
Dkk3, downregulated in cervical cancer, functions as a negative regulator

of b-catenin
Eun-Ju Lee1,2, Minwha Jo1, Seung Bae Rho3, Kyoungsook Park1, Yae-Na Yoo1, Junsoo Park4, Myounghee Chae4,
Wei Zhang5 and Je-Ho Lee1,2*

1Molecular Therapy Research Center, Sungkyunkwan University, Seoul 135-710, Korea
2Department of Gynecology, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul 135-710, Korea
3Research Institute, National Cancer Center, Madu 1-dong, Goyang-si, Gyeonggi-do 411-769, Korea
4Korea Basic Science Institute, Gwangju 500-757, Korea
5Department of Pathology, The University of Texas M. D. Anderson Cancer Center, Houston, TX

The Wnt/b-catenin signaling pathway is activated during the ma-
lignant transformation of keratinocytes that originate from the
human uterine cervix. Dkk1, 2 and 4 have been shown to modulate
the Wnt-induced stabilization of the b-catenin signaling pathway.
However, the function of Dkk3 in this pathway is unknown. Com-
parison of the Dkk3 gene expression profiles in cervical cancer
and normal cervical tissue by cDNA microarray and subsequent
real-time PCR revealed that the Dkk3 gene is frequently down-
regulated in the cancer. Methylation studies showed that the pro-
moter of Dkk3 was methylated in cervical cancer cell lines and 22
(31.4%) of 70 cervical cancer tissue specimens. This promoter
methylation was associated with reduced expression of Dkk3
mRNA in the paired normal and tumor tissue samples. Further,
the reintroduction of Dkk3 into HeLa cervical cancer cells
resulted in reduced colony formation and retarded cell growth.
The forced expression of Dkk3 markedly attenuated b-catenin-re-
sponsive luciferase activity in a dose-dependent manner and
decreased the b-catenin levels. By utilizing a yeast two-hybrid
screen, bTrCP, a negative regulator of b-catenin was identified as
a novel Dkk3-interacting partner. Coexpression with bTrCP syn-
ergistically enhanced the inhibitory function of Dkk3 on b-catenin.
The stable expression of Dkk3 blocks the nuclear translocation of
b-catenin, resulting in downregulation of its downstream targets
(VEGF and cylcin D), whereas knockdown of Dkk3 abrogates this
blocking. We conclude from our finding that Dkk3 is a negative
regulator of b-catenin and its downregulation contribute to an
activation of the b-catenin signaling pathway.
' 2008 Wiley-Liss, Inc.
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Despite the significant benefits conferred by screening for cervi-
cal cancer, cervical cancer is responsible for 190,000 deaths annu-
ally worldwide and the leading cause of cancer mortality in
women in developing countries.1 Thus, there is a great need for
improvements in cervical screening and targeted therapies. Such
improvements depend, however, on a better understanding of the
molecular biology of cervical neoplasia.

One possible focus of attention is the Wnt/b-catenin signaling
pathway. Deregulated stabilization of b-catenin in colon carci-
noma has been well known to be mainly caused by inactivation
mutations of the adenomatous polyposis coli tumor suppressor
gene or by activating mutations in exon 3 of the b-catenin gene
that includes the glycogen synthase kinase-3 b phosphorylation
site.2,3 These mutations protect b-catenin from ubiquitination-pro-
teosome pathway, in which phosphorylated b-catenin-Axin-ade-
nomatous polyposis coli complex by glycogen synthase kinase-3
b is followed immediately by bTrCP recognition, thereby promot-
ing rapid ubiquitination and degradation.4 b-catenin is rarely
mutated in cervical cancer cells, but nevertheless aberrant accu-
mulation of b-catenin in the cytoplasm and/or nucleus has been
found in cervical carcinoma samples.5–7 In addition, Wnt/b-cate-
nin signaling pathway is activated during the malignant transfor-
mation of keratinocytes that originate from the human uterine cer-
vix.8 These findings implicate the Wnt/b-catenin signaling path-
way in the development of cervical cancer. Much remains to be
discovered about the regulation of this pathway and the activation
of b-catenin without mutation in cervical carcinoma.

Of the Dickkopf (Dkk) proteins that appear to provide critical
molecular signals in development, Dkk1, 2 and 4 have been shown
to modulate the Wnt signaling pathway by binding Wnt corecep-
tors and affect the b-catenin signaling.9–11 Dkk1 blocks Wnt sig-
naling during early Xenopus embryogenesis, which is required for
head induction,9 whereas Dkk2 activates the pathway.12 However,
the function of Dkk3 protein in Wnt/ b-catenin signaling pathway
has not been defined.

Dkk3 was first cloned as a mortalization-related gene,13 which
means that loss of Dkk3 may be involved in bypass cell senes-
cence, a potentially critical step in the neoplastic transformation of
cells. Indeed, Dkk3 is downregulated in some cancer cell lines and
cancer tissues including cancers of the liver, kidney, lung and
prostate as well as in melanoma, and the transcriptional silencing
is partly due to the aberrant hypermethylation of the Dkk3 pro-
moter.13–18 The Dkk3 protein was found to inhibit the invasion
and motility of osteosarcoma cells and melanoma.18,19 Cell growth
inhibition induced by the ectopic expression of Dkk3 was
observed in vitro and in vivo.15,17,20 These findings collectively
indicate that Dkk3 possesses a tumor suppressor property, but the
mechanism has not been confirmed.

In this study, we discovered that Dkk3 mRNA is frequently
downregulated in association with promoter methylation in cervi-
cal cancer and that the overexpression of Dkk3 reduces colony for-
mation and the growth of cervical cancer cells. We also found that
Dkk3 attenuates b-catenin protein expression and its transcrip-
tional activity by interacting with bTrCP and blocks the transloca-
tion of b-catenin into the nucleus. We conclude from these finding
that the downregulation of Dkk3 may contribute to the activation
of the b-catenin signal in cervical cancer and thus that Dkk3 could
be exploited as a therapeutic gene targeting b-catenin.

Material and methods

Human tissues and cell lines

Cervical tissue and uterine leiomyoma tissue samples were
obtained and snap frozen in liquid nitrogen at The Department of
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Gynecology at the Samsung Medical Center, Seoul, Korea, with
the approval of the Institutional Review Board. The histology and
cellular composition of tissues were confirmed before RNA
extraction. Cells of the 293 embryonic kidney cell line and HeLa,
CaSki and HT3 cervical cancer cell lines were purchased from the
American Type Culture Collection (Manassas, VA). The cells
were maintained in Eagle’s minimum essential medium (293
cells), Dulbecco’s minimum Eagle’s medium (HeLa and CaSki
cells) or McCoy’s 5a medium (HT3 cells) supplemented with 10%
fetal bovine serum. All cells were kept at 37�C in a humidified
atmosphere with 5% CO2. The media were routinely changed
every 3 days.

Total RNA isolation, reverse-transcriptase polymerase
chain reaction and cDNA microarray

Total RNA was isolated with the Trizol reagent (Life Technolo-
gies, Gaithersburg, MD) as described by the manufacturer. About
0.5–1 lg of total RNA was reverse transcribed into cDNA using
the Superscript II enzyme (Invitrogen-Gibco, Carlsbad, CA) and
oligo (dT) (Invitrogen-Gibco). The resulting cDNA was used as
the template for PCR amplification. For the reverse-transcriptase
polymerase chain reaction of full-length Dkk3, the sense primer
50-GAG CGA GCA GAT CCA GTC-30 and antisense primer 50-
AGC CAT GTA GAA CAA ACG GC-30 were designed. PCR
consisted of an initial denaturing step at 95�C for 1 min, followed
by 30 cycles of 95�C 30 sec/60�C 1 min/72�C 1 min, and a final
extension step at 72�C for 7 min. The resulting fragments were
resolved by 1% agarose gel electrophoresis and stained with ethi-
dium bromide. cDNA microarray analysis was performed using
the DNA chip (Genetrack Human 17 K cDNA chip; Genomictree
Products, Taejon, South Korea) as previously described.21

Quantitative real-time PCR

TaqMan PCR was done on the iCycler iQTM Real-Time PCR
Detection System (Bio-Rad) by using TaqMan Universal PCR
Master Mix and Assays-on-Demand Gene Expression probes
(Applied Biosystems). The relative expression of Dkk3 mRNA
was normalized to the amount of glyceraldehyde 3-phosphate de-
hydrogenase in the same cDNA by using the standard curve
method described by the manufacturer.

Analysis of methylation-status at the promoter regions

To analyze the methylation status of the promoter of the Dkk3
gene, we used previously reported primers.14 DNA (250 ng) was
incubated with 20 units of MspI, HpaII or dH2O in 13 buffer at
37�C for 2 hr. The enzymes were then inactivated by heating at
70�C for 20 min. PCR was performed with the DNA polymerase
GC-007-0250 (GeneCraft, Germany) in the presence of 5%
DMSO at 95�C for 10 min, followed by 40 cycles of 95�C 1 min/
65�C 30 sec/72�C 30 sec.

Colony formation assay

For the colony formation assay, HeLa cells (2 3 105 cells per
well) were seeded in six-well tissue culture plates and then 24 hr
later transfected with 0.5 lg of either pcDNA3.1(1)-Dkk3 or
pcDNA3.1(2)-Dkk3. Selection for G418 (500 lg/ml)-resistant
colonies was started 48 hr after transfection. Two weeks after
seeding, colonies were stained with 0.05% crystal violet contain-
ing 50% methanol and counted.

Stable clone establishment

To establish stable cell lines that overexpress Dkk3, we trans-
fected HeLa cervical cancer cells with a pcDNA3.1 expression
vector encoding Dkk3 cDNA using FuGENE6 reagent (Roche
Diagnostics Corporation, Indianapolis, IN). Transfected cells were
subsequently selected in the presence of G418 (500 lg/ml) for 3
weeks. The expression of Dkk3 clones was determined from west-
ern blots of culture media using an anti-Dkk3 antibody (R&D Sys-
tems). Established stable cells were maintained with antibiotics.

Western blot analysis

For the western blot analysis, cells were lysed for 30 min on ice
in lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1%
Nonidet-P-40, 0.1 mM Na2VO3 and 1 mM NaF) containing
freshly added protease inhibitor cocktail tablets (Roche, Mann-
heim Germany), and the lysates were cleared by centrifugation at
14,000 rpm for 15 min. Total proteins were separated by 8% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and elec-
tro-transferred to a Hybond ECL nitrocellulose membrane (Amer-
sham Pharmacia Biotech, Chicago, IL). The membrane was
blocked with 3% bovine serum albumin in 13 phosphate-buffered
saline (PBS) containing 0.11% Tween 20 for 4 hr and then incu-
bated overnight at 4�C with a 1:1,000 dilution of indicated anti-
bodies. The membranes were washed 3 times for 15 min each with
washing buffer (13 PBS containing 0.1% Tween 20) and incu-
bated with the appropriate secondary antibody at room tempera-
ture for 1 hr. After three 15-min washes in washing buffer at room
temperature, the membrane-bound proteins were detected using an
enhanced chemiluminescence kit (Amersham Pharmacia Biotech,
Piscataway, NJ). Western blot bands were quantified using the
NIH ImageJ software (NIH image Processing and Analysis in
Java).

MTT cell proliferation assay

For the MTT cell proliferation assay, cells (2,000–3,000) were
seeded in 24-well plates in triplicate. After 24, 48 or 72 hr, 100 ll
of MTT was added to each well of cells and the plate was incu-
bated for 4 hr at 37�C. The medium was removed, and the MTT
crystals were solubilized in DMSO, after which the spectrophoto-
metric absorbance of each sample was measured at 570 nm using
a fluorometer (Wallac Victor; Perkin-Elmer Life Sciences, Boston,
MA).

Immunofluorescent staining and confocal microscopy

For immunofluorescent staining, 293 cells (105 cells/chamber)
or HeLa cells (104 cells/chamber) were plated on 4-well chamber
slides, fixed with 4% paraformaldehyde in PBS at room tempera-
ture for 30 min, and then permeabilized with 0.1% Triton X-100
in PBS at 4�C for 25 min. After this, the cells were washed in PBS
at room temperature, blocked with 1% bovine serum albumin in
PBS for 1 hr, and then incubated with appropriate primary anti-
bodies (1:500 dilutions) at room temperature for 1 hr. The cells
were rinsed with PBS and incubated with Alexa Fluor (1:1,000
dilutions) (Molecular Probes, Eugene, OR). The expression and
localization of the proteins were observed under a confocal micro-
scope (BioRad, Hertfordshire, United Kingdom).

Dual-luciferase assay

The dual-luciferase assay was performed using a dual-luciferase
reporter assay kit (Promega, Madison, WI). Each experiment was
performed in triplicate. Briefly, cells were harvested and dissolved
in 40 ll of 13 passive lysis buffer (Promega, Madison, WI).
Lysates were cleared by centrifugation at 14,000 rpm for 15 min,
and 10 ll of each cell extract was transferred to a 96-well assay
plate containing 50 ll/well of the provided Luciferase Assay Re-
agent II. The provided Stop and Glo Reagent (50 ll/well) was then
added to initiate Renilla luciferase activity, and the ratio of firefly
luciferase activity to Renilla luciferase activity was calculated.

Yeast two-hybrid analysis

For bait construction with human Dkk3, cDNA encoding full-
length human Dkk3 was sub-cloned into the EcoRI and XhoI
restriction sites of the pGilda. The resulting plasmid pGilda-Dkk3
was introduced into yeast strain EGY48 [MATa, his3, trp1, ura3-
52, leu2: pLeu2-LexAop6/pSH18-34 (LexAop-lacZ reporter)] by a
modified lithium acetate method.22 The cDNAs encoding B42
fusion proteins were introduced into the competent yeast cells that
already contained pGilda-Dkk3, and the tryptophan prototrophy
(plasmid marker) transformants were selected for on a synthetic
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medium (Ura2, His2, Trp2) containing 2% glucose. We tested
their interactions with pGilda-Dkk3 on a medium containing 5-
bromo-4-chloro-3-indolyl-b-D-galactoside as described. Then b-
galactosidase activity was measured by adding 140 ll of 4 mg/ml
o-nitrophenyl b-D-galactopyranoside.23 The b-galactosidase activ-
ity was calculated using the formula units5 [1,000 3 (A420 2
1.753 A550)]/(time 3 volume3 A600).

Small interfering RNA (siRNA) transient transfection

The siRNA oligonucleotide sequence targeting Dkk3 was pur-
chased from Santa Cruz and then 100 nM of Dkk3 siRNA was
used to knockdown the expression of Dkk3 using an Oligofecta-
min reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The scrambled siRNA was used as the control. Silencing of
Dkk3 expression was confirmed by western blot analysis with
anti-Dkk3 antibody.

Subcellular fractionation

Subcellular fractionation was performed using the ProteoEx-
tractTM, Subcellular Proteome Extraction Kit from Calbiochem
(Nottingham, United Kingdom) according to the manufacturer’s
directions.

Chemicals and antibodies

Leptomycin B and LiCl were purchased from Sigma Chemical
(St. Louis, MO). Antibodies to the following proteins were used
for the western blot analysis: anti-tubulin, lamin B, HA, His,
VEGF, SOX9, GFP and cyclin D1, all from Santa Cruz Biotech-
nology (Santa Cruz, CA); anti-Flag from Sigma; anti-b-catenin
from Abcam; and anti-Dkk3 from R&D Systems.

Results

Dkk3 is frequently downregulated in cervical cancer

To identify the important genes involved in cervical cancer, we
performed a cDNA microarray analysis of 11 paired samples of
normal and cancerous cervical tissues. We found that Dkk3 was
markedly downregulated in all cervical cancer samples when com-
pared with normal cervical samples (Fig. 1a). We then confirmed
this finding by performing quantitative real-time PCR with Dkk3-
specific primers in another 6 paired normal and cancerous cervical
tissue samples. This showed that Dkk3 was significantly downre-
gulated in 5 of 6 cervical cancer samples when compared with
normal cervical samples (Fig. 1b). These data thus showed fre-
quent downregulation of Dkk3 in cervical carcinoma when com-
pared with normal cervical tissue.

Single-nucleotide polymorphism in codon 335 of Dkk3

We next checked whether Dkk3 is repressed by intragenic muta-
tions. For this study, we extracted genomic DNA from 3 cervical
cancer cell lines and 70 cervical cancer specimens. We used previ-
ously reported primer pairs11 for each coding exon and directly
sequenced the PCR products of all coding exons. We did not find
any intragenic mutations except a single-nucleotide change, GGG/
AGG at codon 335 (exon 8), which resulted in an amino acid sub-
stitution from glycine to arginine. HeLa and CaSki cells were
homozygous for guanine, and HT3 cells were heterozygous.
Among 70 patient samples, 42 (60%) were homozygous for gua-
nine, 3 (4.3%) were homozygous for adenine and 25 (35.7%) were
heterozygous. The same findings were made in paired normal tis-
sue specimens of 22 cancer samples, which indicate that the nucle-
otide change is a genetic polymorphism (data not shown). How-
ever, the genotype frequency of the polymorphism did not differ
from that noted in the healthy population,14 meaning that this sin-
gle nucleotide polymorphism is not contributing factor to develop
cervical cancer.

Methylation at the promoter region of Dkk3 with transcriptional
repression is frequent in cervical cancer

Because the cervical cancer cell lines and tissues had no muta-
tion, and because it has been widely documented that methylation
in the promoter regions is a powerful mechanism of transcriptional
repression and an alternative means for the inactivation of tumor-
suppressor genes such as retinoblastoma gene, von Hippel-Lindau
gene and p16,24–26 we next investigated the methylation status of
the promoter region of the Dkk3 gene by combining the use of
methylation-sensitive restriction enzymes and PCR.27 We digested
genomic DNAs either with MspI, which cleaves the CpG regard-
less of the methylation status, or with HpaII, which cleaves only
unmethylated CpG. We then performed PCR with 3 pairs of pri-
mers designed for the promoter regions of the Dkk3 gene.14 The
PCR amplification band from the HpaII-cleaved DNA shows the
methylation status. We also used MspI-cleaved DNA as a negative
control for detecting incomplete restriction and noncleaved DNA
as a positive control.

We detected methylation at the promoter of Dkk3 in HeLa and
CaSki cells, which express Dkk3 at very low levels, whereas we
detected no methylation at this promoter in HT3 cells, which
express Dkk3 at high levels (Figs. 2a and 2b). We also found that
Dkk3 promoter was methylated in 22 of 70 (31.4%) tumor speci-
mens from patients with cervical cancer (Fig. 2c). To determine
whether promoter methylation is associated with the downregula-
tion of Dkk3, we selected 9 patients showing methylation and 13
patients not showing methylation, for whom total RNA from nor-
mal or tumor tissues was reserved. Real-time PCR with Dkk3-spe-
cific primers showed that the reduction of Dkk3 mRNA in cancer
when compared with normal is more significant in the patients
showing methylation than in the patients not showing methylation
(p < 0.01, Wilcoxon 2-sample test) (Fig. 2d). This result indicates
that methylation of the promoter sequence accounts for the tran-
scriptional repression of Dkk3 in cervical cancer.

FIGURE 1 – Downregulation of Dkk3 mRNA in cervical cancer. (a)
Eleven paired normal and cancer tissue specimens (P1–P11) were
used in a cDNA microarray analysis. Dkk3 mRNA was markedly
downregulated in all cervical cancer specimens compared with paired
normal cervical tissue specimens. (b) Another 6 paired samples (P12–
P17) were used in real-time PCR. Dkk3 mRNA was significantly
downregulated in 5 of 6 cervical cancer tissues compared with normal
cervical tissues.
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For more detailed methylation analysis, we prepared additional
new 17 normal cervical tissues from the patients undertaken hys-
terectomy due to benign diseases such as leiomyoma and 28 cervi-
cal cancer tissues from advanced staged patients (Stage Ib2–IIb)
to obtain enough samples for extracting both total RNA and
genomic DNA with minimizing contamination from normal tis-
sues. We performed pyrosequencing as described in legend of sup-
plement Figure 2 and real time PCR. This result showed higher
methylation status (Mann-Whitney test with Bonferroni’s correc-
tion, p < 0.005 at CpG 1–4) along with lower expression of Dkk3

mRNA in cancer than that in normal tissue samples (Fig. S2). We
did not find any correlation between the methylation status in the
CpG sites analyzed in this study and mRNA expression of Dkk3
in cancer tissues samples.

Dkk3 overexpression leads to growth inhibition of
cervical cancer cells

We next investigated whether Dkk3 acts as a tumor suppressor
of cervical cancer cells by performing a colony formation assay.

FIGURE 2 – Methylation at the promoter region of Dkk3 is frequent and causes transcriptional repression in cervical cancer. (a) Endogenous
expression of Dkk3 mRNA in 3 cervical cancer cell lines was assessed using RT-PCR with primers targeting the full sequence. Dkk3 mRNA
was little expressed in HeLa and CaSki cells but relatively abundant in HT3 cells. Human normal uterine myometrial tissue (My) and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) were used for a positive control and a loading control, respectively. (b) The combination of meth-
ylation-sensitive restriction enzymes and PCR with 3 paired primers (Parts 1–3) designed for the promoter region of Dkk3 was used for the pro-
moter methylation study. HeLa cells showed methylation at Parts 2 and 3, and CaSki cells showed methylation in all 3 parts of the Dkk3 pro-
moter region. However, no methylation was detected in HT3 cells. (M, MspI-digested DNA; H, HpaII-digested DNA; -, undigested DNA). (c)
The methylation status of the Dkk3 promoter region was determined in genomic DNA extracted from 70 cervical cancer tissue specimens.
Twenty-two of 70 (31.4%) patients showed heavy methylation in the Dkk3 promoter region. Shown are representative data from the methylation
study in cervical cancer tissue specimens. (* means sample showing methylation). (d) Quantitative real-time PCR with Dkk3-specific primer
was performed in 9 samples showing promoter methylation and 13 samples not showing promoter methylation, for which we had both normal
and cancerous tissue specimens. The data shows that Dkk3 mRNA in cancerous cells was more reduced when compared with normal cells in the
methylation group than in the unmethylation group (Wilcoxon 2-sample test, p < 0.01).

290 LEE ET AL.



For this study, we used HeLa cervical cancer cells, which have lit-
tle endogenous Dkk3, that had been transfected with either Dkk3
or control vector. The result showed that the colony formation ac-
tivity of the Dkk3-transfected HeLa cells was markedly lower
(mean 133 colonies/dish) than that of the control vector-trans-
fected HeLa cells (mean 832 colonies/dish) (Fig. 3a)

To confirm the colony formation assay findings, we next estab-
lished a Dkk3-overexpressing stable HeLa cell line (HeLa-Dkk3)
and control vector-stable HeLa cell line (HeLa-Cont) and exam-
ined whether the levels of Dkk3 protein secreted into the culture
media were greater for the HeLa-Dkk3 cells than for the HeLa-
Cont cells. This showed that indeed the culture media of HeLa-
Dkk3 cells contained Dkk3, but not the media of HeLa-Cont cells
(Fig. 3b). We did not observe any morphological changes in
HeLa-Dkk3 cells when compared with HeLa-Cont cells. However,
the MTT assay showed that the HeLa-Dkk3 cells showed growth
retardation when compared with the HeLa-Cont cells (Fig. 3c).
Together, these data showed that the Dkk3 protein suppresses the
tumor growth.

Dkk3 attenuates the transcriptional activity of b-catenin
It is fairly well established that the Dkk proteins are involved in

the regulation of the Wnt/b-catenin signaling pathway. To deter-
mine whether Dkk3 affects b-catenin, we used a dual-luciferase
reporter assay kit with the b-catenin-responsive luciferase vectors
pGL3-OT or pGL3-OF (containing wild-type or mutant TCF sites,
respectively).28 We then cotransfected an increasing amount of
plasmids encoding Dkk3 together with a constant amount of the b-
catenin expression vector into 293 cells and measured the result-
ing luciferase activities. Our results revealed that Dkk3 signifi-
cantly attenuated the transcriptional activity of b-catenin in a
dose-dependent manner (Fig. 4a). To confirm this finding in HeLa
stable cells, we induce endogenous b-catenin using LiCl, a phos-
phate inhibitor because basal level of b-catenin in HeLa cells was

very low (data not shown). We first transfected pGL3 luciferase
reporter vectors containing b-catenin-response promoter sequen-
ces into HeLa-Dkk3 and HeLa-Cont cells, treated the cells with
LiCl for 12 hr and then measured the luciferase activity. We
detected double the luciferase activity in the LiCl-treated HeLa-
Cont cells than in the nontreated HeLa-Cont cells. In contrast, we
did not observe any increase in the luciferase activity in HeLa-
Dkk3 cells (Fig. 4b). This finding suggests that b-catenin is
unlikely to have transcriptional activity in Dkk3-overexpressing
cells. We conclude from these findings that Dkk3 negatively regu-
lates the transcriptional activity of b-catenin.

Dkk3 reduces the protein expression of b-catenin
We then assessed whether Dkk3 affects the expression of b-cat-

enin. In this experiment, we cotransfected Flag-Dkk3 with His-b-
catenin into 293 cells and harvested the cells after 24 and 72 hr.
Western blotting showed that the total level of expression of b-
catenin was reduced by Dkk3 (Fig. 5a). The data from the fractio-
nation of the cytoplasmic and nuclear compartments showed that
this was markedly decreased in the cells transfected by Dkk3 (Fig.
5b). To assess whether Dkk3 is able to affect the endogenous b-
catenin level, we induced the endogenous b-catenin with LiCl in
the 293 cells and then fractionated the cytoplasmic, nuclear and
cell membrane compartments. This showed that the Dkk3 reduced
the cytoplasmic and nuclear levels of b-catenin but not the level
in the cell membrane (Fig. 5c). We performed confocal micros-
copy to confirm this finding. We transfected the Dkk3 plasmid into
the 293 cells and then after 24 hr, treated the cells with LiCl for 12
hr. Coimmunostaining with anti-b-catenin and anti-Flag and sub-
sequent confocal microscopy showed that b-catenin was not
expressed in the Dkk3-transfected cells (Fig. 5d). In addition, we
examined whether Dkk3 can reduce b-catenin expression by the
paracrine mechanism of secreted Dkk3. We incubated HeLa cells
for 24 hr with conditioned medium containing secreted Dkk3 from

FIGURE 3 – Dkk3 has antiproliferative activity in cervical cancer cells. (a) Colony formation assay using HeLa cervical cancer cells showed
that the colony formation activity of the Dkk3-transfected cells was markedly less (mean 133 colonies/dish) than that in the control vector-trans-
fected cells (mean 832 colonies/dish) (t-test, *p < 0.01). (b) Western blotting shows Dkk3 protein expression in the culture medium from HeLa-
Cont and HeLa-Dkk3 stable cells. Cells were plated in a 100-mm culture dish and incubated for 2 days (80–90% confluence). Medium was
replaced with 5 ml of OPTI-MEM (serum free), after which the cells were incubated for 24 hr and immunoblotted using the anti-Dkk3 antibody.
(c) Equal numbers of HeLa-Cont and HeLa-Dkk3 stable cells were plated in 6-well plates and the number of live cells was quantified by MTT
assay for 3 days.
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HeLa-Dkk3 cells, and then treated the cells with LiCl for 12 hr.
The results showed that the cytoplasmic and nuclear levels of the
b-catenin protein were dramatically reduced (Fig. 5e). Thus these
results indicate that secreted Dkk3 also facilitates b-catenin evac-
uation from the cytoplasm and nucleus.

Dkk3 attenuates b-catenin by interacting with bTrCP
We screened a human ovary cDNA library using full-length

Dkk3 cDNA fused to the pGilda DNA-binding domain as bait to
identify proteins that have direct interactions with Dkk3. From
this screen, several independent clones containing fragment of
bTrCP were identified. Positive clones detected in the primary
screen were confirmed by b-galactosidase two-hybrid interaction
assays (Fig. 6a). To further verify the interaction between Dkk3
and bTrCP that we observed in the yeast two-hybrid assays,
we performed coimmunoprecipitation and confocal microscopic
analysis. Flag-Dkk3 and HA-bTrCP expression plasmids were
cotransfected into 293 cells using Fugene transfection reagent.
Forty-eight hours after transfection, cells were harvested and lysed
to yield the cell extract. Flag-Dkk3 was immunopurified from the
cell extract using anti-Flag antibody, and the bound proteins were
probed with anti-HA antibody. Flag-Dkk3 interacts with HA-
bTrCP, whereas Flag alone did not (Fig. 6b). In addition, the con-
focal microscopy analysis revealed the colocalization of Dkk3
with bTrCP at cytoplasm (Fig. 6c). Because Dkk3 has been known
to be at the Golgi apparatus in accordance with secreted protein,29

we assessed whether Dkk3 is also present in the cytosolic fraction
(Fig. S3). When we divided cell lysate into cytoplasmic and nu-
clear fraction, multiple forms of Dkk3 were detected in the cyto-
plasmic fraction. The upper band could be a glycosylated band
because this form is secreted into medium.29 When we further
fractionated the cytoplasmic proteins into cytosolic and microso-
mal part, we found that the upper and middle bands are localized
in the microsomal portion and lower band is localized in the cyto-
solic fraction. We thereby confirmed that Dkk3 is present in the
cytosol, where Dkk3 could bind with bTrCP. These data collec-
tively indicates that Dkk3 interacts with bTrCP in vivo.

Because the bTrCP is involved in b-catenin degradation, we
examined whether Dkk3 affects b-catenin via interaction with
bTrCP. Transient expression of Dkk3 and bTrCP synergistically
inhibited b-catenin dependent transcription and also downregu-

lated b-catenin expression suggesting the interaction of Dkk3
with bTrCP is relevant to the inhibition of b-catenin signaling
(Fig. 6d).

Dkk3 blocks the nuclear transport of b-catenin
We also checked the protein level of b-catenin in the HeLa-

Dkk3 and HeLa-Cont cells. In this experiment, we induced endog-
enous b-catenin expression with LiCl and then fractionated the
cytoplasmic and nuclear compartments. Interestingly, cells
expressing Dkk3 showed no detectable expression of the b-catenin
protein in the nucleus in contrast with the control cells (Fig. 6a).
We surmised from this that Dkk3 inhibited the nuclear transport
of b-catenin. To test this hypothesis, we treated HeLa-Dkk3 and
HeLa-Cont cells with LiCl and then with leptomicin B, a specific
inhibitor of nuclear export.24 Consistent with the western blotting
results, we did not observe the nuclear accumulation of b-catenin
in the HeLa-Dkk3 cells (Fig. 6b). To confirm that the b-catenin
was not actually working in the Dkk3-overexpressing cells, we
assessed the protein expression of VEGF and cyclin D1, target
genes of b-catenin. Western blotting showed the marked down-
regulation of VEGF and cyclin D1 (Fig. 6c).

We then knocked down Dkk3 protein using specific Dkk3
siRNA to confirm whether Dkk3 is directly involved in the inhibi-
tion of the nuclear translocation of b-catenin in cervical cancer
cells. Downregulation of Dkk3 by siRNA could recover the
capacity of nuclear transportation of b-catenin in HeLa-Dkk3 sta-
ble cells. Likewise, b-catenin induced by LiCl was not accumu-
lated in the nucleus in HeLa-Dkk3 cells. In contrast, LiCl-induced
b-catenin in the HeLa-Dkk3 cells transfected with siRNA was
shifted to the nucleus (Fig. 7d). These findings therefore indicate
that Dkk3 disables b-catenin by blocking nuclear transport and
provide a clue to understand the observation of the aberrant nu-
clear accumulation of b-catenin in invasive cervical carcinoma
samples.

Discussion

We have presented the findings that the Dkk3 gene is frequently
downregulated in cervical cancer and associated with hypermeth-
ylation of its promoter. We propose that the resultant downregula-
tion of the Dkk3 gene is responsible for the activation of the Wnt/

FIGURE 4 – Dkk3 attenuates the transcriptional activity of b-catenin. (a) The 293 cells were grown in 6-well plates and cotransfected with b-
catenin (0.5 lg), Dkk3 (1.0, 2.0 and 3.0 lg), the pGL3-OT or pGL3-OF reporter plasmid (0.1 lg) and pRL containing the Renilla luciferase
cDNA (0.05 lg). Twenty-four hours after transfection, the cells were harvested and the transcriptional activity measured using a dual-luciferase
reporter assay kit. The Dkk3 attenuated the TCF-responsive luciferase activity in a dose-dependent manner without producing any change in the
mutant pGL3-OF activity. (b) HeLa-Cont and HeLa-Dkk3 stable cells were plated in 6-well plates and cotransfected with b-catenin (1.0 lg),
Dkk3 (1.0 lg), the pGL3-OT reporter plasmid (0.5 lg) and pRL (0.05 lg). Twenty-four hours after transfection, the cells were treated with LiCl
for 12 hr and harvested. The luciferase activity was not changed in HeLa-Dkk3 cells after the activation of b-catenin by LiCl in contrast to
HeLa-Cont cells, in which luciferase activity was doubled.
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b-catenin signaling pathway that contributes to the tumorigenesis
of cervical cancer. Transcriptional inactivation of Dkk3 associated
with promoter hypermethylation has been observed in cancer tis-
sues, including acute lymphoblastic leukemia, nonsmall-cell lung
cancer, prostate cancer and bladder cancer,14,30–32 indicating that
the Dkk3 gene may be a frequent target for methylation and silenc-
ing in cancer.

In this study, we did not find any correlation between the meth-
ylation status in the CpG sites analyzed by pyrosequencing and
mRNA expression of Dkk3 in cancer tissues samples. This analy-
sis has a limitation, in which we failed to compare Dkk3 mRNA
expression between paired normal and tumor samples. Because of
the expression variations in normal tissue samples across individu-
als shown in Fig S1, the comparison of an absolute level of Dkk3
mRNA expression among individual tumor samples, not between
normal and tumor samples in each patient, was not possible to
define correlation between methylation status and Dkk3 mRNA
expression. Also there is another possibility that the methylation

of CpG sites analyzed in this study may not be responsible to the
transcriptional repression of Dkk3.

Dkk3 has different functions in various cancer cells. Our study
showed that Dkk3 possesses antiproliferative activity against cer-
vical cancer cells, similar to observations made in a part of pros-
tate cancer cell lines17 and in hepatoma cell lines.15 This is con-
trary to the finding in the Mel Im melanoma cell line18 and Saos-2
sarcoma cell line,19 in which Dkk3 reduced cell migration and the
invasion capacity but had no effect on proliferation. These find-
ings indicate that Dkk3 has a tissue-specific function in human
tumors but that it has an antagonistic effect in common in tumor
cells, suggesting that Dkk3 is a tumor suppressor gene.

So far, it is known that Dkk proteins play a role in a wide range
of normal and pathological developmental processes, including
cancer, by modulating Wnt signaling through its direct binding
with Wnt coreceptors of the lipoprotein receptor-related protein 5/
6 class.33,34 However, because the identification of the involve-
ment of Dkk3 in the Wnt/b-catenin signaling pathway as well as

FIGURE 5 – Dkk3 reduces expression of the b-catenin protein. (a) The 293 cells were transiently transfected with plasmid encoding His-b-cat-
enin, Flag-Dkk3, and GFP. The cells were harvested 24 and 72 hr after transfection. The protein extracts were resolved in 8% SDS-PAGE and
immunoblotted using antibodies against His, Flag, and GFP. This showed that the total level of expression of b-catenin was markedly decreased
in the cells transfected with Dkk3. GFP was used as a loading control. (b) The 293 cells were harvested 24 hr after transient transfection with the
plasmid encoding His-b-catenin and pcDNA3.1(1)-Dkk3 and fractionated into nuclear (N) and cytoplasmic (C) compartments. Protein extracts
were resolved in 10% SDS-PAGE and immunoblotted using antibodies against His, lamin B, tubulin and Dkk3. Western blotting showed that
the transfected b-catenin was mainly localized in the cytoplasm and that this was markedly decreased by Dkk3. Complete fractions of cytoplas-
mic and nuclear proteins were verified by western blotting with antibodies against tubulin and lamin B, respectively. (c) Around 293 cells were
transfected with either the empty vector or the pcDNA3.1(1)-Dkk3 vector. Twenty-four hours later, cells were treated with LiCl for 12 hr and
harvested. Total, cytoplasmic, nuclear and cell membrane proteins were resolved in 8% SDS-PAGE and immunoblotted using antibody against
b-catenin. The level of b-catenin in the cytoplasm and nucleus, but not in the cell membrane, was reduced by Dkk3. (d) Firstly, we stained 293
cells with the anti-b-catenin antibody to assess the endogenous b-catenin distribution. Another batch of 293 cells were transfected with Flag-
Dkk3, incubated for 24 hr and treated with LiCl for 12 hr. Immunofluorescent staining and confocal microscopy showed that endogenous b-cate-
nin is mainly distributed in the cell membrane, but in response to stimulation with LiCl, endogenous b-catenin is localized in the nucleus. How-
ever, Dkk3-expressing cells treated with LiCl have no b-catenin in the nucleus. (e) HeLa cells were treated with conditioned medium from
HeLa-Dkk3 stable cells for 24 hr followed by treatment with LiCl for 12 hr and then prepared for subcellular fractionation. Total, cytoplasmic,
nuclear and cell membrane proteins were immunoblotted using anti-b-catenin, anti-tubulin and anti-lamin B antibodies. Western blotting
showed that the cytoplasmic and nuclear levels of the b-catenin protein were markedly reduced. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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FIGURE 6 – Dkk3 interacts with bTrCP. (a) The full-length human Dkk3 cDNA and either plasmid containing an empty vector or a full-length
human bTrCP cDNA were cotransformed into EGY48 yeast cells and positive interactions were revealed by cell growth for 3 days at 30�C on
medium lacking leucine as well as by the formation of blue colonies on medium containing X-gal (upper panel). Then, b-galactosidase activity
was measured by adding ONPG (low panel). (b) Coimmunoprecipitation of Flag-Dkk3 and HA-bTrCP. Proteins immunoprecipitated with anti-
FLAG antibody were analyzed by western analysis with anti-HA antibody (IP, immunoprecipitation; WB, immunoblotting). (c) Around 293
cells were transiently cotransfected with plasmid encoding FLAG-Dkk3 and HA-bTrCP. Immunofluorescent staining followed by confocal
microscopic analysis revealed colocalization of 2 proteins in the cytoplasm. (d) The 293 cells were grown in 6-well plates and triply transfected
with genes indicated. Twenty-four hours after transfection, the cells were harvested. The transcriptional activity and protein expression of b-catenin
were measured using a dual luciferase reporter assay kit and western blot respectively. Dkk3 and bTrCP synergistically attenuates the luciferase ac-
tivity and reduces b-catenin protein expression. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]



FIGURE 7 – Dkk3 blocks the nuclear translocation of b-catenin. (a) HeLa-Cont and HeLa-Dkk3 stable cells were treated with LiCl for 12 hr
and then harvested. Cytosolic and nuclear fractions were prepared. Protein extracts were resolved by 8% SDS-PAGE and immunoblotted using
the antibodies indicated in the figure. The endogenous level of b-catenin in the cytoplasm and nucleus of HeLa-Cont stable cells was induced by
LiCl. However, HeLa-Dkk3 stable cells showed no detectable expression of the b-catenin protein in the nucleus. Tubulin and lamin B were used
as a loading control for cytoplasmic and nuclear protein, respectively. (b) HeLa-Cont and HeLa-Dkk3 stable cells were treated with LiCl for 8
hr followed by treatment with leptomycin B for 3 hr, after which immunofluorescent staining followed by confocal microscopy was performed.
Nuclear b-catenin was not observed in the HeLa-Dkk3 stable cells. (c) Western blotting showed that VEGF and cyclin D1, the proteins on the
downstream pathway of b-catenin were downregulated in HeLa-Dkk3 stable cells. (d) SiRNA was transfected into HeLa-Dkk3 stable cells, 24
hr after transfection LiCl was treated for 12 hr and then cytoplasmic and nuclear compartments were fractionated. LiCl-induced b-catenin was
observed in cytoplasm, not in nucleus of HeLa-Dkk3 cells, while b-catenin was accumulated in the nucleus of the HeLa-Dkk3 cells having knock-
down of Dkk3 with siRNA transfection. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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direct interaction between Dkk3 and these coreceptors have been
failed, and it has been suggested that Dkk3 is distinct from other
Dkk family members.11,34–36 Recently, a few pieces of evidence of
a relationship between the Wnt signaling pathway and Dkk3 have
been reported. For example, Dkk3 was found to have an antago-
nistic effect on WNT7A activity in a luciferase assay.37 Dkk3 was
also observed to induce the translocation of b-catenin, a gene acti-
vated by Wnts, into the cell membrane of sarcoma cells.19 Further,
involvement of C-jun kinase activation, which can be caused by
the Wnt-triggered planar cell polarity pathway38 was observed in
the Dkk3-induced apoptosis of prostate cancer cells.17 Although
mostly its effect is inhibitory, the function of Dkk3 in the Wnt/b-
catenin signaling pathway is not fully understood. We have added
an important piece to the puzzle by showing a strong regulation of
b-catenin by Dkk3 in cervical cancer. Based on our findings, we
suggest the following working model to explain the role of Dkk3
as a negative regulator of Wnt/b-catenin pathway. Dkk3 binds to
bTrCP in the cytoplasm and enhances the degradation of b-cate-

nin and/or inhibits the nuclear translocation of b-catenin. Conse-
quently, Dkk3-mediated downregulation of b-catenin led to
decrease the b-catenin downstream targets such as VEGF, and
cyclin D1. Further study would contribute to our understanding of
the mechanism of Dkk3-mediated Wnt/b-catenin signaling in cer-
vical cancer.

In summary, we showed that the Dkk3 gene was significantly
downregulated in human cervical cancer and Dkk3-mediated
downregulation of b-catenin led to its antiproliferative activity in
cervical cancer cells. These results strongly support Dkk3 as a use-
ful therapeutic candidate for targeting b-catenin signaling.

Acknowledgements

The authors thank Dr. B. Vogelstein for providing pGL3-OT
and pGL3-OF reporters, BMS for technical supporting the pyro-
sequencing and Ms. Betty Notzon for her kind editorial assistance.

References

1. Pisani P, Parkin DM, Bray F, Ferlay J. Estimates of the worldwide
mortality from 25 cancers in 1990. Int J Cancer 1999;83:18–29.

2. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B,
Kinzler KW. Activation of b-catenin-Tcf signaling in colon cancer by
mutations in b-catenin or APC. Science 1997;275:1787–90.

3. Sparks AB, Morin PJ, Vogelstein B, Kinzler KW. Mutational analysis
of the APC/b-catenin/Tcf pathway in colorectal cancer. Cancer Res
1998;58:1130–4.

4. Liu C, Kato Y, Zhang Z, Do VM, Yankner BA, He X. b-Trcp couples
b-catenin phosphorylation-degradation and regulates xenopus axis
formation. Proc Natl Acad Sci USA 1999;96:6273–8.

5. Ueda M, Gemmill RM, West J, Winn R, Sugita M, Tanaka N, Ueki
M, Drabkin HA. Mutations of the b- and g-catenin genes are uncom-
mon in human lung, breast, kidney, cervical and ovarian carcinomas.
Br J Cancer 2001;85:64–8.

6. Su TH, Chang JG, Yeh KT, Lin TH, Lee TP, Chen JC, Lin CC. Muta-
tion analysis of CTNNB1 (b-catenin) and AXIN1, the components
of Wnt pathway, in cervical carcinomas. Oncol Rep 2003;10:1195–
200.

7. Shinohara A, Yokoyama Y, Wan X, Takahashi Y, Mori Y, Takami T,
Shimokawa K, Tamaya T. Cytoplasmic/nuclear expression without
mutation of exon 3 of the b-catenin gene is frequent in the develop-
ment of the neoplasm of the uterine cervix. Gynecol Oncol
2001;82:450–5.

8. Uren A, Fallen S, Yuan H, Usubutun A, Kucukali T, Schlegel R, Tor-
etsky JA. Activation of the canonical Wnt pathway during genital ke-
ratinocyte transformation: a model for cervical cancer progression.
Cancer Res 2005;65:6199–206.

9. Glinka A, Wu W, Delius H, Monaghan AP, Blumenstock C, Niehrs
C. Dickkopf-1 is a member of a new family of secreted proteins and
functions in head induction. Nature 1998;391:357–62.

10. Wu W, Glinka A, Delius H, Niehrs C. Mutual antagonism between
dickkopf1 and dickkopf2 regulates Wnt/b-catenin signalling. Curr
Biol 2000;10:1611–4.

11. Mao B, Niehrs C. Kremen2 modulates dickkopf2 activity during Wnt/
LRP6 signaling. Gene 2003;302:179–83.

12. Li L, Mao J, Sun L, Liu W, Wu D. Second cysteine-rich domain of
dickkopf-2 activates canonical Wnt signaling pathway via LRP-6 in-
dependently of dishevelled. J Biol Chem 2002;277:5977–81.

13. Tsuji T, Miyazaki M, Sakaguchi M, Inoue Y, Namba M. A REIC
gene shows down-regulation in human immortalized cells and human
tumor-derived cell lines. Biochem Biophys Res Commun 2000;268:
20–4.

14. Kobayashi K, Ouchida M, Tsuji T, Hanafusa H, Miyazaki M, Namba
M, Shimizu N, Shimizu K. Reduced expression of the REIC/Dkk-3
gene by promoter-hypermethylation in human tumor cells. Gene
2002;282:151–8.

15. Hsieh SY, Hsieh PS, Chiu CT, Chen WY. Dickkopf-3/REIC functions
as a suppressor gene of tumor growth. Oncogene 2004;23:9183–9.

16. Kurose K, Sakaguchi M, Nasu Y, Ebara S, Kaku H, Kariyama R,
Arao Y, Miyazaki M, Tsushima T, Namba M, Kumon H, Huh NH.
Decreased expression of REIC/Dkk-3 in human renal clear cell carci-
noma. J Urol 2004;171:1314–8.

17. Abarzua F, Sakaguchi M, Takaishi M, Nasu Y, Kurose K, Ebara S,
Miyazaki M, Namba M, Kumon H, Huh NH. Adenovirus-mediated
overexpression of REIC/Dkk-3 selectively induces apoptosis in

human prostate cancer cells through activation of c-Jun-NH2-kinase.
Cancer Res 2005;65:9617–22.

18. Kuphal S, Lodermeyer S, Bataille F, Schuierer M, Hoang BH, Bos-
serhoff AK. Expression of dickkopf genes is strongly reduced in ma-
lignant melanoma. Oncogene 2006;25:5027–36.

19. Hoang BH, Kubo T, Healey JH, Yang R, Nathan SS, Kolb EA, Mazza
B, Meyers PA, Gorlick R. Dickkopf 3 inhibits invasion and motility
of Saos-2 osteosarcoma cells by modulating the Wnt-b-catenin path-
way. Cancer Res 2004;64:2734–9.

20. Kawano Y, Kitaoka M, Hamada Y, Walker MM, Waxman J, Kypta
RM. Regulation of prostate cell growth and morphogenesis by dick-
kopf-3. Oncogene 2006;25:6528–37.

21. Lee EJ, Kong G, Lee SH, Rho SB, Park CS, Kim BG, Bae DS, Kava-
nagh JJ, Lee JH. Profiling of differentially expressed genes in human
uterine leiomyomas. Int J Gynecol Cancer 2005;15:146–54.

22. Ito H, Fukuda Y, Murata K, Kimura A. Transformation of intact yeast
cells treated with alkali cations. J Bacteriol 1983;153:163–8.

23. Rho SB, Park YG, Park K, Lee SH, Lee JH. A novel cervical cancer
suppressor 3 (CCS-3) interacts with the BTB domain of PLZF and
inhibits the cell growth by inducing apoptosis. FEBS Lett 2006;580:
4073–80.

24. Sakai T, Toguchida J, Ohtani N, Yandell DW, Rapaport JM, Dryja
TP. Allele-specific hypermethylation of the retinoblastoma tumor-
suppressor gene. Am J Hum Genet 1991;48:880–8.

25. Herman JG, Latif F, Weng Y, Lerman MI, Zbar B, Liu S, Samid D,
Duan DS, Gnarra JR, Linehan WM, Baylin SB. Silencing of the VHL
tumor-suppressor gene by DNA methylation in renal carcinoma.
Proc Natl Acad Sci USA 1994;91:9700–4.

26. Merlo A, Herman JG, Mao L, Lee DJ, Gabrielson E, Burger PC, Bay-
lin SB, Sidransky D. 50 CpG island methylation is associated with
transcriptional silencing of the tumour suppressor p16/CDKN2/MTS1
in human cancers. Nat Med 1995;1:686–92.

27. Singer-Sam J, LeBon JM, Tanguay RL, Riggs AD. A quantitative
HpaII-PCR assay to measure methylation of DNA from a small num-
ber of cells. Nucleic Acids Res 1990;18:687.

28. Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler
KW, Vogelstein B, Clevers H. Constitutive transcriptional activation
by a b-catenin-Tcf complex in APC-/- colon carcinoma. Science
1997;275:1784–7.

29. Nakamura RE, Hunter DD, Yi H, Brunken WJ, Hackam AS. Identifi-
cation of two novel activities of the Wnt signaling regulator dickkopf
3 and characterization of its expression in the mouse retina. BMC
Cell Biol 2007;8:52.

30. Roman-Gomez J, Jimenez-Velasco A, Agirre X, Castillejo JA, Nav-
arro G, Barrios M, Andreu EJ, Prosper F, Heiniger A, Torres A. Tran-
scriptional silencing of the dickkopfs-3 (Dkk-3) gene by CpG hyper-
methylation in acute lymphoblastic leukaemia. Br J Cancer 2004;
91:707–13.

31. Lodygin D, Epanchintsev A, Menssen A, Diebold J, Hermeking H.
Functional epigenomics identifies genes frequently silenced in pros-
tate cancer. Cancer Res 2005;65:4218–27.

32. Urakami S, Shiina H, Enokida H, Kawakami T, Kawamoto K, Hirata
H, Tanaka Y, Kikuno N, Nakagawa M, Igawa M, Dahiya R. Combi-
nation analysis of hypermethylated Wnt-antagonist family genes as a
novel epigenetic biomarker panel for bladder cancer detection. Clin
Cancer Res 2006;12:2109–16.

296 LEE ET AL.



33. Bafico A, Liu G, Yaniv A, Gazit A, Aaronson SA. Novel mechanism
of Wnt signalling inhibition mediated by dickkopf-1 interaction with
LRP6/Arrow. Nat Cell Biol 2001;3:683–6.

34. Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A, Niehrs C. LDL-
receptor-related protein 6 is a receptor for dickkopf proteins. Nature
2001;411:321–5.

35. Krupnik VE, Sharp JD, Jiang C, Robison K, Chickering TW, Amara-
vadi L, Brown DE, Guyot D, Mays G, Leiby K, Chang B, Duong T,
et al. Functional and structural diversity of the human dickkopf gene
family. Gene 1999;238:301–13.

36. Niehrs C. Function and biological roles of the dickkopf family of Wnt
modulators. Oncogene 2006;25:7469–81.

37. Caricasole A, Ferraro T, Iacovelli L, Barletta E, Caruso A, Melchiorri
D, Terstappen GC, Nicoletti F. Functional characterization of
WNT7A signaling in PC12 cells: interaction with A FZD5 3 LRP6
receptor complex and modulation by dickkopf proteins. J Biol Chem
2003;278:37024–31.

38. Tada M, Concha ML, Heisenberg CP. Non-canonical Wnt signalling
and regulation of gastrulation movements. Semin Cell Dev Biol
2002;13:251–60.

297DKK3 FUNCTIONS AS NEGATIVE REGULATOR OF b-CATENIN


