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Abstract. Previous studies have shown that Dickkopf‑3 
(Dkk3) is inactivated in lung cancer cells, while the inactiva-
tion of the Wnt/β‑catenin signaling pathway by Dkk3 inhibits 
lung cancer progression. In the present study, we investigated 
whether Dkk3 enhances the sensitivity of lung cancer cells 
to cisplatin. A549, Calu1 and H460 lung adenocarcinoma 
cell lines were transfected with DKK3 siRNA, while the 
cisplatin‑resistant subline A549cis was transfected with 
DKK3. DKK3 expression was attenuated in A549cis, Calu1cis 
and H460cis compared to A549, Calu1 and H460, respectively. 
Lung adenocarcinoma cell growth, proliferation, apoptosis, 
cell cycle in vitro and in vivo were then analyzed. DKK3 
knockdown by siRNA transfection rendered A549, Calu1 and 
H460 resistant to cisplatin. As a result of DKK3 transfection, 
the expression of DKK3 and E‑cadherin was significantly 
upregulated, while that of MMP7, survivin, c‑myc and 
cyclin D1 was downregulated. DKK3 overexpression retarded 
cell proliferation, induced cell cycle arrest and apoptosis, and 
reduced cell invasive ability in the A549 and A549cis cells. In 
addition, the proportions of apoptotic cells and the PARP level 
were significantly increased in A549cis‑ and H460cis‑DKK3 
cells treated with cisplatin. Moreover, tumor growth was 
retarded more in cisplatin‑treated nude mice seeded with 
A549cis‑DKK3 cells than with A549cis cells. Cell viability 
increased with the pretreatment of SB216763 for 2 h in A549cis 
and A549cis‑DKK3 cells incubated with cisplatin (1 µM) 

for 72 h. In conclusion, the re‑activation of Dkk3 enhances 
the chemosensitivity to cisplatin in cisplatin‑resistant lung 
adenocarcinoma cell lines, which requires additional studies 
to realize this potential in clinical use.

Introduction

Lung cancer has emerged as the third leading cause of 
cancer‑related mortality worldwide  (1). In the USA, over 
200,000 new lung cancer cases are diagnosed annually, causing 
over 150,000 deaths in one year (1). Approximately 85% of 
lung cancer patients suffer from non‑small cell lung cancer 
(NSCLC). Due to the comparative therapeutic advantage, 
cisplatin‑based combination regimens are recommended as the 
optimal choice currently for the majority of NSCLC patients 
indicative of chemotherapy or adjuvant chemotherapy  (2). 
However, the average survival time for patients with advanced 
stage of NSCLC receiving cisplatin plus gemcitabine treat-
ment is ~16 months and may even be reduced to 12 months in 
those with cisplatin‑resistance (3). The dilemma in managing 
late‑stage NSCLC requires the elucidation of the mechanisms 
in cisplatin resistance to define novel, effective and applicable 
therapeutic targets for lung cancer (2,3).

Several signal transduction pathways controlling chemo-
sensitivity are aberrantly activated in various types of cancer, 
among which Wnt is of special significance (4). The role of 
Wnt1/Int‑1 in the induction of mouse mammary tumor as an 
integration site for mouse mammary tumor virus (MMTV) 
was first recognized 30 years ago (4). Wnt/β‑catenin signaling 
is initiated by the binding of secreted Wnt proteins with the 
frizzled, a class of seven‑pass transmembrane receptors. 
Activation of the receptor leads to the phosphorylation of 
the dishevelled protein which, through its association with 
axin, prevents glycogen synthase kinase 3β (GSK3β) from 
phosphorylating β‑catenin and the negative regulators axin 
and adenomatous polyposis coli (APC). Unphosphorylated 
β‑catenin escapes recognition, ubiquitinization and degra-
dation by β‑TRCP, accumulates in the cytoplasm and 
translocates to the nucleus, where it engages with transcription 
factors such as TCF and LEF. The nuclear accumulation of 
β‑catenin switches on the TCF/LEF‑controlled transcription 
of downstream genes. Wnt effector genes include E‑cadherin, 
MMP7, survivin, c‑myc and cyclin D1, all of which control the 
fate of cancer development, progression and metastasis (4,5). 
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Abnormal activation of the Wnt/β‑catenin signaling pathway 
has been most extensively studied in colorectal neoplasias, 
and was realized further in almost all types of solid organ and 
haematologic malignancies in human beings, including lung 
adenocarcinoma (6). Wnt inhibition, either by monoclonal 
antibodies, small‑interfering RNAs (siRNAs) targeting Wnt 
components or the overexpression of Wnt antagonists, retards 
lung cancer progression in various in vitro and in vivo tumor 
models  (5,6). Furthermore, inactivation of Wnt/β‑catenin 
signaling sensitizes chemotherapy by inducing apoptosis and 
growth arrest in cancer cells, suggesting the potential role 
of Wnt signaling inhibitors in the reversal of cisplatin resis-
tance (7‑9).

As a soluble Wnt inhibitor, Dickkopf‑3 (Dkk3) is 
involved in molecular cancer therapy. Dkk3 binds with 
LDL‑receptor‑related protein5/6 (LRP5/6) and destabilizes 
cytoplasma β‑catenin (10). Dkk3 is downregulated in a variety 
of malignancies including hepatic cancer, kidney carcinoma, 
urinary bladder cancer, pancreatic cancer and lung cancer, 
earning its alias, the ‘reduced expression in immortalized 
cells’ (REIC)  (11). Re‑established Dkk3/REIC expression 
induces apoptosis in cancer cell lines (12‑14). Downregulation 
of Dkk3/REIC through epigenetic hypermethylation is 
universal among lung cancer cell lines and human lung 
cancer samples (15,16). While DKK3 knockdown stimulates 
the proliferation of lung cancer cells, DKK3 overexpression 
inhibits the growth of NSCLC cells by inducing apoptosis 
and cell cycle disturbance via the transactivation of c‑myc and 
cyclin D1 through β‑catenin/TCF‑4 signaling (17). The above-
mentioned emphasize the tumor suppressive role of Dkk3 with 
capacities of promoting apoptosis and inhibiting proliferation 
in lung cancer cells (18). The possible chemosensitizing effect 
of Dkk3 is suggested as its homologue, Dkk1, has shown a 
pro‑apoptotic activity that inhibits the growth synergistically 
with cisplatin in cisplatin‑resistant head‑neck and brain tumor 
cells (19,20).

The present study aimed to test the hypothesis that Dkk3 
may disturb the growth of lung cancer cells synergistically 
with cisplatin. DKK3 expression levels in wild‑type and 
cisplatin‑resistant NSCLC cell lines were subsequently 
transfected with DKK3 siRNA or DKK3 gene. We then inves-
tigated whether the downregulation or upregulation of DKK3 
was able to disrupt the growth of cisplatin‑resistant NSCLC 
cells treated with cisplatin in vitro and in vivo. To determine 
the possible chemosensitization mechanisms of Dkk3 func-
tioning, a small‑molecular Wnt activator was allocated prior 
to cisplatin treatment (21). Then we compared the biological 
behavior of cisplatin‑resistant NSCLC cells with or without 
DKK3 transfection, and the expression profile of genes and 
proteins downstream of the Wnt signaling pathway, which 
possibly regulate the cell cycle, cell proliferation and apop-
tosis. The results may provide substantial evidence in support 
of the therapeutic value of DKK3 for lung cancer refractory to 
chemotherapy.

Materials and methods

Cell culture. Immortalized HEK293 and A549, Calu1 and 
H460 human lung adenocarcinoma cell lines were purchased 
from the American Type Culture Collection (ATCC; Manassas, 

VA, USA). These cell lines were tested and authenticated 
prior to using short tandem repeat (STR) loci by the Cell ID 
System (Progema, Madison, WI, USA). Cisplatin‑resistant cell 
sublines, A549cis, Calu1cis and H460cis, were generated by 
continuous exposure to increasing concentrations of cisplatin 
(from 10 to 50 µM) for 12 months as previously described (21). 
The cells were incubated at 37˚C with 5% CO2 in atmosphere 
and grown in RPMI‑1640 supplemented with 10% fetal 
bovine serum, 1% penicillin/streptomycin, and 5% MEM 
non‑essential aminoacids (HyClone Laboratories, Waltham, 
MA, USA). The medium was restored three times a week, and 
subcultures were performed prior to cells reaching 60‑70% 
confluence. To identify the impact of GSK3β inactivation on 
the concentration‑effect curves with cisplatin, A549cis and 
A549cis‑DKK3 cells were treated with a GSK3β inhibitor 
SB216763 [3‑(2, 4‑dichlorophenyl)‑4‑(1‑methyl‑1H‑indol‑3‑y
l)‑1H‑pyrrole‑2,5‑dione] 2 h prior to cisplatin exposure (22).

DKK3 RNA interference. siRNA of DKK3 and a control 
scrambled RNA targeting a sequence not sharing homology 
with the human genome (negative control) was synthesized 
(Shanghai Invitrogen Ltd., Shanghai, China). The oligonucle-
otide sequences targeting DKK‑3 were: 5'‑AAUGGUCUGGU 
ACUUAUUCCdGdC‑3' (forward), and 3'‑dCdGUUACCAG 
ACCAUGAAUAAGG‑5' (reverse). Calu1 and H460 lung 
carcinoma cells were incubated with siRNAs and control 
scrambled RNA using the Lipofectamine RNAiMAX reagent 
(Shanghai Invitrogen Ltd.). The procedures were performed 
according to the manufacturer's instructions. After transfec-
tion for 6 h, the transfection mixture was removed and the cells 
were incubated for 1‑3 x 24 h prior to detection.

Plasmid construction and DKK3 transfection. Genomic DNA 
was isolated from A549 lung cancer cell lines using the All 
Prep DNA/RNA Mini Kit (Qiagen). The bisulfite modification 
of genomic DNA was carried out with the EpiTect Bisulfite kit 
(Qiagen) according to the manufacturer's instructions. Primers 
for bisulfite genomic sequencing PCR were designed manu-
ally or by using the online MethPrimer program. The DKK3 
primers used were: forward, 5'‑GGAGGAGGTTATTTTT 
AATGAGATGT‑3' and reverse, 5'‑TCCAAACTTTTTAACA 
AAAAAACAAA‑3'. The amplification products were 
sequenced directly by an outside vendor (McLab, San 
Francisco, CA, USA). The full‑length cDNA was integrated 
into a cosmid vector pAxCAwt and transferred into an adeno-
virus vector by the COS‑TPC method (Takara Bio, Shiga, 
Japan). An adenovirus vector carrying the LacZ gene was used 
to monitor infection efficiency. A549 and cisplatin‑resistant 
A549cis lung carcinoma cells were incubated with DMSO, 
Ad‑DKK3 or Ad‑GFP at various multiplicity of infections 
(MOIs) (ranging from 0, 1, 5, 10, 20, 50 to 100). The proce-
dures were performed according to the manufacturer's 
instructions. After incubation for 6 h, the transfection mixtures 
were removed. Clonal cells were nominated as A549‑AdV, 
A549‑DKK3, A549cis‑AdV and A549cis‑DKK3. The cells 
were incubated for another 1‑6 x 24 h prior to detection or 
in vivo injection.

Reverse transcriptase‑polymerase chain reaction (RT‑PCR). 
Total RNA was isolated using TRIzol reagent (Invitrogen) 
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according to the manufacturer's instructions. The primer 
sequences used were: DKK3, 5'‑ATGCAGCGGCTTGGG 
GCCACCCTGCTGTGC‑3' (forward), and 5'‑GATGGTCCCA 
TTGCTGCCCCTGGTGGCCAT‑3' (reverse); Wnt1, 5'‑TGGT 
TTGCAAAGACCACCTCCA‑3' (forward), and 5'‑TGATTCC 
AGGAGGCAAACGCAT‑3' (reverse); Wnt3a, 5'‑TGGTTTGC 
AAAGACCACCTCCA‑3' (forward), and 5'‑TGATTCCAGG 
AGGCAAACGCAT‑3' (reverse); c‑myc, 5'‑CTGCGACGAG 
GAGGAGGACT‑3' (forward), and 5'‑GGCAGCAGCTCG 
AATTTCTT‑3' (reverse); E‑cadherin, 5'‑TCCCATCAGC 
TGCCCAGAAA‑3' (forward), and 5'‑TGACTCCTGTGT 
TCCTGTTA‑3' (reverse); and MMP‑7, 5'‑GGTCACCTACAG 
GATCGTATCATAT‑3' (forward), and 5'‑CATCACTGCAT 
TAGATCAGAGGAA‑3' (reverse). cDNA synthesis was 
normalized by PCR with GAPDH primers: 5'‑CATCACTGC 
CACCCAGAAGA‑3' (forward), and 5'‑TGAAGTCGCAGGA 
GACAACC‑3' (reverse). PCR conditions were as follows: 
45 cycles of 30 sec at 95˚C, 30 sec at 58˚C, and 60 sec at 72˚C. 
Specificity of amplification products was verified by agarose 
gel electrophoresis.

Western blot analysis. Antibodies against β‑catenin, Fas, 
caspase‑3, cleaved caspase‑3, caspase‑8, cleaved caspase‑8, 
survivin, β‑actin and poly(ADP‑ribose) polymerase (PARP) 
were produced by Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA, USA). Protein lysate was separated electropho-
retically on denaturing SDS‑polyacrylamide gel, transferred 
to nitrocellulose membranes, and probed with goat polyclonal 
IgG antibodies (1:200 or 1:250 diluted). Blots were exposed 
to secondary antibodies and detection was performed using 
an enhanced chemiluminescence reagent (Amersham). For 
the loading control, the membrane used in the initial western 
blotting was placed in Restore Western blotting Stripping 
Buffer (Thermo Scientific) for 15 min to remove the antibody 
(primary and secondary antibodies). The membrane was then 
washed with water for 5 min, blocked with 5% milk for 1 h, 
and probed with β‑actin.

Cell proliferation assay. Cell viability/proliferation assays 
were performed using the Cell Counting Kit‑8 assay (CCK‑8; 
Dojindo Molecular Technologies, Shanghai, China) which 
uses the bioreduction of WST‑8 to orange‑colored formazan 
to measure cell viability. Briefly, 100 µl of cells at 2x104/
ml cells were plated on 96‑well culture plates. NSCLC cells 
transfected with DKK3siRNA or DKK3 were cultured in 
cisplatin (Sigma‑Aldrich, St. Louis, Mo, USA). At various 
time‑points over the next 72 h, the culture medium in quadru-
plicate wells was replaced with fresh medium containing 5% 
CCK‑8 reagent, and after 1 h, absorbance at 450 nm was 
measured on a Multiskan Plus (MTX Lab Systems®, Vienna, 
VA, USA) plate reader. Absorbance values were corrected 
by subtracting those of blank control wells that did not have 
cells. The linear regression equations that correlated log 
(cisplatin concentration) with cell viability were established 
by linear regression. The IC50 values (50% inhibitory concen-
tration) of cisplatin for each condition were then calculated 
by applying the logarithmic equations. The initial cisplatin 
concentration gradient was 0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 
6.4, 12.8, 25.6 and 51.2 µM, and was subsequently adjusted 
based on the IC50 value.

Transwell invasion assay. Cell invasion assays were performed 
using 24‑well Transwell (Corning Life Sciences) coated 
with Matrigel (1 mg/ml, BD Sciences). Cells (104/well) were 
seeded in the upper chambers of the wells in 200 µl FBS‑free 
medium, and the lower chambers were filled with 500 µl 10% 
FBS medium to induce cell migration. Following incubation 
for 24 h, the cells on the filter surface were fixed with 4% 
formaldehyde, stained with 0.5% crystal violet, and examined 
under a microscope. Cells in at least five random microscopic 
fields (x200) were counted.

Immunofluorescence. The expression of Dkk3 or β‑catenin in 
NSCLC cells was investigated by immunofluorecent staining. 
Cells were plated onto a cover glass (1x1 cm) placed in a 6‑well 
culture plate at a density of 1x105 cells/well. Cover glasses were 
washed with 0.1 M phosphate‑buffered saline (PBS), fixed in 
ice‑cold acetone for 5 min, and soaked in PBS containing 
0.2% Triton X‑100 for 5 min to increase their permeability to 
primary antibodies. The glasses were rinsed in PBS for 15 min 
and blocked with 5% bovine serum albumin at room tempera-
ture for 30 min, then conjugated with primary antibodies 
(1:200) overnight at 4˚C. After washing three times with PBS, 
the cover glasses were incubated with fluorescein isothiocya-
nate (FITC)‑conjugated secondary antibodies (1:40) at room 
temperature for 4‑6 min. The glasses were then double‑stained 
with 0.5  µg/ml 4',6‑diamidino‑2‑phenylindole (DAPI) for 
5 min, and sealed with glycerol. Immunofluorescent images 
were captured using a Nikon C1si multifocal one‑photon laser 
scanning microscope (Nikon Ltd., Tokyo, Japan) within 30 min. 
Primary and secondary antibodies were purchased from Santa 
Cruz Biotechnology, Inc. DAPI was from Sigma‑Aldrich Co.

Flow cytometric analysis. The cells were plated at a density 
of 1x105 cells/well in 6‑well plates. The cell cycle distribution 
of cells stained with propidium iodide (PI) was analyzed. 
Apoptotic events were measured by Annexin V‑FITC double 
staining according to the manufacturer's instructions (Nexins 
Research, Kattendijk, The Netherlands). Analyses were 
performed on a FACSCalibur instrument using the CellQuest 
or the ModFit  3.0 software packages (Becton‑Dickinson, 
Mount View, CA, USA). Apoptosis was also manifested by 
detecting PARP cleavage by immunoblot as mentioned above.

In  vivo tumorigenesis. Experimental procedures were 
approved by the Animal Care and Use Committee of 
Zhengzhou University, and were in accordance with the 
Guide for the Care and Use of Laboratory Animals issued by 
the USA National Institutes of Health. Four‑week‑old male 
nu/nu nude mice, weighing 19.3±2.2 g, obtained from the 
Shanghai Institute of Drug of Chinese Academy of Sciences, 
were housed in specific pathogen‑free conditions. A549cis, 
A549cis‑AdV or A549cis‑DKK3 cells were grown to near 
confluence, digested and resuspended in PBS. PBS (0.1 ml) 
containing 1x106  cells was then injected subcutaneously 
into the flanks of nude mice. Cisplatin was administered 
via intraperitoneal injection at doses of 2.5 mg/kg/day for 
5 days/week. The tumor size was measured using a caliper. 
The tumor volume was calculated according to the formula: 
V = 1/6 π ab2 (π, 3.14; a, long axis; and b, short axis of the 
tumor). Growth curves were plotted from the mean tumor 
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volume ± SD from 10 animals in each group. Six weeks after 
the injection, the animals were sacrificed and tumors were 
harvested, measured, weighed and fixed in 10% formalin. 
The wet tumor weight of each animal was calculated as 
means ± SD from 10 animals in each group.

Statistical analysis. Data were analyzed by the SPSS 15.0 
software (SPSS, Inc., Chicago, IL, USA) and SigmaPlot 12.0 
(Systat Software Ltd., Chicago, IL, USA). The Student's t‑test 
and one‑way ANOVA were used to examine the differences 
between or among groups. The Kruskal‑Wallis rank sum 
test was used alternatively when data were inappropriate for 
ANOVA analysis (e.g., without homogeneity of variance). 
Statistical tests were two‑sided. P<0.05 was considered to 
indicate a statistically significant result.

Results

Decreased expression of DKK3 is associated with cisplatin 
resistance in lung cancer cells. The cisplatin‑resistant A549cis, 
Calu1cis and H460cis NSCLC sublines, were characterized 
by the WST‑8 viability assay. Dkk3 expression was markedly 
reduced in Calu1cis (0.23‑fold compared with Calu1) and less 
in H460cis (0.41‑fold compared with Calu1) (Fig. 1). A549 
expressed low levels of Dkk3, with RT‑PCR analysis shown 
a 1.2‑fold decrease in DKK3 mRNA with A549cis (data not 
shown). The impact of DKK3 knockdown (by siRNA trans-
fection) on cisplatin‑induced growth arrest was determined. 
Compared to scrambled RNA transfection, DKK3 knockdown 
ameliorated cisplatin‑induced growth arrest in the three 
NSCLC cell lines, and rendered them resistant to cisplatin 
(Fig. 2A and B). As shown in Fig. 2C and D, the viability and 
proliferation index of Calu1‑DKK3ko and H460‑DKK3ko 

were increased as compared with Calu1 and H460 at the same 
cisplatin concentrations (P<0.05 for both).

DKK3 transfection inhibits NSCLC cell growth. As shown 
in Fig. 3, the DKK3 transgene altered the cell cycle in A549 
cells, and attenuated A549 cell mobility. An increase in the 
portion of cells in the G0/G1 phase of the cell cycle by 17‑20% 
in A549cis cells transfected with DKK3 gene and with a 
corresponding decrease in cells in the S and G2‑M phase 
was observed. By contrast, for A549cis transfected with the 
empty vector, no significant changes in cell cycle distribution 
were detected (Fig. 3). Cell invasion assay was performed 

Figure 2. DKK3 knockdown mediates cisplatin resistance. (A and B) The impact of DKK3 knockdown (by siRNA transfection) on cisplatin‑induced growth 
arrest. (C) IC50 fold changes after DKK3 knockdown in NSCLC cells. (D) Time‑viability curve in the three NSCLC cell lines and their Dkk3‑knockout 
(Dkk3ko) sublines exposed to cisplatin (1 µM for each time). Data (means ± SD) are representative of three independent experiments. DKK3, Dickkopf‑3; 
NSCLC, non‑small cell lung cancer.

Figure 1. Decreased expression of DKK3 is associated with cisplatin resis-
tance in lung cancer cells. (A and B) DKK3 expression was inhibited in 
cisplatin‑resistant NSCLC cell lines as compared with their naive counter-
parts. DKK3, Dickkopf‑3; NSCLC, non‑small cell lung cancer.
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using a 24‑well Transwell. Ectopic expression of DKK3 
significantly reduced the number of cells migrating through 
the Matrigel‑coated filters (Fig.  4). Cell apoptosis was 
assayed by flow cytometry with Annexin V‑FITC staining. 
Overexpression of DKK3‑induced apoptosis of lung cancer 
cells as compared to scramble sequence‑transfected cells 
in A549 cell lines (Fig. 5A and C). The cleaved PARP level 
was also significantly elevated with DKK3 transfection 

(Fig. 5B and D). These data suggest that DKK3 alone inhibits 
NSCLC cell growth.

DKK3 transfection plus cisplatin synergistically suppresses 
the growth of resistant NSCLC cells in vitro and in vivo. We 
transfected A549cis with DKK3, and assessed the efficiency 
of DKK3 transfection by RT‑PCR and immunofluorescence. 
As a consequence of DKK3 transfection, DKK3 was localized 

Figure 3. DKK3 transfection induced cell cycle derangement in NSCLC cells. (A) Cell cycle status in A549, A549‑AdV and A549‑Dkk3. (B) Statistical 
analysis of cell cycle proportions in NSCLC cells. DKK3, Dickkopf‑3; NSCLC, non‑small cell lung cancer.

Figure 4. DKK3 transfection reduced the mobility of lung cancer cells. (A) The mobility of lung cancer cells was analyzed on Matrigel. (B) Statistical analysis of 
penetrating NSCLC cells per high magnified field. Data are representative of three independent experiments. #P<0.05. DKK3, Dickkopf‑3; NSCLC, non‑small 
cell lung cancer.
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Figure 5. DKK3 transfection enhanced apoptosis in A549 cells. (A and C) Cell apoptosis assayed by flow cytometry with Annexin V‑FITC staining. 
(B and D) Cleaved PARP level was also significantly elevated with DKK3 transfection. Data are representative of three independent experiments. #P<0.05. DKK3, 
Dickkopf‑3.

Figure 6. DKK3 transfection inhibits cisplatin‑resistant lung cancer cell growth in vitro. (A) DKK3 immunofluorescence in vitro. DKK3 was localized mostly 
at the cytoplasm, following staining with FITC‑conjugated secondary antibody (green). The nuclei appear as blue fluorescence stained with DAPI (original 
magnification, x100). (B) A549cis, A549‑AdV and A549‑DKK3 cells treated with cisplatin for 72 h. (C) Time‑viability curve of NSCLC cells treated with 
cisplatin (1 µM). DKK3, Dickkopf‑3; NSCLC, non‑small cell lung cancer.
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mostly at the cytoplasm, and elevated in A549cis lung cancer 
cells, as shown at immunofluorescence (green) (Fig. 6A). DKK3 
transgene increased the sensitivity to cisplatin in A549cis cells 
(Fig. 6B and C). The dose of cisplatin employed in the xeno-
graft tumor model was optimized by a dose‑finding pre‑study, 
in which xenografted tumor‑bearing mice were treated with 
cisplatin (0.5, 1.0, 2.0, 4.0 or 8.0 mg/kg/day) by i.p. injection 
of 1x106 A549cis cells. The mice treated with 2.0 mg/kg/day 
of cisplatin showed a moderate tumor growth delay and 
retained a survival rate of ~60% to the 4‑week treatment. 
The dose of cisplatin was then optimized to 2.0 mg/kg/day, 
once a day, 5  days a week for an additional consecutive 
4  weeks. Nude mice were randomized to six groups: the 
A549cis+PBS, the A549cis+cisplatin, the A549‑AdV+PBS, 
the A549cis‑AdV+cisplatin, the A549cis‑DKK3+PBS and 
the A549cis‑DKK3+cisplatin groups. The tumor growth 
in vivo was monitored daily and tumor volume and weight 
were measured. As shown in Fig. 7, tumor growth was more 
significantly retarded in the A549cis‑DKK3+cisplatin group 
than the A549cis‑AdV+cisplatin and A549cis‑DKK3+PBS 
groups, suggesting a synergistic antitumor effect of DKK3 

transfection with cisplatin in cisplatin‑resistant lung cancer 
cells in vivo.

DKK3 inhibits survivin expression via the Wnt/β‑catenin 
pathway in lung cancer cells. DKK3 transfection significantly 
enhanced the expression of DKK3. DKK3 was localized at the 
cytoplasm. To analyze the impact of DKK3 transfection on Wnt 
signaling, we compared the genes and/or proteins controlled 
by Wnt signaling or associated with cell cycle, growth and 
invasion in cultured A549 cells, as shown in Fig. 8A and B. 
DKK3 suppressed Wnt signaling through β‑catenin degrada-
tion, but not directly through Wnt. As shown by the western 
blot analysis, DKK3 inhibited β‑catenin expression and simul-
taneously enhanced phosphorylation of β‑catenin (Fig. 8A). 
DKK3 transfection also downregulated the expression of 
survivin (Fig. 8A). Results of the RT‑PCR assay, showed that 
DKK3 overexpression was responsible for a decrease of c‑myc 
and MMP7, a moderate increase of E‑cadherin and a mild 
increase of β‑catenin, although fewer changes for the WNT1 
and WNT3a expression were evident (Fig. 8B). To analyze 
the effect of GSK3β inactivation on the concentration‑effect 

Figure 7. DKK3 transfection inhibits cisplatin‑resistant lung cancer cell growth in vivo. (A) Time‑tumor volume curve in the xenograft models. (B) Tumor 
weight at the end of 4 weeks in the xenograft models. Data are representative of 7‑9 animals in each conditions. *P<0.05; **P<0.01. DKK3, Dickkopf‑3.

Figure 8. DKK3 transfection regulated survivin and other genetic expressions in A549 lung cancer cells. (A) Western blot analysis. DKK3 transfection resulted 
in downregulation of the survivin, cyclin D1 and β‑catenin proteins, but an increase in E‑cadherin and phosphorylated β‑catenin. (B) RT‑PCR analysis. DKK3 
transfection was responsible for a marked decrease of MMP‑7 and c‑myc, and an increase of E‑cadherin and β‑catenin, although fewer changes were evident 
for WNT1 and WNT3a expression. (C) Viability curve of A549cis and A549cis‑DKK3 cells pretreated with SB216763 for 2 h and then treated with cisplatin 
(1 µM) for 72 h. Data are representative of three independent experiments. *P<0.05. DKK3, Dickkopf‑3.
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curves with cisplatin, A549cis and A549cis‑DKK3 cells were 
treated with a GSK3β inhibitor SB216763 2 h prior to cisplatin 
exposure. Viability was assayed 72 h later. SB216763 treatment 
is dose‑dependently associated with an increased viability in 
the two cell types (Fig. 8C).

Discussion

Cisplatin chemotherapy is sensitized by antagonizing aber-
rantly activated Wnt signaling in lung cancer. Incubation with 
anti‑DKK1 antibody induces apoptosis in A549 cells through 
the caspase‑dependent pathway in  vitro and suppresses 
the growth of A549 and H2170 lung cancer cells in nude 
mice (23). The tumor suppressor role of Dkk3 in NSCLC is 
twofold: DKK3 knockdown accelerates NSCLC cell prolif-
eration, whereas Dkk3 overexpression hinders the growth 
of NSCLC cells through the induction of apoptosis and cell 
cycle disturbance (15‑18). It is thus conceivable that Dkk3, 
a Wnt inhibitor harboring tumor‑suppressive activity, may 
exert similar functions such as its homologue Dkk1, which 
hinders NSCLC cell growth synergistically with cisplatin (18). 
To the best of our knowledge however, the present study is 
the first one to show an association of Dkk3 and cisplatin 
resistance in lung cancer. This association is demonstrated 
by: i) cisplatin‑resistant NSCLC cells expressing low levels 
of DKK3 (Fig. 1); ii) siRNA‑mediated knockdown of DKK3 
decreasing the sensitivity of NSCLC cells to cisplatin (Fig. 2); 
iii) DKK3 transfection enhancing cisplatin treatment by inhib-
iting the growth of and inducing apoptosis in cisplatin‑resistant 
NSCLC cells (Figs. 6 and 7).

Dkk3 is also known as the ‘reduced expression in immor-
talized cells’ (REIC). The dysregulated functioning status of 
Dkk3 contributes to carcinogenesis in the lung, as DKK3 
is downregulated in immortalized NSCLC cell lines and 
human lung cancer tissues (11). DKK3 hypermethylation is 
universal among lung cancer cell lines and human lung tissue 
samples and is associated with a poor prognosis (15,16,24). 
Our data show that Dkk3 expression is further suppressed 
in NSCLC cell lines with chemoresistance obtained by 
chronic cisplatin exposure, however the manner in which 
Dkk3 is reduced is unclear. One possible explanation is the 
feedback modulating the Wnt/β‑catenin pathway, i.e., the 
Wnt/β‑catenin pathway is activated in cisplatin resistance 
and, activation of Wnt/β‑catenin signaling in turn reduces 
DKK1 expression  (25). It is unknown whether DKK3 
expression is also negatively regulated by Wnt/β‑catenin 
signaling, however the determinant mechanism should be 
investigated (10).

The role of Wnt/Dkk3 signaling has been well docu-
mented in chemoresistance. To the best of our knowledge, for 
the first time it has been shown that Dkk3 enhances apoptosis 
and retards growth alone or synergistically with cisplatin 
in resistant NSCLC cells. This is explained by the direct 
induction of caspases and indirect inhibition of apoptosis 
antagonists, with both mechanisms being Wnt‑dependent. 
This study has shown that Wnt inhibition by Dkk3 increased 
caspase‑3, ‑ 8 and ‑ 9 and decreased c‑myc, cyclin D1 and 
survivin in NSCLC cells. Wnt1 inhibited cytochrome  c 
release and subsequent caspase‑9 activation in colorectal 
cancer cells treated with chemotherapeutic agents, rendering 

them resistant to chemotherapy‑mediated apoptosis, whereas 
chemosensitivity was regained through transcriptional 
blockage using a dominant‑negative mutant of Tcf‑4  (26). 
c‑Myc is a nuclear phosphoprotein that responds directly to 
mitogenic signals and plays a critical role in the cell‑cycle 
progression, particularly during the transition from the G1 to 
the S phase (27). Wnt signaling promotes oncogenic trans-
formation by inhibiting c‑myc‑regulated apoptosis (28,29). 
Cyclin D1 is a rate‑limiting signal in the G1‑S phase transition 
which controls the length of the cellular proliferation cycle. 
Wnt activation triggers the excessive expression of cyclin D1, 
which has been observed in lung cancer cells separated from 
patients as well as in immortalized cell lines, and is responsible 
for rapid growth and proliferation in lung cancer cells (30,31). 
Survivin, also known as the baculoviral inhibitor of apoptosis 
repeat‑containing 5 (BIRC5), is a member of the inhibitor of 
apoptosis (IAP) family identified in the majority of human 
tumors. Survivin binds with caspase‑3 and ‑7 and attenuates 
Bax‑, Fas‑ and etoposide‑induced apoptosis in cancer cell 
lines (32,33). As it is abnormally transactivated in lung cancer 
cells, survivin has been used in the clinic as a prognostic factor 
and a therapeutic target using antisense oligonucleotides, 
siRNA, ribozymes, immunotherapy and small molecules (34). 
Antisense oligonucleotides targeting survivin induces apop-
tosis and sensitize lung cancer cells to chemotherapy (35). 
Wnt/β‑catenin signaling promotes survivin expression, as 
a Wnt2 antibody induces apoptosis in A549 cells via the 
inactivation of survivin (36). Cisplatin is a cytotoxic agent 
targeting DNA, which suppresses RNA transcription and 
induces cell‑cycle derangement and apoptosis. Cisplatin resis-
tance in vivo is largely attributed to increased DNA repair, 
imbalance of pro‑apoptotic‑anti‑apoptotic signals, which are 
mediated by Wnt signaling as aforementioned (37,38). The 
current study shows that Dkk3 downregulated survivin in 
lung cancer cells via Wnt inhibition, which was accompanied 
with an elevated expression of pro‑apoptotic caspase‑3, ‑8 
and ‑9 and may account for the apoptosis‑inducing capabili-
ties of Dkk3. This, Wnt blockage by Dkk3 results in a shift 
favoring a pro‑apoptotic protein expression and discouraging 
anti‑apoptotic proteins, particularly survivin, which disrupts 
the pro‑apoptotic‑anti‑apoptotic balance and accounts for the 
chemosensitizing activity of Dkk3.

It is noteworthy that Wnt signaling defines the fate of 
cancer stem cells  (39). Wnt/β‑catenin signaling controls 
proliferation, clone formation, migration and drug resistance 
abilities as well as the expression of cyclin D1 and OCT‑4 
in A549‑derived lung cancer stem cells  (40). In addition, 
survivin expression is downregulated by β‑catenin/TCF‑4 
signaling inhibition with APC, another Wnt inhibitor, which 
increases apoptosis of cancer stem cells and other prolifera-
tive cells in the lower crypt, thereby preventing the expansion 
of cancer stem cells and initiation of colon carcinogen-
esis (41). Cancer stem cells are considered to be refractory to 
chemotherapy and radiotherapy, which largely results in the 
treatment failure of cancer (42). In this regard, the inhibition 
of Wnt/β‑catenin signaling by Dkk3 may change the style 
of survivin expression as well as proliferation, survival and 
chemosensitivity of lung cancer stem cells. This is an impor-
tant issue requiring further investigations, as our experiment 
does not provide direct rationale thereof.
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The Dkk family members include Dkk1, 2, 3 and 4, which 
may be divided into two groups. While Dkk2 activates the 
Wnt/β‑catenin signaling pathway (the canonical Wnt signaling 
pathway), Dkk1,  3 and 4 inactivate Wnt signaling. Dkk3 
primarily binds with LRP5/6 and acts as an antagonist of the 
Wnt/β‑catenin signaling pathway (the canonical Wnt signaling 
pathway) (4,10,18). It is also reported that Dkk3 inhibits other 
Wnt transduction pathways such as the Wnt/JNK signaling 
pathway in tumor cells  (43). In the present study, DKK3 
overexpression attenuated β‑catenin nuclear translocation, as 
well as the expression of c‑myc, cyclin D1 and survivin, which 
are downstream genes controlled by Wnt/β‑catenin/TCF 
(LEF) signaling. In addition, the chemosensitizing effect of 
DKK3 was blocked by Wnt activation with a GSK3 inhibitor 
SB216763 which stabilizes β‑catenin prior to cisplatin 
exposure (Fig. 8C). The overall data demonstrate that Dkk3 
sensitized cisplatin fundamentally through inhibition of the 
Wnt/β‑catenin signaling pathway. However, this does not 
sufficiently exclude other mechanisms, since a number of 
apoptotic signaling pathways are involved in the progression 
of lung cancer (37,38). In another respect, Dkk3 regulates cell 
proliferation and apoptosis in a complex manner, as Dkk3 
may also directly or indirectly modulate apoptosis via the 
mitochondrial pathway and c‑Jun N‑terminal kinase (JNK) 
signaling pathway (44‑46). The genome‑wide assay has also 
shown that Wnt inhibition by β‑catenin knockout alters over 
130 gene expressions and regulates the PI3K/Akt, NF‑κB and 
p53 pathways which play a crucial role in cell apoptosis (47). 
Additional studies may identify the exact mechanism of Dkk3 
involved in the reversal of cisplatin resistance.

Results in this study are controversial. Although consid-
ered a  tumor suppressor, the inactivation of Dkk3 alone is not 
sufficient for tumor initiation as the knockout of Dkk3 in mice 
did not increase tumor incidence (48). Moreover, instead of 
favoring tumor growth as assumed, Dkk3 knockdown favors 
apoptosis as in the case of Dkk3 overexpression in NSCLC 
cells (10,15‑18,49). According to Jung et al, siRNA‑mediated 
DKK3 knockdown enables H460 cells to detach from the 
bottom of the culture plate, as well as to initiate the apop-
totic process as marked by an increase of cyclin‑dependent 
kinases (CDK) D1 and E. DKK3 knockdown also increases 
the intracellular levels of reactive oxygen species (ROS) 
and the expression of P53, p21 and Bax (49). These results 
suggest that DKK3 with undetectable levels may act as a 
pro‑apoptotic signal by regulating the ROS‑mediated expres-
sion of P53 and other pro‑ or anti‑apoptotic proteins. The 
inconsistency between different studies necessitates future 
investigations to delineate the mechanisms by which Dkk3 
regulates Wnt/β‑catenin signaling as well as chemosensitivity. 
Efforts should be made to narrow the gap between building a 
therapeutic target in the bench (animal and cell) study, and the 
eventual usage in the bedside towards NSCLC.

Taken together, we report on the effect of Dkk3 syner-
gistically with cisplatin on inhibiting NSCLC cell growth, 
motility in soft agar and inducing apoptosis via inhibition of 
the Wnt/β‑catenin signaling pathway. This effect is possibly 
attributed to the reactivation of apoptotic pathways by the atten-
uation of survivin expression. Based on its chemosensitizing 
potential, Dkk3 is a promising target for the development of 
therapeutic and preventive strategies against cisplatin‑resistant 

NSCLC. Studies should also be conducted to delineate the 
exact action mechanisms and to realize the beneficial use of 
Dkk3 clinically in patients with cisplatin‑resistant NSCLC.
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