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Wnt signaling regulates embryo development and tissue
homeostasis, and its deregulation leads to an array of diseases,
including cancer. Dapper1 has been shown to be a key negative
regulator of Wnt signaling. However, its function and regulation
remain poorly understood. In this study, we report that 14-3-33
interacts with human Dapperl (hDprl). The interaction is
dependent on protein kinase A (PKA)-mediated phosphoryla-
tion of hDpr1 at Ser-237 and Ser-827. 14-3-3f3 binding attenu-
ates the ability of hDpr1 to promote Dishevelled (Dvl) degrada-
tion, thus enhancing Wnt signaling. We further provide
evidence that PKA-mediated Dprl phosphorylation may con-
tribute to growth and tumor formation of colon cancer Caco2
cells. Finally, we show that cyclooxygenase-2 expression and
PKA activation are positively correlated with Dvl protein levels
in colon cancer samples. Together, our findings establish a novel
layer of regulation of Wnt signaling by PKA via the 14-3-3-
Dpr1-Dvl axis.

Both the canonical and noncanonical Wnt signaling path-
ways are evolutionarily conserved and play key roles in devel-
opment and disease (1—4). The canonical Wnt/B-catenin path-
way is initiated by Wnt ligands binding to their receptors
Frizzled and low density lipoprotein receptor-related protein
5/6 (LRP5/6), which leads to the cytosolic accumulation of
B-catenin by disrupting the B-catenin destruction complex
consisting of Axin, adenomatous polyposis coli (APC),”> and
glycogen synthase kinase 33 (GSK3). Accumulated -catenin
translocates into the nucleus and activates the transcription of
Wnt target genes in collaboration with the transcription factor
T cell factor/lymphoid enhancer factor (5, 6). In addition to the
planar cell polarity (PCP) pathway, which regulates cell polarity
and convergent extension, noncanonical Wnt signaling can
also be mediated by Ca®" and other signaling molecules (7, 8).
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Dishevelled (Dvl) is the central player in both the canonical
and noncanonical Wnt signaling pathways, serving as a scaffold
protein bridging Frizzled and downstream components (8 —10).
Dvl can also function in the nucleus (11), where it cooperates
with c-Jun, B-catenin, and TCF to regulate Wnt target gene
transcription (12). Therefore, like many other signaling pro-
teins, Dvl activity is tightly regulated. It can be phosphorylated
by casein kinase 2 (13). The stability of Dvl proteins is regulated
by an array of proteins, including Dapperl/Dactl, Inversin,
NEDLI, Prickle-1, and KLHL12 (14—17). Our recent work also
showed that Dvl protein is ubiquitinated by pVHL-containing
E3 ubiquitin ligase and can be regulated by autophagy (18). In
addition, altered Dvl expression has been implicated in onco-
genesis. Dvl is overexpressed in prostate cancer, non-small cell
lung cancer, mesothelioma, and other cancers, and its up-reg-
ulation has been indicated to be correlated with activation of
Wnt/B-catenin signaling (19 -21).

Dapperl (Dprl), also called Dactl, as a Dvl-interacting pro-
tein, is a negative regulator of both canonical and noncanonical
Wnt signaling (14, 22). Three Dpr family members, Dpr1, Dpr2,
and Dpr3, have been described in mammals (23), and they
appear to have distinct functions. Human Dpr1 as well as Dpr3
can inhibit Wnt signaling by promoting Dvl degradation (14,
24, 25). Dprl can also disrupt the formation of a complex
between B-catenin and LEF1 in the nucleus (26). Zebrafish
Dprl and Dpr2, as well as the Xenopus homolog Frodo, have
also been reported to positively regulate Wnt signaling; Dprl
functions in the canonical Wnt/B-catenin pathway although
Dpr2 acts in Wnt/Ca®"-PCP signaling (27, 28). We have also
demonstrated that zebrafish and mouse Dpr2 inhibit trans-
forming growth factor-B (TGF-B)/Nodal signaling by promot-
ing degradation of their type I receptors (25, 29). Studies with
knock-out mouse models revealed that Dpr2 functions in re-
epithelialization of skin wounds by attenuating TGF- signal-
ing (30), whereas Dprl plays a critical role in PCP signaling
during development of mice (31, 32). Dprl regulates morpho-
genesis of the primitive streak by controlling Vangl2 activity
(31) or modulates PCP signaling in early embryos by controlling
the level and the cellular localization of Dvl proteins (32). In
addition, Dpr1 and Dpr3 have been reported to be down-regu-
lated in human hepatocellular carcinoma and colorectal cancer,
respectively (24, 33).

The 14-3-3 protein family consists of seven members that are
highly conserved, ubiquitously expressed, and capable of mod-
ulating diverse biological processes through protein-protein
interactions (34). All 14-3-3 isoforms recognize three phosphor-
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ylation-dependent binding motifs: RSX(pS/T)XP, pSX,_,-
COOH, and RXXX(pS/T)XP, where pS/T represents a phos-
phoserine or phosphothreonine (35, 36). Both 14-3-3¢ and -€
have been reported to interact with B-catenin and can either
positively or negatively regulate Wnt signaling depending on
the cellular context (37, 38).

Cyclic AMP-dependent protein kinase (protein kinase A
(PKA)) has been shown to modulate Wnt signaling. PKA can
phosphorylate and stabilize B-catenin, facilitating Wnt/S-
catenin signaling (39, 40). The PKA-mediated phosphorylation
of GSK3a and GSK3p leads to inhibition of their kinase activity
(41). Cyclooxygenase-2 (COX-2) is involved in prostaglandin
E, (PGE,) synthesis and highly expressed in colon cancer (42,
43). PGE,, through PKA and protein kinase B (PKB/AKT) acti-
vation, has also been shown to promote 3-catenin signaling (44,
45).

In this study, we report that human Dprl (hDprl) interacts
with 14-3-3, and this interaction is dependent on the PKA-
mediated phosphorylation of hDprl at Ser-237 and Ser-827.
14-3-3 binding impairs the ability of hDprl to promote Dvl
degradation and enhances Wnt/[B-catenin signaling. Further-
more, we find a positive correlation between PKA activation
and Dvl protein levels in colon tumors. Our findings suggest a
molecular interaction between PKA, hDprl, and Dvl and a pos-
sible contribution of this interaction to tumorigenesis.

EXPERIMENTAL PROCEDURES

Expression Plasmids—The mammalian expression plasmids
for HA-tagged hDprl and FLAG-DvI2 were described previ-
ously (14). The 14-3-3 from pBluescript (kindly provided by Dr.
Jianguo Chen, Peking University) was subcloned into pCMV-
Myc. Human Dpr1(1-420) was amplified from the full-length
hDpr1 using PCR and cloned into pGBKT7 as a bait for yeast
two-hybrid screening. EYFP-difopein, PKI, and PKA plasmids
were kind gifts from Dr. Haian Fu (Emory University), Dr. Yuan
Zhang (Peking University), and Dr. G. Stanley McKnight (Uni-
versity of Washington), respectively. SiIRNA oligonucleotides
against Dvl1/2/3 and c-Jun were synthesized from Shanghai
GenePharma based on the sequences described previously (12).

Yeast Two-hybrid Screen—The yeast two-hybrid screen sys-
tem (Matchmaker 3) and the human embryonic brain library
were purchased from Clontech. Yeast two-hybrid screening
was performed according to the manufacturer’s instructions.

Cell Culture, Transfection, Immunoprecipitation, Immuno-
blotting, and Luciferase Reporter Assays—All the cells were
maintained in DMEM (Invitrogen) supplemented with 10%
FBS except Caco2 cells that were maintained in DMEM plus
20% FBS. Transfection, immunoprecipitation, immunoblot-
ting, and reporter assays were performed as described previ-
ously (14, 26). The sources of the antibodies are listed as follows:
anti-14-3-3, and JNK (Santa Cruz Biotechnology); HA and Myc
(made in-house); phosphoserine and FLAG (Sigma); DvI2,
CREB, PCREB, and nonphospho-B-catenin (Cell Signaling
Technology); secondary anti-mouse antibodies conjugated to
horseradish peroxidase (Amersham Biosciences). The human
Dpr1 antibody was described previously (14).

Mass Spectrometry Analysis—GST-hDprl was sliced out
from SDS-polyacrylamide gels and subjected to in-gel digestion
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as described previously (37). Protein reduction and alkylation
were performed with DTT and iodoacetamide, respectively.
Digestion was performed with trypsin overnight at 37 °C. Pep-
tides were extracted with 0.1% formic acid and subjected to
liquid chromatography-tandem MS (LC-MS/MS) analysis.

Quantitative RT-PCR— qRT-PCR was performed using total
RNA isolated from the indicated cells and repeated at least
three times for each gene with a Stratagene MX3000PTM sys-
tem using a SYBR Green assay. Expression values were normal-
ized to GAPDH expression. The primer sequences are as
follows: c-myc, 5'-TCTCCTTGCAGCTGCTTAG-3' and 5'-
GTCGTAGTCGAGGTCATAG-3'; Axin2, 5'-AGTGTGAG-
GTCCACGGAAAC-3" and 5'-CTTCACACTGCGATGCA-
TTT-3"; cyclin D1, 5'-CTGGCCATGAACTACCTGGA-3’
and 5'-CTCCGCCTCTGGCATTTTGG-3'; and GAPDH, 5'-
GAAGGTGAAGGTCGGAGTC-3" and 5'-GAAGATGG-
TGATGGGATTTC-3'".

Immunohistochemistry—The colon cancer tissue slides were
obtained from Xianfeng Biotech (Xi’an, China). The slides were
dewaxed in xylene and rehydrated according to a standard pro-
tocol, and the procedure was performed as described previously
(12).

Colony Formation Assay—To generate hDprl (wild-type and
the AA mutant) stable cell lines, transfected Caco2 cells were
selected in the presence of G418 (0.5 ug/ul). Cells were resus-
pended in DMEM (1 ml with 40% FBS and 0.33% agar) and
plated over a layer of solidified DMEM containing 40% FBS,
0.66% agar (2 ml). Plates were incubated at 37 °C for 2 weeks,
and colonies were stained with crystal violet (0.005%; Sigma).

Tumor Formation in Nude Mice—Caco?2 cells (5 X 10° cells
in 200 wl of PBS) were subcutaneously injected into 4 — 6-week-
old female mice. Six animals were used in each group. Mice
were sacrificed when tumors appeared 4—6 weeks later for
measurement of tumor weight. The animal study was approved
by the Animal Care Committee, Tsinghua University.

RESULTS

Human Dprl Interacts with 14-3-3—To identify hDprl-in-
teracting proteins, the N terminus of hDpr1(1-420) was used
as a yeast two-hybrid bait to screen a human fetal brain library.
One of the positive clones encoded the full-length 14-3-38. To
validate the interaction between hDpr1 and 14-3-38, HEK293T
cells were co-transfected with Myc-tagged hDprl and HA-
tagged 14-3-3B. Anti-HA immunoprecipitation and anti-Myc
immunoblotting revealed that hDprl was co-precipitated with
14-3-3 (Fig. 1A). Reverse co-immunoprecipitation assay also
confirmed this interaction (Fig. 1B).

We found that all the seven members of mammalian 14-3-3,
when ectopically expressed in HEK293T cells, were able to
interact with hDprl (supplemental Fig. S1A). The interaction
between 14-3-3 and hDprl could also be detected at endoge-
nous levels in HelLa cells (Fig. 1C). Furthermore, difopein, a
peptide binding to the substrate-binding site of 14-3-3 (46),
impaired the interaction between 14-3-38 and hDpr1 (Fig. 1D).
Domain mapping showed that all the truncated mutants of
hDprl bound to 14-3-3f, but the C-terminal region (amino
acid 611-836) had higher affinity (Fig. 1E). These results
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FIGURE 1. Identification of 14-3-3 8 as a human hDpr1-interacting protein. A and B, 14-3-3f3 interacts with human hDpr1. HEK293T cells were transfected
with HA-tagged 14-3-33 (1.5 ng) and Myc-hDpr1 (1.5 ng) or HA-hDpr1 and Myc-14-3-38. At 40 h post-transfection, cell lysates were harvested for anti-HA
immunoprecipitation (/P) and anti-Myc immunoblotting (upper panels). Protein expression was confirmed with total cell lysates (middle and lower panels).
G, interaction between hDpr1 and 14-3-33 at the endogenous levels. Hela cell lysates were subject to immunoprecipitation with control mouse IgG or
anti-14-3-38 antibody. 14-3-38-associated hDpr1 is revealed by anti-hDpr1 immunoblotting (upper panel). D, difopein impairs the 14-3-3 and hDpr1 interac-
tion. HEK293T cells were transfected with the indicated plasmids, and protein interaction was examined. £, mapping the 14-3-3B-interacting domain of hDpr1.
HEK293T cells were transfected with indicated plasmids and their interaction was examined. Asterisk indicates IgG heavy chain (B and E) or light chain (D). WB,

Western blot.

together demonstrated that 14-3-33 is a novel interacting pro-
tein of hDprl.

PKA Enhances the Interaction between 14-3-33 and hDprl—
The fact that 14-3-3 proteins typically bind to phosphoserine/
phosphothreonine-containing proteins prompted us to ask
whether 14-3-3f associates with hDpr1 in a phosphorylation-
dependent manner. As shown in Fig. 24, treatment of immu-
noprecipitated hDprl with calf intestine alkaline phosphatase
dramatically reduced its interaction with 14-3-3f. Several pos-
itively charged amino acids in a conserved amphipathic groove
of 14-3-3 proteins, for instance Lys-51 in the case of 14-3-3f,
have been found to be involved in the binding with the phos-
phorus moiety of its binding partners (47). Substitution of this
lysine with glutamic acid (K51E) greatly impaired the binding of
14-3-3B with hDpr1 (Fig. 2B), supporting that phosphorylation
plays a critical role in mediating hDpr1-14-3-3 interaction.

To identify the kinase mediating hDprl phosphorylation,
which is responsible for the recognition by 14-3-3, we inspected
all the consensus kinase phosphorylation sequences in hDprl
with the 14-3-3 binding sequences and found the possible
involvement of AKT and PKA. We then examined whether the
hDpr1 and 14-3-3f interaction was influenced by AKT or PKA.
As shown in Fig. 2C, overexpression of the catalytic subunit of
PKA markedly enhanced the interaction between 14-3-33 and
hDprl. PKA could also enhance hDprl association with
14-3-3¢ (supplemental Fig. S1B) and other isoforms (data not
shown). Consistently, hDpr1 associated with PKA (Fig. 2D). In
contrast, we did not observe any significant effect of AKT on
the 14-3-3B-hDpr1 interaction (supplemental Fig. S1C).

To confirm that PKA kinase activity per se is important for
the 14-3-3B-hDprl interaction, we stimulated PKA with the
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adenylate cyclase activator forskolin or the cyclic AMP analog
8-Br-cAMP and found that the 14-3-33-hDpr1 interaction was
augmented by these activators at overexpressed (Fig. 2E) and
endogenous (Fig. 2F) protein levels. It is well established that
COX-2-produced PGE2, can activate PKA via its receptor
EP2/4. Next, we tested if PGE, has any effect on the 14-3-33-
hDpr1 interaction. The data in Fig. 2G indicated that PGE2,
could also enhance the interaction, and celecoxib, a nonsteroi-
dal anti-inflammatory drug that inhibits COX-2 (42, 48),
decreased the interaction (Fig. 2H). Consistent with this, the
PKA inhibitor PKI inhibited the PKA-induced binding of
hDpr1 with 14-3-38 (Fig. 2]). These data strongly suggest that
the PKA-mediated phosphorylation of hDprl plays a critical
role in the 14-3-3-hDpr1 interaction.

PKA Phosphorylates hDprl at Ser-237 and Ser-827—The
requirement of PKA kinase activity for the 14-3-3-hDpr1 inter-
action led us to test whether hDpr1 is a direct substrate of PKA.
To this end, we generated a GST-tagged hDpr1 without inter-
fering with its inhibitory effect on Wnt signaling (supplemental
Fig. S2A). GST-hDpr1 was purified from HEK293T after treat-
ing with 8-Br-cAMP for 1 h (supplemental Fig. S2B) and sub-
jected to mass spectrometry analysis. Two serine residues (Ser-
237 and Ser-827) were identified to be phosphorylated (Fig.
3A). Both residues match well with the consensus PKA phos-
phorylation motif RXX(S/T) and are conserved among the
Dpr1 from different species (Fig. 3B). Substitution of them with
alanine abolished 8-Br-cAMP-induced serine phosphorylation
of hDpr1 (Fig. 3C), indicating that both Ser-237 and Ser-827 are
PKA phosphorylation sites. Consistently, PGE2 also induced
hDpr1 phosphorylation (Fig. 3D).
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FIGURE 2. Protein kinase A enhances 14-3-38 and hDpr1 interaction. A, 14-3-33 and hDpr1 interaction depends on phosphorylation. HA-hDpr1 expressed
in HEK293T cells was immunoprecipitated (/P) using anti-HA antibody, treated with or without calf intestinal alkaline phosphatase (CIAP), and then mixed with
an equal amount of total cell lysates from HEK293T cells expressing Myc-14-3-3 3. hDpr1-associated 14-3-33 was revealed by anti-Myc immunoblotting (upper
panel). Protein expression was confirmed with total cell lysates (middle and lower panels). WB, Western blot. B, K51E mutation of 14-3-33 impairs the 14-3-33-
hDpr1 interaction. Anti-HA immunoprecipitation and anti-Myc immunoblotting were performed to detect protein interaction in transfected HEK293T cells.
C-E, PKA enhances 14-3-38 and hDpr1 association and interacts with hDpr1. Transfected HEK293T cells were treated with 8-Br-cAMP or forskolin for 1 h prior
to harvesting (E). F, 8-Br-cAMP enhances endogenous 14-3-33 and hDpr1 interaction. Hela cells were treated with 8-Br-cAMP (25 um) for 1 h before
harvesting, and cell lysates were subject to immunoprecipitation with control mouse IgG or anti-14-3-3 antibodies. 14-3-3-associated hDpr1 was
revealed by anti-hDpr1 immunoblotting (upper panel). Arrow indicates the hDpr1 band. G, PGE, enhances the 14-3-338-hDpr1 interaction. HEK293T cells
were transfected with indicated plasmids. The cells were treated with PGE, (10 um) for 6 h before harvesting. Anti-FLAG immunoprecipitation and
anti-Myc immunoblotting were performed to detect protein interaction. H, celecoxib decreases the 14-3-38-hDpr1 interaction. The transfected
HEK293T cells were treated with celecoxib (10 um) for 6 h before harvesting./, PKl inhibits PKA-induced 14-3-3B8-hDpr1 interaction. Asterisk indicates IgG

heavy chain (A, C, D, and /) or light chain (B and E).

To further confirm that the PKA-mediated phosphorylation
contributes to the 14-3-3-hDrpl interaction, hDprl mutants
with a single or double mutation to alanine or aspartic acid of
Ser-237 and Ser-827 were tested for their ability to interact with
14-3-3. Without PKA stimulation, all of these mutants showed
a comparable binding affinity to 14-3-33, except for decreased
affinity in S237A and the double alanine mutants (AA) (Fig. 3E).
However, the PKA-enhanced 14-3-3B-hDprl interaction was
greatly impaired by alanine substitution (Fig. 3F). Mutation of
either Ser-237 or Ser-827 had a similar effect as mutation of
both suggested that both are important for 14-3-3 binding. Col-
lectively, the above results demonstrate that PKA promotes the
14-3-3-hDpr1 interaction by phosphorylating Ser-237 and Ser-
827 of hDprl.

PKA-mediated hDprl Phosphorylation Positively Modulates
Wt Signaling—To determine the functional significance of the
14-3-3-hDprl interaction on Wnt signaling, we examined
whether 14-3-3f influences Wnt signaling using Wnt-respon-
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sive luciferase reporters. As reported previously (14), hDprl
inhibited Wntl-induced expression of the reporter TOPFlash
(Fig. 4A). Overexpression of 14-3-33 could partially reverse the
inhibitory effect of hDpr1 in a dose-dependent manner. Co-ex-
pression of 14-3-33 with PKA increased the basal expression of
the Wnt-responsive LEF luciferase (Fig. 4B), and this coopera-
tion was further observed to reverse the inhibitory effect of
hDpr1 (Fig. 4C).

To confirm the importance of PKA-mediated Dprl phos-
phorylation in the modulation of Wnt signaling, we com-
pared the activities of wild-type and AA mutant hDprl in
inhibiting 8-Br-cAMP-induced Wnt reporter expression.
The data in Fig. 4D showed that the AA mutant was more
potent than wild-type hDpr1 to block 8-Br-cAMP-induced
Wnt reporter expression. Furthermore, both PKI and difo-
pein inhibited forskolin-enhanced Wnt reporter expression
(Fig. 4E). 14-3-3 (K51E), which cannot bind to hDprl, also
functioned in a dominant negative manner to impair
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reporter expression. These data strongly suggest that PKA
enhances Wnt signaling through phosphorylating hDprl
and modulating the 14-3-3-hDpr1 association. The conclu-
sion is further supported by the observation that the mRNA
levels of Wnt targets Axin2 and c-myc in SW480 cells and
Axin2 in HEK293T cells were elevated upon treatment of
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FIGURE 3. PKA phosphorylates hDpr1 at Ser-237 and Ser-827. A, GST-tagged hDpr1 was harvested from transfected HEK293T cells after 1 h of 8-Br-cAMP
treatment and subjected to mass spectrometry analysis. B, sequence alignment of Dpr1 proteins from different species. [dentical amino acids are shaded black
and conserved amino acids shaded gray. Ser-237 and Ser-827 are conserved in all the species. C, HEK293T cells were transfected with WT and AA (S237A and
S$827A) HA-hDpr1. The cells were treated with 8-Br-cAMP for 1 h before harvested for anti-HA immunoprecipitation and then anti-phosphoserine immuno-
blotting (upper panel). The membrane were stripped and re-probed with anti-HA antibody (lower panel). WB, Western blot. D, PGE, induces hDpr1 phosphor-
ylation. HEK293T cells were transfected with FLAG-hDpr1. The cells were treated with PGE, for 6 h before harvesting for anti-FLAG immunoprecipitation (/P)
and then anti-phosphoserine immunoblotting. The membrane were stripped and re-probed with anti-FLAG antibody. £ and F, HEK293T cells were transfected
with indicated plasmids for 40 h, and cell lysates were harvested for anti-HA immunoprecipitation and anti-Myc immunoblotting (upper panel). Protein
expression was confirmed by immunoblotting (middle and lower panels). Asterisk indicates IgG light chain (E and F).

8-Br-cAMP or forskolin (Fig. 4, F and G). 8-Br-cAMP also
activated a JNK-responsive reporter (supplemental Fig.
S3A), which can be used as an indicator of noncanonical Wnt
signaling (22). Consistent with this observation, both 8-Br-
cAMP and forskolin induced the phosphorylation of JNK

(supplemental Fig. S3B).
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FIGURE 4. PKA-mediated phosphorylation of hDpr1 positively modulates Wnt signaling. A, 14-3-33 reverses the inhibitory effect of hDpr1 on TOPFlash
reporter expression. HEK293T cells were transfected with TOPFlash-luciferase (0.3 ng), Wnt1 (0.2 ng), hDpr1 (0.2 ng), and increasing amounts of 14-3-33
plasmids (0.1,0.2, and 0.3 ug). The cells were harvested at 48 h post-transfection for luciferase measurement. Band C, PKA cooperates with 14-3-38 to increase
the expression of LEF-luciferase reporter. D, WT and AA mutant hDpr1 inhibits 8-Br-cAMP-activated LEF-luciferase activity. HEK293T cells were transfected with
indicated plasmids and treated with or without 8-Br-cAMP for 12 h before harvested for luciferase assay. E, PKI, difopein, and 14-3-33 (K51E) inhibit TOPFlash
expression. HEK293T cells were transfected with indicated plasmids, treated with Wnt3a conditioned medium and forskolin (25 um) for 20 h, and then
harvested for luciferase assay. F, 8-Br-cAMP increases the expression of Axin2 and c-myc in SW480 cells. After 8-Br-cAMP treatment for 12 h, total RNA was
isolated for gRT-PCR to determine the expression of Axin2 and c-myc. The fold change in mRNA level of genes was normalized to GAPDH. G, 8-Br-cAMP and
forskolin increase Axin2 expression in HEK293T cells. After treatment with Wnt3a conditioned medium, 8-Br-cAMP, or forskolin for 12 h, total RNA was isolated
for qRT-PCR to determine Axin2 expression. GAPDH was used as a control. In the reporter assay, pRL-tk Renilla reporter (20 ng) was co-transfected to normalize
transfection efficiency. All quantitative data were derived from three independent experiments and expressed as mean = S.D. The asterisk indicates a

statistically significant difference (**, p < 0.01; *, p < 0.05).

Interaction with 14-3-3 Impedes hDprl to Degrade DvI—W'e
previously demonstrated that Dpr1 could inhibit Wnt signaling
by promoting Dvl degradation (14). We thus asked whether
PKA activation influences the stability of Dvl proteins.
Indeed, both 8-Br-cAMP and forskolin increased Dvl levels in
HEK293T (Fig. 5A4), Caco2 cells (Fig. 5B), and HeLa cells (sup-
plemental Fig. S4A). Consistently, ectopic expression of PKA
increased the DvI2 protein level, whereas both wild-type and
AA mutant hDprl induced Dvl2 degradation (Fig. 5C). More-
over, overexpression of PKA inhibited wild-type hDprl-in-
duced DvI2 degradation but had a minimal effect on AA mutant
activity, indicating that hDpr1 phosphorylation is important for
PKA to stabilize Dvl proteins. Both forskolin and 8-Br-cAMP
elevated the Dvl protein levels in Dpr1™* but not in Dpl1~"~
mouse embryonic fibroblasts (Fig. 5D), further supporting the
indispensable role of Dpr1 in PKA-induced Dvl stabilization.

Next we examined whether PKA-induced Dvl stabilization
depends on the interaction between Dprl and 14-3-3. As
shown in Fig. 5E, PKA was unable to stabilize Dvl protein when
difopein was co-expressed, indicating that PKA-induced Dvl
stabilization depends on the 14-3-3-hDprl interaction. We
then determined how 14-3-3 binding interferes with hDprl
induced Dvl degradation. 14-3-3 has been shown to regulate
the activities of its interacting proteins by changing their
subcellular localization (49) or modulating their interaction
profiles (50). But PKA activators had neither effect on hDprl
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subcellular distribution, its co-localization with DvI2 (sup-
plemental Fig. S4B), nor the binding of hDprl with DvI2
(supplemental Fig. S4C).

PKA Enhances the Activity of Dvl in the Nucleus—Colon can-
cer cells usually exhibit a high canonical Wnt/3-catenin signal-
ing activity due to loss-of-function mutations of APC or gain-
of-function mutations of B-catenin (1, 3, 6, 7). Consistent with
previous reports, inhibition of GSK3 by lithium chloride could
increase the active 3-catenin in HEK293T, but it had no appar-
ent effect in these colon cancer cells, including Caco2 and
SW480 (supplemental Fig. S5). PKA activation further en-
hances the expression of Wnt targets in SW4380 cells (Fig. 4F),
whereas inhibition of PKA activity decreased the expression of
the Wnt reporter LEF-luciferase and its targets in Caco2 cells
(Fig. 6, A and B). These observations suggest that PKA may
promote Wnt signaling independent of downstream signaling
of GSK3 in these colon cancer cells.

It has been reported that Dvl can cooperate with c-Jun to
stabilize the B-catenin-TCF interaction in the nucleus and thus
enhance Wnt signaling (12). Our findings raised the possibility
that PKA may enhance Dvl stability to potentiate Wnt signaling
in the nucleus. To test this possibility, we examined the subcel-
lular localization of Dvl upon PKA activation or inhibition. As
shown in Fig. 5, Fand G, 8-Br-cAMP and forskolin treatments
resulted in nuclear accumulation of Dvl, whereas Rp-cAMP
and celecoxib decreased the Dvl level in nucleus. Overexpres-
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FIGURE 5. PKA-induced 14-3-3-hDpr1 interaction stabilizes Dvl proteins. A and B, 8-Br-cAMP stabilizes DvI2 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. DvI2
level was determined at 40 h post-transfection. Fand G, Caco2 cells were treated with forskolin, 8-Br-cAMP, Rp-cAMP, or celecoxib for 12 h. Cytosolicand nucleic
fractions were used to determine DvI2 levels by anti-DvI2 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. /, 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.

sion of Dprl also led to a decrease of Dvl in the nucleus, and In line with the above results, both celecoxib and Rp-cAMP
importantly AA Dprl is more potent than WT Dprl on this decreased the Dvl protein levels in Caco2 cells (Fig. 6D). It is
effect (Fig. 5H). Consistent with these, knockdown of c-Junand ~ worth noting that these inhibitors did not change the active
Dvl1/2/3 impeded the forskolin-induced reporter expression [-catenin levels, consistent with a high basal B-catenin activity
(Fig. 51). Collectively these data support that PKA potentiates in Caco2 cells (53). Taken together; these data suggest that

Wnt signaling by enhancing Dvl activity in the nucleus. COX-2 functions via PKA to stabilize Dvl proteins and thus
COX-2 Stabilizes Dvl Proteins—COX-2 has been reported to  activate Wnt signaling in Caco2 cells.
be up-regulated in certain cancers, including colorectal can- PKA-mediated Dprl Phosphorylation Plays a Role in

cers, and can activate PKA via PGE2 (51, 52). This prompted us  Tumorigenesis—It is well established that deregulation of Wnt
to examine whether COX-2 inhibition affects Wnt signaling via ~ signaling is associated with colon cancer development. To test
the PKA-Dvl axis. We found that the COX-2 inhibitor cele- whether PKA-induced hDprl phosphorylation may contribute
coxib could decrease Wnt-responsive reporter activity in to tumorigenesis, we generated Caco2 clones that stably
Caco?2 cells (Fig. 6A4), which express a high level of COX-2 (data  expressed wild-type and the AA mutant hDprl (supplemental
not shown). Interestingly, PKA could rescue the inhibitory Fig. S6B). As expected, expression of the Wnt target gene Axin2
effect of celecoxib on the Wnt-responsive reporter (supple- wassignificantly reduced in the hDpr1-expressing cells with the
mental Fig. S6A). The PKA inhibitor Rp-cAMP also inhibited lowest level in the AA mutant cells (supplemental Fig. S6C).
reporter expression (Fig. 6A4). Consistent with this, both inhib- ~ Colony formation assay showed that hDprl decreased colony
itors reduced the expression of the Wnt target genes Axin2and formation, and the colony number was even lower in AA
cyclin D1 (Fig. 6B). Importantly, ectopic expression of Dvlcould mutant cells (Fig. 6E). Consistent with this, hDpr1 significantly
rescue the inhibitory effect of Rp-cAMP and celecoxib on the suppressed tumor growth in nude mice, and the AA mutant was
Wnt-responsive reporter in Caco2 cells (Fig. 6C). more effective (Fig. 6F). These data together suggest that hDpr1
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FIGURE 6. PKA-mediated Dvl stabilization is correlated with colon cancer development. A, celecoxib and (R,)-cAMP decrease LEF-luciferase expression.
Caco? cells transfected with indicated plasmids were treated with celecoxib (10 um) or (R,)-cAMP (10 um) for 12 h and then harvested for luciferase assay.
B, celecoxib and (R,)-cAMP decrease the expression of cyclin DT and Axin2. Caco2 cells were treated with celecoxib or (R,)-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, DvI2 rescues the inhibitory effects of celecoxib and (R,)-cAMP on LEF1-luciferase expression.
Caco2 cells were transfected with the reporter or the reporter plus DvI2 and were then treated with celecoxib or (R,)-cAMP for 24 h before harvesting of the cell
forluciferase assay. D, celecoxib and (R,)-cCAMP decrease DvI2 level in Caco2 cells. After celecoxib or (R,)-cAMP treatment for4 h, Caco2 cells were harvested for
immunoblotting. The number below t%e gelindicates the relative band densities after normallzmg 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 ug/ul 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 x test. The asterisk indicates a statistically significant
difference (**, p < 0.01; *, p < 0.05).

negatively regulates cell growth, and phosphorylation-defective
mutation enhances the antiproliferative effect of hDprl1.

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
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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(3 interacts with
hDprl, and its interaction attenuates the inhibitory effect of
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hDprl on Wnt signaling. We found that the 14-3-33-hDprl
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
14-3-3B3-hDpr1 interaction. Furthermore, PKA-induced 14-3-
3-hDpr1 interaction impairs the ability of hDprl 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 hDprl—
In a yeast two-hybrid screening, we identified 14-3-38, a phos-
phoserine-binding protein (34, 36), as an interactor of hDprl.
Their interaction was verified by immunoprecipitation, and all
of the seven 14-3-3 isoforms could interact with hDprl when
overexpressed in HEK293T. Furthermore, we demonstrated
that the 14-3-3-hDprl 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 14-3-33 K51E mutant lost its binding with hDprl, 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 Xenopus Dpr1 can be phosphor-
ylated by casein kinase 16/€ (54). This phosphorylation is pro-
moted by the interaction of Dprl with Dvl, and it in turn
decreases this interaction. Interestingly, the casein kinase
1-mediated phosphorylation attenuates the ability of Dprl
to promote 3-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 Dprl and Dvl—We found
that PKA can positively modulate the Wnt/B-catenin pathway
by phosphorylating hDprl and therefore stabilizing Dvl indi-
rectly. PKA can physically interact with hDprl and augments
the 14-3-3-hDpr1 association. We further identified Ser-237
and Ser-827 in hDprl 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 14-3-3B-Dprl 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 14-3-33-
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/S-catenin signaling through inacti-
vation of GSK3 or stabilization of B-catenin (39 —41). However,
in colon cancer cells, which usually exhibit high canonical Wnt
signaling activity due to loss-of-function mutations in APC or
gain-of-function mutations of B-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
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SW480 and Caco2 cells. Inhibition of GSK3 by LiCl could not
further increase the active form of B-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 B-catenin stabilization in these colon cancer cells.

Previous studies showed that 14-3-3{ can stabilize AKT-
phosphorylated B-catenin and therefore enhance B-catenin
transcriptional activity (37) or cooperate with Chibby to
sequester B-catenin in the cytoplasm to antagonize the signal-
ing (38), thus modulating the Wnt/B-catenin pathway in both
positive and negative manners. We found that 14-3-33 can pos-
itively regulate Wnt signaling by reversing the inhibitory effect
of hDprl. We found that PKA stabilizes Dvl by promoting 14-3-
3-hDpr1 association. PKA-induced Dvl stabilization depends
on the presence of 14-3-3 and hDprl 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 hDprl 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 (R,)-cAMP decreased Dvl levels and
impaired Wnt signaling in Caco2 cells. How does Dvl up-regu-
late Wnt signaling in these colon cancer cells, which have a high
level of active B-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 B-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 PGE, have
been associated with the development of colorectal cancer (43).
It has been documented that the activation of Wnt signaling by
PGE, occurs primarily through PKA (44, 59). Consistent with
these observations, we found that PGE, enhances hDpr1 phos-
phorylation and thus augments 14-3-33-hDprl association,
whereas inhibition of COX-2 with celecoxib decreases the
14-3-3B-hDprl 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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hDprl, we found that hDprl 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 hDprl 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), and Dvl in colon cancer samples, and
we found that COX-2 expression and PKA activity are posi-
tively correlated with Dvl expression. These data together sug-
gest that the elevated PKA activity as a result of COX-2 up-
regulation may suppress hDprl activity and subsequently
increase Dvl protein levels in colorectal cancer. Indeed, Dprl
and Dpr3 are down-regulated in human hepatocellular and
colorectal cancers, respectively (24, 33). Our results estab-
lish Dprl 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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