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Abstract. The aim of this study was to investigate the effects 
of the dickkopf homolog 4 (DKK4)/Wnt/β-catenin signaling 
pathway on tumorigenesis and metastasis in clear cell renal 
cell carcinoma (ccRCC), as well as to elucidate the under-
lying mechanisms. We examined the expression of DKK4 
in 30 cases of ccRCC and matched adjacent normal tissues, 
and investigated its correlation with clinicopathological char-
acteristics. Stable DKK4-transfected cells were established, 
and DKK4 functional analyses were performed, including a 
T-cell factor/lymphoid enhancer factor (TCF/LEF) reporter 
assay, and experiments on cell viability, apoptosis, invasive 
capability and tumor growth in vivo. Finally, western blot 
analysis was performed to detect Von Hippel-Lindau (VHL) 
expression in 50 clinical specimens. The expression levels of 
the DKK4, β-catenin and β-catenin downstream target genes, 
cyclin D1 and c-myc, were determined in the these specimens, 
as well as in RCC4(-), T3-14(+) cell lines by qRT-PCR and 
western blot analysis. The same tests were also performed 
in human embryonic kidney (HEK)293 cells which were 
transfected with the pCDH-DKK4 plasmid. After 6 weeks the 
tumor weight significantly increased in the mice transfected 
with the tumor cells. DKK4 mRNA and protein expression 
levels were significantly upregulated (p<0.001). DKK4 was 
distinctly overexpressed (68.0%) in all patient tissues. VHL(-) 
samples accounted for 60.0% of all samples, while DKK4 
expression was significantly upregulated in 50% of these 
samples, indicating a correlation with VHL(-) expression 
(r=0.403, p<0.05). We also observed reduced expression levels 

of cyclin D1, c-myc and β-catenin (to a greater extent) in the 
VHL(-), RCC4(-) and T3-14(+) cells, as well as in the stably 
transfected HEK293 cells. DKK4 may be an oncogene, and its 
upregulated expression may be involved in the pathogenesis 
of ccRCC as a downstream gene of VHL. By activating other 
pathways apart from the Wnt/β-catenin pathway, DKK4 may 
play an important role in ccRCC tumorigenesis and metastasis.

Introduction

Renal cell carcinoma (RCC) is the most common renal 
parenchyma tumor, accounting for approximately 3% of 
adult malignant tumors, presenting the highest morbidity 
and mortality rate in tumors of the urinary system, second to 
bladder cancer (1). Clear cell RCC (ccRCC) represents >75% 
of all RCC cases and is the most aggressive of all known RCC 
subtypes, presenting a complex biological behavior which 
differs significantly between individuals (2). The post-operative 
recurrence rate of ccRCC reaches up to 20-40% (3,4). Once 
metastatic disease develops, the 5-year survival rate for patients 
with ccRCC decreases from 60% to <5% (5). Thus, it is manda-
tory to elucidate the mechanisms involved in the pathogenesis 
of RCC in order to discover novel therapeutic targets.

Wnts are secreted signaling proteins that influence multiple 
processes ranging from stem cell control to cell differentiation 
and polarity (6). The Wnt signaling pathway is involved in the 
occurrence and development of a variety of carcinomas, such as 
hepatocellular (7) and ovarian cancer (8), melanoma (9), medul-
loblastoma (10) and RCC (11). The Wnt/β-catenin signaling 
pathway is also known as the canonical Wnt pathway. Genetic 
and embryological studies have revealed that β-catenin is a 
component of the Wnt signaling pathway and that it exhibits 
signaling functions (12,13). When β-catenin accumulates, it can 
combine with the transcription factor, T-cell factor/lymphoid 
enhancer factor (TCF/LEF), in the nucleus, and then activate 
the transcription of the signaling target gene of Wnt (14). 
Dickkopf (DKK) family proteins are among 5 Wnt antagonist 
families, with DKK1-DKK4 being the 4 main members (15). 
DKK4 blocks signal transduction by binding to the Wnt 
co-receptor (16). As a negative feedback regulator, DKK4 
plays a crucial role in regulating the Wnt/β-catenin signaling 
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pathway; it inhibits the proliferation and invasion of colon 
cancer cells by blocking the canonical Wnt pathway (17). 
DKK4 inhibits the TCF/LEF transcription complex, and regu-
lates the Wnt/β-catenin pathway (18). It has been proven that the 
canonical Wnt pathway is activated in ccRCC tissues, and that 
patients with high β-catenin expression levels have bad prog-
nosis (19,20). However, there are limited studies on the effect of 
DKK4 on the proliferation and invasion of ccRCC cells.

Germ line mutations of the Von Hippel-Lindau (VHL) 
gene lead to the development of a variety of tumors, including 
ccRCC. An early event during the evolution of ccRCC is the 
loss of function of the VHL gene (21). Gene deletion, mutation 
and methylation are common causes of abnormal VHL expres-
sion, and approximately 50% of all ccRCC cases present with 
these abnormalities (22). The VHL gene functions in several 
pathways associated with carcinogenesis, most notably the 
hypoxia-inducible pathway (23). The abnormal expression of 
VHL induces hypoxic conditions and activates the hypoxia-
inducible factor (HIF), a transcription factor. Thus, VHL 
participates in a number of pathways, including β-catenin-
mediated signaling pathways (19).

Considering the fact that both VHL and DKK4 function 
as inhibitors of the Wnt/β-catenin signaling pathway, in the 
current study, we thus aimed to investigated the interaction 
between DKK4 and VHL and the Wnt/β-catenin pathway in 
ccRCC. We also examined the expression of DKK4 in human 
renal cell lines and tumor tissues. In addition, stable DKK4-
transfected cell lines were established in order to examine the 
effects of DKK4 on cell proliferation and metastasis in vitro. 
Finally, we investigated the expression of DKK4 to determine 
its clinical relevance in the prognosis of 30 patients with RCC 
in order to further elucidate the role of DKK4 in ccRCC.

Materials and methods

Clinical samples. A total of 30 patients (18 males vs 
12 females; average age, 59±7.8 years) with pathologically 
confirmed ccRCC were enrolled in this study (Tenth Peoples' 
Hospital of Tongji University, Shanghai, China). The patients 
were classified according to the Fuhrman nuclear grading 
system and were staged according to the tumor-lymph node-
metastasis (TNM) classification system (Table Ι), in which T 
refers to the size of the original (primary) tumor and whether 
it has invaded nearby tissue, N refers to the degree of spread 
to regional lymph nodes, and M refers to distant metastasis 
(spread of cancer from one part of the body to another). All 
patients had not undergone any prior radiotherapy, chemo-
therapy or immunotherapy. Samples were obtained from 
tumor and adjacent normal kidney tissues from the patients 
with ccRCC after obtaining written informed consent. The 
study was approved by the Ethics Committee of the Tenth 
Peoples' Hospital of Tongji University.

Cell culture. The RCC cell lines, A-498 and 786-O, as well as 
RCC4(-) and T3-14(+), were purchased from the Cell Institute, 
Shanghai Branch of Chinese Academy of Sciences. The cell 
lines were cultured in 50 ml Roswell Park Memorial Institute 
(RPMI)-1640 medium (Gibco-BRL, Carlsbad, CA, USA) and 
supplemented with 10% fetal bovine serum (FBS) (HyClone, 
Logan, UT, USA) at 37˚C with 5% CO2.

Plasmid construction and DNA transfection. After having 
constructed pCDH-DKK4, a plasmid that contained the 
human full-length combinational DNA fragment of DKK4, 
the 786-O and A-498 cells were transfected with it, using the 
GeneAmp PCR System 9700 (Perkin-Elmer, Waltham, MA, 
USA) in order to create stable cell lines that overexpressed 
DKK4. Transfected cells were selected by culturing them with 
G418 (150 µg/ml) for 2 months. Empty vector transfectants 
were used as controls. Single colonies of stable transfectants 
were isolated for further analysis based on their DKK4 expres-
sion levels. The top 2 stable clones of 786-O cells that had 
the highest DKK4 mRNA expression levels compared to 
those of the controls were selected, and named DKK4 clones I 
and II, respectively. DKK4 expression levels in the cells were 
confirmed by quantitative reverse transcriptase-polymerase 
chain reaction (qRT-PCR) before carrying out the following 
experiments. All experiments were performed in triplicate.

Cell viability assay. Stably transfected 786-O cells with 
high expression levels of DKK4 mRNA were maintained 
for 1 week in medium supplemented with 150 µg/ml G418. 
One week later, cell viability was detected by MTS assay 
(GMS10043 V.A, Genmed Scientifics, Inc., Arlington, MA, 
USA) according to the manufacturer's instructions. Trypan 
blue (0.04%, Sigma, St. Louis, MO, USA) exclusion was also 
used to identify viable cells with intact plasma membranes. 
To verify the effect of DKK4 on renal cancer cells, we also 
performed similar MTS assays using the A-498 cell line.

Cell invasion assay. The invasion ability of the stably trans-
fected 786-O and A-498 cells with high expression levels 
of DKK4 was examined by Transwell assay (Corning, Inc., 
Lowell, MA, USA). Transwell chambers (Corning) were 
used according to the manufacturer's instructions. In brief, 
the infected cells were harvested, resuspended in serum-free 
medium and subsequently transferred to hydrated Matrigel 
chambers (50 µl/well). The chambers were then incubated for 
48 h in culture medium which was added to the lower cham-
bers prior to examination. The cells on the upper surface of the 
filter were scraped and washed away, while the invaded cells 
on the lower surface were fixed and stained with 0.04% trypan 
blue for 2 h. Finally, the invaded cells were counted under a 
microscope and the relative number was thus calculated. 

Apoptosis assay. Stably transfected DKK4 clone I and clone II 
cells, as well as the control cells were washed twice in phos-
phate-buffered saline (PBS) and their density was adjusted to 
1x106/ml. The cells were stained in the dark for 15 min with 
5 µl of Annexin V and 5 µl of propidium iodide (PI) (Invitrogen 
Life Technologies, Carlsbad, CA, USA) at room temperature, 
according to the manufacturer's instructions (Biosea, Beijing, 
China). The apoptotic cells were detected and measured on a 
flow cytometer (Perkin-Elmer) and examined under an inverted 
fluorescence microscope (ChongQing Optical & Electrical 
Instrument Co., ChongQing, China).

TCF/LEF. The TCF/LEF assay with TCF-reporter plasmids 
(TOPFlash, which contains a wild-type TCF binding site; 
and FOPFlash, which contains a mutant TCF binding site; 
Millipore, Billerica, MA, USA) were used to monitor the 
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activity of the Wnt/β-catenin signal transduction pathway. 
The cells were co-transfected with pRL-TK (Promega Corp., 
Madison, WI, USA) Renilla luciferase to normalize the trans-

fection efficiency. The changes in the activity of TCF/LEF 
before and after transfection with DKK4 were detected by the 
analysis of luciferase activity.

RT-PCR analysis. Total mRNA was extracted from formalin-
fixed, paraffin-embedded human renal cancer tissues and 
matched adjacent normal tissues, as well as from RCC4(-) and 
T3-14(+) cells using TRIzol reagent (Invitrogen Life Technologies) 
in order for reverse transcription to be performed with the use 
of an RT reagent kit (Takara Bio, Inc., Shiga, Japan). The real-
time experiments were conducted on an iQ5 Multicolor 
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, 
USA) using the SYBR®-Green real-time PCR kit (Takara Bio, 
Inc.). The PCR reactions consisted of 10 min at 95˚C followed 
by 50 cycles at 95˚C for 15 sec, at 60˚C for 60 sec. The data 
were calculated using the 2−ΔΔCt method normalized to actin, 
the individual internal control. The primers used were as 
follows: DKK4 forward, 5'-TGGCACACATGCAGAA 
GGAACAAC-3' and reverse, 5'-AATGACGAGCACAGC 
AAAGTCCAG-3'; actin forward, 5'-ACCCAGCACAA 
TGAAGATCA-3' and reverse, 5'-CGATCCACACGGAG 
TACTTG-3'; cyclin D1 forward, 5'-AGAAGCTGTGCA 
TCTACACCGACA-3' and reverse, 5'-TGATCTGTTTGTT 
CTCCTCCGCCT-3'; c-myc forward, 5'-TGCAGCTGCTTA 
GACGCTGGATTT-3' and reverse, 5'-TGTTGGTGAAGCT 
AACGTTGAGGG-3'.

Western blot analysis. Nuclear protein and cytoplasmic protein 
were extracted separately with the use of western blotting 
luminol reagent, ProteoJET™ cytoplasmic and nuclear protein 
kits (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein 
quantification was performed using the Coomassie brilliant 
blue G250 kit (Beyotime, Jiangsu, China). For western blot 
analysis, a total of 20 µg of cell protein lysate was loaded per 
lane. Samples were resolved in 12% precise protein gels (Pierce, 
Courtaboeuf, France) and transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Amersham Biosciences, Fairfield, 
CT, USA). The membranes were immersed in a solution of 0.3% 
skim milk, Tris-buffered saline (TBS) and 0.1% Tween-20 for 
1 h and then probed with primary polyclonal and monoclonal 
antibodies against DKK4, actin, cyclin D1, c-myc and β-catenin 
(all purchased from Epitomics, Burlingame, CA, USA). The 
blots were washed in TBS and incubated with secondary anti-
bodies. Proteins were enhanced by chemiluminescence (ECL, 
Santa Cruz) for visualization. The reported protein expression 
levels were expressed relative to the β-catenin levels.

Analysis of in vivo tumor growth. A total of 16 female nude 
mice (strain BALB/c nude; Shanghai experimental Animal 
Center, Chinese Academy of Sciences), aged 4 to 5 weeks 
received subcutaneous injections of empty vector-transfected 
A-498 cells (group a, n=4) or A-498 cells stably transfected 
with DKK4 (group b, n=4), and empty vector-transfected 
786-O cells (group c, n=4) or 786-O cells stably transfected 
with DKK4 (group d, n=4), in the left armpit at a volume of 
200 µl. Tumor size was measured using calipers once a week 
for 35 days, and was calculated on the basis of width (x) and 
length (y) according to the following formula: x2y/2, where 
x<y. After the mice were sacrificed, the tumors were resected 
and weighed. RNA and protein were extracted from the tumor 

Table I. Correlation between dickkofp-4 (DKK4) expression 
and clinicopathological parameters (n=30).

 No. of patients (%)
 -----------------------------------------------------------------------------
 High Low  
 expression expression 
Parameters (n=19) (n=11) P-value

Age (years)
  Mean ± SD 64±8.3 59±7.8 0.047a

Gender
  Male, n=18 10 (55.6) 8 (45.4)
  Female, n=12 9 (75.0) 3 (25.0) 0.25
Fuhrman grade
  1, n=7 6 (85.7) 1 (24.3) Reference
  2, n=20 11 (55.0) 9 (45.0) 0.15
  3, n=3 2 (66.7) 1 (33.3) 0.55
Pathological stage
  I, n=5 4 (80.0) 1 (20.0)
  II, n=20 11 (55.0) 9 (45.0)
  I+II, n=25 15 (60) 10 (40) Reference
  III, n=2 1 (50) 1 (50)
  IV, n=3 2 (66.7) 1 (33.3)
  III + IV, n=5 3 (60.0) 2 (40.0) 1.00
Pathological tumor 
classification 
  pT1, n=15 10 (66.7) 5 (33.3) 
  pT2, n=10 4 (40.0) 6 (60.0) 
  pT1 + pT2, n=25 14 (56.0) 11 (44.0) Reference
  pT3, n=4 3 (75.0) 1 (25.0) 
  pT4, n=1 1 (100.0) 0 (0.0) 
  pT3 + pT4, n=5 4 (80.0) 1 (20.0) 0.33
Lymph node
metastasis
  Negative, n=27 17 (63) 10 (37) Reference
  Positive, n=3 2 (66.7) 1 (33.3) 0.90
Distant metastasis
  Negative,  n=26 17 (65.4) 9 (36.6) Reference
  Positive,  n=4 2 (50) 2 (50) 0.57
Overall survival
  Alive, n=22 16 (72.7) 6 (27.3) Reference
  Deceased, n=8 3 (37.5) 5 (62.5) 0.08
Recurrence
  No,  n=21 14 (66.7) 7 (33.3) Reference
  Yes, n=9 5 (55.6) 4 (44.4) 0.58

aP<0.05, indicates statistical significance. ‘Reference’ indicates that 
the correlation analysis of the classifications of clinical parameters 
were conducted in reference to the selected classification.
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tissues for the determination of the expression levels of DKK4 
mRNA and protein.

Statistical analysis. All experiments were performed in trip-
licate and all observed differences between the treated and 
control cells were analyzed by the Student's t-test. The data are 
presented as the means ± SD of 3 independent experiments. 
Correlation analyses were conducted using non-parametric 
tests and values of p<0.05 were considered to indicate statisti-
cally significant differences.

Results

DKK4 mRNA expression levels in renal cancer tissues and 
adjacent normal tissues. RT-PCR was performed to examine 
the expression of DKK4 in renal cancer tissues and adjacent 
normal kidney tissues. As shown in Fig. 1, the mRNA expres-
sion levels of DKK4, in 30 paired tissues, were increased in 
19 ccRCC tissues (63.3%) compared to the adjacent tissues. The 
correlation between DKK4 expression levels and clinicopha-
thological characteristics was also investigated, including 
gender, Fuhrman grade, pathological tumor classification (pT), 
pathological lymph node status (pN), pathological metastasis 
status (pM) and outcomes (survival and recurrence). There was 
no significant association observed between DKK4 expression 
levels and clinicophathological parameters (p>0.05) apart 
from the age of the patients (Table I).

Cell viability, invasion and apoptosis of cells with high 
DKK4 expression. Following transfection of the 786-O and 
A-498 cells with the pCDH-DKK4 expression plasmid, 
DKK4 expression levels were confirmed by qRT-PCR. DKK4 
overexpression was observed in both the 786-O and A-498 
cells (Fig. 2A). Analyses of cell viability (MTS) and cell inva-
sion, as well as TCF/LEF reporter and apoptosis assays were 
performed using stably transfected 786-O and A-498 cells 
with high expression levels of DKK4. The enhanced growth 
of the transfected 786-O and A-768 cells was observed by 
MTS assay (Fig. 2B). DKK4 promoted the in vitro invasion 
ability of the 786-O and A-768 cells (Fig. 2C). The relative 
TCF/LEF activity was significantly decreased in the 786-O 
and A-768 cells co-transfected with the TOPFlash reporter 
plasmid compared with the controls (Fig. 2D). No significant 
differences were observed between the 2 cell lines and the 
control cells as regards the number of apoptotic cells (Fig. 2E).

In vivo experiments. Tumors developed in all the mice. 
Tumor volumes in the mice overexpressing DKK4 were larger 
at 2 weeks, and significantly larger at 6 weeks than those 
of the control mice at the respective time points (p<0.05, 
Fig. 3A). The final tumor weights of groups a, b, c and d were 
2.173±0.097, 3.014±0.201, 2.51±0.217 and 3.673±0.142 g, 
respectively. The results from qRT-PCR (Fig. 3B) and western 
blot analysis (Fig. 3C) confirmed the overexpression of DKK4 
in the tumors formed from 786-O and A-498 transplanted cells 
transfected with pCDH-DKK4 compared with those formed 
from cells transfected with the empty vector (p<0.001).

VHL protein expression and DKK4 expression in ccRCC 
tissues. VHL protein expression in another 50 ccRcc tissues 
was detected by western blot analysis. VHL protein was 
negatively expressed in 60% of the tissues (30/50) which were 
classified as the VHL(-) group, while the remaining 20 tissues 
were classified as the VHL(+) group. DKK4 expression levels 
in all 50 tissues was detected by qRT-PCR, and DKK4 was 
overexpressed in 68% (34/50) of the tissues. The DKK4 
overexpression ratio in the VHL(-) group was higher than that 
in the VHL(+) group (50% vs. 18%), and the difference was 
statistically significant (p < 0.05). In addition, the overexpres-
sion of DKK4 correlated with the expression of the VHL gene 
(r=0.403, p<0.05). DKK4 overexpression also correlated with 
VHL gene expression (r=0.403, p<0.05).

Detection of β-catenin, cyclin D1 and c-myc expression. The 
protein expression levels of β-catenin in the cytoplasm and 
nucleus were compared between the tumor and normal tissues. 
The expression levels of β-catenin in the nucleus of the tumor 
cells were decreased compared with those in the nucleus of 
normal cells; however, the differences in the expression levels 
in the cytoplasm of tumor and normal tissues were not statisti-
cally significant (Fig. 4A). Thus, the β-catenin expression levels 
of the downstream genes, cyclin D1 and c-myc, were examined 
in the VHL(+) and VHL(-) groups by qRT-PCR. The decreased 
expression levels of these genes in the VHL(-) tissues were 
also found to be statistically significant (Fig. 4B, p<0.05). The 
expression levels of phosphorylated β-catenin (p-β-catenin) 
presented a sharp increase in the VHL(+) tissues; however, 
there was no notable difference observed between the total 
β-catenin expression levels in the VHL(+) and VHL(-) tissues 
(Fig. 4C). DKK4, cyclin D1, c-myc and β-catenin expression 
levels were also detected in RCC4(-) and T3-14(+) cells by 

Figure 1. Dickkopf homolog 4 (DKK4) messenger RNA (mRNA) expression levels in original human renal tumor/adjacent lymph nodes (T/N), presented as 
-log(10) ratios.
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qRT-PCR and western blot analysis. The DKK4 expression 
levels in the RCC4(-) cells were 67.555-fold higher compared 
with those in the T3-14(+) cells, while the cyclin D1 and c-myc 
expression levels were markedly decreased in the RCC4(-) 

cells (Fig. 4D). In addition we also determined the cyclin D1 
and c-myc expression levels in human embryonic kidney 
(HEK)293 cells transfected with the plasmid vector, pCDH-
DKK4. DKK4 was highly expressed in the HEK293 cells 

Figure 2. (A) Establishment of Wnt antagonist dickkopf homolog 4 (DKK4) transfectants. DKK4 expression levels were analyzed in stable transfectants by 
qRT-PCR. (B) Cell viability (MTS) assay in the control (transfected with empty plasmid) and DKK4-transfected cells. (C) Cell invasion assay in control and 
DKK4-transfected cells. (D) A TCF/LEF receptor assay. TOPFlash indicates a TCF-receptor plasmid that contains a wild-type T-cell factor (TCF) binding site; 
FOPFlash, TCF-receptor plasmid that contained a mutant-type TCF binding site. (E) Apoptosis assay on transfected 786-O and A-498 cells. *p<0.05, **p<0.01, 
***p<0.001 compared with controls (empty vector transfectants).

Figure 3. In vivo experiments with empty and with dickkopf homolog 4 (DKK4)-transfected renal cancer cells. (A) Determination of tumor volume in nude mice 
implanted with 786-O and A-498 cells transfected with empty vector (control) or with cells transfected with pCDH-DKK4 plasmid. (B) Detection of DKK4 
mRNA expression levels in mice implanted with DKK4-overexpressing cells or empty vector-transfected control cells. (C) Detection of DKK4 protein expression 
levels in mice implanted with DKK4-overexpressing cells or empty vector-transfected control cells. **p<0.01 compared with controls (empty vector transfectants).
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(Fig. 4F), and the expression levels of cyclin D1 and c-myc 
were significantly decreased (Fig. 4E).

Discussion

DKK4 expression was determined in 30 cases of ccRCC, and 
it was found to be highly increased in 63.3% of the ccRCC 
tissues compared with the adjacent normal tissues (19/30). 
No correlation was observed between DKK4 expression and 
clinicopathological parameters, such as Fuhrman grade, patho-
logical stage, lymph node and distant metastasis, survival and 
recurrence. The overexpression of DKK4 indicated that its acti-
vation is involved in ccRCC. In 1999 it was reported that DKK4 
regulates the Wnt/β-catenin signaling pathway negatively (26), 
but since then, few studies have investigated the effects of DKK4 
on tumorigenesis and the devolopment of ccRCC. In the current 
study, cells that expressed high levels of DKK4 were found to 
have enhanced cell viability and a greater invasion potential. 
Matsui et al (24) reported that DKK2 and DKK4 were upregu-
lated in colorectal cancer, and that DKK4 expression levels 
correlated with nuclear β-catenin levels. However, Fatima et al 
(25), demonstrated, with functional assays, that DKK4 overex-
pression inhibited cell proliferation, reduced colony formation 
and suppressed cell migration in hepatocellular carcinoma. The 
DKK family is a family of secretory glycoproteins, consisting 
of two structuraly conserved cysteine-rich domains and each 
domain contains 10 cysteine residues (26). The amino-terminal 
domain (Cyst-1) is domain-specific, and the carboxy-terminal 
domain (Cyst-2) is highly conserved. Cysteine residues on 
Cyst-2 have the typical cysteine pattern of the colipase domain 
and can therefore combine colipase tightly, which participates 

in fat hydrolysis (27). Thus, the structure of the DKK family 
may be associated with the Wnt/β-catenin signaling pathway 
(28). By detecting cells transfected with LEF-1 and β-catenin, 
DKK4 is selected as a potential target gene of the non-canon-
ical Wnt signaling pathway (Wnt/PCP), and also participates 
in cell movements during the morphogenesis period (29). In 
fact, apart from the Wnt/β-catenin pathway, Wnt can be acti-
vated by other pathways dependent on Jun N-terminal kinase 
(JNK). JNK activation induces apoptosis, and JNK activation 
by DKK3 has been reported to be involved in the Wnt pathway 
regulation in prostate and breast cancer (30,31). However, the 
effects of DKK4 on the Wnt/JNK pathway in ccRCC and the 
coresponding mechanisms require further verification.

The results of the current study demonstrated that the 
canonical Wnt/β-catenin was inhibited, leading to the reduced 
expression of β-catenin and its downstream genes, cyclin D1 
and c-myc, as well as a decrease in TCF/LEF activity. However, 
in the study by Fatima et al (25), the expression levels of DKK4 
β-catenin and cyclin D1 were decreased in hepatoma carcinoma 
cells, and β-catenin was accumulated in the cytoplasm. Similar 
results have been observed in colorectal cancer (32). Under 
the activation of Wnt/β-catenin signaling pathway, DKK4 
overexpression can inhibit the activities of β-catenin/TCF-4 
effectively, as well as cell cycle proliferation and conversion. 
DKK4 may play different roles in tumorigenesis and in the 
development of different types of tumor. Further studies are 
required in order to elucidate the underlying mechanisms.

In vivo studies offer a more realistic microenvironment for 
the growth of tumor cells. In this study, cells overexpressing 
DKK4 were implanted into BALB/c nude mice, in order to 
investigate the effects of DKK4 activation on the oncogenicity 

Figure 4. (A) Western blot analysis of β-catenin cytoplasmic and nuclear expression levels. (B) Relative expression levels of β-catenin downstream target genes, 
cyclin D1 and c-myc, were decreased significantly in Von Hippel-Lindau negative tissues [VHL(-)] (p<0.05). (C) Expression levels of VHL protein, β-catenin 
and phosphorylated β-catenin in RCC4(-) and T3-14(+) cells. (D) Expression levels of DKK4, cyclin D1, c-myc in RCC4 (-) and T3-14 (+) cells. (E) Expression 
levels of DKK4, cyclin D1, c-myc in pCDH-DKK4 plasmid-transfected human embryonic kidney (HEK)293 cells. (F) Western blot analysis of DKK4 expression 
levels in HEK293 cells. 
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of ccRCC. The neoplasm incidence rate was 100%, and the 
tumor weights of the mice implanted with cells overexpressing 
DKK4 were significantly higher than those of the control 
mice implanted with an empty vector. DKK4 is considered 
to inhibit the development of tumors, as an antagonist of the 
Wnt pathway and has also been reported to be able to inhibit 
the proliferation of tumor cells in hepatic carcinomas (25). 
However, the issue of whether DKK4 acts as a tumor inhibitor 
or promoter remains to be resolved.

VHL is believed to induce the oxygen-deficient environ-
ment in cells, as it activates many HIF-mediated signaling 
pathways (11,33). The abnormal expression of VHL promotes 
the migration of β-catenin from the cytoplasm into the 
nucleus, as well as its combination with TCF and LEF, and the 
activation of cyclin D1 and c-myc, and consequently tumori-
genesis (19,34). The combination of β-catenin with TCF/LEF 
in the nucleus activates downstream genes (35). In our study, in 
a total of 50 cases of ccRCC, in the VHL(-) group, DKK4 was 
found to be overexpressed in 50% of the specimens, contrary 
to the VHL(+) group, where only an 18% rate presented a 
significant difference (p<0.05). The high expression of DKK4 
correlated with the expression of VHL (r=0.403; p<0.05). As 
a positive cell cycle factor, cyclin D1 is associated with uncon-
trollable cell proliferation, as a tumorigenesis factor (36). 
The overexpression of cyclin D1 induces system disorders in 
the normal cell cycle (37). When c-myc, another well known 
nuclear oncogene, is regulated by carcinogenic factors, it 
escapes the normal regulatory cell cycle check, leading to its 
continuous overexpression and resulting in the alteration of 
normal cells ubto tumor cells (38). Thus, the abnormal expres-
sion of c-myc may be a basis for tumorigenesis.

Recent studies have been conducted on miRNAs in ccRCC. 
It has been reported that miR-1826 is upregulated in VHL(+) 
ccRCC cells compared with VHL-inactivated 786-O and 
A-498 cell lines. miR-1826 has also been found responsible for 
the decreased expression levels of β-catenin and the survival of 
its downstream genes (39). VHL expression can also be inhib-
ited by miR-23, but β-catenin/TCF-4 transcription activity, as 
well as the proliferation and invasion of tumor cells can be 
enhanced. Nevertheless, once the VHL gene is transduced all 
effects are abolished (40). The oncogenic activity of miRNAs 
related or not with high expression levels of DKK4, as well 
as the effects of VHL on DKK4 require further investigation.

DKK4 blocks the canonical Wnt/β-catenin pathway in 
ccRCC; however, its effects on the biological behavior of 
ccRCC may also be due to other activated pathways. Further 
studies are required to fully elucidate the roles of DKK4 in 
ccRCC tumorigenesis and tumor progression.
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