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Abstract
Epigenetic silencing of secreted wingless-type (Wnt)
antagonists through hypermethylation is associated with
tobacco smoking and with invasive bladder cancer. The
secreted Wnt inhibitory factor-1 (WIF1) has shown
consistent growth-inhibitory effect on various cancer cell
lines. Therefore, we assessed the mechanisms of action
of WIF1 by either restoring WIF1 expression in invasive
bladder cancer cell lines (T24 and TSU-PR1) or using a
recombinant protein containing functional WIF1 domain.
Both ectopic expression of WIF1 and treatment with WIF1
domain protein resulted in cell growth inhibition via G1

arrest. The G1 arrest induced by WIF1 is associated with
down-regulation of SKP2 and c-myc and up-regulation of
p21/WAF1 and p27/Kip1. Conversely, reexpression of
SKP2 in WIF1-overexpressing TSU-PR1 cells attenuated
the WIF1-induced G1 arrest. Furthermore, inhibition of
nuclear Wnt signaling by either dominant-negative LEF1 or
short hairpin RNA of TCF4 also reduced SKP2 expression.
The human SKP2 gene contains two TCF/LEF1 consensus

binding sites within the promoter. Chromatin immunopre-
cipitation/real-time PCR analysis revealed that both WIF1
and dominant-negative LEF1 expression decreased the
in vivo binding of TCF4 and B-catenin to the SKP2

promoter. Together, our results suggest that mechanisms
of WIF1-induced G1 arrest include (a) SKP2 down-
regulation leading to p27/Kip1 accumulation and (b)
c-myc down-regulation releasing p21/WAF1 transcription.
Additionally, we show that WIF1 inhibits in vivo bladder
tumor growth in nude mice. These observations suggest a
mechanism for transformation of bladder epithelium on
loss of WIF1 function and provide new targets such as
SKP2 for intervention in WIF1-deficient bladder cancer.
[Mol Cancer Ther 2009;8(2):458–68]

Introduction
Muscle-invasive bladder cancer treatment requires a
radical cystectomy or chemotherapy with radiation proto-
col (1). Radical cystectomy has many quality-of-life
implications. In addition, the absolute survival benefit of
neoadjuvant or adjuvant chemotherapy is debatable, and
toxicity can be significant (2). Despite the current treat-
ments, distant metastases eventually may develop in as
many as 50% of patients with muscle-invasive tumors (2).
Treatment options for metastatic bladder cancers are
extremely limited, with a 5-year survival rate of f6%
and a median survival time of 12 to 20 months (2).
Therefore, it is generally believed that there is an urgent
need to expand the current paradigm of therapy by
integrating novel targeted therapies for muscle-invasive
bladder cancer.
The wingless-type (Wnt) pathway plays a central role in

embryonic development, and aberrant activation of the
Wnt pathway contributes to the progression of several
major human cancers (3). Therefore, inhibition of Wnt
effects has major therapeutic potential. Mutations of APC
and b-catenin genes that are usually responsible for the
deregulated Wnt/h-catenin pathway in other tumors (e.g.,
colon and liver cancers) are uncommon in human bladder
cancer (4, 5). Instead, down-regulation of secreted Wnt
antagonists by gene deletion or promoter hypermethylation
(6–9) is frequently detected in human bladder cancer
tissues and is a strong predictor of poor survival (6). In
addition, the loss of secreted Wnt antagonists may play an
etiologic role in tobacco smoking-related bladder cancer, as
hypermethylation of secreted Wnt antagonists occurs more
often in current and former smokers (8, 10, 11). Secreted
Wnt antagonists, classified as secreted Frizzled-related
protein family, Dickkopf family, and Wnt inhibitory
factor-1 (WIF1), are negative modulators of Wnt signaling
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(12). Because WIF1 silencing due to promoter hyper-
methylation has been shown in a variety of cancers
including colorectal, prostate, bladder, melanoma, lung,
and other cancers (13–24), restoring WIF1 expression in
cancer cells to study its biological function has been done
by several groups (13–24). The commonly described effect
of WIF1 on cancer cells is the inhibition of cancer cell
growth (13–24). However, the underlying mechanisms for
the inhibitory effect of WIF1 on tumor cell growth remain
largely unknown.
The Wnt/h-catenin pathway has been shown to deter-

mine the proliferation/differentiation balance through
its regulation of G1-S transition in several cellular systems
(e.g., stem, progenitor, and colorectal cancer cells;
refs. 25, 26). The G1-S transition in cell cycle is driven
mainly by cyclin-dependent kinase (CDK) 2 that is
controlled by abundance of CDK inhibitors: p21/WAF1
(p21) and p27/Kip1 (p27; ref. 27). The regulation of G1-S
transition is physiologically required for cell fate determi-
nation—a cell undergoing apoptosis, proliferation, or
differentiation (27). However, during oncogenic transfor-
mation, G1-S transition is deregulated by enhanced
oncogenic growth signaling and/or by loss of tumor
suppressors, which then leads to overgrowth of trans-
formed cells (27). Some Wnts (e.g., Wnt1) have shown
oncogenic activities in both mouse models and cell cultures
(28). The activation of the Wnt/h-catenin pathway by Wnts
elicits specific target genes (e.g., c-myc and cyclin D1) for
cell cycle regulation and growth (25, 29). It is possible that
the secreted Wnt antagonist WIF1 binds to specific Wnts
and regulates the expression of cell cycle-related Wnt
target genes for its growth-inhibitory effect on cancer cells.
Therefore, the identification of WIF1-regulated Wnt target
genes will provide important mechanism for transforma-
tion of bladder epithelium on loss of WIF1 function and
provide new targets for intervention in WIF1-deficient
bladder cancer.
In this study, we show that WIF1 binds to Wnt1 and

inhibits the growth of invasive bladder cancer cell lines via
induction of G1 arrest. The G1 arrest by WIF1 is associated
with down-regulation of SKP2 and c-myc and up-regula-
tion of p21 and p27. In addition, we provide the first
evidence that SKP2, a substrate recognition component of
Skp1-Cul1-F-box ubiquitin-ligase responsible for p27 pro-
tein abundance and a putative oncogene, is a potential
target gene of the Wnt pathway.

Materials andMethods
Plasmids, Cell Lines, and StableTransfection
The pRK5/WIF1-IgG plasmid, containing a full-length

human WIF1 BamHI-HindIII fragment and human IgG
heavy chain, was a generous gift of Dr. Jen-Chih Hsieh
(State University of New York at Stony Brook; ref. 12).
Dominant-negative (DN) LEF1 expression construct DN-
FL9Bneo was described previously in detail (30). The DNA
fragment encoding human mature WIF1 domain (WD;
amino acids 27-176; ref. 12) was amplified by PCR to create

NcoI and HindIII sites at the 5¶ and 3¶ ends, respectively,
and cloned behind the trc promoter of pPROEX HTb
(Invitrogen), with its COOH terminus fused to 6� histidine
affinity tag sequences. pcDNA3-myc-SKP2 was obtained
from Dr. Yue Xiong (University of North Carolina at
Chapel Hill). Four independent short hairpin RNA
(shRNA) constructs, targeting four different exons of
TCF4 , were purchased from SABiosciences. The human
urinary bladder cancer T24 and TSU-PR1 cell lines, a mouse
L cell line, and a mouse L cell line stably expressing mouse
Wnt3a were obtained from the American Type Culture
Collection. T24 and TSU-PR1 cells were maintained in
McCoy’s 5A medium and RPMI 1640, respectively. The
NIH3T3 cell line stably expressing mouse Wnt1 was a
generous gift of Dr. Andrew P. McMahon (Harvard
University) and cultured in DMEM. T24 and TSU-PR1 cells
at 60% confluency were transfected with WIF1, DN-LEF1,
pcDNA3-myc-SKP2, TCF4shRNA , and control plasmids
using FuGENE 6 (Roche). For stable transfection, trans-
fected cells were selected with G418. Clones were selected
expressing different levels of WIF1, DN-LEF1, and TCF4
and maintained in 500 Ag/mL G418. All experiments were
repeated using at least three different clones.

Fluorescence-Activated Cell Sorting Analysis for Cell
Cycle Distribution
Cells were fixed in ice-cold 70% ethanol overnight and

then stained in propidium iodide solution. Samples were
analyzed on a BD FACScan flow cytometer and the
percentage of cells in the S, G0-G1, and G2-M phases of
the cell cycle was determined using ModFIT software.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
BromideAssay
For evaluating the effect of WIF1, DN-LEF1, and

TCF4shRNA expression on cell proliferation, T24 and
TSU-PR1 cells stably transfected with WIF1, DN-LEF1,
TCF4shRNA, or control pRK5 were cultured for 1, 3, and
5 days in 24-well plates. For studying the effects of
recombinant WD protein on cell proliferation, T24 cells
were treated with different concentrations of recombinant
WD protein in 24-well plates for 2 days. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(Sigma) was added to a final concentration of 1 mg/mL.
The reaction mixture was incubated for 3 h at 37jC and the
absorbance was measured at 570 nm.

Soft Agar Colony Formation
Growth of TSU-PR1 cells transfected with human WIF1

or control vector in soft agar was assayed using 6-well
plates. Each well contained 2 mL of 0.8% agar in complete
medium as the bottom layer, 2 mL of 0.35% agar in
complete medium and 1,000 cells as the feeder layer, and
2 mL complete medium as the top layer. Cultures were
maintained under standard culture conditions. After
3 weeks, the number of colonies was determined with an
inverted phase-contrast microscope at �100 magnification
where a group of >10 cells was counted as a colony.
Crystal violet (0.1%) in methanol was used to stain the
6-well plates. After washing in PBS, colonies were
photographed.
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Protein Extraction, Conditioned Medium, and West-
ern Blot
For membrane and cytosolic protein fractionation, cells

were collected in TES resuspension buffer and homoge-
nized on ice. The cytosolic fraction was recovered by
ultracentrifugation and the membrane-enriched pellet was
solubilized as described previously (30). For extraction of
total proteins, cells were lysed in radioimmunoprecipita-
tion assay buffer (30). Conditioned media were prepared by
culturing TSU-PR1 stably transfected with vector control or
WIF1 in serum-free RPMI and by culturing mouse L cells,
mouse L cells stably expressing Wnt3a, or NIH3T3 cells
stably expressing Wnt1 in DMEM with 10% fetal bovine
serum for 48 h. The conditioned medium from TSU-PR1
cell lines was concentrated 40 times by Centricon (Milli-
pore). For Western blotting analysis, protein lysates or
concentrated conditioned medium was resolved electro-
phoretically on 8% to 12% SDS-PAGE, transferred to
nitrocellulose membranes, and probed with primary anti-
bodies against following proteins: h-catenin (Upstate);
GSK3h, phospho-GSK3h, and SKP2 (Cell Signaling);
p21, p27, and c-myc (Calbiochem); and human IgG,
cyclin D1, CDK2, Wnt1, and h-actin (Santa Cruz Biotech-
nology). The position of proteins was visualized with an
enhanced chemiluminescence detection system (Amersham
Bioscience).

Immunoprecipitation and KinaseAssay
For evaluating the WIF1/Wnt1 immunocomplex forma-

tion, concentrated conditioned medium was immunopre-
cipitated with protein A-agarose and anti-human IgG and
probed with anti-Wnt1 antibody. For CDK2 kinase assays,
protein lysates were subjected to immunoprecipitation in
lysis buffer at 4jC overnight in the presence of anti-CDK2
antibody and protein A-agarose beads. Phosphorylation of
histone H1 was measured by incubating the beads with
40 AL ‘‘hot’’ kinase solution for 30 min at 30jC (31).
Samples were analyzed by 12% SDS-PAGE and the gels
were dried and subjected to autoradiography.

Reverse Transcription-PCR and Real-time Reverse
Transcription-PCR
Total RNA was isolated from TSU-PR1 cells using the

RNAazol B method as described (31). Real-time reverse
transcription-PCR was done as described previously (30)
using a MyiQ real-time thermocycler (Bio-Rad). The PCR
condition was as follows: 95jC for 5 min, 40 cycles of 30 s at
95jC, 30 s at 60jC, and 60 s at 72jC. Relative quantitative
fold change compared with control was calculated using
the comparative Ct method (27). Ct is the cycle number at
which fluorescence intensity first exceeds the threshold
level. DCt is Ct (target gene) - Ct (actin). Gene-specific
primer pairs (including product size) are available upon
request. Specificity of amplification products were checked
by melting curve analysis and agarose gel electrophoresis.

Chromatin Immunoprecipitation/Real-time PCR
Assay
Cells (2 � 107) were cross-linked in a 1% formaldehyde

solution, lysed, and sonicated to sheer chromatin to an
average size of f600 kb. The extract was immunoprecipi-

tated with anti-TCF4 and anti-h-catenin antibodies, respec-
tively. Anti-rabbit or anti-goat IgG antibody was used as
a negative control. Then, DNA-protein cross-links were
reversed by heating at 65jC for 4 h. A part of each captured
immunocomplex was used for Western analysis to confirm
that the captured chromatin contained the transcription
factor corresponding to the specificity of the antibody that
had been used for chromatin immunoprecipitation. The
DNA fragments were purified for PCR and real-time PCR.
DNA recovered from an aliquot of sheared chromatin
was used as control (input). SKP2 primer pairs for PCR
were as follows: For TCF/LEF1 binding site 1, forward
5¶-CCCAGGCCCCTTCTATAGTC-3¶ and reverse 5¶-CTCA-
GATGATCCACCCACCT-3¶, PCR product size 227 bp. For
TCF/LEF1 binding site 2, forward 5¶-TTGCAATCTTCAGG-
GAAAGG-3¶ and reverse 5¶-GGCTAAGCCGTTCAT-
CAAAC-3¶, PCR product size 151 bp. Real-time reverse
transcription-PCR was done as described above. The Ct

values for the technical repeats show minimal variation
within half a Ct value of each other. The Ct value for each
sample was normalized to the input samples: DCt [Ct

(sample) - Ct (input)]. The enrichment of the chromatin
immunoprecipitation target is expressed as a fold difference
(2-[DCt]). The PCR products generated from the chromatin
immunoprecipitation template were sequenced, and the
identity of the SKP2 promoter was confirmed. Each
chromatin immunoprecipitation was carried out at least
three times with similar results.

Expression, Purification, and Refolding of theWD
The WD expression plasmid was transfected into

Escherichia coli strain DH5a, and high-level expression of
WD protein was induced by IPTG. The cells were lysed.
The inclusion bodies were collected and resuspended in
50 mmol/L Tris-HCl (pH 8.0), 0.1 mmol/L EDTA, and
6 mol/L guanidine hydrochloride. For refolding, this
suspension was incubated for 1 h at room temperature
with constant stirring and then centrifuged. The solubilized
WD and refolded WD were purified by nickel column
with imidazole gradient elution (20-500 mmol/L) and gel
filtration on HiLoad 16/60 Superdex 75 column (Amer-
sham). Purified WD was subjected to SDS-PAGE to
determine the concentration and Western analysis to
verify the protein. Monoclonal anti-polyhistidine antibody
(Sigma) and goat anti-mouse IgG (H + L)-AP conjugate
(Bio-Rad) were used as primary and secondary antibodies,
respectively. Recombinant ROR2 protein was prepared
using the similar approach and used as a control for WD.

In vivo TumorModel
NCR-nu/nu (nude) mice were obtained from Taconic.

Cells from each stable line were concentrated to 2 � 106 per
200 AL and injected s.c. into the left flank of each mouse.
Each group of a stable line contained 10 mice. Once
xenografts became established, their sizes were measured
every 5 days. The tumor volume was calculated by the
formula: 0.5236 L1(L2)

2, where L1 is the long axis and L2 is
the short axis of the tumor. All of the animal studies were
approved by the Institutional Animal Care and Use
Committee at University of California at Irvine.
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Immunohistochemistry
Flank tumors from injected animals were fixed in

formalin and sectioned (4 Am). Antigen retrieval was done
using 10 mmol/L sodium citrate (pH 6.0) at 95jC for
15 min. Slides were incubated with anti-human WIF1
antibody at 1:50 dilution and then with a biotinylated
secondary antibody. Staining was visualized using horse-
radish peroxidase-3,3¶-diaminobenzidine Cell & Tissue
Staining Kit (R&D Systems) according to the manufac-
turer’s instructions. Slides were counterstained with hema-
toxylin and photographed using a light microscope.
Negative control samples were exposed to a secondary
antibody and stained.

Statistics
Comparisons of cell density, number of colonies, relative

levels of mRNA expression, and relative levels of protein
expression between the different transfections were con-
ducted by using Student’s t test. For tumor growth
experiments, repeated-measures ANOVA was used to
examine the differences in tumor size among different
transfections, time points, and transfection-time interac-
tions. Additional post-hoc testing was done to examine the
differences in tumor size between vector control and other
transfections at each time point by using conservative
Bonferroni method. All statistical tests were two sided.
P < 0.05 was considered statistically significant.

Results
Ectopic Expression ofWIF1 inT24 and TSU-PR1Cell

Lines Results in a Decrease of Anchorage-Dependent
and Anchorage-Independent Growth
T24 and TSU-PR1 cell lines lack endogenous WIF1

expression (determined by semiquantitative reverse tran-
scription-PCR; data not shown). To study the potential
biological effect of WIF1 on invasive bladder cancer cells,
T24 and TSU-PR1 cells were stably transfected with the
pRK5/WIF1-IgG plasmid. The selected stable clones
expressed different levels of WIF1-IgG fusion protein as
confirmed by Western analysis with anti-human IgG
antibody. Data from a representative T24/WIF1 or TSU/
WIF1 clone is shown (Fig. 1A). The vector control trans-
fectants were named as T24/pRK5 and TSU/pRK5,
respectively (Fig. 1A). In addition, Fig. 1A indicates the
secretion of WIF1-IgG fusion protein into conditioned
medium. The final concentrations of secreted WIF1-IgG
protein from different clones were estimated to range
from 13 to 122 ng/mL, made by comparison with the
known concentrations of recombinant WD proteins (data
not shown).
For anchorage-dependent growth, each transfected cell

line was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay. Figure 1B shows that
both T24 and TSU-PR1 clonal lines stably transfected with
WIF1-IgG plasmid exhibit a lower growth rate than T24
and TSU-PR1 cells transfected with vector control pRK5 do
(P values < 0.01, Student’s t test). Because T24 cells cannot
grow in soft agar or nude mice, we only examined the

anchorage-independent growth of each transfected TSU-
PR1 clonal line. Figure 1C and inset show that the TSU-PR1
clonal line stably expressing WIF1 forms 95% fewer
colonies in soft agar than TSU-PR1 cells transfected with
vector control do (P < 0.01, Student’s t test). However, we
were unable to detect any polyADP-ribose polymerase
cleavage (a hallmark for apoptosis) and an increase in pre-
G1 population by fluorescence-activated cell sorting anal-
ysis in all of those transfected cell lines, suggesting that

Figure 1. Ectopic expression of WIF1 in human urinary bladder cancer
T24 and TSU-PR1 cells leads to a decrease of anchorage-dependent and
anchorage-independent growth. A, WIF1 expression in cell lysates and
conditioned medium of the representative stable transfectants was
determined by Western blotting with anti-human IgG. B, cell proliferation
assay in bladder cancer T24 and TSU-PR1cells expressing pRK5 vector
control or WIF1 at 1, 3, and 5 d after cell seeding. C, qualitative (inset )
and quantitative analyses of soft agar colony formation in TSU-PR1 cells
expressing pRK5 vector control or WIF1. Columns, mean of four
independent wells at optimum time of 21 d after the start of cell seeding;
bars, SE.
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ectopic WIF1 expression did not cause significant apoptosis
in T24 and TSU-PR1 cells (data not shown). These results
suggest a biological role of WIF1 as a growth inhibitor
during bladder carcinogenesis.

Ectopic Expression ofWIF1 Induces G1Arrest inT24
and TSU-PR1 Cells Was Associated with Inhibition
ofWnt1-Mediated CanonicalWnt Pathway
We next examined whether the cell growth-inhibitory

effects of WIF1 expression were due to the perturbation in
cell cycle progression. Figure 2A indicates a significant
increase in the G1 population in WIF1- versus pRK5-
transfected T24 and TSU-PR1 cells. The G1 populations in

pRK5- or WIF1-transfected T24 and TSU-PR1 cells are 41%
and 40% versus 53% and 61%, respectively (P < 0.01,
Student’s t test). The accumulation in the G1 population by
WIF1 expression was accompanied by a decrease of cell
population in both S and G2-M phases.
CDK2 is a major kinase responsible for G1-S-phase

transition during cell cycle progression (32). Consistent
with the result of WIF1 expression inducing G1 arrest,
Fig. 2B shows a significant decrease in CDK2 activities in a
WIF1 stable clone compared with vector control-transfected
cells. Although there is no significant change in the protein
level of CDK2 among the different clones, two major CDK2

Figure 2. WIF1 induces G1 arrest and inhibits the Wnt/h-catenin-mediated signaling pathway in T24 and TSU-PR1 cells. A, cell cycle distribution was
analyzed by flow cytometry as detailed in Materials and Methods. Graphical presentation of percent cell cycle distribution in T24 and TSU-PR1 cells
expressing pRK5 control or WIF1, respectively. Mean of three samples for each experiment. Results were similar in two independent experiments. B,
histone H1-associated CDK2 kinase activity was determined in T24 and TSU-PR1 cells expressing pRK5 control or WIF1, respectively, as described in
Materials and Methods. Western blotting analysis of p27/Kip1, p21/WAF1, and CDK2 in T24 and TSU-PR1 cells expressing pRK5 control or WIF1,
respectively. Total protein lysates were used for SDS-PAGE and Western blotting. Membranes were detected by labeling with primary antibodies followed
by addition of peroxidase-conjugated secondary antibody and visualized by ECL. The membrane was ‘‘stripped’’ and reprobed with anti-actin antibody for
determination of protein loading. Representative of three independent experiments. C, immunoprecipitation assay of WIF1/Wnt1 complex. Concentrated
conditioned medium from culturing T24 and TSU-PR1 cells expressing pRK5 control or WIF1 were incubated with anti-human IgG and protein A-agarose
beads overnight at 4jC and probed with anti-Wnt1 antibody. Representative of three independent experiments in each case. D, Western blotting analysis
of h-catenin, phospho-GSK3h, c-myc, and SKP2 protein expression in T24 and TSU-PR1 cells expressing pRK5 control or WIF1, respectively. Membranes
were ‘‘stripped’’ and reprobed with anti-actin antibody for determination of protein loading control. Representative of three independent experiments.
DR, densitometry measurement ratio relative to control treatment after adjusting for densities of h-actin loading control.
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inhibitor proteins, p21 and p27, are significantly induced
by ectopic expression of WIF1 (Fig. 2B). These results
indicate the WIF1-promoted G1 arrest is not likely due to a
decrease in protein expression of the critical kinase CDK2
but is associated with significant increases in the CDK2
inhibitors: p21 and p27.
WIF1 was reported to bind Drosophila wingless, a

homologue of human Wnt1 (12). Wnt1 has also been
shown to bind to the extracellular domain of Ryk receptor
that is homologous to WD (33). Thus, WIF1 may bind to
Wnt1 via the WD to inhibit signaling. Figure 2C indicates
that WIF1/IgG fusion protein forms an immunocomplex
with endogenous Wnt1 in WIF1- but not pRK5-transfected
TSU-PR1 and T24 cells. The multiple Wnt1 protein bands in
TSU-PR1 cells suggest its modification by glycosylation
and palmitoylation. Figure 2D shows that WIF1 over-
expression causes a decrease in the protein levels of
cytosolic h-catenin without evidently altering the level of
membranous h-catenin. In addition, WIF1 expression
decreases the phosphorylation levels of phospho-GSK3h
at Ser9. These results provide evidence that WIF1 expres-
sion inhibits the Wnt/h-catenin pathway in T24 and TSU-
PR1 cells. In addition, WIF1 expression is associated with
down-regulation of two cell cycle regulators: c-myc and
SKP2 (Fig. 2D). c-myc is a putative Wnt target gene and a
repressor for p21 transcription (25) and SKP2 is a E3
ubiqutin ligase responsible for regulation of p27 protein
degradation (34). Thus, p21 and p27 accumulation by WIF1
expression (Fig. 2B) may be due to the inhibition of Wnt
signaling-mediated c-myc and SKP2 gene transcription.
Together, our data suggest that WIF1 binds to Wnt1 for
inhibition of Wnt1/h-catenin pathway, which leads to
down-regulation of specific cell cycle-related Wnt target
genes for G1 arrest and decreased cell growth.

Inhibition of NuclearWnt Signaling by DN-LEF1or by
shRNA Knockdown of TCF4 Decreases SKP2 Expres-
sion Leading to Cell Growth Inhibition
To examine whether inhibition of Wnt signaling in the

nucleus results in effects similar to Wnt inhibition by WIF1
at the membrane, we have constructed a DN-LEF1
expression plasmid for inhibition of TCF4/LEF1- and h-
catenin-mediated transcription (30). We have successfully
established stable TSU-PR1 cell clones expressing DN-LEF1
mRNA (Fig. 3A, inset). Figure 3A and B show that TSU-PR1
cells stably transfected with DN-LEF1 exhibit a significant-
ly lower rate of anchorage-dependent and anchorage-
independent growth than those transfected with pRK5 at
the end of experiments (P values < 0.01, Student’s t test).
Consistent with the results of WIF1 described above
(Fig. 2B and D), the growth-inhibitory effect of DN-LEF1
on TSU-PR1 cells was associated with down-regulation of
c-myc and SKP2 and up-regulation of the CDK inhibitors:
p21 and p27 (Fig. 3C). These results strongly suggest that
WIF1-mediated cell growth inhibition and cell cycle
regulation may be involved in transcriptional regulation
by nuclear Wnt signaling.
In addition, we stably transfected four shRNA constructs,

targeting different exons of TCF4, into TSU-PR1 cells. Two

constructs (named as shTCF4 C and D) that successfully
knocked down the protein expression of TCF4 by 75%
to 90% were chosen for further studies (Supplementary
Fig. S1B).6 Consistently, knockdown of TCF4 expression by
shRNA caused cell growth inhibition and down-regulation

Figure 3. Inhibition of Wnt signaling in TSU-PR1 cells by DN-LEF1
decreases anchorage-dependent and anchorage-independent growth via
alteration of cell cycle regulation. A, cell proliferation assay in TSU-PR1
cells expressing control or DN-LEF1 at 1, 3, and 5 d after cell seeding.
Inset, total RNA was extracted and reverse transcription-PCR analysis of
DN-LEF1 mRNA in TSU-PR1 cells expressing DN-LEF1 or transfected with
control vector as described in Materials and Methods. B, quantitative
analysis of soft agar colony formation in TSU-PR1 cells expressing DN-
LEF1 or transfected with control vector. Columns, mean of four
independent wells at optimum time of 21 d after the start of cell seeding;
bars, SE. C, Western blotting analysis of p27/Kip1, p21/WAF1, c-myc,
and SKP2 protein expression in TSU-PR1 cells expressing DN-LEF1 or
transfected with control vector. Membranes were ‘‘stripped’’ and
reprobed with anti-actin antibody for determination of protein loading
control. Representative of three independent experiments.

6 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).
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of SKP2 protein expression in TSU-PR1 cells (Supplemen-
tary Fig. S1A and B)6 similar to the effects of DN-LEF1.
Together, these results suggest a potential role of SKP2 as a
Wnt target gene.

Ectopic Expression of WIF1 or DN-LEF1 in TSU-PR1
Cells Decreases SKP2mRNATranscriptionvia Inhibition
ofTCF4 and B-Catenin Binding to SKP2 Promoter
Using real-time PCR analysis, we observed that stable

transfection of WIF1 or DN-LEF1 in TSU-PR1 cells is

associated with down-regulation of a known Wnt target
gene AXIN2 and SKP2 mRNA expression and up-

regulation of p21 mRNA levels (P values < 0.05, Student’s
t test; Fig. 4A). However, there is no significant change in
mRNA expression of p27 in these WIF1 or DN-LEF1

transfectants (P values > 0.05, Student’s t test; Fig. 4A). The
down-regulation of AXIN2 gene expression in general
indicates inhibition of the Wnt/h-catenin signaling in these

WIF1- or DN-LEF1-expressing cells (32).

Figure 4. Ectopic expression of WIF1
or DN-LEF1 in TSU-PR1 cells inhibits
TCF4 and h-catenin binding to SKP2
promoter sequences. A, real-time RT-
PCR analysis of p21, p27 , and SKP2
mRNA of stable WIF1 or DN-LEF1 trans-
fectants in TSU-PR1 cells as mentioned
in Materials and Methods. h-Actin was
determined as a loading control. B, partial
nucleotide sequence of human SKP2
gene promoter. The transcriptional start
site (+1 ) and the potential TCF4/LEF1,
GATA, nuclear factor-nB, AP-1, GABP,
and E2F binding sites are underlined .
C, chromatin immunoprecipitation assay
as described in Materials and Methods.
Chromatin immunoprecipitation using
anti-TCF4 and anti-h-catenin antibodies
was done in TSU-PR1 cells. Eluted DNA
fragments were purified and used for
PCR using primers specific for the SKP2
proximal promoter. TCF/LEF binding ele-
ments are composed of a highly con-
served consensus sequence 5¶-(A/T)(A/
T)CAA(A/T)G-3¶. Input, 1:20 reversal
cross-link chromatin DNA; NG, negative
control without antibody. D, chromatin
immunoprecipitation/real-time PCR assay
as described in Materials and Methods.
The chromatin immunoprecipitation
results obtained by three independent
replicate experiments are represented as
percentage of input. Bars, SE. Black and
white bars, chromatin immunoprecipita-
tion signals; grid bars, signals from the
no antibody control (NoAb ).
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Given that inhibition of Wnt signaling by either WIF1 or
DN-LEF1 expression down-regulates SKP2 mRNA expres-
sion (Fig. 4A), we reasoned that SKP2 gene could be
transcriptionally regulated by TCF4 or its cofactor h-
catenin. By searching the promoter sequence of SKP2 in a
transcription factor binding site database using Genomatix
software, we found two consensus motifs for the TCF4
binding site [(A/T)(A/T)TCAAAG] (Fig. 4B). Furthermore,
we tested by chromatin immunoprecipitation whether
TCF4 or h-catenin can bind to the SKP2 promoter sequence
and whether Wnt inhibitors WIF1 and DN-LEF1 can inhibit
the binding of TCF4 or h-catenin to the SKP2 promoter.
Figure 4C shows that TCF4 or h-catenin is constitutively
bound to the SKP2 promoter in TSU-PR1 cells. In contrast,
ectopic expression of either WIF1 or DN-LEF1 inhibits the
in vivo binding of TCF4 and h-catenin to the SKP2
promoter predominantly through TCF/LEF1 binding site
2, which is closer to the SKP2 transcription initiation site.
Furthermore, real-time PCR was done to quantify the
enrichment of TCF/LEF1 binding site sequences in the
TCF4- and h-catenin-bound DNA from transfected cells.
Figure 4D shows that the enrichment of TCF/LEF1 binding
site 1 in TCF4- and h-catenin-bound DNA is f0.64% and
0.59% relative to input, respectively, and the enrichment of
TCF/LEF1 binding site 2 in TCF4- and h-catenin-bound
DNA is f0.85% and 0.58% relative to input, respectively,
from control transfected TSU-PR1 cells. However, the yield
of TCF/LEF1 binding site 1 sequences in the TCF4- and
h-catenin-bound DNA was only 0.15% and 0.17% relative
to input from WIF1-transfected cells (P values < 0.05,
Student’s t test) and 0.4% and 0.37% relative to input in
DN-LEF1-transfected cells (P values > 0.05, Student’s
t test), respectively. The yield of TCF/LEF1 binding site 2

sequences in the TCF4- and h-catenin-bound DNA was
only 0.02% and 0.01% from WIF1-transfected cells and
0.1% and 0.15% in DN-LEF1-transfected cells, respectively
(P values < 0.01, Student’s t test).
In addition, Supplementary Fig. S26 shows that ectopic

expression of SKP2 in WIF1-overexpressing TSU-PR1 cells
results in f10% decrease in G1 population accompanying
by an increase in S and G2-M population (P values < 0.05,

Figure 5. Recombinant WD protein inhibits Wnt1-mediated signaling
and cell growth via G1 arrest and down-regulation of SKP2. A and B,
expression and purification of recombinant WD protein (amino acids 27-
176) in E. coli by Ni-NTA chromatography and gel filtration as detailed in
Materials and Methods. The recombinant WD protein was induced with
1 mmol/L IPTG at 37jC and the refolded WD protein was purified by
nickel column chromatography with an imidazole gradient elution (20-500
mmol/L) and gel filtration on HiLoad 16/60 Superdex 75 column
chromatography. Purified WD was subjected to SDS-PAGE and Western
blot analysis to verify the protein. Membrane was probed for anti-His
antibody. C, effect of the recombinant WD protein on the Wnt/h-catenin
pathway in mouse fibroblast L cells. L cells were treated with Wnt1 and
Wnt3a conditioned medium and recombinant WD for 3 h. The cell lysates
were prepared and Western blotting was done using anti-h-catenin
antibody. D, effect of the recombinant WD protein on cell proliferation
in T24 cells. Cells (2 � 104) were plated in 24-well culture plates
and treated 48 h with different concentrations from 4.53 nmol/L to
0.29 Amol/L. The cell viabilities were measured by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assays. P < 0.05 at the concen-
trations of 0.145 and 0.29 Amol/L recombinant WD protein. Bars, SD. E,
effect of the recombinant WD protein on cell cycle distribution in T24 cells.
T24 cells were treated with WD buffer (control) or 0.145 and 0.29 Amol/L
WD for 48 h and cell cycle distribution was analyzed by flow cytometry
as detailed in Materials and Methods. F, effect of the recombinant WD
protein on SKP2 protein expression in T24 cells. T24 cells were treated
with 0.07, 0.145, and 0.29 Amol/L WD or 0.29 Amol/L recombinant ROR2
proteins for 48 h and the SKP2 protein expression was determined by
Western blotting as detailed in Materials and Methods.
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Student’s t test). Together, these results suggest that Wnt
signaling engages cell cycle regulation, at least in part,
through transcriptional regulation of SKP2.

Recombinant WD Protein Inhibits Wnt Signaling
and Cell Growth via G1 Arrest and Down-Regulation
of SKP2
To test the effect of WIF1 on bladder cancer cells in a

physiologically relevant manner, we have used a recom-
binant WD protein produced in E. coli . Figure 5A and B
show the homogeneity of purified WD protein, which
migrates as a protein of the expected molecular weight of
f20 kDa. We next examined the ability of this recombi-
nant WD protein to inhibit Wnt-mediated signaling.
Mouse fibroblast L cells do not express cadherins or
sequester h-catenin into membrane-bound fractions.
Therefore, L cells and Western analysis of total h-catenin
provide a convenient method to monitor canonical Wnt
signaling and the inhibitory effect of added factors (35).
Figure 5C shows that treatment with conditioned medium
containing Wnt1 and Wnt3a for 3 h caused a significant
accumulation of h-catenin in L cells. Conversely, addition
of WD, to 0.29 Amol/L, in combination with Wnt1- and
Wnt3a-containing conditioned medium resulted in an
inhibition of Wnt1- and Wnt3a-induced h-catenin accu-
mulation (Fig. 5C).
Further, we observed that addition of WD leads to the

inhibition of the growth of T24 cells in a dose-dependent
manner (Fig. 5D). At 0.29 Amol/L concentration, WD
protein inhibits the growth of T24 cells by 40% (P < 0.05,
Student’s t test). Moreover, Fig. 5E shows that the growth-
inhibitory effect of WD protein on T24 cells was associated
with a G1 arrest (G1 populations for vehicle control versus
0.145 or 0.29 Amol/L recombinant WD protein are 67%
versus 70% or 80%; P values < 0.05, Student’s t test).
Western analysis also reveals that recombinant WD protein
significantly decreased the SKP2 protein level in a dose-
dependent manner, whereas another recombined protein,
ROR2, obtained by similar method as WD protein, did not
reduce the SKP2 protein expression (Fig. 5F). This result
suggests the specificity of recombinant WD protein in
down-regulation of SKP2 expression in T24 cells. The sum
of results indicates that inhibition of the Wnt/h-catenin
pathway and attenuation of cell growth by WIF1 are
physiologically relevant.

WIF1 Inhibits In vivo Tumor Growth of TSU-PR1Cells
in a Xenograft MouseModel
Figure 6A shows that the ectopic expression of WIF1 in

TSU-PR1 cells results in a significant decrease in the growth
rate of tumors compared with control (P < 0.01, ANOVA).
The wet tumor weights in control and WIF1 transfectant
group recorded at the end of the treatment were 616.5 F
272 and 316.17 F 259 mg, respectively (Fig. 6B; n = 10,
mean F SD; P < 0.05, Student’s t test). Ectopic WIF1
expression attenuated tumor growth by 58%. Immunohis-
tochemical analysis using an anti-WIF1 antibody confirms
WIF1 protein expression in tumors from WIF1-transfected
cell line but not in tumor from vector control cell lines
(Fig. 6C).

Discussion
The reported molecular mechanisms for regulation of the
G1-S transition by Wnt signaling include (a) its direct
regulation of cyclin D1 transcription (29) and (b) its indirect
control of p21 expression via targeting c-myc transcription
(25). The present study provides the first evidence to
support the notion that Wnt signaling also requires
regulation of SKP2, the F-box subunit of the ubiquitin-
ligase complex SCFSKP2/p27 degradation pathway, for Wnt
signaling-mediated G1-S transition in human urinary
bladder cancer cells. The link between Wnt signaling
and SKP2 is based on the following findings: the
promoter sequence of SKP2 contains the consensus motif
[(A/T)(A/T)TCAAAG] for the TCF/LEF binding site;
inhibition of Wnt signaling either by WIF1 at the membrane
level or by a DN-LEF1 or knockdown of TCF4 by shRNA at
the nuclear level down-regulates SKP2 mRNA and protein
expression and decreases the in vivo binding of TCF4/h-
catenin to the SKP2 promoter sequence. Treatment of
bladder cancer T24 cells with functional recombinant WD
protein also results in a decrease of SKP2 protein
expression. Conversely, enhancing Wnt signaling by over-
expression of Wnt coreceptor LRP5 in prostate cancer
22Rv1 cells increases the expression of SKP2.7 Taken
together, these results indicate that SKP2 is a potential
target of Wnt regulation in several human cancer cells.
Accumulating evidence suggest that SKP2 is an impor-

tant oncoprotein (34). Frequent amplification of the SKP2
gene has been detected in primary lung cancers and in cell
lines expressing high-risk human papillomavirus (36, 37).
Pathways like phosphatidylinositol 3-kinase, nuclear fac-
tor-nB, and Notch signaling have been shown to regulate
SKP2 transcription (38). In addition, several potential
regulatory elements have been identified in the promoter
sequence of SKP2, including binding sites for transcription
factors c-Rel/nuclear factor-nB, AP-1, SRY, Sp1, GATA,
FOXP3, and E2F (38–42). Notably, the potential Wnt target
gene SKP2 and the confirmed Wnt target c-myc (25) are the
direct targets of the Notch signaling (42). Because c-myc
acts as a transcription repressor for p21 gene expression
(25) and p27 protein is a major physiologic target for SKP2-
mediated degradation (34, 39), there is a striking similarity
between Notch and Wnt signaling in terms of p21 and p27
regulation and for the regulation of a proliferation/
differentiation balance. Given that multiple transcriptional
factors can bind to the promoter sequence of SKP2 , we can
speculate that Wnt signaling may act cooperatively with
other developmental pathways (e.g., Notch pathway;
ref. 43) or growth factor pathways (e.g., AP-1) to regulate
SKP2 transcription, leading to a cell type-specific prolifer-
ation in G1 as described in its regulation of stem and
progenitor cells (25). Thus, our results argue that Wnt
signaling regulating the SKP2/p27 degradation pathway

7 Y. Tang et al., unpublished data.
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may be physiologically relevant in bladder cancer. This
testable hypothesis will need to be further studied.
We show here that WIF1 expression exhibited significant

cell and tumor growth-inhibitory effects on human urinary
bladder cancer cell lines. This result is consistent with recent
reports that overexpression of WIF1 inhibits the growth of
multiple other cancer cell lines (13–24). Moreover, the use of
recombinantWD protein in this study has allowed us to rule
out the possibility that nonphysiologically relevant second-
ary factors produced by WIF1-expressing cells in the
cultures were the source of the observed growth-inhibitory
effects of WIF1. Among Wnt family members, Wnt1 and
Wnt3a are known to be essential growth factors in small
intestine, colon tissues, and stem cells (44, 45). The three-
dimensional structure of the WD protein determined by
nuclear magnetic resonance spectroscopy suggests that the
WD recognizes and binds to Wnts via palmitoylation and
that the recognition of palmitoylated Wnts by WIF1 is
affected by its WD rather than by its epidermal growth
factor domains (46). We show here that WIF1 fusion protein
can form an immunocomplex withWnt1 in cell cultures and
that WD protein inhibits both Wnt1- and Wnt3a-containing
conditioned medium-mediated h-catenin accumulation. In
addition, the inhibition of Wnt-mediated growth effect on
bladder cancer cells by expression of WIF1 is associated
with inhibition of the h-catenin-mediated cell proliferation.
This is evidenced by an activation of GSK3h, by a decrease
in the cytosolic h-catenin levels, and by a reduction in
TCF4-mediated transcription of cell cycle-related genes
(e.g., c-myc and SKP2). Conversely, Urakami et al. (7)

showed that suppression of WIF1 expression by small
interfering RNA in the bladder cancer cell line, UMUC,
up-regulated the expression of Wnt target genes including
c-myc and cyclin D1 and accelerated cell growth. Taken
together, these results provide strong evidence that the
mechanisms for WIF1-inhibiting bladder cancer cell growth
is associated with its inhibition of Wnt-mediated and h-
catenin-dependent transcription of cell cycle-related Wnt
target genes.
In summary, our data are consistent with the model

shown in Fig. 6D. The antiproliferative effect of WIF1 on
bladder cancer cells is associated with its inhibition of
Wnt/h-catenin-mediated transcription of cell cycle-
regulating genes (c-myc and SKP2). The down-regulation
of c-myc and SKP2 then results in accumulation of p21/
WAF1 and p27/Kip1, which bind to and inhibit CDK2
kinase, thereby inhibiting cell growth. In addition, we show
that WIF1 decreases SKP2 gene transcription by inhibiting
the in vivo binding of TCF4 and h-catenin to the SKP2
promoter. For the first time, these results suggest that SKP2
is a potentially important target gene for the Wnt/h-
catenin-regulated G1-S transition. Therefore, our results
have provided new information for understanding mech-
anisms of bladder cancer pathogenesis, which may facili-
tate development of novel target agents for bladder cancer
therapy and prevention.
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Figure 6. Ectopic expression of
WIF1 in TSU-PR1 cells inhibits tumor
growth in a xenograft model. TSU-
PR1 cells (2 � 106) stably trans-
fected with pRK5 control or WIF1
were injected into the left flank of
NCR-nu/nu (nude) mice. A, points,
mean tumor volume (each group
contains 10 mice); bars, SE. B, at
the termination of the study on day
50, tumors were excised from each
mouse in different groups and
weighed. Wet weight of tumors is
represented as mean of 10 tumors
from individual mouse in each group.
P < 0.05 at the termination of the
experiments. Bars, SE. C, immuno-
histochemical staining of ectopic
WIF1 expression (with anti-WIF1
antibody) in harvested mouse tumor
samples. D, model of a mechanism
by which WIF-1 induces G1 arrest.
WIF-1 inhibits Wnt/h-catenin- and
TCF4/LEF1-mediated transcription
of cell cycle-related genes (SKP2
and c-myc ), leading to up-regulation
of p27 and p21 followed by G1

arrest.
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