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Dickkopf-related protein 1 induces angiogenesis by upregulating
vascular endothelial growth factor in the synovial fibroblasts
of patients with temporomandibular joint disorders
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Abstract. Angiogenesis has an important role in the progres-
sion of temporomandibular joint disorders (TMD). The aim
of the present study was to explore the association between
dickkopf-related protein 1 (DKK-1) and angiogenesis in TMD.
The expression levels of DKK-1 and vascular endothelial
growth factor (VEGF) were quantified by an ELISA assay of
the synovial fluid from patients with TMD. The correlation
between DKK-1 and VEGF was analyzed by Pearson correla-
tion test. Synovial fibroblasts were isolated from patients with
TMD and were subsequently treated with recombinant human
DKK-1, anti-DKK-1 antibody, hypoxia inducible factor-la
(HIF-1a), or small interfering RNA (siRNA). The expres-
sion levels of DKK-1, HIF-1a, and VEGF were subsequently
quantified. The present study also investigated the effects of
DKK-1 on the migration of human umbilical vein endothelial
cells (HUVEC). Increased expression levels of DKK-1 were
concordant with increased expression levels of VEGF in the
synovial fluid from patients with TMD. In the synovial fibro-
blasts, DKK-1 increased the expression levels of VEGF, and
promoted HIF-1a nuclear localization. In addition, DKK-1
induced HUVEC migration, and HIF-1a siRNA inhibited
DKK-1-induced cell migration. The results of the present
study indicate that DKK-1 is associated with angiogenesis in
the synovial fluid of patients with TMD. Furthermore, HIF-1a
may be associated with DKK-1-induced HUVEC activation.
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Introduction

Temporomandibular joint disorders (TMD) are one of the
most prevalent types of joint disease, which cause persistent
and recurrent joint pain with eventual loss of joint func-
tion (1). The methods of diagnosis and treatment of TMD
have improved in the past three decades; however, the
cellular and molecular mechanisms underlying the initia-
tion and progression of TMD remain to be elucidated (2).
Interleukin-1f (IL-1f) is an important cytokine that
contributes to the severe inflammatory reactions observed
in TMD (3). Histopathological studies have demonstrated
that the synovial membranes of patients with TMD exhibit
inflammatory cell infiltration, hyperplasia, and high-density
vascularization (4,5). In addition, it has been suggested that
inflammation-induced angiogenesis in the synovial
membranes has an important role in the progression of
TMD (6).

Angiogenesis is a common process associated with the
induction of cancer and other diseases (7). Numerous mole-
cules are activated during the complex process of angiogenesis
in the synovial membrane (7,8). Our previous studies demon-
strated that vascular endothelial growth factor (VEGF), a
vascular permeability factor and selective endothelial mitogen,
accumulates in the synovial membrane and fluid during the
inflammatory response of TMD (9,10). Previous in vivo and
in vitro studies have reported that hypoxia inducible factor-1a
(HIF-1a) is activated in the synovial membrane of patients
with TMD (9,11), and implicated in the regulation of important
aspects of angiogenesis (12,13). Although the expression levels
of angiogenic factors such as HIF-1a and VEGF have been
shown to be increased in the synovium of joint diseases, the
mechanisms that underlie increased angiogenesis, specifically
in the case of TMD, have yet to be elucidated.

Dickkopf-related protein 1 (DKK-1) is a secreted protein,
which inhibits the Wnt/B-catenin signaling pathway, and
is implicated in various developmental and physiological
processes (14,15). A previous study demonstrated that DKK-1
promotes angiogenesis during development, tumorigenesis,
and inflammation (16). In addition, DKK-1 has been shown
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to enhance the angiogenic properties of human endothelial
colony-forming cells, and increase tumoral angiogenesis in
breast cancer (17). In osteoarthritic knee joints, DKK-1 was
associated with angiogenesis and cartilage matrix proteinase
secretion (15). However, DKK-1 expression and the biological
role of DKK-1 in the synovium of TMD are, to the best of our
knowledge, rarely studied.

In the present study, the expression of DKK-1 was deter-
mined in synovial tissues from a cohort of patients with TMD
and from healthy patients. The association between DKK-1
and VEGF was also examined. In addition, the effects of
DKK-1 on the angiogenesis in the was investigated in vitro.

Materials and methods

Patients. Synovial tissue samples were obtained from the
Department of Oral and Maxillofacial Surgery, School and
Hospital of Stomatology, Wuhan University (Wuhan, China).
All experiments and synovial tissue sample collections were
performed in accordance with the Helsinki Declaration of
1975, and approved by the institute review board of the Ethics
Committee of the Hospital of Stomatology, Wuhan University.
Written informed consent was obtained from all patients. The
patients with TMD were diagnosed and classified according
to the Research Diagnostic Criteria for TMD (18,19). Patients
who received any oral medication within the previous
6 months, or any other intra-articular treatment, were excluded
from the present study. The clinical data and descriptive
characteristics of the patients are shown in Table I. Synovial
tissue samples were collected bilaterally from six patients, and
unilaterally from 44 patients. All of the patients were sorted
into anterior disc displacement with reduction (ADDwR),
anterior disc displacement without reduction (ADDw/oR), and
osteoarthritis (OA) TMD groups, according to their clinical
characteristics, radiographic examination and arthrography.
The ADDwR and ADDw/oR subgroups formed the anterior
disc displacement (ADD) group. A total of seven samples from
healthy volunteers were included as the control group. The
synovial fluid harvesting method was carried out as previously
described (20). Briefly, the patients received 2% lidocaine
(Chengdu No.l Pharmaceutical Group Co. Ltd., Chengdu,
China) in the preauricular region by subcutaneous infiltration,
then 2 ml saline solution was injected into the superior joint
space. The synovial fluid was then mixed once the patient
opened and closed his or her mouth. The saline solution was
subsequently aspirated and collected, and an arthrography
examination was carried out at the same time. The synovial
tissue samples from the control subjects were collected in a
similar manner, except that they did not receive temporoman-
dibular joint (TMJ) arthrography. The synovial tissue samples
were centrifuged at 4°C (1,000 x g, 5 min) to remove the cell
and tissue debris, prior to being stored at -70°C.

ELISA. The concentration levels of DKK-1 and VEGEF in the
synovial fluid from the patients with TMD were measured
using a Human DKK-1 ELISA kit (Wuhan ColorfulGene
Biological Technology Co., Ltd, Wuhan, China) and a Human
VEGF ELISA kit (Pierce Biotechnology, Inc., Rockford,
IL, USA) according to the manufacturer's instructions. The
detailed methods have previously been described (20).
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Cell culture and reagents. Synovial fibroblasts were cultured
from the synovial tissue samples of four patients (24, 24,
28 and 30 years-old) from the OA groups, as previously
described (21). The cells were maintained in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 20% fetal
bovine serum (FBS) (both from Thermo Fisher Scientific
Inc., Beijing, China), in a humidified atmosphere containing
95% air and 5% CO, at 37°C. Cell passages 3-8 were used
in the present study. Pooled HUVECs were purchased from
Lonza (Walkersville, MD, USA), and grown in endothelial
growth medium 2 (Lonza), with passages 3-8 being used in the
present study. IL-1p, DKK-1, human DKK-1 affinity purified
rabbit polyclonal antibody (DKK-1 inhibitor), and recombi-
nant human DKK-1 (thDKK-1) were purchased from R&D
systems, Inc. (Minneapolis, MN, USA). The rabbit mono-
clonal anti-HIF-1a (Epitomics Inc., Burlingame, CA, USA;
ab190197; 1:1,000) and rabbit polyclonal anti-VEGF antibodies
(GeneTex Inc., Irvine, CA, USA; GTX102643; 1:1,000) were
obtained from Cell Signaling Technologies, Inc. (Danvers,
MA, USA). Rabbit monoclonal DKK-1 was purchased from
Abcam (Abcam, Cambridge, CA, USA; ab109416; 1:1000).
Anti-GAPDH was purchased from Santa Cruz Biotechnology
Biotechnology, Inc. (Dallas, TX, USA).

Transient transfection with small interfering RNA (siRNA).
siRNA specific for human HIF-la and a non-specific
control siRNA (scramble) were purchased from Shanghai
GenePharma Co., Ltd. (Shanghai, China). HIF-1a siRNA
scramble siRNA: 5-UAGCGACUAAACACAUCAA-3"
HIF-1a sil: 5'-GCCGCUCAAUUUAUGAAUATT-3'; and
HIF-1a si2: 5'-CCAGUUAUGAUUGUGAAGUUA-3'". The
cells were grown to 60-80% confluence in 12-well plates
and were transfected using Lipofectamine® 2000 (Invitrogen
Life Technologies, Carlsbad, CA, USA). The HIF-la and
scramble siRNA (60 ymol) were transfected into the cells with
Lipofectamine® 2000, according to the manufacturer's instruc-
tions. All experiments were performed 24 h post-transfection.
Total RNA was extracted 48 h post-transfection, and protein
was extracted 72 h post-transfection.

Western blotting. Western blot analysis was performed as
described previously (9). Briefly, the synovial fibroblasts were
treated with IL-1f or rhDKK-1 in DMEM supplemented with
2% FBS for 24 h. The cells were then lysed using M-PER
Mammalian Protein Extraction buffer (Pierce Biotechnology,
Inc., Rockford, IL, USA) containing protease inhibitor
tablets (complete, EDTA-free; Roche Applied Science,
Shanghai, China), and the cell extracts were separated by
10 or 12% SDS-PAGE, prior to being transferred onto polyvi-
nylidene fluoride membranes (EMD Millipore, Billerica, MA,
USA). The membranes were blocked with 5% skimmed milk
for 1 h, and subsequently incubated overnight at 4°C with the
corresponding primary antibodies, in 5% w/v bovine serum
albumin (Beyotime Institute of Biotechnology, Nantong,
China), followed by incubation with a horseradish peroxi-
dase-conjugated secondary antibody (Pierce Biotechnology,
Inc.). The blots were then developed using the West Pico Super
Enhanced Chemiluminescence Detection kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). GAPDH was used as
a loading control and was detected on the same membrane.
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Table I. Patients and TMD characteristics.
Group No. of patients Female Male Age (years) Mean age (years) No. of TMJs
Control 7 4 3 25-34 273 7
ADDwWR 18 10 8 17-42 29.5 22
ADDw/oR 20 11 9 18-53 26.6 22
OA 12 6 6 21-55 31.7 12

TMD, temporomandibular disorders; TMJ, temporomandibular joints; ADDwWR, anterior disc displacement with reduction group; ADDw/oR,

anterior disc displacement without reduction group; OA, osteoarthritis.

Western blots were analyzed by densitometry using Image J
software, version 1.47c (National Institutes of Health,
Bethesda, MD, USA).

Immunocytochemistry and confocal microscopy.
Immunocytochemistry was performed as previously
described (22). Briefly, the synovial fibroblasts 1x10%/well were
plated in six-well culture plates that contained carry sheet glass.
Once the cells on the glass slide had reached 70% confluence,
they were incubated with a mixture of the IL-1f3 or rhDKK-1
and serum-deprived DMEM. Following 24 h incubation,
the cells were fixed for 10 min with 4% formaldehyde in
phosphate-buffered saline (PBS; pH 8.0). Following three
washes with PBS, the cells were permeabilized for 5 min with
0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in
PBS, prior to being thoroughly washed again with PBS. PBS
supplemented with 10% FBS was used to block non-specific
binding for 60 min. The cells were subsequently incubated
with HIF-1a (1:100) and DKK-1 antibodies (1:50) overnight at
4°C. The cells were washed thoroughly three times with PBS,
and then incubated with Cy3-conjugated donkey anti-mouse
antibody (1:200; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) at room temperature for 60 min,
followed by further washing three times with PBS. The nuclei
were then stained with DAPI, and images of the cells were
captured and analyzed by CLSM-310 confocal laser scanning
microscopy (Carl Zeiss Inc., Thornwood, NY, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). TRIzol® reagent (Invitrogen Life Technologies)
was used to extract total RNA, according to the manufac-
turer's instructions. The reaction conditions were as follows:
95°C for 5 min, then 95°C for 30 sec, 60°C for 30 sec and
72°C for 30 sec for 35 cycles, 72°C for 10 min and 15°C for
o, The purity and yield of the isolated RNA were deter-
mined using an ND 1000 NanoDrop spectrophotometer
(Thermo Fisher Scientific, Inc., Wilmington, DE, USA).
Aliquots of total RNA were reverse-transcribed using a
SYBR PrimeScript™ RT Reagent kit (Takara Biotechnology
Co., Ltd., Dalian, China). RT-qPCR was performed using a
SYBR PrimeScript™ RT-PCR kit (Takara Biotechnology
Co., Ltd.) and an ABI PRISM 7500 Real-Time PCR system
(Applied Biosystems Life Technologies, Foster City, CA,
USA). -actin was used as an internal control. The following
gene-specific primers were used for the reaction: Human
VEGF forward, 5'-CCCACTGAGGAGTCCAACAT-3',

and reverse, 5-TTATACCGGGATTTCTTGCG-3"; human
HIF-1a forward, 5'-CAGGACACAGATTTAGACTGGG-3',
and reverse, 5" TGGTAGTGGTGGCATTAGC-3"; human
DKK-1 forward, 5'-GAGTCCTTCTGAGATGATGG-3', and
reverse, S"TTGATAGCGTTGGAATTGAG-3"; and p-actin
forward, 5'-CCATCGTCCACCGCAAAT-3', and reverse,
5'-CCTGTAACAACGCATCTCATA-3"' Primers were
purchased from (Sangon Biotech Co. Ltd., Shanghai, China).
B-actin was used as an internal control. The results were
obtained as threshold cycle (ACt) values. No amplification
occurred in the non-template controls. The 224" method was
used to analyze the mRNA expression levels (23).

Wound-healing assay, Boyden chamber migration assay, and
tube formation assay. Conditioned medium (CM) from syno-
vial fibroblasts treated with either DKK-1 and HIF-1a siRNA,
or with DKK-1 alone was harvested. HUVECs (2x10%/well)
were plated in six-well culture plates and grown to 90% conflu-
ence. A scratch was made across the cell layer using a sterile
pipette tip to simulate wound healing. The cells then received
the indicated culture supernatants. Following 12 h incuba-
tion, the cells were fixed and stained using acridine orange
(Sigma-Aldrich), and cells that had migrated into the gap
were counted under a microscope (CLSM-310; Carl Zeiss AG,
Jena, Germany). Transwell Boyden chambers (Corning Life
Sciences, Corning, NY, USA) containing a 6.5 mm diameter
polycarbonate filter (8 ym pore size) were used to determine
the motility of endothelial cells. Serum-starved HUVECs
(5x10* cells/well) were plated in the upper wells, whereas the
indicated culture supernatants, used as a chemo-attractants,
were added to the lower wells. The cells were then incubated
for 12 h at 37°C. Using a cotton swab, the HUVECS on the
upper surface were carefully removed, and the cells that had
adhered to the underside of the membrane were fixed with
4% formaldehyde, stained with crystal violet (Beyotime
Institute of Biotechnology), and observed under a microscope
(BHS-313; Olympus, Tokyo, Japan). For the capillary-like tube
formation assay, the HUVECs (1x10%/well) were seeded into
96-well plates coated with Matrigel (BD Biosciences, San
Jose, CA, USA) in culture supernatants. The cells were then
cultured for 6 h at 37°C, and the capillary-like structures were
counted under a microscope (BHS-313 Olympus).

Statistical analysis. GraphPad Prism 5.00 for Windows
(GraphPad Software, Inc., La Jolla, CA, USA) was used for
statistical analysis. A Pearson correlation analysis was used to
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determine the correlation between DKK-1 and VEGF expres-
sion. Student's t-tests were performed to analyze the results of
HIF-1a nuclear translocation. A one-way analysis of variance
with post-Tukey analysis was used to analyze the results of
the wound-healing assay, transwell assay, tube formation, and
RT-qPCR. All data were presented as the mean + standard
error of the mean. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Elevated expression levels of DKK-1 are associated with
increased expression levels of VEGF in the synovial fluid
of patients with TMD. To determine the expression levels of
DKK-1 in the synovial fluid of patients with TMD, the syno-
vial fluid from 50 patients and seven healthy controls were
collected for analysis. The expression levels of DKK-1 in the
patients with TMD were significantly higher, as compared
with the control subjects (P<0.01 Fig. 1A). The expression
levels of DKK-1 in the TMD-OA group were significantly
higher, as compared with those of the TMD-ADDwR and
TMD-ADDw/oR groups (P<0.05), and with those of the
control group (P<0.001, Fig. 1B). The expression levels of
DKK-1 in the synovial fluid of the TMD-ADDw/oR group
was significantly increased, as compared with those of the
control group (P<0.05, Fig. 1B). However, the difference
between the mean expression levels of DKK-1 in patients with
TMD-ADDWR and the control subjects was not significant
(Fig. 1B). As shown in Fig. 1C, the expression levels of VEGF
in the synovial fluid of patients with TMD was significantly
higher, as compared with the control group (P<0.001). The
expression levels of VEGF in the OA group were signifi-
cantly higher, as compared with the ADD groups (P<0.05)
and control group (P<0.001, Fig. 1D). The expression levels
of VEGF in the TMD-ADDWR group and TMD-ADDw/oR
group were not significantly different, as compared with the
control group (data not shown). Furthermore, the expres-
sion levels of DKK-1 were positively associated with higher
expression levels of VEGF (P<0.05, r=0.2947, n=63, Fig. 1E).
These results suggest that the expression levels of DKK-1 are
significantly increased in the synovial fluid of patients with
TMD, and that DKK-1 expression may have an important
role in TMD angiogenesis.

DKK-1 increases the expression levels of inflamma-
tion-induced VEGF in synovial fibroblasts. To assess the
expression levels of DKK-1 in inflammatory primary syno-
vial fibroblasts, the fibroblasts were initially stimulated with
inflammatory IL-1f. Previous studies have suggested that the
expression levels of IL-1f are increased in the synovial fluid
of TMD patients, and that IL-1{ is regarded as a key inflam-
matory response regulator (3,19,24). Following treatment
with IL-1f, both the mRNA and protein expression levels of
DKK-1 increased, as compared with the control (Fig. 2A-C).
The fluorescence intensity of DKK-1 in the synovial fibro-
blasts following treatment with IL-1f3 are shown in Fig. 2B.
Images of each group (0. 5, and 10 pg/ml IL-18) were
captured using the same parameters. In the untreated group,
fluorescence intensity was lower, as compared with that of
the IL-1p-treated group. The expression levels of DKK-1 were
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dose-dependently elevated in both the cytoplasm and nucleus
of the synovial fibroblasts following treatment with TL-1.
These results were concordant with the results obtained
from the ELISA. The present study also detected the expres-
sion levels of VEGF following treatment with IL-13. IL-1{
dose-dependently increased both the protein and mRNA
expression levels of VEGF (Fig. 2A and C). To determine
whether DKK-1 increased the expression levels of VEGF,
the synovial fibroblasts were co-treated with IL-1f and
anti-DKK-1 antibody. Treatment with anti-DKK-1 antibody
inhibited the stimulatory effects of IL-1 on VEGF protein
expression (Fig. 2D). Furthermore, the expression levels of
VEGF were induced by rhDKK-1. These results suggest that
DKK-1 is upregulated during inflammation, and that DKK-1
induces VEGF expression in synovial fibroblast cells.

HIF-1o mediates DKK-1 regulation of VEGF expression.
To investigate the mechanisms underlying DKK-1 regula-
tion of VEGF expression, the expression levels of HIF-1a,
an upstream inducer of VEGF, were analyzed. HIF-1a
siRNA 2 markedly inhibited the expression of HIF-la
(Fig. 3A). HIF-1a siRNA 2 was therefore chosen as the target
sequence. As shown in Fig. 3B, the protein expression levels
of HIF-la were increased in synovial fibroblasts treated
with rhDKK-1, as compared with the negative control. The
protein expression levels of VEGF exhibited similar results.
However, the upregulatory effects of rhDKK-1 on VEGF and
HIF-1la protein expression were inhibited by HIF-1a siRNA
(Fig. 3B). The mRNA expression levels of HIF-1o. and VEGF
were also analyzed (Fig. 3C and D). The mRNA expression
levels of VEGF were concordant with its protein expression
levels (Fig. 3C). Notably, no significant differences in the
mRNA expression levels of HIF-1a were observed between
the negative control group and the thDKK-1 treatment group
(Fig. 3D). These results suggest that DKK-1 may increase
HIF-1a protein translation or decrease HIF-1a degradation,
rather than upregulate the transcription levels of HIF-1a.
The nuclear localization of HIF-1a was also investigated.
As shown in Fig. 3E and F, rhDKK-1 significantly increased
HIF-1o nuclear translocation, as compared with the untreated
group. These results indicate that HIF-la translocates
to the nucleus following DKK-1 exposure, and mediates
DKK-1-induced VEGF expression.

HIF-1o siRNA inhibits DKK-1-induced elevation of HUVEC
migration. The synovial fibroblasts were treated with
rhDKK-1 and/or HIF-1a siRNA, following which the CM was
collected and, the cells were cultured in fresh serum-deprived
medium for 24 h. To further assess the biological role of
DKK-1 in angiogenesis, the effects of DKK-1 on HUVECs
were investigated using a wound healing assay. As shown in
Fig. 4A, treatment of the HUVECs with CM from synovial
fibroblasts pretreated with rhDKK-1 increased migration
6-fold, as compared with the control. Furthermore, similar
results were observed in the transwell and tube formation
assays (Fig. 4A-D). In order to reveal the precise molecular
mechanism underlying DKK-1-induced angiogenesis induc-
tion, the present study investigated whether HIF-1a, a key
regulator of angiogenesis, mediated DKK-1-induced endo-
thelial cell function. As expected, the CM from the synovial
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Figure 1. Elevated expression levels of dickkopf-related protein 1 (DKK-1) are associated with increased expression levels of vascular endothelial growth
factor (VEGF) in the synovial fluid of patients with temporomandibular joint disorder (TMD). (A) The expression levels of DKK-1 in both the control group
(n=7) and TMD group (n=56); “P<0.01; Student's t-test. (B) The expression levels of DKK-1 in the control group (n=7) and the following patient groups: The
anterior disc displacement with reduction (ADDwR, n=22), the anterior disc displacement without reduction (ADDw/oR, n=22), and the osteoarthritis (OA,
n=12) group ['P<0.05, and ““P<0.001; two-way analysis of variance (ANOVA)]. (C) The expression levels of VEGF in both the control group (n=7) and TMD
group (n=56 samples); “P<0.001; Student's t-test. (D) The expression levels of VEGF in the control group (n=7) and the following patient groups: The anterior
disc displacement (ADD, n=44) and the OA group (n=12) ("P<0.05, and ““P<0.001; two-way ANOVA). (E) Association between the expression levels of DKK-1
and VEGF, as determined by a Pearson correlation test.
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Figure 2. Dickkopf-related protein 1 (DKK-1) increased the expression levels of inflammation-induced vascular endothelial growth factor (VEGF) in the
synovial fibroblasts. (A) Treatment with interleukin (IL)-1$ for 24 h dose-dependently increased the protein expression levels of both VEGF and DKK-1,
as determined by western blot analysis. (B) Synovial fibroblasts treated with IL-1$ (0, 5, or 10 ug/ml) for 24 h increased the expression levels of DKK-1, as
demonstrated by immunofluorescence. The images of each group (0, 5, and 10 pg/ml IL-1p) were captured using the same parameters. Scale bars, 25 pm.
(C) Treatment with IL-1f at the indicated concentrations (0. 5, and, 10 pg/ml IL-1p) increased the mRNA expression levels of DKK-1 and VEGF. The data
are presented as the mean + standard error of the mean. “P<0.01, and “"P<0.001, vs. the vehicle group, as determined by one-way analysis of variance.
(D) Synovial fibroblasts treated with 10 yg/ml recombinant human (rh)DKK-1 for 24 h exhibited increased expression levels of VEGF, and synovial fibroblasts
treated with 10 yg/ml anti-DKK-1 monoclonal antibody exhibited decreased expression levels of VEGF, even when combined with IL-1f} treatment.
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Figure 3. Hypoxia inducible factor-1o. (HIF-1o) mediates dickkopf-related protein 1 (DKK-1) regulation of vascular endothelial growth factor (VEGF) expres-
sion. (A) Western blotting demonstrated that the protein expression levels of HIF-1a in the synovial fibroblasts transiently transfected with scramble or HIF-1a
small interfering (si)RNA 1 and 2. The proteins were extracted 72 h post-transfection. (B) HIF-1a siRNA (HIF-1a siRNA 2 as a target sequence) significantly
inhibited the upregulatory effects of recombinant human (rh)DKK-1 on VEGF protein expression in synovial fibroblasts, as demonstrated by western blot
analysis. (C and D) HIF-1a siRNA also inhibited the upregulatory effects of rhDKK-1 on the mRNA expression levels of VEGF in synovial fibroblasts.
The mRNA expression levels of HIF lo exhbited no significant changes between the control and thDKK-1 treatment group. The results are presented as the
mean + standard error of the mean. “P<0.01, and “"P<0.001; one-way analysis of variance. RNA was extracted 48 h post-transfection. (E) Synovial fibroblasts
treated with 10 ng/ml rhDKK-1 for 24 h exhibited HIF-1a nuclear translocation, as determined by immunofluorescence. Scale bars, 25 ym. (F) Quantification
of nuclear translocation of HIF-1a in the vehicle group and rhDKK-1-treatment group. The results are presented as the mean + standar error of the mean,
“P<0.01; Student's t-test.
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Figure 4. Hypoxia inducible factor-la (HIF-1a) small interfering (si)RNA inhibits dickkopf-related protein 1 (DKK-1)-induced increase of human umbilical
vein endothelial cells (HUVEC) migration. To collect the conditioned medium (CM), the synovial fibroblasts were treated with the indicated agents, prior to
being cultured in fresh serum-deprived medium for 24 h, followed by collection of the CM. (A) Recombinant human (rh)DKK-1 accelerated the migration
of endothelial cells as visualized by the wound-healing, transwell (8 ym pore size; scale bars, 50 ym), and tube formation assays. Pre-treatment with HIF-1a
siRNA significantly inhibited the upregulatory effects of rhDKK-1. Quantification of HUVEC migration and tube formation in each group. The data are
presented as the mean + standard error of the mean. “"P<0.001, vs. the control group (CTR) or scramble group, and ““P<0.001, vs. the thDKK-1 treatment
group; one-way analysis of variance. (B) Wound-healing assay, (C) transwell assay, and (D) tube formation assay.

fibroblasts pretreated with HIF-1la siRNA significantly  Discussion

suppressed HUVEC migration, as compared with thDKK-1

treatment alone, or scramble alone. These results were also  DKK-1 is a potent secreted Wnt antagonist, which is a member
demonstrated by the wound-healing assay, transwell assay, of the DKK family that includes DKK-1, 2, 3, 4 and the
and tube formation (Fig. 4A-D). DKK3-related protein, Soggy (25,26). DKK family members



are implicated in various developmental, pathological, and
physiological processes (16,27). In prostate cancer, DKK-1
acts as a marker of carcinogenesis, and may provide a novel
method of prostate cancer prediction for patients with nega-
tive primary biopsy results, who may otherwise progress to
bone metastasis (28). Recent studies have demonstrated that
overexpression of DKK-1 may be associated with increased
angiogenesis (14,15). However, the mechanism underlying the
role of DKK-1 in the process of angiogenesis remains to be
elucidated. The results of the present study demonstrated that
DKK-1 promotes angiogenic factor secretion in synovial fibro-
blasts from patients with TMD, and promotes migration of
endothelial cells. The present study provided, to the best of our
knowledge, the first evidence that DKK-1 is highly expressed
in the synovial fluid of patients with TMD, and is positively
correlated with VEGF expression. Treatment of the synovial
fibroblasts with thDKK-1 and anti-DKK-1 demonstrated that
VEGF expression was regulated by DKK-1. In addition HIF-1a
nuclear localization was implicated in the DKK-1/VEGF axis.

A previous study demonstrated that VEGF is involved
in TMD (9). VEGEF is a selective endothelial mitogen and
vascular permeability factor, which is upregulated in patients
with chronic closed lock (CCL) of the TMJ, and the expression
levels of VEGF in the synovial fluid of patients with TMD
reflects the clinical status of patients with CCL. Furthermore,
VEGF may be an important molecular target for future chemo-
therapy treatment of TMD and CCL (29). Our previous study
demonstrated that expression of VEGF121 and VEGF165 in
synovial fibroblasts promoted inflammatory angiogenesis in
TMD (9). These results suggest that VEGF has an important
role in TMD initiation and progression, and further elucidates
the molecular mechanism underlying VEGF upregulation.
The results of the present study indicated that VEGF expres-
sion was induced by rhDKK-1, and downregulated by
anti-DKK-1. In numerous cell types, HIF-1a regulates VEGF
expression (30-32). Notably, the results of our studies have
also suggested that VEGF is associated with the activation of
HIF-1a. DKK-1, in the present study, caused a rapid increase
in the protein expression levels of HIF-1a. The results of the
present study also demonstrated that there was no significant
difference in the mRNA expression levels of HIF-1a between
the negative control group and the rhDKK-1 treatment group;
these effects are likely due to DKK-1-induced protection of
HIF-1la stability, and promotion of HIF-1a nuclear translo-
cation in the synovial fibroblasts, rather than an increase in
HIF-la transcription. Therefore, DKK-1-induced HIF-1a
upregulation in the synovial fibroblasts of TMJ, may be associ-
ated with HIF-1a protein stability.

In the present study, hDKK-1 was able to induce endo-
thelial cell migration and chemotaxis, which are important
processes in angiogenesis. Furthermore, pretreatment with
HIF-1la siRNA significantly inhibited rhDKK-1-induced
HUVEC migration and chemotaxis. A previous study reported
that DKK-1 was able to promote angiogenesis of endothelial
progenitor cells through C-X-C chemokine receptor type 4
and VEGEF receptor 2 signaling (17). DKK-1 is a regulator
of vasculogenic progenitors that enhance neovascularization
in Matrigel plugs (33). The present study demonstrated that
knockdown of HIF-1a was able to decrease DKK-1-induced
enhancement of angiogenic factor expression. These results
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were concordant with the hypothesis that DKK-1 promotes
angiogenesis in TMD. However, the present study carried out
these investigations in synovial fibroblasts alone, and DKK-1
also promotes the upregulation of VEGF expression via
HIF-la in a classic angiogenesis pathway. Achieving further
understanding of the molecular mechanism underlying DKK-1
promotion of angiogenesis in TMD may provide the basis of
a treatment strategy that may delay or halt TMD progression.
This mechanism requires further investigation.

In conclusion, the present study demonstrated that
DKK-1 is highly expressed in the synovial fluid of patients
with TMD, and DKK-1 expression is positively correlated
with VEGF expression. The results of the present study also
demonstrated that upregulation of DKK-1 expression is associ-
ated with angiogenic activities in the synovial fluid of TMD.
Furthermore, HIF-1a was associated with DKK-1-induced
HUVEC functional activation. The present study provides
further understanding regarding the mechanism underlying
TMD development.
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