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Abstract
AIM: To investigate the mechanisms of the biological 
roles of Dickkopf-3 (Dkk-3) in cell invasion, survival and 
apoptosis in colon cancer cells.

METHODS: Three human colon cancer cell lines, i.e., 
HT-29, LoVo and SW480, were used. Overexpression 
of Dkk-3 induced by pEGFP-N1-Dkk-3-GFP plasmid in 
LoVo cells was performed using Lipofectamine 2000 
reagent. Reverse transcription polymerase chain reac-
tion and Western blotting were performed to deter-
mine the mRNA and protein expression levels of Dkk-3, 
respectively. Cell proliferation assay, cell cycle analysis, 
hoechst 33258 assay and Matrigel invasion assay were 
performed on Dkk-3 overexpressing transfectants.

RESULTS: The mRNA and protein expressions of 
Dkk-3 in HT-29 (mRNA: 0.06 ± 0.02, protein: 0.06 ± 
0.01) and LoVo (mRNA: 0.07 ± 0.02, protein: 0.07 ± 
0.02) cells were significantly lower than that in SW480 
cells (mRNA: 0.92 ± 0.04, protein: 0.69 ± 0.13; all P 
< 0.05), and the greatest levels of invasiveness was 

in LoVo cells. Dkk-3 overexpression inhibited the pro-
liferation and invasion of LoVo cells and induced cell 
cycle arrest at G0/G1 phase and subsequent apoptosis, 
as indicated by increased chromatin condensation and 
fragments, upregulated Bax and cytochrome c protein, 
downregulated survivin and Bcl-2 protein, and the 
activation of caspase-3 and caspase-9. Furthermore, 
Dkk-3 overexpression reduced the accumulation of cy-
tosolic fraction of β-catenin.

CONCLUSION: Dkk-3 overexpression induced apop-
tosis in human colon cancer possibly through the 
mitochondrial pathway. Dkk-3 may be involved in the 
Wnt/β-catenin signaling pathways in colon cancer. 
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INTRODUCTION
The prevalence of  colorectal cancer is increasing in Asia. 
Many Asian countries, including China, Japan, South Ko-
rea, and Singapore, have experienced a 2-4 folds increase 
in the incidence of  colorectal cancer (CRC) during the 
past few decades[1]. Even in the United States, colorectal 
cancer is the third most commonly diagnosed cancer and 
the second leading cause of  cancer deaths among cancers 
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that affect both men and women[2,3]. However, the cellu-
lar mechanisms involved in CRC are not fully described. 
Recent studies have shown that the Wnt signaling path-
way, which is composed of  canonical Wnt signaling via 
Wnt/β-catenin and noncanonical Wnt signaling via the 
Wnt/Ca2+ pathway and Wnt/c-Jun N-terminal kinase 
(JNK) (planar cell polarity), regulates proliferation, fate 
specification, polarity and migration of  cells[4,5]. The 
Wnt signaling pathway can be blocked by two functional 
classes of  Wnt antagonists: the secreted frizzled-related 
proteins (sFRP) and the Dickkopf  (Dkk)[6].

Dkk-3, also known as reduced expression in immortal-
ized cells, is a member of  a recently identified gene family 
encoding secreted proteins that control cell fate during 
embryonic development[7-9]. Deletion at Dkk-3 locus has 
been found in many cancers, such as lung cancer[10], gastric 
cancer[11] and ovarian cancer[12]. In acute lymphoblastic leu-
kaemia[13], prostate cancer[14], bladder cancer[15,16] and renal 
cell carcinoma[16], Dkk-3 expression is reduced or silenced. 
Interestingly, Dkk-3 is strongly expressed at the base of  
the crypts in human colon, which is known to contain 
proliferating epithelial precursor cells[17]. Therefore, Dkk-3 
may be an important component of  the gastrointestinal 
proliferative regulatory net work[17].

However, the relationship between Dkk-3 and colon 
cancer remains unclear. We hypothesized that: (1) Dkk-3 
expression may be inhibited epigenetically in colon can-
cer cells; (2) Dkk-3 may be a tumor suppressor and plays 
an important role in mitochondria-mediated apoptosis; 
and (3) Dkk-3 may be involved in the Wnt/β-catenin 
signaling pathways in colon cancer cells. In the present 
study, we investigated the mechanisms of  the biological 
roles of  Dkk-3 in cell invasion, survival and apoptosis 
of  human colon cancer cells.

MATERIALS AND METHODS
Construction of expressing plasmids
The pEGFP-N1-Dkk-3-GFP plasmid constructed to 
target Dkk-3 (RefSeq ID: BC007660) was obtained from 
Genechem Co., Ltd. (Shanghai, China). pEGFP-N1 
plasmid (Genechem Co., Ltd.) was cut with XhoⅠ/Kpn
Ⅰand ligated by T4 DNA ligase with gene encoding 
Dkk-3, making Dkk-3-pEGFP construct. The plasmid 
construct was confirmed by DNA sequencing. 

Cell culture and transfection conditions
The human colon cancer cell lines HT-29, LoVo and 
SW480 were obtained from the Cell Collection Center 
of  Chinese Academy of  Sciences (Shanghai, China). The 
cells were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM) (GibcoBRL, Grand Island, NY, United 
States) supplemented with 10% fetal bovine serum and 
were maintained in a humidified incubator at 37 ℃ with 
a supply of  5% CO2/95% air atmosphere. Transfections 
were performed using Lipofectamine 2000 reagent (In-
vitrogen, Carlsbad, CA) according to the manufacturer’
s instructions. After 48 h of  transfection, cells were used 

for cell cycle analysis, hoechst 33258 assay, Matrigel inva-
sion assay, reverse transcription polymerase chain reac-
tion (RT-PCR) analysis and Western blotting analysis. 
The transient expression of  green fluorescent protein 
(GFP) was detected under a fluorescence microscope 
(Olympus; Shinjuku-ku, Tokyo, Japan) at an excitation 
wavelength of  460-490 nm.

RT-PCR
After 48 h of  transfection, total cellular RNA was isolated 
by Trizol (Invitrogen, Carlsbad, CA) and 2 μg of  RNA 
was treated with DNase and used as a template for the 
reverse transcription reaction following the manufacturer’
s instructions (Fermentas, United States). The resultant 
cDNA was then used in PCRs and analyzed by gel electro-
phoresis. The following primers were used: Dkk-3 sense 
5’-GGGAGACGAAGAAGGCAGAAGG-3’ and Dkk-3 
antisense 5’-CCAGGTGATGAGGTCCAGAAGC-3’; 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
sense, 5’-AGGTGAAGGTCGGAGTCAAC-3’, and 
GAPDH anti-sense, 5’-CGCTCCTGGAAGATGGT-
GAT-3’. The PCR conditions were as follows: 94 ℃ for 5 
min, followed by 35 cycles of  94 ℃ for 30 s, 60 ℃ for 30 
s, and 72 ℃ for 1 min. The final extension was at 72 ℃ 
for 5 min. PCR products were analyzed on 1.2% agarose 
gels containing 0.5 g/mL ethidium bromide and were vi-
sualized under ultraviolet light. Band density was analyzed 
and quantified using Genetools software (Syngene, Cam-
bridge, United Kingdom).

Western blotting analysis
Equal amounts of  proteins were resolved by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
transferred onto nitrocellulose membranes (Millipore, 
Bedford, MA, United States) by wet transfer system (Bio-
Rad, Hercules, CA, United States). Membranes were 
blocked with 10% non-fat dry milk in Tris-buffered saline 
Tween-20 and incubated first with primary antibodies 
at 4 ℃ overnight and then with horseradish peroxidase-
conjugated anti-mouse, anti-rabbit or anti-goat secondary 
antibody for 2 h at room temperature. The following an-
tibodies were used: Dkk-3 (R and D Systems Inc., Minne-
apolis, MN, United States) 1.5 μg/mL, β-catenin (Abcam, 
Cambridge, United Kingdom) 1:5000, survivin, Bax, Bcl-2 
and Cyt-c (Santa Cruz Biotechnology, Santa Cruz, CA, 
United States) 1:1000, Caspase-9 (Abcam, United States) 
1:1000, Caspase-3 (Abcam, United States) 1:250 and Ac-
tin (Santa Cruz Biotechnology, Santa Cruz, CA, United 
States) 1:2000. Specific proteins were visualized using an 
enhanced chemiluminescence system (Millipore, Bedford, 
MA, United States) and then exposed with Kodak X-ray 
film. Protein band intensities were determined densito-
metrically using the video-imaging CMIASWIN system 
(Bio-Rad, Hercules, CA, United States).

Cell proliferation assay
Cell proliferation was determined by the WST-8 tetrazo-
lium salt assay (Cell Counting Kit-8, Beyotime Inst Bio-
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tech, China), which quantifies the amount of  formazan 
dye formed when tetrazolium salt is cleaved by cellular 
mitochondrial dehydrogenase present in viable cells. 
Cells were seeded in 96-well plates at a density of  2 × 
103/well in 0.1 mL of  culture medium. Viability of  cells 0, 
12, 24, 36, 48, 60 and 72 h after transfection was evalu-
ated. Two hours before the end of  the specified incuba-
tion period, 10 μL WST-8 reagent was added to the cells. 
At the end of  the incubation, cell density was estimated 
by measuring the absorbance of  the colored formazan 
reaction product at 450 nm using an iMark Microplate 
Absorbance Reader (Bio-Rad, United States). 

Cell cycle analysis
Cell cycle status was determined by measuring cellular 
DNA content after staining with propidium iodide by 
flow cytometry. After 48 h transfection, cells were cen-
trifuged, washed twice with ice-cold phosphate buffer 
saline (PBS), and fixed in 70% ethanol at 4 ℃ for 24 h. 
Cells were then centrifuged at 1000 r/min for 5 min, and 
the supernatant was discarded. The pellets were then 
washed twice with 4 mL PBS and then stained with 0.5 
mL RNase A (2 mg/mL) and 0.5 mL propidium iodide 
(0.1% in 0.6% Triton-X in PBS) for 30 min in the dark. 
Samples were then analyzed on a FACSCalibur flow cy-
tometer (Beckman Coulter, Inc. Fullerton, CA).

Hoechst 33258 assay for apoptosis
Apoptotic cells were detected by Hoechst 33258 stain-
ing following the manufacturer’s protocol (Apoptosis 
Hoechst staining kit, Beyotime Biotechnology, Jiangsu, 
China) after 48 h transfection. Briefly, cells were first 
fixed in 0.5 mL methanol for 30 min and then rinsed 
with PBS twice; 1 mg/mL Hoechst 33258 reagent was 
used to stain the apoptotic cells in dark at room tem-
perature for 5 min, after which the cells were again 
washed with PBS twice. The stained cells were examined 
and immediately photographed under a fluorescence 
microscope (Olympus; Shinjuku-ku, Tokyo, Japan) at an 
excitation wavelength of  330-380 nm. Apoptotic cells 
were identified on the basis of  morphologic changes in 
their nuclear assembly by observing chromatin conden-
sation and fragment staining by Hoechst 33258. In each 
group, ten microscopic fields were selected randomly 
and counted.

Invasion assay
Transwell chambers (Corning, New York, NY, United 
States) were used to examine the ability of  cells to invade 
through a Matrigel-coated filter following the manu-
facturer’s instructions. DMEM was added to the upper 
chambers and allowed to hydrate for 2 h at 37 ℃ with 
5% CO2. Next, 1 × 105 LoVo cells transfected with vari-
ous plasmids were added to the upper chamber and 
grown in serum-free medium on 8.0 μm porous poly-
carbonate membranes, which were coated with diluted 
Matrigel basement membrane matrix. The lower cham-
bers were filled with DMEM medium containing 10% fe-

tal bovine serum. After 24 h incubation, the cells remain-
ing on the upper surface of  the filter were removed using 
cotton tips, and the cells that migrated to the underside 
of  the membrane were fixed with 4% paraformal dehyde 
and stained with Giemsa (Sigma). Cells in 10 random 
fields of  view at ×400 magnifications were counted and 
expressed as the average number of  cells/field of  view. 

Colony formation assay
Cells from the colon cancer cell line LoVo (2 × 105 cells 
per well) were transfected with 0.5 μg Dkk-3-expressing 
or empty vector (pEGFP-N1) using Lipofectamine 2000 
reagent (Invitrogen, Carlsbad, CA). Transfected cells were 
selected with antibiotic G-418 Sulfate (0.4 mg/mL) (Merck, 
Darmstadt, Germany) for 2 wk. Colonies were fixed with 
methanol/acetone (1:1), stained with Giemsa, and count-
ed. All experiments were performed in triplicate.

Statistical analysis
All continuous values were expressed as mean ± SD. 
One-way analysis of  variance was used for comparisons 
among groups. Student’s t test was used for comparison 
of  the values between two groups. SPSS 16.0 for Win-
dows (SPSS Inc., Chicago, IL, United States) was used 
for statistical analysis. Statistical significance was defined 
as P < 0.05.

RESULTS
Correlation between Dickkopf-3 expression levels and 
invasion ability in human colon cancer cell lines
To determine the endogenous expression of  Dkk-3, we 
compared the Dkk-3 level in three human colon cancer 
cell lines (HT-29, LoVo and SW480). As shown in Fig-
ure 1A and B, Dkk-3 expression was significantly higher 
in SW480 cells (mRNA: 0.92 ± 0.04, protein: 0.69 ± 0.13; 
all P < 0.05) as compared with HT-29 (mRNA: 0.06 ± 
0.02, protein: 0.06 ± 0.01) and LoVo cells (mRNA: 0.07 
± 0.02, protein: 0.07 ± 0.02). We also examined the abil-
ity of  these cells to invade Matrigel, which is a well-es-
tablished in vitro model for assessing tumor invasiveness. 
The result showed that the greatest levels of  invasiveness 
was in LoVo cells (19.25 ± 1.65), which was followed by 
the SW480 (15.50 ± 2.12) and HT-29 (8.75 ± 2.10, P < 
0.05 vs LoVo or SW480), an order consistent with their 
known metastatic potentials (Figure 1C). These pre-
liminary findings provoked us to track the question of  
whether modulation of  Dkk-3 could affect colon cancer 
progression.

Overexpression of Dickkopf-3 by pEGFP-N1-Dkk-3-GFP 
plasmid in human colon cancer LoVo cells
To study the biological role of  Dkk-3 in colon cancer 
progression, we used pEGFP-N1-Dkk-3-GFP plas-
mid coding for full-length human Dkk-3 to enhance 
the Dkk-3 gene expression in the human colon cancer 
LoVo cells. The expression of  the recombinant human 
Dkk-3 was analyzed by RT-PCR and Western blotting 
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Figure 1  Levels of Dickkopf-3 mRNA and protein expression correlate with invasive potential of human colon cancer cell lines. A: Semi-quantitative reverse 
transcription polymerase chain reaction of RNA extracted from colon cancer cell lines, HT-29, LoVo and SW480, respectively, and the glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) mRNA was amplified as a control. aP < 0.05 vs HT-29 or LoVo using Student’s t test; B: Endogenous Dickkopf-3 (Dkk-3) protein expression 
was examined by immunoblot analysis of total cellular protein isolated from three colon cancer cell lines: HT-29, LoVo and SW480, and actin was utilized as a loading 
control. cP < 0.05 vs HT-29 or LoVo using Student’s t test; C: Human colon cancer cells, HT-29, LoVo and SW480 invading through the Matrigel were counted under a 
microscope in ten random fields at × 400 magnification. eP < 0.05 vs LoVo or SW480 using Student’s t test.
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analysis. As shown in Figure 2A, analysis of  the trans-
fected cells (1.09 ± 0.11, P < 0.05) for Dkk-3 expression 
via semi-quantitative RT-PCR demonstrated a specific 

increase in mRNA levels for each gene relative to the 
pEGFP-N1 plasmid-transfected cells (0.14 ± 0.02) or 
untreated LoVo cells (0.10 ± 0.02). Immunoblot analysis 
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Figure 2  pEGFP-N1-Dkk-3-GFP plasmid induces overexpression of Dickkopf-3 in human colon cancer LoVo cells. A: Semi-quantitative reverse transcription 
polymerase chain reaction of RNA extracted from pEGFP-N1-Dkk-3-GFP plasmid transfected LoVo cells and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
mRNA was amplified as a control; B: Immunoblotting of total protein lysates extracted from pEGFP-N1-Dkk-3-GFP plasmid transfected LoVo cells, and actin was 
included as a loading control; C: Green fluorescent protein (GFP) was also detected under a fluorescence microscope in pEGFP-N1-Dkk-3-GFP plasmid transfected 
LoVo cells (× 400). aP < 0.05 vs LoVo or pEGFP-N1 using Student’s t test.
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of  cell extracts was carried out to determine whether 
increased mRNA expression, as observed, correlated 
with increased translation of  the gene product. Figure 
2B shows that the protein expression level of  Dkk-3 was 
significantly increased in pEGFP-N1-Dkk-3 group (0.86 
± 0.12, P < 0.05) compared with the pEGFP-N1 group 
(0.26 ± 0.04) or untreated LoVo cells (0.31 ± 0.04). A 
similar trend was observed by immunoblot analysis with 
the result of  RT-PCR. The transient expression of  GFP 
was observed under a fluorescence microscope after 48 
h transfection (Figure 2C). Figure 2C indicates that the 
efficient transduction of  pEGFP-N1-Dkk-3-GFP plas-
mid was approximately 70% after 48 h transfection.

Effect of Dickkopf-3 overexpression on invasion in 
human colon cancer LoVo cells
To evaluate the impact of  Dkk-3 overexpression on inva-
sion of  human colon cancer LoVo cells, a Matrigel inva-
sion assay was performed. When compared with normal 
LoVo cells (36.00 ± 1.85) or cells transfected with pEG-
FP-N1 plasmid (36.25 ± 1.49), pEGFP-N1-Dkk-3-GFP 
plasmid-transfected cells (12.50 ± 0.96, P < 0.05) showed 
a substantial reduction in invasive ability. Invasion of  
LoVo cells was reduced to about 70% of  the controls by 
pEGFP-N1-Dkk-3-GFP plasmid (Figure 3). Thus, LoVo 
cell invasion into Matrigel was substantially regulated by 

Dkk-3 function. Dkk-3 expression was required for colon 
cancer cell invasion leading to tumor metastasis.

Effect of Dickkopf-3 overexpression on proliferation in 
human colon cancer LoVo cells
To assess the potential effects of  Dkk-3 overexpression 
on proliferation in human colon cancer LoVo cells, we 
investigated cell growth in vitro. Using the tetrazolium 
salt (WST-8) cell viability assay (see “Materials and Meth-
ods”), we generated a time-response curve by incubating 
cultures of  transfected LoVo cells for 12, 24, 36, 48, 60 
and 72 h, which showed a time-dependent inhibition 
of  cell viability (Figure 4A). pEGFP-N1 transfection 
had no effect on the proliferative ability of  LoVo cells, 
whereas pEGFP-N1-Dkk-3-GFP plasmid transfection 
caused a dramatic reduction in the proliferation of  LoVo 
cells (P < 0.05). On the other hand, we performed colo-
ny formation assays using LoVo cells transfected with a 
Dkk-3 gene construct (pEGFP-N1-Dkk-3-GFP) or with 
an empty vector (pEGFP-N1). The number of  colonies 
formed was counted after 2 wk culture. When compared 
with the pEGFP-N1 plasmid-transfected cells (154.67 ± 
5.86), we observed that Dkk-3 overexpression (77.00 ± 
2.65, P < 0.05) decreased markedly the number of  colo-
nies (Figure 4C).
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Figure 3  Overexpression of Dickkopf-3 inhibits invasion in human colon cancer LoVo cells. Representative number of invading cells through the Matrigel was 
counted under microscope in ten random fields at × 400 magnification. Each bar represented the mean ± SD. aP < 0.05 vs LoVo or pEGFP-N1 using Student’s t test. 
The results are representative of three separate experiments.
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Effect of Dickkopf-3 overexpression on cell cycle in 
human colon cancer LoVo cells
To investigate the precise mechanisms of  the decreased 
cell viability observed in LoVo transient Dkk-3 trans-
fectants, we analyzed the cell cycle distribution profile 
by flow cytometry with propidium iodide. After 48 h 
transfection, the cells were fixed and stained with the 
DNA intercalating fluorescent dye propidium iodide. As 
shown in Figure 4B, untreated LoVo cells had normal 
cell cycle profiles with approximately 45% of  cells in 
G0/G1 phase containing 2N DNA content and 12% of  
cells in G2/M phase containing 4N DNA content. The 
percentage of  cells in the G0/G1 phase of  the cell cycle 
was significantly higher in Dkk-3 transfected LoVo cells 
(0.59 ± 0.01, P < 0.05).

Effect of Dickkopf-3 overexpression on apoptosis in 
human colon cancer LoVo cells
The morphological changes of  the apoptotic cells were 
detected by Hoechst 33258 staining (Figure 5). After 48 h 
transfection, cells were fixed and stained with Hoechst 
33258 at room temperature. In the untreated LoVo cells 
(0.67 ± 0.52) and pEGFP-N1 group (1.33 ± 1.21), the 
nuclei were stained weak homogeneous blue, while in the 
group transfected with pEGFP-N1-Dkk-3-GFP plasmid 
(63.67 ± 7.71, P < 0.05), bright chromatin condensation 
and nuclear fragmentation were found.

Effect of Dickkopf-3 overexpression on cytoplasmic 
β-catenin accumulation in human colon cancer LoVo cells
Dkk-3 has been reported to induce changes in β-catenin 
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Figure 4  Overexpression of Dickkopf-3 inhibits proliferation and induces G0/G1 arrest in human colon cancer LoVo cells. A: Dickkopf-3 (Dkk-3) inhibits prolifera-
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localization consistent with an increase in cell-cell ad-
hesion[9]. To address this question in colon cancer, we 
examined the β-catenin expression level in mock and 
Dkk-3 transfectants. As shown in Figure 6A, transient 
transfection of  Dkk-3 affected Wnt signaling by reduc-
ing the accumulation of  cytosolic fraction of  β-catenin. 
β-catenin often yields doublets on Western blot analysis, 
perhaps as a result of  being phosphorylated (most often 
tyrosine or serine phosphorylation)[9]. 

Overexpression of Dickkopf-3 induces apoptosis 
through activation of mitochondrial pathway in LoVo cells
To further investigate the detailed apoptotic mechanism, 
we examined the effect of  Dkk-3 overexpression on 
mitochondrial pathway. As shown in Figure 6B, Dkk-3 
overexpression caused a decline in survivin levels, a 
member of  the inhibitors of  apoptosis proteins family, 
which is known to block apoptosis by inhibiting cas-
pases and mitochondria-mediated apoptosis[18]. It has 
been proposed that one of  the main regulatory steps of  
programmed cell death is controlled by the ratio of  anti-
apoptotic and proapoptotic members of  the Bcl-2 fam-
ily of  proteins[19,20]. The role of  mitochondrial damage 
in apoptosis was suggested to be mediated by the release 
of  cytochrome c[21]. Upon cleavage by upstream proteas-
es in an intracellular cascade, the activation of  caspase-3 
is considered as a hallmark of  the apoptotic process[22]. 

Dkk-3 overexpression also induced an increase in Bax 
protein levels and a decrease in Bcl-2 levels in LoVo 
cells, which led to a decrease in the antiapoptotic/pro-
apoptotic (Bcl-2/Bax) ratio (Figure 6B). In addition, the 
expression levels of  the cytosolic cytochrome c which 
was suggested to be involved in mitochondrial damage, 
the activated caspase-3 and the activated caspase-9 were 
significantly increased with Dkk-3 overexpression.

DISCUSSION
The Wnt signalling pathway has long been known to 
direct growth and patterning during embryonic devel-
opment[23,24]. Recent evidence also implicates that Wnt 
signalling pathway is involved in the postembryonic 
regulation of  stem-cell number in epithelia, such as 
those of  the skin and intestine, which undergo constant 
renewal[24]. The pathway is composed of  canonical Wnt 
signaling via Wnt/β-catenin and noncanonical Wnt sig-
naling via the Wnt/Ca2+ pathway and Wnt/c-JNK (planar 
cell polarity)[4,5]. Wnt signaling pathway is often activated 
in many cancers and the expression of  Wnt antagonists 
is often downregulated epigenetically[4,7,24-29]. The extra-
cellular antagonists of  the Wnt signalling pathway can 
be divided into two broad classes. Both classes of  mol-
ecule prevent ligand-receptor interactions, but by differ-
ent mechanisms: members of  the first class, including 
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the sFRP family, Wnt inhibitory factor-1 and Cerberus, 
primarily binds to Wnt proteins; the second class com-
prising certain members of  the Dkk family, binds to one 
subunit of  the Wnt receptor complex[6].

Human Dkk-related genes are composed of  Dkk-1, 
Dkk-2, Dkk-3, and Dkk-4, together with a unique Dkk-3 
related protein termed Soggy (Sgy)[7]. Dkk-3, the most 
divergent family member, is proposed to function as a 
secreted tumor suppressor since it is downregulated in 
a number of  cancer cells[28]. Dkk-3 has been reported to 
be silenced or down-regulated in 12 (70.6%) of  17 gas-
tric cancer cell lines and in 3 (33.3%) of  9 colon cancer 
cell lines, and the loss of  gene expression was associated 
with promoter methylation, which could be restored by 
demethylating agents[30]. Tissue microarrays have shown 
that the number of  microvessels in Dkk-3-positive CRC 
samples was significantly higher than that in Dkk-3-
negative samples (P = 0.001), and Dkk-3 expression was 
also increased with rising numbers of  microvessels (P < 
0.0001)[29]. In addition, Dkk-3 has been revealed to in-
hibit cancer proliferation and induce apoptosis in several 
cancers[25,26,31-36]. Overexpression of  Dkk-3 in normal 
fibroblasts suppresses tumor growth via induction of  in-
terleukin-7[32]. In malignant glioma[37], Dkk-3 transfection 

led to apoptosis due to the activation of  phosphorylated 
jun proto-oncogene, caspase-9, and caspase-3 and the re-
duction of  β-catenin. In renal cell carcinoma[25], prostate 
cancer[26,31,35], testicular cancer[38], bladder cancer[34] and 
breast cancer[33], overexpression of  Dkk-3 was found to 
lead to apoptotic cell death in a c-JNK phosphorylation-
dependent manner and/or endoplasmic reticulum stress. 
In osteosarcoma[9], transfection of  Dkk-3 and dominant-
negative LRP5 significantly lowers the cell invasion 
capacity and cell motility, and also induces changes in 
β-catenin localization consistent with an increase in cell-
cell adhesion. However, Dkk-3 functional analysis and 
the regulation mechanism have not been reported in 
colorectal cancer.

In the present study, we focused on proliferation 
and apoptosis of  colon cancer cells. We examined the 
anti-proliferation ability of  Dkk-3 overexpression by 
pEGFP-N1-Dkk-3-GFP plasmid in human colon can-
cer LoVo cells, and measured the extent of  cell prolif-
eration by the WST-8 assay (Figure 4A). Interestingly, 
overexpression of  Dkk-3 effectively suppressed cellular 
proliferation of  colon cancer cells in a time-dependent 
fashion (Figure 4A). On the other hand, overexpression 
of  Dkk-3 inhibited tumor cell colony formation in LoVo 
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cells (Figure 4C).
To investigate the precise mechanisms responsible 

for the Dkk-3 overexpression-mediated abortive cell 
divisions, we sought to examine the cell cycle distribu-
tion profile of  Dkk-3 transfectants. The percentage of  
cells arrested in G0/G1 phase of  the cell cycle was also 
increased in Dkk-3 transfectants. It was also revealed that 
Dkk-3 overexpression resulted in apoptosis (Hoechst 
33258) in Dkk-3 transfectants (Figure 5). The morpho-
logical features in LoVo cells of  apoptotic vs necrotic cell 
death can be distinguished under microscopy[39]. Apop-
totic LoVo cells were identified by observing chromatin 
condensation and fragment staining by Hoechst 33258. It 
suggests that if  early apoptotic cells are not ingested by 
phagocytes in time, secondary necrosis would proceed[40].

One of  the main regulatory steps of  programmed 
cell death is controlled by the ratio of  antiapoptotic 
and proapoptotic members of  the Bcl-2 family of  pro-
teins[19,20]. Overexpression of  antiapoptotic Bcl-2 family 
members can tip the delicate balance in favor of  sur-
vival, thereby conferring drug resistance, at least in some 
cellular tumor model systems[41-43]. On the other hand, 
overexpression of  proapoptotic Bax or Bak is sufficient 
to increase the sensitivity of  malignant cancer cells to 
apoptosis and to overcome drug resistance[43-45]. Bcl-2 
in the unphosphorylated form complexes with Bax, and 
thus its phosphorylation releases Bax from the Bcl-2-
Bax complex[22,46-48]. Unbound Bax translocates from 
cytosol to the mitochondrial membrane to signal trig-
gering of  the downstream apoptotic cascade, such as 
release of  cytochrome c and activation of  executionery 
caspases[22,44-46]. The activation of  caspase-3, upon its 
cleavage by upstream proteases, is considered as a hall-
mark of  the apoptotic process[41]. In agreement with the 
hypothesis, activated caspase-3 and -9 were detected in 
Dkk-3 transfectants. Our results showed that overex-
pression of  Dkk-3 decreased Bcl-2/Bax ratio, caused the 
release of  cytochrome c, and the activation of  caspase-3 
and caspase-9 in LoVo cells (Figure 6B). Further studies 
are required to determine the exact mechanism whether 
Dkk-3 enhances apoptosis-inducing effects on human 
colon cancer cells, which is cross-talking activation of  
death receptors pathway of  apoptosis.

In conclusion, Dkk-3 is anti-proliferative and pro-
apoptotic in colon cancer LoVo cells. Overexpression 
of  Dkk-3 caused 2N DNA accumulation in LoVo cells, 
suggesting that the Dkk-3 transfectants arrest in G0/G1 
phase preceding cell death. These abnormal cells prob-
ably trigger activation of  programmed cell death that 
is mitochondrially-driven and executed through the ac-
tivated caspase by the cleavage of  downstream targets. 
The LoVo cell death program is also mediated through 
downregulation of  survivin. Therefore, Dkk-3 functions 
as a tumor suppressor in colon cancer cells and its down-
regulation may be involved in colon cancer progression. 
Moreover, Dkk-3 may be involved in the Wnt/β-catenin 
signaling pathways in colon cancer cells.

COMMENTS
Background
The Wnt signal transduction pathway is activated in many cancers and the ex-
pression of Wnt antagonists are often downregulated epigenetically. Wnt antag-
onists can be divided into two functional classes, the secreted frizzled related 
proteins and the Dickkopf (Dkk). The Dkk gene family of secretory modulators 
of canonical Wnt/β-catenin signaling is involved in the control of proliferation, 
polarity and migration, cell fate specification and differentiation. Dkk-3, also 
known as reduced expression in immortalized cells, is the most divergent family 
member and proposed to function as a secreted tumor suppressor since it is 
downregulated in a number of cancer cells.
Research frontiers
Recently, Wnt antagonists have received increasing and specific attention due 
to their potential role in carcinogenesis. Dkk-3 has been revealed to inhibit 
cancer proliferation and induce apoptosis in malignant glioma, breast cancer, 
osteosarcoma, renal cell carcinoma, prostate cancer, testicular cancer and 
bladder cancer.
Innovations and breakthroughs
Few studies have described the correlation between Wnt antagonists and the 
development of colon cancer. The results of this study suggest that Dkk-3 may 
act as negative regulators of Wnts and may be involved in the Wnt/β-catenin 
signaling pathways in colon cancer cells. Dkk-3 may be a crucial Wnt signaling 
regulator in colon cancer and an important component of the gastrointestinal 
proliferative regulatory net work. 
Applications 
In this study, the mRNA and protein expressions of Dkk-3 were investigated in 
colon cancer cells and that the aberrant expression of Wnt antagonists may 
play an important role in carcinogenesis of colon cancer. This finding may help 
improve early diagnosis and new therapies by blocking this pathway in the 
treatment of colon cancer.
Terminology
The Wnt signaling pathway is one of evolutionarily-conserved signal transduc-
tion pathways to direct growth and patterning during embryonic development, 
from Hydra to humans. Wnt signals regulate many aspects of development 
which include the proliferation, fate specification, polarity, and migration of cells. 
Moreover, overactivation of Wnt signaling by mutation is an important factor in 
oncogenesis in the human colon and other tissues. The pathway is composed 
of canonical Wnt signaling via Wnt/β-catenin and noncanonical Wnt signaling 
or pathways that are β-catenin independent.
Peer review
The authors investigated the mechanisms of the biological roles of Dkk-3 in colon 
cancer. It revealed that Dkk-3 played an important role in mitochondria-mediated 
apoptosis and Dkk-3 may be involved in the Wnt/β-catenin signaling pathways 
in colon cancer cells. The article is a good attempt to work on the hypothesis and 
the results may represent a molecular mechanism of colon carcinogenesis.
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