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Abstract. Hypoxia has been demonstrated to be a proangio-
genic factor that induces vascular endothelial growth factor 
(VEGF) in retinal pigment epithelial (RPE) cells. Dickkopf2 
(DKK2), originally known as Wnt antagonist, has recently been 
demonstrated to have an important regulatory role in angio-
genesis; however, the specific role of DKK2 in RPE cells is not 
known. In the present study, the effects of DKK2 on VEGF 
expression under hypoxic conditions were investigated, as well 
as the molecular mechanisms involved. The results demon-
strated that the expression of DKK2 was markedly increased 
under hypoxic conditions compared with normoxic conditions. 
Knockdown of DKK2 markedly attenuated the CoCl2‑induced 
expression of hypoxia‑inducible factor (HIF)‑1α and VEGF 
in RPE cells. Furthermore, knockdown of DKK2 markedly 
inhibited the expression of β‑catenin induced by hypoxia. In 
conclusion, the findings of the present study demonstrate that 
knockdown of DKK2 inhibits the hypoxia‑induced production 
of VEGF by suppressing the activation of the Wnt/β‑catenin 
signaling pathway.

Introduction

Choroidal neovascularization (CNV) is a serious complication 
of exudative age‑related macular degeneration, which may 
result in significant loss of central vision (1). Retinal pigment 
epithelial (RPE) cells, located between the neurosensory retina 
and the vascular choroids, form the outer blood retinal barrier 
and have an important role in the pathogenesis of CNV (2). 
Hypoxia is also essential for the pathogenesis of CNV (3). 
Increasing research suggests that vascular endothelial growth 

factor (VEGF) upregulation produced by RPE cells under 
hypoxic conditions is a major angiogenic factor for CNV (4,5). 
Therefore, inhibiting hypoxia‑induced VEGF expression may 
be a therapeutic approach for the treatment of CNV.

The Dickkopf (DKK) family of proteins modulates Wnt 
signaling. Members of the DKK protein family (DKK1, 2, 3 
and 4) are secreted proteins with an N‑terminal signal peptide 
and two conserved cysteine‑rich domains separated by a linker 
region (6). DKK2 is a putative Wnt signaling inhibitor that is 
involved in tumor cell proliferation, migration and invasion (7‑9). 
In addition, it has been postulated that DKK2 is involved in 
angiogenic processes. For example, one study demonstrated that 
DKK2 promoted angiogenesis in cultured human endothelial 
cells, and local injection of DKK2 protein significantly improved 
tissue repair, with enhanced neovascularization in animal 
models of both hind limb ischemia and myocardial infarc-
tion (10). Recently, a study by Park et al (11) demonstrated that 
DKK2 increased retinal vessel density and reduced the avascular 
area in an in vivo murine model of oxygen‑induced retinopathy; 
however, the mechanism by which DKK2 contributes to this 
process is not clear. Therefore, the present study investigated the 
role of DKK2 in RPE cells under hypoxic conditions, and the 
molecular mechanisms were also explored.

Materials and methods

Cell culture and treatment. Human RPE cells were obtained 
from American Type Culture Collection (Manassas, VA, 
USA) and cultured in Dulbecco's modified Eagle Medium 
supplemented with F‑12 nutrient mixture, 10% fetal bovine 
serum (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany), 
100 U/ml penicillin and 100 µg/ml streptomycin in a 5% CO2 
incubator at 37˚C. Cells were plated in 6‑well culture dishes 
and used for experiments at 80‑90% confluence. Cells were 
placed in fresh serum‑free medium for 24 h prior to use. For 
culture under hypoxic conditions, RPE cells were incubated in 
a hypoxic chamber (Forma Scientific, San Bruno, CA, USA) 
to maintain the cells under low oxygen tension (5% CO2 with 
1% O2, balanced with N2).

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). For DNase treatment 
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2 units of DNase I (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham MA, USA) per µg of total RNA was added 
and incubated at 37˚C for 30 min. Total RNA from RPE cells 
was isolated using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
Subsequently, 2 µg of total RNA was transcribed to first‑strand 
cDNA using TaqMan reverse transcription reagents (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). PCR was 
performed using a CFX96 Real‑Time PCR Detection System 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA) and a SYBR 
PrimeScript RT‑PCR kit (Takara Biotechnology Co., Ltd., 
Dalian, China), with a final reaction volume of 20 µl, containing 
50 ng of total RNA, 10 µl 2xSYBR Green I reagent, 6.25 U 
Multi‑Scribe reverse transcriptase, 10 U RNase inhibitor and 
0.1 mM primers. The specific primers for DKK2 were sense 
5'‑AGT​ACC​CGC​TGC​AAT​AAT​GG‑3' and antisense 5'‑GAA​
ATG​ACG​AGC​ACA​GCA​AA‑3'; and for β‑actin, sense 5'‑GAT​
CAT​TGC​TCC​TCC​TGA​GC‑3' and antisense 5'‑ACT​CCT​
GCT​TGC​TGA​TCC​AC‑3'. PCR cycling conditions included 
a holding step at 94˚C for 10 min, and 35 cycles of 94˚C for 

15 sec, 59˚C for 30 sec and 70˚C for 30 sec. β‑actin was used as 
an internal control for normalizing gene expression. The data 
obtained were quantified using the 2−ΔΔCq method (12).

Western blot analysis. Proteins were extracted from RPE cells 
using radioimmunoprecipitation assay lysis buffer (Beyotime 
Institute of Biotechnology, Haimen, China), and the protein 
concentration was determined using a Bradford protein assay 
kit (Bio‑Rad Laboratories, Inc.), according to the manufac-
turer's protocol. Equal amounts of protein sample (30 µg) were 
separated by 12% SDS‑PAGE and transferred to a nitrocel-
lulose membrane (Amersham; GE Healthcare Life Sciences, 
Little Chalfont, UK). Membranes were subsequently blocked 
at room temperature in Tris‑buffered saline (TBS) containing 
5% non‑fat dry milk and incubated with the primary anti-
bodies blocking solution overnight at 4˚C. Primary antibodies 
included anti‑DKK2 (1:3,000; PA5‑18015; Invitrogen; Thermo 
Fisher Scientific, Inc.), anti‑hypoxia inducible factor‑1α 
(HIF‑1α) (1:2,000; H6536; Sigma‑Aldrich; Merck KGaA), 
anti‑VEGF (1:2,500; sc‑7269; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), anti‑β‑catenin (1:3,000; sc‑7963; Santa 
Cruz Biotechnology) and anti‑glyceraldehyde 3‑phosphate 
dehydrogenase (1:3,000; sc‑47724; Santa Cruz Biotechnology, 
Inc.). Subsequent to washing with TBS‑Tween 20 buffer, 
the membranes were incubated with bovine anti‑mouse 
horseradish peroxidase‑conjugated secondary antibody 
(1:3,000; sc‑2380; Santa Cruz Biotechnology, Inc.) for 1 h at 
room temperature. The protein bands were visualized using 

Figure 1. Hypoxia induces DKK2 expression in RPE cells. RPE cells were 
exposed to hypoxia for different time periods. (A) Relative DKK2 mRNA 
expression levels in RPE cells were evaluated using reverse transcrip-
tion‑quantitative polymerase chain reaction analysis. mRNA levels were 
normalized to those of β‑actin. (B) Relative DKK2 protein expression levels 
in RPE cells were evaluated using western blot analysis. DKK2 expression 
levels were normalized to GAPDH. Data are presented as the mean ± stan-
dard deviation from three independent experiments performed in duplicate. 
*P<0.05 vs. the normoxia control group. DKK2, Dickkopf2; RPE, retinal 
pigment epithelial; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.

Figure 2. RNA interference reduces DKK2 expression in RPE cells. 
(A) DKK2 mRNA expression levels in RPE cells transformed with the 
siRNA‑mock control and siRNA‑DKK2. (B) DKK2 protein expression 
levels in RPE cells after knockdown of DKK2. siRNA‑DKK2 significantly 
inhibited the expression of DKK2 in RPE cells. Data are presented at the 
mean ± standard deviation from three independent experiments performed 
in duplicate. *P<0.05 vs. the siRNA‑mock control group. DKK2, Dickkopf2; 
RPE, retinal pigment epithelial; si, small interfering; GAPDH, glyceralde-
hyde 3‑phosphate dehydrogenase.
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enhanced chemiluminescence reagents (Gibco; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. The 
absorbance values of the target proteins were obtained using 
Gel‑Pro Analyzer v.4.0 software (Media Cybernetics, Inc., 
Rockville, MD, USA).

Transfection of small interfering (si) RNA. The small 
interfering RNA expression vector that expresses DKK2 
was purchased from Shanghai GenePharma Co., Ltd. 
(Shanghai, China). For in vitro transfection, RPE cells were 
seeded in each well of 96‑well microplates, grown for 24 h 
to reach 60% confluence and subsequently transfected with 
siRNA‑DKK2 or scramble control using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's instructions.

Statistical analysis. Statistical analysis was performed 
using SPSS v.16.0 software (SPSS, Inc., Chicago, IL, USA). 
All experiments were repeated three times. Results were 
presented as the mean  ±  standard deviation. Statistical 
analysis was performed using one‑way analysis of variance. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Hypoxia induces DKK2 expression in RPE cells. Hypoxia 
is the principal physiological stimulus that induces angio-
genesis to ensure sufficient levels of oxygen are available to 
developing cells (13). Therefore, the expression of DKK2 at 
both the mRNA and protein expression level in RPE cells 
under normoxic and hypoxic conditions was investigated. As 
exhibited in Fig. 1A, the expression level of DKK2 mRNA 
was significantly increased (P<0.05) by hypoxia treatment, 
as compared with the normoxia group. In addition, hypoxia 
treatment significantly increased (P<0.05) the protein expres-
sion levels of DDK2 in RPE cells (Fig. 1B) compared with the 
normoxia group.

RNA interference suppresses DKK2 mRNA and protein 
expression. The knockdown of DKK2 was induced by a 
lentivirus‑mediated RNA interference vector in RPE cells 
and the transfection efficiency was evaluated. As exhibited 
in Fig. 2, following transfection, the expression of DKK2 
was significantly decreased (P<0.05) at both the RNA and 
protein expression levels in RPE cells under hypoxic condi-
tions compared with controls. The siRNA‑DKK2 reduced 

Figure 3. Knockdown of DKK2 inhibits hypoxia‑induced HIF‑1α and VEGF expression in RPE cells. RPE cells transfected with siRNA‑DKK2 or siRNA‑mock 
were exposed to hypoxia for 24 h. The mRNA expression levels of (A) HIF‑1α and (B) VEGF mRNA. mRNA levels were normalized to those of β‑actin. 
(C) The protein expression levels of HIF‑1α and VEGF. HIF‑1α and VEGF protein expression levels were normalized to GAPDH. (D) Quantification of HIF‑1α 
and VEGF protein expression levels. Data are presented at the mean ± standard deviation from three independent experiments performed in duplicate. *P<0.05 
vs. the normoxia group; #P<0.05 vs. the hypoxia + siRNA‑mock group. DKK2, Dickkopf2; RPE, retinal pigment epithelial; si, small interfering; GAPDH, 
glyceraldehyde 3‑phosphate dehydrogenase; HIF‑1α, hypoxia inducible factor‑1α; VEGF, vascular endothelial growth factor.
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DKK2 mRNA levels to 36.7±2.4% of the siRNA‑mock and 
decreased DKK2 protein expression levels to 27.2±2.1% of the 
siRNA‑mock.

Knockdown of DKK2 inhibits hypoxia‑induced HIF‑1α and 
VEGF expression in RPE cells. The effect of DKK2 on the 
expression of HIF‑1α and VEGF in hypoxia‑stimulated RPE 
cells was investigated. Exposure to hypoxia for 24 h resulted in 
a significant increase in HIF‑1α (P<0.05) and VEGF (P<0.05) 
mRNA expression levels in RPE cells compared with the 
control group; however, knockdown of DKK2 significantly 
inhibited (P<0.05) this hypoxia‑induced increase in HIF‑1α 
and VEGF mRNA (Fig. 3A and B, respectively). Furthermore, 
DKK2 silencing significantly inhibited the hypoxia‑induced 
expression levels of HIF‑1α (P<0.05) and VEGF (P<0.05) 
protein in RPE cells compared with the siRNA‑mock control 
(Fig. 3B and C).

Knockdown of DKK2 inhibits hypoxia‑induced Wnt/β‑catenin 
activation in RPE cells. In order to explore the signaling 
pathway involved in siRNA‑DKK2‑induced inhibition of 
VEGF expression in hypoxia‑stimulated RPE cells, the effect 
of DKK2 on Wnt/β‑catenin activation was investigated. As 
exhibited in Fig. 4, hypoxia treatment significantly increased 
(P<0.05) the expression of β‑catenin, at both the mRNA and 
protein expression level, compared with the mock‑transfected 
control group; however, knockdown of DKK2 significantly 
inhibited (P<0.05) the mRNA and protein expression of 
β‑catenin induced by hypoxia in RPE cells.

Discussion

CNV is the common pathological cause of irreversible 
visual impairment encountered in a series of chorioretinal 
diseases (1); however, the pathogenesis of its development is 
complicated and poorly understood. In the present study, it was 
demonstrated that hypoxic conditions induced the expression 
of DKK2 in RPE cells and that knockdown of DKK2 inhibits 
the hypoxia‑induced expression of HIF‑1α and VEGF in RPE 
cells. Furthermore, knockdown of DKK2 significantly inhib-
ited the hypoxia‑induced expression of β‑catenin in RPE cells.

Hypoxia is a common environmental stress that influences 
signaling pathways and cell function and, through the initia-
tion of intracellular signaling pathways, induces the activation 
of the transcription factor, HIF‑1α (14,15). It has been reported 
that hypoxia stimulates the expression of HIF‑1, HIF‑2, and 
DKK2 in human osteoarthritis osteoblasts (16). Similarly, in 
the present study, it was demonstrated that hypoxia induces the 
expression of DKK2 in RPE cells. These results suggest that 
DKK2 may have a critical role in the pathogenesis of CNV.

VEGF is one of the most well‑characterized angiogenic 
factors in CNV and is regulated by HIF‑1  (17). Previous 
studies have demonstrated that hypoxia induces VEGF 
production in several cell types  (18‑20). For example, a 
study by Park et al (21) reported that hypoxia induced the 
transcriptional activity of HIF‑1α, leading to an increase in 
the expression of its downstream target, VEGF, in human 
vascular endothelial cells. Hypoxia has been demonstrated 
to increase the expression levels of VEGF via upregulation 
of HIF‑1α irrespective of p53 gene status in ovarian cancer 

cells (22). Consistent with these reports, in the present study, 
it was observed that exposure to hypoxia for 24 h resulted in a 
significant increase in HIF‑1α and VEGF expression levels in 
RPE cells; however, knockdown of DKK2 was able to inhibit 
the hypoxia‑induced HIF‑1α and VEGF expression levels 
in RPE cells. These results suggest that DKK2 silencing is 
able to partly block the hypoxia‑induced upregulation of 
VEGF in RPE cells by downregulating the expression levels 
of HIF‑1α.

Figure 4. Knockdown of DKK2 inhibits hypoxia‑induced Wnt/β‑catenin 
activation in RPE cells. RPE cells transfected with siRNA‑DKK2 or 
siRNA‑mock were exposed to hypoxia for 24 h. (A) The expression levels 
of β‑catenin mRNA. mRNA levels were normalized to those of β‑actin. 
(B) The protein expression levels of β‑catenin. The β‑catenin protein expres-
sion levels were normalized to GAPDH. (C) Quantification of β‑catenin 
protein expression level. Data are presented at the mean ± standard deviation 
from three independent experiments performed in duplicate. *P<0.05 vs. the 
normoxia group; #P<0.05 vs. the hypoxia + siRNA‑mock group. DKK2, 
Dickkopf2; RPE, retinal pigment epithelial; si, small interfering; GAPDH, 
glyceraldehyde 3‑phosphate dehydrogenase.
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Extensive data indicates that the Wnt/β‑catenin signaling 
pathway has a critical role in the regulation of angio
genesis (23‑25). A key regulator of this pathway is intracellular 
β‑catenin, which is a transcription coactivator (26). It has been 
reported that the aberrant upregulation of the Wnt/β‑catenin 
signaling pathway at multiple levels, including Wnt ligands, 
low‑density lipoprotein receptor‑related protein 6 and β‑catenin, 
has been observed in laser‑induced CNV models  (27). In 
addition, nuclear β‑catenin regulates gene transcription 
by interacting with Wnt target and activator genes (T‑cell 
factor‑1/lymphoid enhancer binding factor‑1) and knockdown 
of HIF‑1α inhibits the hypoxia‑increased accumulation of 
β‑catenin in the nucleus  (28). Therefore, attenuation of the 
Wnt/β‑catenin pathway may be a potential strategy for treating 
CNV. Monoclonal antibody (Mab)2F1, a novel inhibitor of the 
canonical Wnt pathway, has been demonstrated to suppress 
the hypoxia‑induced activation of Wnt signaling in cultured 
RPE cells, thereby ameliorating CNV  (27). Similar to the 
role of Mab2F1 in RPE cells under hypoxic conditions, in the 
present study, it was demonstrated that knockdown of DKK2 
inhibited the hypoxia‑induced expression of β‑catenin in RPE 
cells. These results suggest that DKK2 silencing may mediate 
its anti‑angiogenesis action by inhibiting the Wnt/β‑catenin 
signaling pathway, in turn suppressing VEGF expression in 
human RPE cells.

In conclusion, the results of the present study demonstrated 
that DKK2 is a vascular regulator involved in CNV angio-
genesis. Knockdown of DKK2 suppressed hypoxia‑induced 
VEGF expression via the inhibition of the Wnt/β‑catenin 
signaling pathway in RPE cells. These findings may facilitate 
further understanding of the mechanisms that underlie CNV 
angiogenesis and provide an innovative treatment strategy for 
ocular angiogenesis.
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