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To comprehensively screen for genetic events underlying colorectal
cancer, we performed suppression subtraction hybridization analysis
on an advanced colon cancer. Because Dickkopf-4, a member of the
Dickkopf family acting as a Wnt-signaling modulator, was identified
as one of the upregulated genes in this specimen, we investigated
expression profiles of all the Dickkopf family members in 55 colorectal
tumors (21 cancers and 34 adenomas). We also investigated mech-
anisms regulating the expression of Dickkopf-4 in these cancers in vitro
and in vivo. Compared with normal adjacent mucosae, Dickkopf-4
(median 27.4, P < 0.01) and -2 (median 51.4, P < 0.01) were strongly
expressed in colorectal cancers. The level of Dickkopf-4 was positively
correlated with fibroblast growth factor-20 (rs = 0.61, P = 0.00017), a
representative b-catenin transcriptional target gene, and with the
degree of nuclear accumulation of b-catenin in colorectal tumors.
Dickkopf-4 was induced by activated b-catenin in vitro. Reciprocally,
recombinant Dickkopf-4 significantly inhibited T-cell factor/lymphocyte
enhancer factor reporter activity stimulated by recombinant Wnt3a
in human embryonic kidney 293 cells. We conclude that Dickkopf-4
and -2 are significantly upregulated in most colorectal tumors, and
that Dickkopf-4 upregulation reflects activation of the Wnt/canonical
pathway. (Cancer Sci 2009; 100: 1923–1930)

The Wnt signaling pathway plays an important role in the
carcinogenesis of colorectal cancer. Wnt ligands bind to

Frizzled receptors and low-density lipoprotein receptor-related
protein 5/6 (LRP5/6) coreceptors located at the plasma membrane
and activate both canonical and non-canonical pathways. Activation
of the Wnt/canonical pathway leads to the cytosolic stabilization
and accumulation of β-catenin, which translocates to the nucleus
and forms a complex with the transcription factor T-cell factor/
lymphocyte enhancer factor (TCF/LEF), thus regulating target
gene expression. Constitutive activation of the Wnt/canonical
pathway due to mutation of the adenomatous polyposis coli gene
(APC), axis inhibitor protein (AXIN), or β-catenin has been
observed in various human cancers, and most frequently in
colorectal cancer.(1)

The Dickkopf (DKK) family was identified as a group of
secreted Wnt modulators; vertebrates express four DKK proteins
(DKK1, -2, -3, and -4). DKK1 acts as an inhibitor of the Wnt/
canonical pathway through binding to LRP5/6 and Kremen, thus
inducing LRP endocytosis and preventing signaling to β-catenin.
DKK4 also acts as an inhibitor of the Wnt/canonical pathway.
Interestingly, DKK2 can either activate or inhibit this pathway
depending on the cellular context. Thus far, the role of DKK3 is
unknown; it does not bind LRP5/6, nor alter the signal.(2,3)

In several clinical cancers, altered expression of human DKKs
has been reported including DKK1 upregulation in multiple
myeloma,(4) Wilm’s tumor,(5) hepatocellular carcinoma,(6) and
breast cancer;(7) DKK1 downregulation in choriocarcinoma(8) and

malignant melanoma;(9) DKK2 downregulation in malignant
melanoma;(9) and DKK3 downregulation in hepatocellular carci-
noma,(10) cholangiocarcinoma,(10) HeLa cervical carcinoma,(10) renal
clear cell carcinoma,(11) and malignant melanoma;(9) as well as
DKK4 upregulation in gastric cancer.(12) Although their role in
these tumors has not yet been established, it is not surprising
that DKKs are involved in carcinogenesis considering their actions
as Wnt modulators in normal settings. In clinical colorectal
cancers, frequent methylation of DKK1, -2, -3, and -4 has been
reported.(13,14) On the other hand, the expression of these DKKs
in clinical specimens has not been investigated in detail.

In the present study, to identify genetic events playing impor-
tant roles in colorectal cancer, we first comprehensively screened
for genes differentially expressed between normal colonic mucosa
and colorectal cancer by the suppression subtraction hybridiza-
tion (SSH) technique using a clinical sample of advanced colon
cancer. We found that DKK4 was one of the upregulated genes,
and therefore, we next focused on expression of all the DKK
family members using tissue samples of 55 clinical colorectal
tumors (21 cancers and 34 adenomas). Finally, we explored
mechanisms regulating the expression of DKK4 in the Wnt/
canonical pathway in colorectal cancers in vitro and in vivo.

Materials and Methods

Tissue samples, RNA extraction. Tissue samples of advanced, well-
differentiated colon cancer and adjacent normal colonic mucosa
for use in SSH analysis were obtained from a 60-year-old male
by endoscopic biopsy. Additional paired tissue samples of 21
primary colorectal cancers and 34 colorectal adenomas were
obtained from other patients by endoscopic biopsy. Tissue samples
for RNA extraction were immediately placed in RNAlater
(Ambion, Austin, TX, USA) and stored at 4°C until use. Total
RNA was extracted by the modified acid–guanidium–chloroform
method(15) using Isogen (Nippon Gene, Toyama, Japan) according
to the manufacturer’s protocol. Written informed consent was
obtained from patients before collection of the tissue samples,
and this study was approved by the ethical committee of Yamanashi
University Hospital in accordance with the Helsinki Declaration.

SMART (switching mechanism at 5′ end of RNA template) cDNA
synthesis for SSH analysis. Full-length cDNAs were generated from
the total RNA using the SMART–RT-PCR cDNA synthesis kit
(Clontech, Palo Alto, CA, USA)(16) following the manufacturer’s
instructions. These were then used for SSH analysis. Quantitative
analysis of specific genes was performed on cDNAs generated
from 1 μg of total RNA in 10-μL mixture with 200 U of Superscript
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reverse transcriptase (Gibco, Grand Island, NY, USA) using
random hexamer primers.

Suppression SSH, sequencing, and quantitative analysis of identified
genes. Subtractive hybridization was performed using a PCR-
Select cDNA subtraction kit (Clontech, Tokyo, Japan) according
to the manufacturer’s instructions. A total of 10 ng of PCR
products were cloned into the pGEM-T Easy Vector plasmid
(Stratagene, Cedar Creek, TX, USA) and transformed to Escherichia
coli XL2-blue Ultracompetent cells (Gibco, Madison, WI, USA).
In all, 100 colonies were randomly picked and sequenced using the
PRISM dye termination kit (Applied Biosystems, Foster City, CA,
USA). BLAST Search 2.0 (www.ncbi.nlm.nih.gov/blast/blast.cgi)
was used to analyze sequence homologies in the gene database.

Overexpression of the obtained genes was confirmed by semi-
quantitative RT-PCR, comparing the amount of PCR products by
agarose gel electrophoresis at the PCR cycle number in the
exponential phase of amplification. The primers used in the
quantitative PCR are shown in Supporting Information Table 1.
G3PDH was used as an internal control.

Real-time RT-PCR analysis. We focused on DKK family members
in colorectal cancer, and quantified their expression by real-time
RT-PCR in clinical samples from 21 colorectal cancers and 34
colorectal adenomas, compared to their corresponding adjacent
normal colonic mucosae. The patients’ characteristics are shown
in Table 1.

Fibroblast growth factor (FGF)-20 is a transcriptional target
of β-catenin, and is highly induced by a dominant-active mutant
form of β-catenin in human embryonic kidney (HEK)-293T
cells.(17) Therefore, FGF20 could serve as a suitable marker
reflecting activation of the Wnt/canonical pathway. We compared
the expression level of each DKK family member and FGF20 in
each colorectal tumor.

Real-time RT-PCR was carried out using TaqMan Gene Expres-
sion Assays (Applied Biosystems) with a 7500 Real-Time PCR
System (Applied Biosystems) according to the manufacturer’s
instructions. SDS2.1 software (Applied Biosystems) was used to
perform comparative delta Ct analysis. 18srRNA was used as an
internal control.

Immunohistochemical staining. To investigate the relationship
between DKK4 expression and Wnt/canonical pathway activation,
immunohistochemical staining for β-catenin was performed in
all primary colorectal cancer specimens (n = 18).

Deparaffinized sections of formalin-fixed tissue at 2-μm thick-
nesses were stained with primary antibodies specific for β-catenin
(1:100 dilutions; cat. 610153; BD Transduction Laboratories,
Palo Alto, CA, USA), DKK4 (N-term) (1:250 dilution; AP1524a;
Abgent, San Diego, CA, USA). Antigen retrieval was achieved
by boiling the tissue sections in citrate buffer (0.01 M, pH 6.0)
in an autoclave unit for 20 min at 120°C, before incubation with
anti-β-catenin. Envision kit/HRP (AEC) (cat. K1491; Dako,
Carpinteria, CA, USA) was used as the secondary antibody, and
diaminobenzidine was used as the chromogen.

Cell line. A human embryonic kidney cell line, HEK293, was
maintained in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, Tokyo, Japan) supplemented with 10% fetal bovine
serum (Equitech-Bio, Kerrville, TX, USA) and 1% antibiotic-
antimycotic (Gibco, Madison, WI, USA) in a humidified atmosphere
of 5% CO2 and 95% air at 37°C.

Transient transfection of HEK293 cells with dominat-active mutant
form of b-catenin. To test whether DKK4 is induced by activation
of the Wnt/canonical pathway in vitro, HEK293 cells were tran-
siently transfected with pFLAG-cmv4-β-catenin ΔN134 (plasmid
harboring cDNA-encoding dominant-active mutant form of β-
catenin, from which 134 amino acids had been deleted from the
NH2-terminus).

A total of 5 × 105 cells were seeded onto six-well plates 1 day
before transfection. Transfections with pcDNA3.1neo, pFLAG-
cmv4-β-catenin wild type (plasmid harboring full-length human

β-catenin cDNA), and pFLAG-cmv4-β-cateninΔN134 were
performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. pFLAG-cmv4-
β-catenin wild type, and pFLAG-cmv4-β-cateninΔN134 were
kindly provided by Dr Miki Shitashige and Dr Tesshi Yamada
(National Cancer Center Research Institute, Tokyo, Japan).(18)

Cells were harvested 24 h after transfection and the amount of
DKK4 expressed was determined by western blotting.

Table 1. Clinicopathologicaldata of study subjects

Colorectal cancer patients (n = 21)

Sex %
Male 13 61.9
Female 8 38.1

Age
Range 55–87 years
Median 69 years

Location
Cecum 0 0.0
Ascending 3 14.3
Transverse 3 14.3
Descending 1 4.8
Sigmoid 7 33.3
Rectum 7 33.3

Dukes
A 11 52.4
B 2 9.5
C 8 38.1

TNM stage
T stage

Tis 6 28.6
T1 1 4.8
T2 5 23.8
T3 9 42.9
T4 0 0.0

N stage
N0 13 61.9
N1 7 33.3
N2 1 4.8

M stage
M0 18 85.7
M1 3 14.3

Degree in differentiation
Well 15 71.4
Moderately 6 28.6
Poorly 0 0.0

Colorectal adenoma patients (n = 34)

Sex %
Male 29 85.3
Female 5 14.7

Age
Range 38–81 years
Median 65 years

Location
Cecum 2 5.9
Ascending 4 11.8
Transverse 6 17.6
Descending 3 8.8
Sigmoid 16 47.1
Rectum 3 8.8

Degree of dysplasia
Low 23 67.6
High 11 32.4
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Western blot analysis. Equal amounts of cellular protein (5 μg
total protein) were separated by electrophoresis in NuPAGE 4–
12% Bis-Tris Gel (Invitrogen). Primary antibodies specific for β-
catenin (1:500 dilution; BD Transduction Laboratories), DKK4
(N-term) (1:250 dilution; Abgent), and β-actin (1:4000 dilution;
A1978; Sigma, St. Louis, MO, USA) were used. Secondary anti-
bodies specific for mouse IgG (1:2000 dilution; NA931; Amersham
Bioscience, Piscataway, NJ, USA) and rabbit IgG (1:2000 dilution;
7074; Cell Signaling, Danvers, MA, USA) were also used. Staining
was performed using ECL western blotting detection reagents
(Amersham Bioscience). All western blot experiments were
repeated at least three times.

Luciferase reporter assay. In order to investigate the involvement
of DKK4 in activation of the Wnt/canonical pathway, TCF/LEF
reporter luciferase activity was measured in HEK293 cells
stimulated with recombinant mouse Wnt3a protein (rmWnt3a) in
the presence or absence of recombinant human DKK4 protein
(rhDKK4). As a positive control inhibiting the Wnt/canonical
pathway, TCF/LEF reporter luciferase activity stimulated with
rmWnt3a in the presence of rhDKK1 was also measured.

To evaluate TCF/LEF transcriptional activity, we used a pair of
luciferase reporter constructs, super 8 × TOP-FLASH and super
8 × FOP-FLASH (Addgene, Cambridge, MA, USA). Cells were
transiently transfected in triplicate with one of these luciferase
reporters and pRL-TK (Promega, Madison, WI, USA) as an
internal control using FuGENE 6 transfection reagent (Roche
Diagnostics, Mannheim, Germany). Five hours after transfection,
the medium was changed to fresh medium with 50 ng/mL or
500 ng/mL of recombinant human DKK1 or -4 (R&D Systems,
Minneapolis, MN, USA). Twelve hours after addition of rhDKKs,
100 ng/mL of recombinant mouse Wnt3a (R&D Systems) was
added. A further 12 hs thereafter, luciferase activity was measured
with the dual-luciferase reporter assay system (Promega),
with renilla luciferase activity as an internal control.

Results

Suppression subtraction hybridization (SSH) and confirmation of
differentially expressed genes by semiquantitative RT-PCR. Tissue

samples from colon cancer and adjacent normal colonic mucosa
were obtained by endoscopic biopsy from a 60-year-old man
with advanced disease (type 1) in the sigmoid colon. The cDNA
generated by SMART–RT-PCR exhibited a smear pattern repre-
senting amplification of all the mRNA species on agarose gel
electrophoresis (Fig. 1a, left panel). Several discrete bands derived
from highly expressed genes in colon cancer appeared after SSH
(Fig. 1a, right panel). After subcloning the SSH-PCR products
into pGEM-T Easy vectors, nucleotide sequencing was performed
on 100 independent clones. Eight known genes, DKK4, tumor
overexpressed gene (TOG), budding uninhibited by benzimidazole
1 (BUB1), cobalamin synthetase W-domain containing (CBWD),
gamma-aminobutyric acid-A (GABA-A) receptor, carcinoem-
bryonic antigen (CEA), non-specific cross-reacting antigen (NCA),
and mammary serine protease inhibitor (Maspin), were represented
more than once in colorectal cancer samples (Table 2). The
differential expression of these eight genes was confirmed by
semiquantitative RT-PCR using the original colon cancer tissue

Fig. 1. Electrophoretic band patterns of suppres-
sion subtraction hybridization (SSH) and gene over-
expression in original tester tissue. (a) The cDNAs
amplified by SMART–RT-PCR and cDNA after
subtraction by SSH were electrophoresed on 2.0%
agarose. The amplified cDNA derived from colon
cancer and adjacent colonic mucosa appeared as a
smear before SSH (left panel). After SSH, it exhibited
several distinct bands (right panel). (b) Semiquan-
titative RT-PCR using gene-specific primer sets for
each identified gene. PCR products were analyzed
at the PCR cycle number given in the exponential
phase of amplification (carcinoembryonic antigen
[CEA], 18 cycles; non-specific cross-reacting antigen
[NCA], 18 cycles; tumor overexpressed gene [TOG],
24 cycles; benzimidazole 1 [BUB1], 24 cycles; mam-
mary serine protease inhibitor [Maspin], 30 cycles;
gamma-aminobutyric acid-A receptor [GABA-AR],
30 cycles; cobalamin synthetase W-domain contai-
ning [CBWD], 24 cycles; Dickkopf (DKK)-4, 35 cycles;
G3PDH, 21 cycles). The expression level of house-
keeping gene G3PDH remained constant, but genes
identified by SSH were clearly more abundant in
colon cancer tissues compared to their correspond-
ing adjacent mucosa. T and N indicate colorectal
tumor and adjacent normal mucosa, respectively.

Table 2. Sequence analyses of 100 clones obtained from subtracted
colon cancer cDNA

Name of the clones No.

DKK4 19
TOG 10
BUB1 9
CBWD 7
GABA-A receptor 4
CEA 4
NCA 4
Maspin 3
Miscellaneous 40
Total 100

BUB1, budding uninhibited by benzimidazole 1; CBWD, cobalamin 
synthetase W-domain containing; CEA, carcinoembryonic antigen; 
DKK4, Dickkopf-4; GABA-A receptor, gamma-aminobutyric acid-A 
receptor; Maspin, mammary serine protease inhibitor; NCA, non-
specific cross-reacting antigen; TOG, tumor overexpressed gene.
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and the adjacent normal colonic mucosa. All these genes were
more strongly expressed in the colon cancer tissue than in the
normal colonic mucosa (Fig. 1b). We confirmed that the size of
each PCR product was correct, as predicted.

Quantifying expression of Dickkopf family members in colorectal
tumors by real-time RT-PCR. Figure 2a shows the expression level
of each DKK family member (DKK1, -2, -3, and -4) given as the
tumor/normal (T/N) ratio for each patient. In colorectal cancer,
the median T/N ratio was 3.34 (range, 0.080–932; P < 0.01) for
DKK1, 51.4 (range, 0.60–2901; P < 0.01) for DKK2, 2.81 (range,
0.63–26; P < 0.01) for DKK3, and 27.4 (range, 0.34–558; P < 0.01)
for DKK4. In colorectal adenoma, these values were 3.25 (range,
0.094–123; P < 0.05), 6.78 (range, 0.052–104; P < 0.01), 1.01
(range, 5.57 × 10–8 –8.18; n.s.), and 3.80 (range, 0.045–471; P <
0.01), respectively. Thus in colorectal cancer, DKK2 and -4 were
strongly upregulated, whereas DKK1 and -3 were weakly up-
regulated relative to adjacent colorectal mucosa. On the other hand,
in colorectal adenoma, DKK1, -2 and -4 but not DKK3 were
weakly upregulated relative to adjacent colorectal mucosa.

Next, we compared mRNA levels of each DKK in colorectal
cancer and adenoma. Receiver–operator curve (ROC) analysis
showed that the best T/N ratio cut-off values to distinguish
between colorectal cancer and adenoma were 7, 30, 2.5, and 40
for DKK1, -2, -3, and -4, respectively (Table 3). When these
cut-offs were applied, DKK1–4 were more highly expressed in
colorectal cancer than in adenoma (by Fisher’s exact probability
test, Table 3).

Correlation between expression of DKKs and FGF20 in colorectal
tumors. As shown in Figure 2(b), there was a positive correlation
between DKK4 and FGF20 (rs = 0.61, P = 0.00017) in both colo-
rectal cancers and colorectal adenomas. In contrast, no relationship
was found between FGF20 and the other three DKKs: rs = –0.0015,
P = 0.99 for DKK1; rs = 0.17, P = 0.28 for DKK2; and rs = –0.038,
P = 0.80 for DKK3.

Correlation between nuclear b-catenin accumulation and expression
of DKK4. Figure 2(c) (upper panel) shows results from six repre-
sentative samples. Specimens with high nuclear β-catenin accumu-
lation (#1, #2, and #3) also strongly expressed DKK4 (T/N ratios

Fig. 2. Expression profiles of Dickkopf (DKK) genes
in colorectal tumors. (a) Expression level of each
DKK family member in colorectal tumors measured
by real-time RT-PCR. �, advanced cancer; �, early
cancer, , adenoma. The black horizontal line
indicates the median in each group of subjects.
The black dashed line indicates equal expression of
DKK between tumor and normal mucosa. Data
were analyzed with the Wilcoxon signed-rank test.
(b) The relationship between expression levels of
DKK family members and fibroblast growth factor
(FGF)-20 in colorectal tumors. Data were analyzed
for Spearman’s correlation coefficient by rank
testing (rs). A significant correlation between the
levels of DKK4 and FGF20 was found. There was
no such relationship between levels of DKK1, -2,
-3, and FGF20. �, advanced cancer; �, early cancer;

, adenoma. (c) Immunohistochemical staining
with β-catenin and DKK4 antibody in primary
colorectal cancers. All specimens were evaluated
under a light microscope at ×400 magnification.
There is a strong correlation between nuclear β-
catenin accumulation and expression of DKK4. #,
sample number. DKK4 Tumor/Normal ratio: #1 559;
#2 283; #3 81.2; #4 2.39; #5 2.21; #6 0.61. (d)
Immunohistochemical staining with β-catenin
(upper panel) and DKK4 (lower panel) antibody in
the specimen which was obtained by endoscopic
mucosal resection showing: I, II, whole image; (a)
invasive cancer with intense staining; (b) adenoma
with weak staining; (c) normal mucosa with almost
negative staining. Magnification a–c, ×400.
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of 559, 283, and 81.2, respectively). On the other hand, specimens
with little nuclear β-catenin accumulation (#4, #5, and #6), only
weakly expressed DKK4 (T/N ratios of 2.39, 2.21, and 0.61,
respectively). The other 12 cancer samples were also stained for
β-catenin, confirming the correlation between nuclear β-catenin
accumulation and DKK4 expression (data not shown).

Immunohistochemical staining for DKK4 was also done in
these samples, and was intense in samples #1, #2, and #3, which
showed high nuclear β-catenin accumulation, but was weak or
negative in #4, #5, and #6, which showed little nuclear β-catenin
accumulation (Fig. 2c, lower panel).

Immunohistochemical staining for β-catenin and DKK4 was
also performed in a sample obtained by endoscopic mucosal
resection, which included normal mucosa, adenoma, and invasive
cancer in the same specimen. Figure 2d shows that both nuclear
β-catenin and DKK4 were most intensely stained in invasive
cancer, less so in adenoma, and weakly in normal mucosa, demon-
strating that the expression of nuclear β-catenin perfectly corre-
lates with DKK4.

In vitro analysis of the DKK4 gene in the Wnt/canonical pathway.
As shown in Figure 3(a), western blot analysis demonstrated that
the DKK4 protein was upregulated only by the dominant-active
mutant form of β-catenin, but not by wild-type β-catenin. This
indicates that DKK4 is upregulated by activation of the Wnt/
canonical pathway in vitro.

In Figure 3(b), addition of rmWnt3a significantly increased
the luciferase activity of super 8 × TOP-FLASH over the control
(8 × FOP-FLASH). However, addition of 500 ng/mL of rhDKK1
together with 100 ng/mL rmWnt3a to the culture medium resulted
in significantly decreased luciferase activity (Fig. 3b, left panel).
Although the effect was less marked than that of rhDKK1, rhDKK4
also significantly decreased luciferase activity (Fig. 3b, right
panel), demonstrating that DKK4 acts as an inhibitor of the
Wnt/canonical signaling pathway in non-tumor cells (Student’s
t-test, P < 0.05).

Discussion

In the present study, we investigated expression of DKK family
genes in colorectal tumors using biopsy samples. We found that
all four DKKs, but especially DKK2 and -4, were significantly
upregulated in primary colorectal cancers relative to adjacent
mucosae. We also found that upregulation of DKKs except DKK3
was already observed in adenomas. Moreover, we demonstrated

Table 3. Comparison of Dickkopf (DKK) mRNA level between adenoma
and cancer

DKK1
T/N

P = 0.028
<7 ≤7 Total

Carcinoma 14 7 21
Adenoma 31 3 34
Total 45 10 55

DKK2
T/N

P = 0.000046
<30 ≤30 Total

Carcinoma 7 11 18
Adenoma 30 2 32
Total 37 13 50

DKK3
T/N

P = 0.00015
<2.5 ≤2.5 Total

Carcinoma 8 13 21
Adenoma 30 4 34
Total 38 17 55

DKK4
T/N

P = 0.014
<40 ≤40 Total

Carcinoma 9 9 18
Adenoma 26 5 31
Total 35 14 49

Fig. 3. In vitro analysis of Dickkopf (DKK)-4 gene in
the Wnt/canonical pathway using human embryonic
kidney (HEK)-293 cells. (a) Whole cell lysate from
HEK293 cells transfected with empty pcDNA3.1neo
(Mock), pFLAG-β-catenin wild type (β-catenin wild
type), or pFLAG-β-catenin ΔN134 (β-catenin ΔN134),
analyzed by immunoblotting with anti-β-catenin,
anti-DKK4 (N-term), and anti-β-actin antibodies.
(b) Functional involvement of DKK1 and -4 in
activation of the Wnt-canonical pathway. HEK293
cells were cotransfected with canonical (super 8 ×
TOP-FLASH, solid columns) or mutant (super 8 ×
FOP-FLASH, open columns) transcription factor T-
cell factor/lymphocyte enhancer factor (TCF/LEF)
luciferase reporters, and pRL-TK. Five hours after
transfection, medium was changed and rhDKK1
and -4 was added. rmWnt3a was added 12 h later
and luciferase activity was measured 12 h after
that. Bars, SD.
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a significant positive relationship in primary colorectal tumors at
the gene expression level between DKK4 and FGF20, and between
DKK4 and β-catenin nuclear accumulation, suggesting that DKK4
is a target gene of the Wnt/canonical pathway. Subsequent in vitro
analysis showed DKK4 was indeed induced by the activation of
the Wnt/canonical pathway.

Prior to the screening for DKKs, an SSH analysis performed for
a single patient with advanced colon cancer had identified eight
known genes (DKK4, TOG, BUB1, CBWD, GABA-A receptor,
CEA, NCA, and Maspin) as those isolated more than once from
100 independent clones overexpressed in a colon cancer tissue
relative to adjacent mucosa. In addition to previous data on DKK4,
other studies had reported upregulation and/or possible contribu-
tions of these seven genes to colorectal carcinogenesis (TOG,(19)

BUB1,(20,21) CBWD,(22,23) CEA,(24) NCA,(24) GABA-A receptor,(25)

and Maspin(26)). This agreement with previous results suggests that
the SSH analysis performed here was reliable and appropriate
even though the data were obtained from a single patient.

Secreted modulator molecules in the Wnt pathway such as Wnt
inhibitory factor-1, the secreted Frizzled-related protein (sFRP)
family, and the DKK family have recently been focused on
regarding their role in carcinogenesis of different cancers. Because
these molecules modulate activation of the Wnt signaling path-
way, and that pathway is considered to promote cancer progression,
they are themselves believed to function as modulators of tumor
progression. Importantly, it was reported that ectopic expression
of sFRP1, -2 and -5, which is known to be downregulated in
colon cancer cells, attenuates Wnt/canonical signaling even in the
presence of downstream mutations of APC or β-catenin.(27)

Regarding the DKKs, there are several studies to date investigating
their role in human colorectal cancers. For example, it was reported
that CpG islands of DKKs are frequently methylated in colorectal
cancers,(13,14) suggesting downregulation of the expression of
DKKs in cancer. It was also reported that the DKK4 gene harbors
only a small number of relevant CpG islands in its regulatory
region to be silenced by CpG methylation.(14,28) Downregulation
of DKK1(29) and upregulation of DKK3 in colorectal cancer has
also been reported.(30) Here, we quantified the expression of all
the DKK family members simultaneously and found that DKK4
and -2 were both significantly upregulated in primary colorectal
cancers and even in adenomas, although to a lesser extent.

Recently, DKK4 was reported to harbor seven TCF1/LEF1
consensus binding sites, and to be induced by activation of the
Wnt/canonical pathway in mice and HEK293T cells.(31) A dominant-
active mutant form of β-catenin upregulates DKK4 in a murine
granulosa cell tumor model.(32) On the other hand, the DKK4 gene
seems to lack typical CpG islands(14,28) as alluded to above. Con-
sidering those previous studies, we propose that significant up-
regulation of DKK4 in colorectal cancer, in which the Wnt/canonical
pathway is frequently activated, might have directly reflected the
activity of Wnt signaling. Therefore, we examined how DKK4
expression and the Wnt/canonical pathway might be related, and
showed a positive correlation between FGF20 and DKK4 expres-
sion in primary colorectal cancers and adenomas by real-time
RT-PCR analysis. We also demonstrated that cancers with high
DKK4 expression showed significant nuclear β-catenin accumu-
lation by immunohistochemistry. In addition, we confirmed that
DKK4 protein was strongly expressed in the colorectal cancer
epithelium, and furthermore, was perfectly co-localized with β-
catenin. Finally, we confirmed the induction of DKK4 by a
dominant-active mutant form of β-catenin in HEK293 cells in vitro.
All these results demonstrated that DKK4 is a downstream target
of the Wnt/canonical pathway, and its upregulation in primary
colorectal cancer reflects the activation of that pathway.

During the preparation of this report, DKK4 dysregulation in
colorectal cancer was also reported on by two other groups.(28,33)

Pendas-Franco et al. reported upregulation of DKK4 mRNA in
20 of 29 cancers relative to normal mucosae by real-time RT-PCR

analysis,(33) consistent with our results. However, these investigators
showed upregulation of DKK4 mRNA only in colorectal
cancers, whereas we document here that DKK4 upregulation is not
limited to cancer, but is already present also in adenomas. More-
over, we confirmed upregulation of DKK4 at the protein level
by immunohistochemical analysis in colorectal cancers. In con-
trast, Baehs et al. reported downregulation of DKK4 in 12 of 21
cancers using laser-captured micro-dissected samples,(28) contrary
to our results. Although the reason for this discrepancy is
unclear, in addition to demonstration of DKK4 upregulation by
mRNA quantification, we also clearly showed that DKK4 was
strongly stained in colorectal cancer epithelium in situ com-
pared to normal mucosa by immunohistochemical analysis,
indicating that DKK4 was truly upregulated in colorectal cancer.

For DKK2, to our knowledge, the present study is the first to
demonstrate strong expression in clinical samples of colorectal
cancers and adenomas. However, the methylation status of DKK2
was already reported to be high (65–70%), suggesting that DKK2
is a target of epigenetic silencing in colorectal tumors.(13,14) Although
the reason for these potentially discrepant results is also not clear,
they are not necessarily mutually exclusive, since tumor tissue
consists of heterogeneous cell populations. We have investigated
the methylation status of DKK2 in several cancer tissues of our
series by methylation-specific PCR, and found that both methyl-
ated and unmethylated bands were observed in most of them (data
not shown). This suggests that tumor cells with unmethylated
DKK2 overexpress this gene. However, if this were true, what up-
regulates DKK2 in tumor cells? We found six TCF/LEF consensus
binding motifs within 2kbp upstream of the transcriptional start
site in DKK2 using Genomatix software (http://www.genomatix.de/
products/index.html), indicating that DKK2 may also be a down-
stream target of the Wnt/canonical pathway. However, our finding
that DKK2 expression did not parallel the expression of FGF20
implied that some unknown regulatory mechanism other than the
activation of Wnt/canonical signaling might exist. This requires
investigation in further studies.

Regarding DKK1 and -3, we demonstrated that both genes
were also upregulated in colorectal tumors, although to a lesser
degree than the other two DKKs. Previous studies reported that
DKK1 is downregulated in colorectal cancer, contrary to our
results.(29) However, a recent report by Maehata et al. showed
that DKK1 tended to be upregulated, consistent with our results.(13)

For DKK3, the result of a previous study that this was upregulated
in colorectal cancer also coincides with our result.(30)

What is the role of these DKKs in the carcinogenesis of color-
ectal cancer? In the present study, we confirmed that DKK4
inhibited Wnt-induced activation of the Wnt/canonical pathway
in HEK293 cells (Fig. 3b). However, we did not observe inhibition
of this pathway when rhDKK4 protein was added to the culture
medium of colon cancer cell lines SW480 and LoVo (data not
shown). Considering that the Wnt/canonical pathway is activated
in most human colorectal cancers as a result of APC loss and
mutation or β-catenin mutation,(34) it is possible that DKK4 over-
expression is a side effect of Wnt/canonical signal activation.
However, it was recently reported that ectopic DKK4 expression
increased the migratory and invasive properties of colon cancer
cells, and conditioned media from DKK4-expressing cells enhanced
the ability of human primary microvascular endothelial cells to
migrate and form capillary-like tubules.(33) This suggests that
DKK4 also has effects in addition to inhibition of the Wnt/
canonical signal. For DKK2, we still do not have any data
regarding its function. However, as it was reported to act as either
an inhibitor or an activator of the Wnt/canonical signal in the
normal setting, it is possible that DKK2 functions as a tumor
suppressor or tumor activator depending on the circumstance.
Further studies are clearly needed.

In conclusion, the present study demonstrated upregulation of
DKK4 and -2 in human colorectal cancers and that upregulation

http://www.genomatix.de/products/index.html
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of DKK4 reflected activation of the Wnt/canonical pathway.
Clarifying the mechanisms responsible for this upregulation would
further contribute to our understanding of the molecular patho-
genesis of colorectal cancer.
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