cells has remained unknown. In the present study, we proved for the first time
that overexpression of Runx2 could dramatically accelerate the proliferation and suppress the apoptosis of ARPE-19
cells. A previous study showed that human RPE cells could be activated to become self-renewing cells in vitro, and
Runx2, acted as an early definitive marker of osteogenic differentiation marker, and was involved with RPE plasticity
[53]. Therefore, we demonstrated that Runx2 could be involved in the biological processes of human RPE cells.

Furthermore, to explore the possible regulatory mechanism of miR-218 in RPEs, the target genes of miR-218 were
predicted using bioinformatics analysis we also verified that Runx2 is a target gene of miR-218, and is negatively
regulated by miR-218. Moreover, we revealed that Runx2 overexpression could dramatically reverse the effect that
miR-218 exerted on ARPE-19 cell proliferation and apoptosis, suggesting that miR-218 suppresses the proliferation
and induces the apoptosis of RPEs by targeting Runx2. However, our study has many limitations. For example, in
vivo experiments should be performed to further verify our findings, and the roles played by the miR-218/Runx2
axis need to be investigated in hyperglycemic cell models.

Conclusion
We proved that miR-218 levels can be up-regulated by glucose in ARPE-19 cells. In addition, Runx2 was identified as
a target gene of miR-218, and miR-218 was shown to inhibit the proliferation and accelerate the apoptosis of ARPE-19
cells by targeting Runx2. Therefore, we for the first time verified that miR-218 plays essential roles in inhibiting the
proliferation and promoting the apoptosis of RPEs by targeting RUNX2, suggesting the miR-218/RUNX2 axis as a
therapeutic target for RD.
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