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Abstract

It is not yet understood how the enhanced expression 
of pancreatic adenocarcinoma up-regulated factor 
(PAUF; a novel oncogene identified in our recent stud-
ies), contributes to the oncogenesis of pancreatic 
cells. We herein report that PAUF up-regulates the ex-
pression and transcriptional activity of β-catenin while 
the suppression of PAUF by shRNA down-regulates 

β-catenin. The induction of β-catenin by PAUF is medi-
ated by the activities of Akt and GSK-3β, but inhibition 
of downstream ERK does not reduce β-catenin ex-
pression. To test whether PAUF emulates either the 
Wnt3a-mediated or the protein kinase A-mediated sig-
naling pathway for the stabilization of β-catenin, we ex-
amined the phosphorylation status of β-catenin in the 
presence of PAUF compared with that of β-catenin dur-
ing treatment with Wnt3a or dibutyryl cAMP, a cell per-
meable cyclic AMP analogue. PAUF expression in-
duces phosphorylation at Ser-33/37/Thr-41 and 
Ser-675 of β-catenin but no phosphorylation at Ser-45, 
indicating that a unique phosphorylation pattern of 
β-catenin is caused by PAUF. Finally, the expression 
of PAUF up-regulates both cyclin-D1 and c-Jun, target 
genes of β-catenin, leading to a rapid proliferation of 
pancreatic cells; conversely decreased PAUF ex-
pression (by shRNA) results in the reduced pro-
liferation of pancreatic cells. Treatment with hexa-
chlorophene (an inhibitor of β-catenin) reduces the 
proliferation of pancreatic cells despite the presence 
of PAUF. Taken together, we propose that PAUF can 
up-regulate and stabilize β-catenin via a novel pattern 
of phosphorylation, thereby contributing to the rapid 
proliferation of pancreatic cancer cells.
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Introduction

Pancreatic cancer has an extremely poor prog-
nosis with a 5-yr survival rate of less than 5% 
(Ghaneh et al., 2007; Maitra and Hruban, 2008). 
The only potential curative treatment for pancreatic 
cancer is surgery, but only 10-20% of patients are 
candidates for surgery at the time of presentation. 
To overcome obstacles such as late diagnosis, the 
aggressive nature of the tumor, and resistance to 
existing therapeutic regimens (Hawes et al., 2000), 
novel tumor-specific biomarkers and genetic path-
ways that may lead to potential diagnostic and 
therapeutic targets are desperately needed.
    Studies of gene expression patterns using serial 
analysis of gene expression (SAGE), cDNA arrays 
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and oligonucleotide arrays provide much inform-
ation about the molecular characteristics of pan-
creatic cancers and can be used to distinguish 
closely related cancer subtypes (Iacobuzio-Dona-
hue et al., 2003a; 2003b). In a recent study, we 
reported that a novel secretory protein, pancreatic 
adenocarcinoma up-regulated factor (PAUF), is 
highly expressed not only in pancreatic cancer 
tissues but also in colon, ovary and stomach 
cancer tissues and the introduction of PAUF into 
CHO cells causes tumor formation in xenografted 
nude mice (Kim et al., 2009). In further studies, we 
demonstrated that PAUF expression enhances 
migration and invasion by up-regulating CXCR4, 
which eventually facilitates the metastasis of pan-
creatic cancer (Lee et al., 2010).
    Wnts are secreted glycoproteins that play im-
portant roles in cell proliferation, differentiation and 
oncogenesis (Polakis, 2000). The Wnt signal is 
initiated by the interaction of Wnts (Wnt1, 3a, and 
8) with the Frizzled receptor and low density 
lipoprotein receptor-related protein 5/6 (LRP 5/6) 
co-receptors (Giles et al., 2003). The signal is then 
transduced through the disheveled protein to 
negatively regulate glycogen synthase kinase-3β 
(GSK-3β), resulting in the accumulation of cyto-
plasmic β-catenin. The β-catenin is then trans-
located into the nucleus, where it forms a complex 
with the T cell factor/lymphocyte enhancer factor 
(TCF/LEF) families of transcription factors to 
activate the expression of β-catenin responsive 
genes, such as cyclin-D1, c-Jun, c-Myc and per-
oxisome proliferator-activated receptor-δ (He et al., 
1998, 1999; Tetsu and McCormick, 1999; Saadeddin 
et al., 2009). Many types of cancers display the 
accumulation of β-catenin and the consequent 
activation of TCF/LEF-dependent gene transcription.
    In quiescent cells, β-catenin is maintained in 
the cytoplasm at low levels. This is facilitated by 
its interaction with scaffolding proteins, adeno-
matous polyposis coli (APC) protein, axin, and 
protein kinases such as casein kinase 1a (CK1a) 
and GSK-3β, which phosphorylate β-catenin on 
Ser-45 and then Ser-33/37/Thr-41 sites, respec-
tively, leading to its ubiquitination and proteosomal 
degradation (Rubinfeld et al., 1996; Aberle et al., 
1997; Liu et al., 2002). Wnt and other growth 
stimuli cause the phosphorylation of GSK-3β, 
resulting in the inactivation of GSK-3β-mediated 
phosphorylation at the Ser-33/37/Thr-41 sites and 
then culminating in the stabilization of β-catenin 
and subsequent translocation to the nucleus (van 
Noort et al., 2002). Other recent studies have 
shown that Protein Kinase A (PKA) can also 
stabilize β-catenin, in this case by phosphorylation 
at the Ser-675 site (Hino et al., 2005; Taurin et al., 

2006). 
    Following our earlier demonstration that PAUF 
can contribute to the oncogenesis of pancreatic 
cells, we herein propose a mechanism for this 
effect, which is that PAUF can induce the up- 
regulation of β-catenin and β-catenin-mediated 
transcriptional activity, which may in turn potentiate 
malignant progression in pancreatic cells. 

Results

PAUF up-regulates the expression and 

transcriptional activity of β-catenin

In earlier work we described an up-regulated novel 
gene in pancreatic cancer cells (which we called 
pancreatic adenocarcinoma up-regulated factor; 
PAUF) and showed its oncogenic activity using a 
xenografted nude mouse model (Kim et al., 2009). 
However, the mechanism by which PAUF could 
contribute to the oncogenesis of pancreatic cells 
was not clear. Our attention was drawn to β- 
catenin, which plays a crucial role in many 
biological phenomena such as development, cell 
proliferation and tumorigenesis (Ghaneh et al., 
2007; Maitra and Hruban, 2008). To explore 
whether PAUF might regulate β-catenin, we first 
transfected the Panc-1 pancreatic cell line so that it 
stably contained either a vector alone (Panc-Vec) 
or vector plus PAUF (Panc-PAUF), and BxPC3, 
pancreatic cells stably expressing either a control 
shRNA (Bx-ConshRNA) or PAUF shRNA (Bx- 
PAUFshRNA). As shown in Figure 1A, Panc-PAUF 
cells dramatically enhanced the expression of 
β-catenin compared with Panc-Vec. In contrast, 
Bx-PAUFshRNA cells showed reduced β-catenin 
levels compared with Bx-ConshRNA cells. When 
we furthermore examined the level of β-catenin 
mRNA in Panc-PAUF and Bx-PAUFshRNA cells, 
we found that the stable expression of PAUF also 
elevated β-catenin transcripts in Panc-PAUF cells 
compared with those in Panc-Vec cells while 
reduction of PAUF diminished β-catenin transcripts 
in Bx-PAUFshRNA cells compared with those in 
Bx-ConshRNA cells (Figure 1B). In addition, we 
introduced a Top Flash luciferase reporter vector, 
controlled by β-catenin/TCF-4 complex, to examine 
whether the elevated β-catenin levels caused by 
PAUF lead to functional activation and binding to 
the β-catenin/TCF binding element in the nucleus. 
As seen in Figure 1C, PAUF transfection enhanc-
ed β-catenin-mediated transcriptional activity in 
HEK293 T cells in a dose-dependent manner while 
PAUF transfection together with Fop Flash vector 
carrying a mutant TCF binding site failed to 
enhance β-catenin-mediated transcription activity. 
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Figure 1. PAUF induces the enhancement of β-catenin protein and tran-
scripts, leading to up-regulation of its transcriptional activity. (A) Panc-Vec 
(Con), Panc-PAUF (PAUF), Bx-ConshRNA (Con-Sh), and Bx-PAUFshRNA 
(PAUF-Sh) cells were prepared for cell lysates. Proteins were separated 
by 10% SDS-polyacrylamide gel electrophoresis (PAGE) and the ex-
pression of β-catenin was examined by immunoblotting using anti-β-cat-
enin antibody. (B) The cells were harvested and total RNA was isolated 
followed by reverse transcription. β-catenin sequences were amplified 
with specific primers and visualized on 1.5% agarose gels after ethidium 
bromide staining. β-actin was used for an internal control. (C) HEK293 T 
cells were transfected with Top-Flash (0.2, 1 μg) or Fop-Flash (0.2, 1 μg) 
luciferase reporter vector and were harvested at 48 h post-transfection. 
When the luciferase activity was measured, transfection efficiency was 
normalized with a β-galactosidase reporter vector pGK-β-gal (1 μg). The 
results shown are the average of three experiments; bars indicate stand-
ard deviations.

Taken together, these results suggest that PAUF 
expression induces not only β-catenin trans-
criptional activity but also up-regulation of the 
β-catenin protein level and activation of its 
downstream targets.

PAUF activates Akt-GSK3β signaling via a unique 
pattern of phosphorylation of β-catenin

To determine whether PAUF-mediated up-regu-
lation of β-catenin emulates activation patterns 
induced through the Wnt3a signaling pathway, we 
employed HEK293 cells expressing Frizzled-1 
(HEK293-FZ), a Wnt3a receptor. The cells were 
treated with Wnt3a, and we compared the phos-
phorylation pattern of Akt and GSK-3β with that of 
Akt and GSK-3β in HEK293-Fz cells that were 
instead transfected with a PAUF vector. We also 
included in this analysis HEK293-Fz cells treated 
with Bt2-cAMP, as it has been reported that Protein 
kinase A (PKA) activation using this cAMP ana-
logue induces the accumulation of β-catenin (Hino 
et al., 2005). As seen in Figure 2A, both Wnt3a 
and Bt2-cAMP treatments elevated phosphorylation 
of Akt and especially GSK-3β; this was also seen 
in the PAUF-transfected cells, although the degree 
of activation of GSK-3β is much less. To dissect 
the extent to which PAUF-mediated signaling really 
overlaps with Wnt3a- or Bt2-cAMP-mediated sig-
naling, we compared the detailed phosphorylation 
status of β-catenin after PAUF transfection with 
that of β-catenin during Wnt3a or Bt2-cAMP 
treatment. Previous studies have shown that the 
canonical regulation of β-catenin is achieved 
through its phosphorylation by CK1α at the Ser-45 
site and by GSK-3β at the Sre-33/37 and Thr-41 
sites. These phosphorylation events target β- 
catenin for ubiquitination and subsequent degra-
dation through the proteosome system (Rubinfeld 
et al., 1996; Aberle et al., 1997; Liu et al., 2002). In 
contrast, recent studies have reported that PKA 
can phosphorylate β-catenin at Ser-552 and 
Ser-675, resulting in its stabilization (Hino et al., 
2005; Taurin et al., 2006). Thus, we wondered 
whether PAUF expression would modulate phos-
phorylation of β-catenin through the canonical 
Wnt3a signaling pathway or the noncanonical PKA 
pathway. As shown in Figure 2B, all three treat-
ments (Wnt3a, Bt2-cAMP and PAUF transfection) 
caused a significant accumulation of β-catenin 
protein; however Wnt3a and Bt2-cAMP treatment 
actually decreased phosphorylation of the Ser- 
33/37 and Thr-41 residues while PAUF expression 
by transfection slightly increased phosphorylation 
at these residues. In addition, PAUF expression 
greatly decreased phosphorylation of Ser-45 while 
Wnt3a signaling and Bt2-cAMP treatment caused a 
minor decrease in phosphorylation at the Ser-45. 
When we examined the extent of phosphorylation 
at the Ser-675 residue during each treatment, we 
found that all three stimuli resulted in an increased 
phosphorylation signal that corresponded to the 
increase of β-catenin levels contrary to earlier 
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Figure 2. PAUF activates the Akt-GSK-3β signaling axis but exhibits a different phosphorylation pattern of β-cat-
enin compared with Wnt3a- or Bt2-cAMP treatment. (A, B) HEK293-FZ cells were treated with culture medium con-
taining Wnt3a or culture medium without Wnt3a as a vehicle, and Bt2-cAMP or DMSO as a vehicle. HEK293-Fz 
cells were also transfected with PAUF expression vector or an empty vector. After proteins from cell lysates were 
separated on 10% SDS-PAGE, Akt, GSK-3β, β-catenin and PAUF were detected with the corresponding anti-
bodies and their activities were measured with the corresponding phospho-specific antibodies. Phosphoryation 
states of β-catenin after the treatment were detected with anti-phospho-β-catenin antibodies for Ser-33/37 and 
Thr-41, Ser-45, and Ser-675 of β-catenin. Band intensities of phospho-β-catenin were analyzed with Multi Gauge 
Ver2.1 program. Relative intensity of the sample was expressed compared with that of mock-treated control in 
each group. 

reports (Hino et al., 2005; Taurin et al., 2006). 
Taken together, although each of PAUF, Wnt3a and 
Bt2-cAMP utilizes the Akt-GSK3β pathway, it 
seems that PAUF may activate a distinct phos-
phorylation pattern for β-catenin regulation. 

PAUF utilizes the Akt-GSK-3β pathway but does not 
use PKA, Ras or ERK MAPK signaling molecules for 
the up-regulation of β-catenin

We next wondered how PAUF is able to up- 
regulate and activate β-catenin. In particular, we 
questioned whether the Akt-GSK-3β or the PKA 
signaling pathways are specifically involved in the 
regulation of β-catenin expression and activity. To 
answer this question, we treated Panc-Vec or 
Panc-PAUF cells with wortmannin (an inhibitor of 
PI-3 kinase and indirectly of Akt), LiCl (an inhibitor 
of GSK-3β) or H-89 (an inhibitor of PKA). As 

shown in Figure 3A, PI-3 kinase/Akt inhibition by 
wortmannin reduced β-catenin protein levels while 
GSK-3β inhibition by LiCl enhanced the abundance 
of β-catenin protein, even after PAUF stimulation. 
H-89 treatment did not affect the β-catenin protein 
level in Panc-PAUF cells. These results at least 
suggest that PAUF utilizes the Akt-GSK-3β sig-
naling pathway for the regulation of β-catenin. As 
earlier studies have reported that activation of ERK 
and Ras positively regulate Wnt3a signaling and 
lead to β-catenin stabilization (Kim and Choi, 2007; 
Castellone et al., 2009), we next examined Ras 
activity in Panc-PAUF cells. As seen in Figure 3B, 
similar levels of active Ras molecules are present 
in both Panc-Vec and Panc-PAUF cells as de-
tected by binding to GST-Raf-RBD fusion protein, 
indicating that PAUF does not activate Ras. As our 
recent study has shown that MAPKs (including 
ERK and JNK) are activated during soluble PAUF 
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Figure 3. Akt-GSK-3β signaling is involved in PAUF-mediated stabilization of β-catenin but PKA, Ras, and ERK 
are not. (A) Panc-Vec and Panc-PAUF cells were treated with wortmannin (10 μM), LiCl (20 mM), or H-89 (1 mM) 
and DMSO as mock for 12 h and then prepared as cell lysates. After proteins from cell lysates were separated on 
10% SDS-PAGE, β-catenin and β-tubulin were detected with the corresponding antibodies. (B) Glutathione 
S-transferase (GST) or GST-Raf-RBD protein were added to cell lysates from Panc-Vec and Panc-PAUF and ac-
tive Ras was pulled down with glutathione-agarose. The precipitated mixtures were separated on 12% SDS-PAGE 
and Ras protein was detected with anti-Ras antibody. Total Ras protein in the lysates was also detected (bottom 
center) in the lysates as a control. (C) Panc-Vec and Panc-PAUF cells were treated with PD98059 (PD; 30 μM), 
SP600125 (SP; 20 μM), or SB202190 (SB; 20 μM) MAPK inhibitors and harvested at 12 h after treatment. After 
proteins from cell lysates were separated on 10% SDS-PAGE, β-catenin, ERK, JNK, and p38 MAPK were de-
tected with the corresponding antibodies and their activities were measured with the corresponding phospho-spe-
cific antibodies.

protein treatment (Lee et al., 2010), we then 
treated Panc-Vec or Panc-PAUF cells with MAPK 
inhibitors to assess a possible role for MAPK in 
PAUF-mediated β-catenin up-regulation. Of inter-
est, we found that ERK inhibition does not in-
fluence β-catenin expression in the presence or 
absence of PAUF, while inhibition of JNK or p38 
MAPK mildly represses PAUF-induced β-catenin 
expression (Figure 3C), suggesting that PAUF- 
mediated signaling for β-catenin up-regulation is 
different from that of Wnt3a. 

PAUF enhances the expression of cyclin D1 and 
c-Jun, target genes of β-catenin, resulting in a rapid 
proliferation of pancreatic cells

To explore possible biological consequences of 
β-catenin up-regulation as caused by PAUF, we 
examined the expression levels of cyclin D1 and 
c-Jun, which are known as target genes of 

β-catenin. As shown in Figures 4A and 4B, the 
stable expression of PAUF increased cyclin D1 
protein levels in Panc-PAUF cells compared with 
those in Panc-Vec cells, while the shRNA- 
mediated reduction of PAUF diminished c-Jun 
protein levels in Bx-PAUFshRNA cells compared 
with that in Bx-ConshRNA cells. Furthermore, 
when we counted cell numbers over three days in 
Panc-PAUF and Panc-Vec cells to determine the 
consequences of up-regulation of cyclin D1 and 
c-Jun mediated by PAUF, we observed that 
Panc-PAUF cells proliferate slightly more rapidly 
than Panc-Vec cells (P ＜ 0.05, Figure 4A). 
Conversely, when we counted cell numbers in 
Bx-ConshRNA and Bx-PAUFshRNA cells, we 
clearly showed that Bx-PAUFshRNA cells exhibited 
slower proliferation than Bx-ConshRNA cells (P
＜ 0.01, Figure 4B). These results suggest that 
up-regulation of cyclin D1 and c-Jun mediated by 
PAUF can accelerate pancreatic cell proliferation. 
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Figure 4. Up-regulation of β-catenin mediated by PAUF accelerates proliferation of pancreatic cells. (A) Panc-Vec 
(Con) and Panc-PAUF (PAUF) cells were seeded on 12 well plates at 1 × 105 cells per well and cultured for 72 h. 
The cell numbers were counted at 24, 48 and 72 h using Trypan blue staining. Panc-Vec and Panc-PAUF cells 
were prepared for cell lysates. Proteins were separated from the cell lysates on 10% SDS-PAGE and the ex-
pression of β-catenin and cyclinD1 were examined by immunoblotting using the corresponding antibodies. The re-
sults shown are the average of three experiments; bars indicate standard deviations. (*, P ＜ 0.05) (B) 
Proliferation of Bx-ConshRNA (Con-Sh) and Bx-PAUFshRNA (PAUF-Sh) cells and the expression of β-catenin 
and c-Jun were analyzed as described in Figure 4A. The results shown are the average of three experiments; bars 
indicate standard deviations. (**, P ＜ 0.01). (C) Panc-PAUF and Bx-ConshRNA cells were seeded on 12 well 
plates at 1 × 105 cells per well and then treated with hexachlorophene (10 μM) for 48 h. The cell numbers was 
counted at 48 h using Trypan blue staining. The results shown are the average of triplicate wells. Bars indicate 
standard deviations (**, P ＜ 0.01). The expression of β-catenin was detected as described in Figure 4A.

Next, to address the possibility that the expression 
levels of β-catenin are directly related to the 
proliferation of pancreatic cells, hexachlorophene 
(an inhibitor of β-catenin that was used for our 
previous study; Min et al., 2009), was used to treat 
Panc-PAUF and Bx-ConshRNA cells. As seen in 
Figure 4C, inhibition of β-catenin expression with 
hexachlorophene suppressed both cell lines de-
spite the presence of PAUF (P ＜ 0.01). This result 
indicates that PAUF expression most likely en-
hances pancreatic cell proliferation through β- 
catenin. 

Discussion

Pancreatic cancer has a high mortality rate and 

short survival, as a result of the high incidence of 
metastatic disease at diagnosis, the fulminant 
clinical course and the lack of successful the-
rapeutic strategies (Hawes et al., 2000). We 
therefore sought in an earlier study to find useful 
diagnostic biomarkers or therapeutic molecular 
targets using a genechip expression analysis (Kim 
et al., 2009). This study led us to discover a novel 
gene that we named pancreatic adenocarcinoma 
up-regulated factor (PAUF), which was highly 
expressed in human pancreatic cancer. Further 
study revealed that PAUF plays important roles in 
cancer progression such as oncogenic activity and 
metastasis (Kim et al., 2009; Lee et al., 2010), and 
we have argued that PAUF may be a novel 
diagnostic marker as well as a therapeutic target in 
pancreatic cancer. 
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    However, the molecular mechanism by which 
PAUF participates in normal cell signaling and 
when in excess mediates the development of 
pancreatic cancer both remain unknown. We 
herein report that PAUF specifically activates and 
stabilizes β-catenin, leading to the rapid pro-
liferation of pancreatic cell lines. We find that 
PAUF-induced phosphorylation of β-catenin follows 
a different phosphorylation pattern compared with 
that achieved by Wnt3a or Bt2-cAMP treatment. 
Surprisingly, despite the common usage of Akt- 
GSK3β signaling by PAUF, Wnt3a or Bt2-cAMP, 
only PAUF induced β-catenin hyper-phosphory-
lation of Ser-33/37 and Thr-41, which is thought to 
lead to its ubiquination and proteosomal degra-
dation, but in this case β-catenin was actually 
stabilized. However, Wnt3a and Bt2-cAMP did not 
induce β-catenin phosphorylation at the Ser-33/37 
and Thr-41 residues. On the basis of these re-
sults, we speculate that PAUF may also recruit 
or activate a molecule that is downstream of 
GSK-3β, and thereby interrupt the ubiquitin E3 
ligase-mediated degradation of β-catenin that is 
otherwise predicted. For example, there is growing 
evidence that CK2 phosphorylates Thr-393 of 
β-catenin, leading to its stabilization (Wu et al., 
2009). In addition, a long form of cellular FLIP 
(FLICE/caspase 8 inhibitory protein) has been 
shown to stabilize β-catenin (Nakagiri et al., 2005). 
Furthermore, it has been recently reported that 
the acetyltransferase p300/CBP-associated factor 
(PCAF) can directly acteylate and stablize β- 
catenin, leading to its stabilization and, finally, 
protease-activated receptor-1 (PAR-1) can also 
induce β-catenin stabilization through Gα13, in-
dependently of Wnt signaling (Ge et al., 2009). 
Thus, in our next round of experiments, we will 
explore in more detail the molecular mechanisms 
by which PAUF signaling can stabilize and activate 
β-catenin.
    Our observation that β-catenin stabilization can 
enhance the proliferation of pancreatic cell lines is 
strongly supported by other studies showing that 
activation of β-catenin alone is sufficient to induce 
pancreatic tumorigenesis using Cre/lox transgenic 
mice (Heiser et al., 2008), and also that deletion of 
the β-catenin gene results in a loss of pancreas 
mass during development (Heiser et al., 2006). We 
suggest that the rapid proliferation of pancreatic 
cancer cell lines can be explained at least in part 
by the elevated cyclin D1 and c-Jun expression 
caused by PAUF-induced β-catenin. Because the 
PAUF-β-catenin signaling axis may be a crucial 
therapeutic target in pancreatic tumors, we are 
currently screening small molecules that may block 
activation of PAUF-mediated β-catenin signaling 

and thereby retard or block pancreatic cancer 
growth.

Methods

Cell cultures and transfection

Panc-1 cells stably expressing vector (Panc-Vec) or PAUF 
(Panc-PAUF), BxPC3 cells stably expressing control shRNA 
(Bx-ConshRNA) or PAUF shRNA (Bx-PAUFshRNA), Wnt3a- 
secreting L cells, and HEK293 cells expressing Frizzled 
(HEK293-Fz) were cultured in Dulbecco's modified Eagle's 
medium supplemented with 10% fetal bovine serum, 1% 
penicillin and streptomycin, and G418 (500 μg/ml). HEK293- 
Fz cells were plated at 5 × 105 cells per 60-mm-diameter 
plate at 24 h before transfection and the cells were then 
transfected with 2 μg of DNA using lipofectamine 2000 
(Invitrogen, Carlsbad, CA).

Reagents and antibodies

Wortmannin, LiCl, H-89, Bt2-cAMP, PD098059, SP600125 
and SB202190 were purchased from Calbiochem (San 
Diego, CA). Hexachlorophene was purchased from Sigma 
(St. Louis, MO). For immunoblotting, anti-GSK-3β, anti-c- 
Jun, anti-Ras and β-tubulin antibodies were obtained from 
Santa Cruz Biotech (Santa Cruz, CA). Anti-Akt, anti-phos-
pho-Akt (Ser-473), anti-phospho-GSK-3β (Ser-9), anti-ERK1/2, 
anti-phospho-ERK (Thr-202/Tyr-204), anti-JNK, anti-phos-
pho-JNK(Thr-183/Tyr-185), anti-p38, anti-phospho-p38 (Thr- 
180/Tyr-182), anti-β-catenin and anti-phospho-β-catenin (Ser- 
33/37/Thr-41, Ser-45, or Ser-675) antibodies were ac-
quired from Cell Signaling Biotech (Danvers, MA). Glu-
tathione S-transferase (GST)-Raf-RBD fusion protein was 
obtained from Cytoskeleton (Denver, CO) to capture active 
Ras. For Wnt3a treatment, Wnt3a was used from culture 
supernatants from Wnt3a-secreting L cells. 

Western blotting assay

Cells were harvested and lysed with lysis buffer (0.15 M 
NaCl, 1% Nonidet P-40, 50 mM Tris [pH7.5]) containing 0.1 
mM Na2VO3, 1 mM NaF, and protease inhibitors (Sigma- 
Aldrich, St. Louis, MO). For immunoblotting, proteins from 
whole cell lysates were resolved by 10% or 12% SDS- 
PAGE and transferred to nitrocellulose membranes. Pri-
mary antibodies were used at 1:1,000 or 1:2,000 dilutions, 
and secondary HRP-conjugated antibodies (Santa Cruz) 
were used at 1:2,000 dilution in 5% nonfat dry milk. After 
final washing, nitrocellulose membranes were exposed 
using chemiluminescence assays (GE-Amersham, Piscata-
way, NJ). 

Luciferase reporter assay

HEK 293 T cells were transfected with TOP Flash- or FOP 
Flash-vectors. To normalize transfection efficiency, a pGK- 
βgal vector that expresses β-galactosidase from a phos-
phoglucokinase promoter was included in the transfection 
mixture. At 48 h post-transfection, cells were washed with 
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cold PBS and lysed in lysis solution (25 mM Tris [pH7.8], 2 
mM EDTA, 2 mM DTT, 10% glycerol, and 1% Triton-X100). 
Luciferase activity was measured with a luminometer by 
using a luciferase kit (Promega, Madison, WI).

Reverse transcription-polymerase chain reaction 
(RT-PCR)

Total RNA was extracted from cells using RNeasy protect 
cell mini kit (Qiagen, Valencia, CA) in accordance with the 
manufacturer’s instructions. Three micrograms of total 
RNA was converted to cDNA using Superscript II reverse 
transcriptase (Invitrogen), and PCR was performed using 
specific primers as described elsewhere (Jang et al., 2005; 
Choi et al., 2008). The cDNAs of each sample were diluted 
and PCR was run at the optimized cycle number. Beta- 
actin mRNA was measured as an internal standard. The 
relative ratio of β-catenin/β-actin level was expressed after 
measurement of the band intensity using Multi Gauge Ver. 
2.1 (Fuji Photo Film, Japan).

Active Ras capture assay

To capture GTP-bound Ras from cell lysates, a GST-Raf- 
RBD fusion protein was used as described elsewhere 
(Ayroldi et al., 2002). The cells were lysed with lysis buffer 
and supernatants were incubated with glutathione-agarose 
on ice for 30 min to exclude nonspecific binding. After 
centrifugation, the supernatant was harvested, followed by 
adding GST-Raf-RBD (Cytoskeleton). The solution was 
incubated on ice for 1 h followed by adding glutathione- 
agarose to capture active Ras, which can bind to GST- 
Raf-RBD. To detect the captured Ras, immunoblotting was 
performed with anti-Ras antibody.

Statistical analysis

Data were presented as mean ± standard error. The 
Student t test was used for statistical analysis, with a P  
value ＜ 0.05 defined as significance.
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