












sion of Dpr1 also led to a decrease of Dvl in the nucleus, and
importantly AA Dpr1 is more potent than WT Dpr1 on this
effect (Fig. 5H). Consistent with these, knockdown of c-Jun and
Dvl1/2/3 impeded the forskolin-induced reporter expression
(Fig. 5I). Collectively these data support that PKA potentiates
Wnt signaling by enhancing Dvl activity in the nucleus.
COX-2 Stabilizes Dvl Proteins—COX-2 has been reported to

be up-regulated in certain cancers, including colorectal can-
cers, and can activate PKA via PGE2 (51, 52). This prompted us
to examinewhether COX-2 inhibition affectsWnt signaling via
the PKA-Dvl axis. We found that the COX-2 inhibitor cele-
coxib could decrease Wnt-responsive reporter activity in
Caco2 cells (Fig. 6A), which express a high level of COX-2 (data
not shown). Interestingly, PKA could rescue the inhibitory
effect of celecoxib on the Wnt-responsive reporter (supple-
mental Fig. S6A). The PKA inhibitor Rp-cAMP also inhibited
reporter expression (Fig. 6A). Consistent with this, both inhib-
itors reduced the expression of theWnt target genesAxin2 and
cyclinD1 (Fig. 6B). Importantly, ectopic expression ofDvl could
rescue the inhibitory effect of Rp-cAMP and celecoxib on the
Wnt-responsive reporter in Caco2 cells (Fig. 6C).

In line with the above results, both celecoxib and Rp-cAMP
decreased the Dvl protein levels in Caco2 cells (Fig. 6D). It is
worth noting that these inhibitors did not change the active
�-catenin levels, consistent with a high basal �-catenin activity
in Caco2 cells (53). Taken together; these data suggest that
COX-2 functions via PKA to stabilize Dvl proteins and thus
activate Wnt signaling in Caco2 cells.
PKA-mediated Dpr1 Phosphorylation Plays a Role in

Tumorigenesis—It is well established that deregulation ofWnt
signaling is associated with colon cancer development. To test
whether PKA-induced hDpr1 phosphorylation may contribute
to tumorigenesis, we generated Caco2 clones that stably
expressed wild-type and the AA mutant hDpr1 (supplemental
Fig. S6B). As expected, expression of theWnt target geneAxin2
was significantly reduced in the hDpr1-expressing cellswith the
lowest level in the AA mutant cells (supplemental Fig. S6C).
Colony formation assay showed that hDpr1 decreased colony
formation, and the colony number was even lower in AA
mutant cells (Fig. 6E). Consistent with this, hDpr1 significantly
suppressed tumor growth in nudemice, and theAAmutantwas
more effective (Fig. 6F). These data together suggest that hDpr1

FIGURE 5. PKA-induced 14-3-3-hDpr1 interaction stabilizes Dvl proteins. A and B, 8-Br-cAMP stabilizes Dvl2 in HEK293T (A) and Caco2 cells (B). HEK293T and
Caco2 cells were treated with carrier DMSO or 8-Br-cAMP for 4 h and then harvested for anti-Dvl immunoblotting. C, PKA antagonizes hDpr1-induced Dvl
degradation. HEK293T cells were transfected with indicated plasmids. Dvl level was examined by anti-FLAG immunoblotting at 40 h post-transfection.
D, PKA-induced Dvl stabilization requires hDpr1. Wild-type or Dpr1�/� mouse embryonic fibroblasts were treated with 8-Br-cAMP or forskolin for 4 h and then
harvested for anti-Dvl immunoblotting. E, difopein attenuates the ability of PKA to stabilize Dvl. HEK293T cells were transfected with indicated plasmids. Dvl2
level was determined at 40 h post-transfection. F and G, Caco2 cells were treated with forskolin, 8-Br-cAMP, Rp-cAMP, or celecoxib for 12 h. Cytosolic and nucleic
fractions were used to determine Dvl2 levels by anti-Dvl2 immunoblotting. Tubulin and lamin B are cytosol and nucleus markers, respectively. H, overexpres-
sion of hDpr1 decreases Dvl level in the nucleus. HEK293T cells were transfected with the indicated plasmid. Dvl levels were determined at 48 h post-
transfection. I, knockdown of Dvl and c-Jun attenuates Wnt responsive reporter expression in HEK293T cells. HEK293T cells were transfected with indicated
plasmids and harvested at 48 h post-transfection for luciferase assay. The number below the gel indicates the relative Dvl band densities after normalizing
against tubulin or lamin B. WB, Western blot.
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negatively regulates cell growth, and phosphorylation-defective
mutation enhances the antiproliferative effect of hDpr1.
The above results demonstrate that COX-2 stabilizes Dvl

and activates Wnt signaling via PKA in Caco2 cells. To further
establish the link among COX-2, PKA, and Dvl in tumorigene-
sis, we examined the protein expression of COX-2, pCREB, and
Dvl in human colon tumor samples and found that COX-2
expression and CREB phosphorylation significantly correlated

with Dvl expression (Fig. 6G). These data suggest that PKA-
induced Dvl stabilization may contribute to COX-2-mediated
colon cancer development.

DISCUSSION

How Dpr1 regulates Wnt signaling is still largely unclear. In
this study, we provide evidence that 14-3-3� interacts with
hDpr1, and its interaction attenuates the inhibitory effect of

FIGURE 6. PKA-mediated Dvl stabilization is correlated with colon cancer development. A, celecoxib and (Rp)-cAMP decrease LEF-luciferase expression.
Caco2 cells transfected with indicated plasmids were treated with celecoxib (10 �M) or (Rp)-cAMP (10 �M) for 12 h and then harvested for luciferase assay.
B, celecoxib and (Rp)-cAMP decrease the expression of cyclin D1 and Axin2. Caco2 cells were treated with celecoxib or (Rp)-cAMP for 4 h. Total RNA was isolated
for qRT-PCR to determine the expression of cyclin D1 and Axin2. The fold change in mRNA levels was derived from three independent experiments and
expressed as means � S.D. after normalizing against GAPDH. C, Dvl2 rescues the inhibitory effects of celecoxib and (Rp)-cAMP on LEF1-luciferase expression.
Caco2 cells were transfected with the reporter or the reporter plus Dvl2 and were then treated with celecoxib or (Rp)-cAMP for 24 h before harvesting of the cell
for luciferase assay. D, celecoxib and (Rp)-cAMP decrease Dvl2 level in Caco2 cells. After celecoxib or (Rp)-cAMP treatment for 4 h, Caco2 cells were harvested for
immunoblotting. The number below the gel indicates the relative band densities after normalizing against tubulin. WB, Western blot. E, ectopic expres-
sion of hDpr1 inhibits colony formation. Caco2 cells stably expressing empty vector, wild-type hDpr1, or AA mutant were cultured in soft agar for 14 days
in the presence of 0.5 �g/�l G418 and then stained with crystal violet. The colony number was counted and expressed as mean � S.D. from triplicate
experiments. F, hDpr1 suppresses tumor formation in nude mice. Nude mice at 4 – 6 weeks of age were injected subcutaneously with indicated Caco2
stable cells. Tumors were dissected and weighed 4 weeks later. G, Dvl protein levels are positively correlated with COX-2 and pCREB in colon tumor
samples. Immunohistochemical analysis was carried out with anti-Dvl, anti-COX-2, or anti-pCREB antibodies and revealed by staining with diamino-
benzene. Left panels, a representative of Dvl, pCREB, and COX-2 staining. Right panels, summary of the expression correlation between Dvl, pCREB, and
COX-2. The correlation between Dvl and pCREB levels or Dvl and COX-2 levels was analyzed with � test. The asterisk indicates a statistically significant
difference (**, p � 0.01; *, p � 0.05).
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hDpr1 on Wnt signaling. We found that the 14-3-3�-hDpr1
association depends on PKA-mediated phosphorylation of
hDpr1 at the residues Ser-237 and Ser-827. The substitution of
these serine residues with alanine eliminates PKA-enhanced
14-3-3�-hDpr1 interaction. Furthermore, PKA-induced 14-3-
3-hDpr1 interaction impairs the ability of hDpr1 to promote
Dvl degradation, consequently promoting Wnt signaling. We
further found that PKA-mediated hDpr1 phosphorylation may
play a role in tumorigenesis. These results demonstrated that
PKA positively regulates Wnt signaling by attenuating Dpr1 to
degrade Dvl.
PKA Facilitates the Interaction between 14-3-3 and hDpr1—

In a yeast two-hybrid screening, we identified 14-3-3�, a phos-
phoserine-binding protein (34, 36), as an interactor of hDpr1.
Their interaction was verified by immunoprecipitation, and all
of the seven 14-3-3 isoforms could interact with hDpr1 when
overexpressed in HEK293T. Furthermore, we demonstrated
that the 14-3-3-hDpr1 association requires the conserved
amphipathic groove of 14-3-3 proteins involved in the bind-
ing with the phosphorus moiety of its binding partners (47),
as 14-3-3� K51E mutant lost its binding with hDpr1, and
difopein, a peptide binding to the substrate-binding site of
14-3-3 (46), impaired the association. The interaction also
depends on the PKA-mediated phosphorylation of hDpr1 at
Ser-237 and Ser-827 as PKA overexpression or activation
enhanced it, although PKI or mutation of these residues to
alanine decreased it.
A recent study showed that XenopusDpr1 can be phosphor-

ylated by casein kinase 1�/� (54). This phosphorylation is pro-
moted by the interaction of Dpr1 with Dvl, and it in turn
decreases this interaction. Interestingly, the casein kinase
1-mediated phosphorylation attenuates the ability of Dpr1
to promote �-catenin degradation. Although the underlying
mechanism is unclear and the phosphorylation sites remain
to be identified, this observation is in line with our finding
that phosphorylation negatively modulates Dpr1 activity.
PKA Regulates Wnt Signaling via Dpr1 and Dvl—We found

that PKA can positively modulate the Wnt/�-catenin pathway
by phosphorylating hDpr1 and therefore stabilizing Dvl indi-
rectly. PKA can physically interact with hDpr1 and augments
the 14-3-3-hDpr1 association. We further identified Ser-237
and Ser-827 in hDpr1 as the phosphorylation sites of PKA.
Phosphorylation of these sites is functionally important as the
alanine substitution of these residues abrogated the 8-Br-
cAMP-enhanced 14-3-3�-Dpr1 interaction and PKA-medi-
ated Dvl stabilization.We noticed that the mutation of Ser-237
and Ser-827 to aspartic acid could not enhance the 14-3-3�-
hDpr1 association. It could be explained by the previous obser-
vation that aspartic acid and glutamic acid residues are poor
substitutes for phosphoserine or phosphothreonine in mediat-
ing 14-3-3 binding (55).
PKA can facilitate Wnt/�-catenin signaling through inacti-

vation of GSK3 or stabilization of�-catenin (39–41). However,
in colon cancer cells, which usually exhibit high canonicalWnt
signaling activity due to loss-of-function mutations in APC or
gain-of-function mutations of �-catenin (1, 3, 6, 7, 53), we
found that forskolin can further increase Wnt3a-stimulated
reporter activity and the expression of Wnt target genes in

SW480 and Caco2 cells. Inhibition of GSK3 by LiCl could not
further increase the active form of �-catenin in these cells and
other colon cancer cells we tested. These data suggest that PKA
may potentiate Wnt signaling independently of GSK3 inhibi-
tion and/or �-catenin stabilization in these colon cancer cells.

Previous studies showed that 14-3-3� can stabilize AKT-
phosphorylated �-catenin and therefore enhance �-catenin
transcriptional activity (37) or cooperate with Chibby to
sequester �-catenin in the cytoplasm to antagonize the signal-
ing (38), thus modulating the Wnt/�-catenin pathway in both
positive and negativemanners.We found that 14-3-3� can pos-
itively regulate Wnt signaling by reversing the inhibitory effect
of hDpr1.We found that PKA stabilizesDvl by promoting 14-3-
3-hDpr1 association. PKA-induced Dvl stabilization depends
on the presence of 14-3-3 and hDpr1 as depletion of Dpr or
blocking 14-3-3 binding impeded PKA-induced Dvl stabiliza-
tion. It has been reported that 14-3-3 binding affects the sub-
cellular localization of various proteins (38, 49, 56), and hDpr1
shuttles between the cytoplasm and the nucleus (26). But PKA
influenced neither the subcellular localization of hDpr1 nor its
interaction with Dvl. How 14-3-3 binding influences hDpr1 to
control Dvl stability is still an open question. It has been
reported that 14-3-3 binding could induce a conformation
change of its binding proteins without changing their interac-
tion profile (57, 58). A similar mechanism could work here, and
it awaits future experimental confirmation.
PKA activators increased Dvl protein levels and the expres-

sion of Wnt target genes in SW480 cells. Consistently, inhibi-
tion of PKA activity by (Rp)-cAMP decreased Dvl levels and
impairedWnt signaling in Caco2 cells. How does Dvl up-regu-
lateWnt signaling in these colon cancer cells, which have a high
level of active �-catenin due to APC mutation (53)? Dvl has
been shown to up-regulate the transcriptional activity of Wnt
in the nucleus by cooperation with c-Jun (12). In accordance
with this, we observed that knockdown of c-Jun or Dvl expres-
sion decreases forskolin-stimulated Wnt reporter expression.
These data support the assumption that PKA could promote
Wnt signaling at the level of Dvl, independently of GSK3 inhi-
bition or direct �-catenin stabilization in colon cancer cells.
Moreover, we found that PKA activation resulted in an increase
of Dvl levels in the nucleus, whereas PKA inhibition decreased
its nuclear accumulation. Overexpression of Dpr1 has the same
effect as PKA inhibition. These data indicate that PKA can
modulate the Wnt pathway by regulating the nuclear accumu-
lation of Dvl proteins.
PAK-mediated Dvl Stabilization Plays a Role in Tumor-

igenesis—Up-regulation of COX-2 and its product PGE2 have
been associated with the development of colorectal cancer (43).
It has been documented that the activation ofWnt signaling by
PGE2 occurs primarily through PKA (44, 59). Consistent with
these observations, we found that PGE2 enhances hDpr1 phos-
phorylation and thus augments 14-3-3�-hDpr1 association,
whereas inhibition of COX-2 with celecoxib decreases the
14-3-3�-hDpr1 interaction. Both PKA and COX-2 inhibi-
tors decrease Wnt-responsive reporter expression and Dvl
levels in Caco2 cells. These data implied that COX-2 pro-
motes Wnt signaling by activating PKA in these cells. Using
Caco2 cells stably expressing wild-type and AA mutant
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hDpr1, we found that hDpr1 suppresses anchor-indepen-
dent growth of cells in soft agar and tumor formation in nude
mice. Moreover, the AA mutant is more potent in these
assays, indicating that PKA-mediated hDpr1 phosphoryla-
tion may promote tumor formation.
Dvl has been shown to be overexpressed in several types of

tumors (19–21). Our recent study also showed that Dvl expres-
sion positively correlates with colon cancer development (18).
To explore the possible link among COX-2, PKA, and Dvl in
tumorigenesis, we examined the levels of COX-2, pCREB (as an
indicator of PKA activity), andDvl in colon cancer samples, and
we found that COX-2 expression and PKA activity are posi-
tively correlatedwithDvl expression. These data together sug-
gest that the elevated PKA activity as a result of COX-2 up-
regulation may suppress hDpr1 activity and subsequently
increase Dvl protein levels in colorectal cancer. Indeed, Dpr1
and Dpr3 are down-regulated in human hepatocellular and
colorectal cancers, respectively (24, 33). Our results estab-
lish Dpr1 as another node for the cross-talk between PKA
and Wnt signaling. Our findings also suggest a new mecha-
nism underlying the role of COX-2 in colon cancer develop-
ment and provide a molecular basis for the possible inter-
vention of colon cancer.
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