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Tumor cell migration plays a central role in the process of cancer
metastasis. We recently identified dopamine and cAMP-regulated
phosphoprotein of 32 kDa (DARPP-32) as an antimigratory phos-
phoprotein in breast cancer cells. Here we link this effect of
DARPP-32 to Wnt-5a signaling by demonstrating that recombi-
nant Wnt-5a triggers cCAMP elevation at the plasma membrane
and Thr34-DARPP-32 phosphorylation in MCF-7 cells. In
agreement, both protein kinase A (PKA) inhibitors and siRNA-
mediated knockdown of Frizzled-3 receptor or Ge, expression
abolished Wnt-5a-induced phosphorylation of DARPP-32. Fur-
thermore, Wnt-5a induced DARPP-32-dependent inhibition of
MCE-7 cell migration. Phospho-Thr-34-DARPP-32 interacted
with protein phosphatase-1 (PP1) and potentiated the Wnt-5a-
mediated phosphorylation of CREB, a well-known PP1 sub-
strate, but had no effect on CREB phosphorylation by itself.
Moreover, inhibition of the Wnt-5a/DARPP-32/CREB pathway,
by expression of dominant negative CREB (DN-CREB), dimin-
ished the antimigratory effect of Wnt-5a-induced phospho-
Thr-34-DARPP-32. Phalloidin-staining revealed that that the
presence of phospho-Thr-34-DARPP-32 in MCF-7 cells results
inreduced filopodia formation. In accordance, the activity of the
Rho GTPase Cdc42, known to be crucial for filopodia formation,
was reduced in MCF-7 cells expressing phospho-Thr-34-
DARPP-32. The effects of DARPP-32 on cell migration and
filopodia formation could be reversed in T47D breast cancer
cells that were depleted of their endogenous DARPP-32 by
siRNA targeting. Consequently, Wnt-5a activates a Frizzled-3/
Ga,/cAMP/PKA signaling pathway that triggers a DARPP-32-
and CREB-dependent antimigratory response in breast cancer
cells, representing a novel mechanism whereby Wnt-5a can
inhibit breast cancer cell migration.

* This work was supported by grants from the Swedish Cancer Foundation (to
T. A.), the Swedish Research Council (to T. A.and A. T.), the U-MAS Research
Foundations (to T. A.), the Gunnar Nilsson’s Cancer Foundation (to T. A)),
the Royal Physiographic Society in Lund (to C. H.), Magnus Bergvall's Foun-
dation (to A. T.), the Canada Research Chair Program (to W. V.), and in part,
by National Institutes of Health Grant MH074866 (to A. N.and P. G.).

T The authors dedicate this article to the memory of Dr. Wolfgang F. Vogel,
deceased on the 5th of December 2007.

"To whom correspondence should be addressed. Tel: 46-40-391167; Fax:
46-40-391177; E-mail: tommy.andersson@med.lu.se.

ACEVEN

OCTOBER 2, 2009 +VOLUME 284+NUMBER 40

Breast cancer is the most common form of cancer in women.
Whereas the prognosis for breast cancer patients without local
or distal dissemination is relatively favorable, the prognosis is
considerably worse once distal metastasis has been established.
It is therefore imperative to identify molecular targets and
develop novel antimetastatic therapies that will stop, reduce, or
delay the dissemination and growth of breast cancer metastasis.

We recently isolated the dopamine and cAMP-regulated
phosphoprotein of 32 kDa (DARPP-32),” from a human breast
expression library, asa DDR1-binding partner (1). Introduction
of DARPP-32 in breast cancer cells lacking endogenous expres-
sion of this protein inhibited cell migration in a phospho-Thr-
34-DARPP-32-dependent manner (1). DARPP-32 was origi-
nally identified 25 years ago as a dopamine and cAMP target
enriched in dopaminoceptive neurones (2). Since then, a
large body of work has shown that DARPP-32 is crucial for
signal transmission by a wide array of neurotransmitters and
drugs of abuse. DARPP-32 can act as either a phosphatase
inhibitor or a kinase inhibitor depending on its phosphoryl-
ation state. Phosphorylation of Thr-34 by protein kinase A
(PKA) converts DARPP-32 into a potent inhibitor of protein
phosphatase-1 (PP1) (3), whereas phosphorylation at Thr-75
by Cdk5 turns DARPP-32 into an inhibitor of PKA (4).
Downstream of DARPP-32 it has been shown that the activ-
ity of CREB and c-fos are strongly attenuated in DARPP-32
knockout mice (5). Despite the substantial amount of work
done on DARPP-32 over the past 25 years, the role of this
phosphoprotein outside the neuronal system has only
recently started to be explored.

Regarding the role of DARPP-32 in cancer, overexpression of
DARPP-32 has been reported in gastric, colon, and prostate
cancer (6, 7). In contrast, patients with esophageal squamous
cell carcinoma that lacks DARPP-32 expression have reduced
survival when compared with patients with DARPP-32-ex-
pressing esophageal squamous cell carcinomas (8, 9). Further-
more, DARPP-32 is needed to get a fully differentiated thyroid
cell phenotype, and transformation of thyroid cells by constitu-

2 The abbreviations used are: DARPP-32, cAMP-regulated phosphoprotein of
32 kDa; PP1, protein phosphatase-1; PKA, protein kinase A; DN-CREB, dom-
inant negative CREB; CREB, cAMP response element-binding; rWnt-5a,
recombinant rWnt-5a; rWnt-3a, recombinant Wnt-3a; PBS, phosphate-
buffered saline; GST, glutathione S-transferase; GFP, green fluorescent pro-
tein; YFP, yellow fluorescent protein; CFP, cyan fluorescent protein.
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tively activated Ras resulted in a loss of DARPP-32 expression
(10). Thus, the role of DARPP-32 in cancer is somewhat uncer-
tain, and little is known about the cell signaling mechanisms
behind a possible suppressor or promotor role of DARPP-32 in
cancer.

Wnt-5a is a non-canonical member of the Wnt family of
secreted glycoproteins that acts through the family of Frizzled
G-protein-coupled receptor, Ror2, and co-receptors such as,
LRP5/6, to mediate important events during development and
cancer (11-15). In the breast, the non-transforming Wnt-5a
has been shown to inhibit epithelial cell migration (16), and in
breast cancer, expression of Wnt-5a has been shown to be a
predictor of longer disease-free survival (17). Wnt-5a expres-
sion has been shown to increase activation of the receptor
tyrosine kinase DDR1 in breast epithelial cells upon plating
on collagen (18). As DDRI is a collagen-binding adhesion
receptor important for cell migration (19), and its binding
partner DARPP-32 is a phospho-dependent antimigratory
molecule (1), we wanted to test whether the functional over-
laps between DARPP-32 and Wnt-5a, could be a result of
Wnt-5a acting upstream in the signaling process leading to
DARPP-32 phosphorylation.

Here we demonstrate that Wnt-5a can trigger a Frizzled-3/
Gas/cAMP signal that results in PKA-dependent phosphoryl-
ation of DARPP-32. Furthermore, we show that phospho-
DARPP-32 potentiates Wnt-5a-mediated CREB activity and
suppresses filopodia formation.

EXPERIMENTAL PROCEDURES

Cell lines, Reagents, Plasmids, and Transfection—All cell
lines were obtained from ATCC, except for HB2 cells that were
kindly provided by Dr. J. Taylor-Papadimitriou (Imperial Can-
cer Research Fund, United Kingdom). Recombinant Wnt-5a
was from R&D and H89, RPcAMP, and forskolin from Sigma.
The Myc-DARPP-32 expression vector was generated by
inserting rat DARPP-32 cDNA, amplified by primers with
flanking EcoRI and BglII sites, into the corresponding sites of
the pCMVMyc vector. The generation of the T34A mutation
within DARPP-32 was described previously (3). DN-CREB
expression plasmid was a kind gift from Dr. Richard Goodman;
Vollum Institute, Portland OR. Cells were transiently trans-
fected with plasmids using oligofectamine according to the
manufacturer’s protocol (Invitrogen). To determine transfec-
tion efficiency, we used an EGFP-coding plasmid and reproduc-
ibly found a transfection rate of at least 55%. siRNA transfection
was done using Lipofectamine according to the manufacturer’s
protocol. siRNA targeting DARPP-32 and Gag were both from
Santa Cruz Biotechnology.

Measurements of Near Plasma Membrane cAMP Con-
centration—The cAMP concentration in the subplasma mem-
brane space was measured with evanescent wave microscopy
and a fluorescent biosensor as previously described (20). In
brief, the full-length PKA catalytic Ca subunit was labeled with
yellow fluorescent protein (Ca-YFP) and a truncated PKA-RIIB
regulatory subunit was labeled with cyan fluorescent protein
and targeted to the plasma membrane via a covalent lipid mod-
ification (ARIIB-CFP-CAAX). The two constructs were trans-
fected into MCF-7 cells growing on cover slips to allow expres-
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sion of the fusion proteins for 24—48 h. The cells were then
transferred to a buffer containing 125 mm NaCl, 4.8 mm KCl, 1.3
mM CaCl,, 1.2 mm MgCl,, 5.5 mm glucose, and 25 mm HEPES
with pH adjusted to 7.4 with NaOH, and incubated for 30 min at
37 °C.Plasma membrane association of the fluorescent protein-
tagged PKA subunits were measured using an evanescent wave
microscopy setup built around an E600FN upright microscope
(Nikon, Kanagawa, Japan). cAMP concentration was expressed
as the ratio of CFP over YFP fluorescence after background
subtraction. To compensate for the variability in expression
levels of the two fusion proteins, the basal ratio was normalized
to unity. The outlined cAMP traces are representative of 8§ —12
separate experiments.

Migration Assay—Boyden-chamber assay: Transwell wells
(Costar) were coated with human collagen I (20 ng/ml) for 1 h
at 37 °C. Cells were detached with trypsin and washed with
serum-containing medium. 5000 cells were added to the upper
chamber in a total volume of 200 ul of serum-free medium
supplemented with 5 pug/ml bovine serum albumin. The same
medium was present in the lower chamber. After 18 h, cells
migrated through the porous membrane were stained with
crystal violet and counted. Each experiment was done in tripli-
cate, repeated 6—8 times, and statistical significances were
evaluated by paired Student’s ¢ test (depicted as *, p < 0.05 or **,
p < 0.01).

Wound Healing Assay— 6-well plates were coated with
human collagen I (20 ug/ml) for 1 h at 37 °C, and cells were
plated and allowed to grow into a confluent layer. A wound was
inflicted by making a scratch through the confluent layer of
cells with a pipette tip. Cells were incubated in serum-free
medium during the time span of the wound healing. A picture
for each scratch was taken at the same area of cells at 0 and 24 h,
and wound healing was measured as a percentage of wound
area closed. Each experiment was done in duplicate, repeated
9-12 times, and statistical significances were evaluated by
paired Student’s ¢ test (depicted as *, p < 0.05 or **, p < 0.01).

Western Blotting and Immunoprecipitation—For Western
blotting, cells were either lysed directly in 1X Laemmli buffer
and boiled for 5 min or lysed with buffer containing 1% Nonidet
P-40, 20 mm Tris (pH 7.4), 150 mMm NaCl, 5 mm EDTA, 5 mm
EGTA, 2 mm sodium orthovanadate, 4 ug/ml leupeptin, 2 mm
Pefabloc (Roche), 20 pug/ml aprotinin, and 5 mm NaF for 15 min
on ice, centrifuged at 14,000 X g for 10 min, and then the pellet
was resuspended in Laemmli buffer and boiled for 5 min. For
immunoprecipitation, following lysis and centrifugation as
above, the lysates were precleared with protein A-Sepharose at
4 °C for 30 min. Supernatants were incubated with 1-3 ug of
antibody for 1 h, another aliquot of protein A-Sepharose added
and incubated for 1 h. Immunocomplexes were washed three
times with buffer, resuspended in Laemmli buffer and boiled
for 5 min. Proteins were separated on 6, 8, or 10% polyacryl-
amide gels and subjected to Western blot transfer. Primary
antibodies used for Western blotting were anti-DARPP-32
(H62, Santa Cruz Biotechnology), anti-phospho-Ser-133-
CREB (Calbiochem), anti-CREB (48H2, Cell Signaling), anti-
PP1 (E9, Santa Cruz Biotechnology, anti-actin (Sigma), anti-a-
tubulin (Santa Cruz Biotechnology), anti-Gag (Santa Cruz
Biotechnology), and anti-Myc (Calbiochem). Phosphospecific
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antibodies for Thr-34 and Thr-75 in DARPP-32 were described
previously (21, 22). The anti-Frizzled-3 antibody, provided by
Dr. Jeffrey Rubin, has been described previously (23). Second-
ary goat anti-rabbit and goat anti-mouse, horseradish peroxi-
dase-conjugated antibodies were from Dako. All blots shown in
this study are representative of at least three separate
experiments.

Immunofluorescent Staining—Glass slides were coated with
human collagen I (20 pg/ml) for 1 h at 37 °C, and cells trans-
fected with wtDARPP-32 or T34A-DARPP-32 expression vec-
tor were detached and allowed to adhere onto the collagen-
coated slides overnight at 37 °C. Cells were left non-stimulated
or stimulated with forskolin and fixed in 4% paraformaldehyde
for 15 min, washed three times in PBS, before permeabilization
with 0.5% Triton X-100 for 5 min. Subsequently, the slides were
washed three times with PBS and blocked 1 h in 3% bovine
serum albumin (BSA) in PBS. The slides were incubated with
primary antibody in 3% BSA in PBS for 1 h at room tempera-
ture. Following three washes with PBS, the slides were incu-
bated with fluorescently labeled secondary antibody and
washed three times in PBS. The cover slips were mounted on
glass slides with a fluorescence-mounting medium. Fluores-
cently labeled Alexa goat anti-mouse 488, Alexa goat anti-rab-
bit 568, and Alexa fluor 488 phalloidin were all purchased from
Invitrogen.

Quantitative Analysis of Filopodia—T o compensate for dif-
ferences in cell size, we counted the filopodia and expressed
their numbers per 20-um plasma membrane. Areas where
cells were adhered to neighboring cells were not counted as
these regions were typically devoid of filopodia. The cells
were divided into 3 categories: Few, less than 3 filopodia per 20
uM; medium, 3— 6 filopodia per 20 um; and many, more than 6
filopodia per 20 um. The cells were randomly selected and at
least 50 of each cell type (stained and non-stained for DARPP-
32) were counted in each experiment. Experiments were
repeated five times, and statistical significances were evaluated
by paired Student’s ¢ test (depicted as *, p < 0.05; **, p < 0.01; or
#5 p < 0.001).

GST Pull-down Assay —The cDNA of the Cdc42-binding
domain from PAKI1B (PAKcrib; amino acids 56-267) was
cloned into bacterial expression vector pGEX-2T and ex-
pressed in Escherichia coli as a fusion protein with glutathione
S-transferase (GST). MCF-7 cells transfected with either
DARPP-32 expression vector or empty vector control were
replated onto collagen-coated plates and lysed after 0 —60 min
in a buffer composed of 50 mm Tris-HCI, pH 7.5, 1% Triton
X-100, 100 mm NaCl, 10 mm MgCl,, 5% glycerol, 1 mm Na,VO,,
and protease inhibitors (20 ug/ml aprotinin; 1 mg/ml each of
pepstatin, leupeptin, and antipain; 2.5 mm benzamidine; 2 mm
Pefabloc). The GST-PAKI1B fusion protein was coupled to glu-
tathione-Sepharose beads for 1 h, and then the beads were
washed and subsequently added to the clarified MCE-7 lysates.
After 1 h, the beads were collected by centrifugation and
washed three times in 25 mm Tris-HCl, pH 7.5, 1% Triton
X-100, 1 mm dithiothreitol, 100 mm NaCl, and 30 mm MgCl,.
Next, the beads were resuspended in Laemmli sample buffer,
boiled for 5 min, and subjected to 14% SDS-PAGE.
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RNA Extraction and RT-PCR—RNA extraction was per-
formed in a designated clean RNA area with the addition of 500
wl of TRIzol to each sample. 100 ul of chloroform was then
added, and samples centrifuged at 4 °C at 8,000 X g for 10 min.
250 ul of isopropyl alcohol was added to the clear upper phase,
and samples centrifuged for 15 min at 4 °C at 8,000 X g. The
supernatant was removed, and the pellet was washed in 75%
ethanol and resuspended in DEPC-treated water. RNA was
treated with DNase 1 (Invitrogen) at 37 °C for 15 min. The RNA
concentration was measured using a Nanodrop Spectropho-
tometer ND-1000 (Bio-Rad). cDNA was synthesized from 1 ug
of total RNA using M-MuLV reverse transcriptase (Fermentas)
in a MJ Mini Personal Thermal Cycler (Bio-Rad). The primers
used were: Frizzled-2, 5'-ACATCGCCTACAACCAGACC-3’
and 5'-ACGCTCGCCCAGAAACTTGTAGC-3'; Frizzled-3,
5'-GGCTGTGTCAGCGGGCT-3" and 5’ -TCTTCAGGCCA-
AGGAACACC-3'; Frizzled-4, 5'-CCTGGAAGCATTCAAC-
TCAGC-3’, and TGTGGTTGTGGTCGTTCTGTG-3'; Friz-
zled-5,5'-ACACCCGCTCTACAACAAGG-3' and 5'-CGT-
AGTGGAGGATGTGGTTGTGC3'; ryk, 5'-GGAGCTGC-
AGTCGGCTTCCG-3" and 5'-GGACTTCGCATGCCAG-
GTGAAG-3'; actin, 5'-TTCAACACCCCAGCCATGTA-3/,
and 5'-TTGCCAATGGTGATGACCTG-3'. All RT-PCRs
were repeated at least three times.

RESULTS

Wht-5a Induces Thr-34 Phosphorylation of DARPP-32—To test
whether recombinant Wnt-5a (rWnt-5) can trigger DARPP-32
phosphorylation, we expressed Myc-tagged DARPP-32 in MCF-7
cells that lack endogenous expression of DARPP-32. These cells
have previously been found to be a good model system for func-
tional studies of how DARPP-32 affects cell migration (1). The
relative expression levels of endogenous DARPP-32 in different
breast epithelial cell lines (Fig. 14, left), and the endogenous
levels in HB2 and MCEF-7 compared with overexpressed
DARPP-32 in MCEF-7 cells (Fig. 1A, right) are shown. MCF-7
cells express Wnt-5a (Fig. 1B) and exhibit a basal level of Thr-
34-DARPP-32 phosphorylation, when DARPP-32 expression is
introduced (Fig. 1C). Nevertheless, there was a significant
increase in Thr-34-DARPP-32 phosphorylation after 5 min of
stimulation with different concentrations of rWnt-5a (Fig. 1C),
demonstrating that the Wnt-5a signaling mechanism can still
be activated despite the endogenous expression of this protein.
rWnt-5a-stimulated (0.4 wg/ml) Thr-34-DARPP-32 phospho-
rylation peaked at a ~3-fold increase after 5 min and returned
to basal levels after 30 min (Fig. 1D). In the same fashion,
rWnt-5a was capable of inducing Thr-34 phosphorylation of
endogenously expressed DARPP-32 in the non-cancer cell line
HB2 (Fig. 1E). The Thr-34-phosphorylation of endogenous
DARPP-32 in HB2 cells peaked earlier than the Thr-34 phos-
phorylation of exogenous DARPP-32 in MCEF-7 cells. Stimula-
tion with forskolin (1 um) was used as a positive control (Fig.
1E). The second major phosphorylation site of DARPP-32, Thr-
75, was unaltered by rWnt-5a stimulation in DARPP-32-ex-
pressing MCEF-7 cells (Fig. 1F). The capacity of rWnt-5a to stim-
ulate DARPP-32 phosphorylation appears to be selective, since
recombinant Wnt-3a (rWnt-3a) had no effect on DARPP-32
phosphorylation (Fig. 1G).
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FIGURE 1. Wnt-5a induces Thr-34 phosphorylation of DARPP-32 in MCF-7 and HB2 breast epithelial cells.
A, left panel, expression of DARPP-32 in five different breast epithelial cell lines, detected by anti-DARPP-32 Western
blotting. Right panel, comparison of endogenous levels of DARPP-32 in HB2 cells to exogenous levels of Myc-tagged
DARPP-32 in transfected MCF-7 cells, detected by anti-DARPP-32 Western blotting. B, expression of Wnt-5a in five
different breast epithelial cell lines, detected by an anti-Wnt-5a antibody. C, Western blot showing Thr-34 phospho-
rylation of DARPP-32 in MCF-7 cells expressing Myc-DARPP-32, after 5 min of stimulation with different concentra-
tions of r(Wnt-5a, as detected by an anti-phospho-Thr-34-DARPP-32 antibody. D, upper panel, Western blot showing
the kinetics of Thr-34-DARPP-32 phosphorylation upon stimulation with 0.4 wg/ml rWnt-5ain DARPP-32-expressing
MCF-7 cells. Lower panel, densitometric analysis of three different Western blots. The data are given as means =+ S.D.
E, Western blot showing Thr-34 phosphorylation of endogenous DARPP-32 induced by Wnt-5a in HB2 cells as
detected by anti-phospho Thr-34-DARPP-32 antibody. F, Western blot showing the time kinetics of Thr-75
DARPP-32 phosphorylation upon stimulation with 0.4 pg/ml rWnt-5a in Myc-DARPP-32-expressing MCF-7 cells,
anti-phospho Thr-75 DARPP-32 antibody. G, left panel, Thr-34-DARPP-32 phosphorylation after 5 min of stimulation
with either 0.4 pug/ml rWnt-5a or 0.1 ug/ml rWnt-3a. Right panel, densitometric analysis of five different Western
blots. Wnt-3a or Wnt-5a stimulation was measured relative to no stimulation, which was set to 1. All of the Western

blots shown are representative of at least three independent experiments.

Wnt-Sa Stimulates Thr34-DARPP-32 Phosphorylation by a
cAMP/PKA-dependent Mechanism—Studies of neuronal cells
have revealed that Thr-34-DARPP-32 is a PKA target site (2),
and we have previously observed that phosphorylation of Thr-
34, induced by mammary epithelial cell detachment, requires
PKA activity (1). We therefore tested whether inhibition of
PKA activity could abrogate rWnt-5a-induced Thr-34 phos-
phorylation of DARPP-32. Consistent with involvement
of PKA, both the inhibitory cAMP analogue RPcAMPS (Fig.
2A) and the PKA catalytic site inhibitor H89 (Fig. 2B) abolished
rWnt-5a induced Thr34-DARPP-32 phosphorylation. These
results suggest that Wnt-5a triggers an increase of the intracel-
lular of concentration of cAMP.

To test this hypothesis we applied a novel evanescent wave
microscopy method enabling detection of cAMP concentration
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rWnt-5a (0.4 pg/ml) induced a
transient elevation of cAMP, which
reached a maximal amplitude of
0.24 = 0.06 ratio units (mean = S.E.,
n = 12) and typically returned to
the baseline within 5 min (Fig.
2D). Thus, rWnt-5a induced Thr-34
phosphorylation of DARPP-32 is
cAMP/PKA-dependent. To investi-
gate whether this mechanism is exe-
cuted through a Ge, protein, we
down-regulated Go, with siRNA
and analyzed phosphorylation of
DARPP-32 induced by Wnt-5a in
MCE-7 cells. We observed that
reduction of the Ga, protein level
strongly suppressed DARPP-32 phosphorylation even in the
presence of Wnt-5a stimulation (Fig. 2E). These data further
support our hypothesis that a Wnt-5a-induced cAMP signaling
pathway is responsible for the phosphorylation of DARPP-32.
Wnt-Sa Inhibits Cell Migration via DARPP-32—To elucidate
whether the rWnt-5a-induced phosphorylation of DARPP-32
plays a role in inhibiting breast cancer cell migration, we used a
Boyden chamber assay, allowing the cells to migrate through a
collagen-coated membrane for 18 h. Under these conditions,
stimulation of control-transfected MCF-7 cells with rWnt-5a
significantly reduced cell migration (Fig. 34). As previously
reported (1), introduction of DARPP-32 inhibited migration of
MCE-7 cells. However, there was no additional effect of
rWnt-5a stimulation (Fig. 34, upper panel). Since DARPP-32-
mediated inhibition of cell migration is strictly dependent on
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FIGURE 2. Wnt-5a-induced Thr-34 phosphorylation of DARPP-32 involves
cAMP elevation and activation of PKA. A, Western blot showing that the
PKA inhibitor RPCAMPS inhibits rWnt-5a-induced Thr-34-DARPP-32 phos-
phorylation in DARPP-32-expressing MCF-7 cells, as detected by anti-pThr34
antibody. RPcAMPS was added in serum-free medium 1 h prior to stimulation
with 0.4 ng/ml rWnt-5a for 5 min. Stimulation with 1 um forskolin for 20 min
was used as a positive control. B, Western blot showing H89 inhibition of
rWnt-5a-induced pThr34-DARPP-32 phosphorylation in Myc-DARPP-32-ex-
pressing MCF-7 cells, as detected by anti-pThr34 antibody. H89 was added in
serum-free medium 1 h prior to stimulation with 0.4 ug/ml rWnt-5a for 5 min.
Stimulation with 1 um forskolin for 20 min was used as a positive control.
Cand D, evanescent wave microscopy recording of CFP and YFP fluorescence
and the cAMP-dependent CFP/YFP ratio from individual MCF-7 cells express-
ing a fluorescent cAMP biosensor. The cells are stimulated with 10 um forsko-
lin (C,n = 8) or 0.4 ng/ml Wnt-5a (D, n = 12) and the prestimulatory CFP/YFP
ratio was normalized to unity. E, Thr-34-DARPP-32 phosphorylation after 5
min of stimulation with 0.4 ug/ml rWnt-5a in cells treated with siRNA target-
ing the Ge protein or a scrambled sequence as a control. All of the Western
blots shown are representative of at least three independent experiments.

phosphorylation of Thr-34-DARPP-32 (1), the lack of an effect
of rWnt-5a on DARPP-32-dependent cell migration is probably
due to the fact that cell detachment prior to the start of the
Boyden-chamber experiment triggered a much higher level of
Thr-34 phosphorylation than rWnt-5a stimulation (Fig. 34,
lower panel).

We therefore decided to test the impact of Wnt-5a/
DARPP-32 signaling on cell migration in a wound healing assay,
where pThr34-DARPP-32 is at basal levels at the beginning of
the experiment. Cells were plated onto collagen-coated dishes
overnight to grow to confluency and allow the detachment-
induced Thr-34-DARPP-32 phosphorylation to subside (1).
We induced a wound by making a scratch through the conflu-
ent layer of cells after which wound closure was measured over
24 h. Using this experimental setup we saw an inhibition of cell
migration due to rWnt-5a induced phosphorylation of
DARPP-32 (Fig. 3B). As expected, DARPP-32 did not inhibit
migration without rWnt-5a stimulation since the Thr-34 phos-
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phorylation started at basal levels in this assay (Fig. 3B). Next,
we wanted to test whether down-regulation of DARPP-32
expression in a breast cancer cell line with endogenous expres-
sion of DARPP-32 would lead to an increase in cell migration.
We used the T47D breast cancer cell line for this purpose and
found that depleting these cells of DARPP-32 led to an increase
in migration (Fig. 3C), thus confirming the results from the
MCE-7 cell migration assay studies.

DARPP-32 Interacts with PP1 in a Phospho-Thr-34-depend-
ent Manner—From neuronal studies, it is known that phospho-
Thr34-DARPP-32 can bind to and inhibit the activity of PP1 (3).
To investigate whether PP1 and DARPP-32 interact in a similar
fashion in breast cancer cells, we performed an anti-PP1 immu-
noprecipitation on MCF-7 cells transfected with either T34A-
DARPP-32 or wt-DARPP-32 vectors. Surprisingly, T34A-
DARPP-32 could still bind PP1, which might be due to an
N-terminal PP1 docking motif on DARPP-32 (Fig. 4). However,
binding to T34A-DARPP-32 is not sufficient to inhibit PP1,
since the phospho-Thr34 group is required to sterically block
the catalytic site of PP1 (24). MCEF-7 cells transfected with wt-
DARPP-32 were left unstimulated, or stimulated with rWnt-5a
(0.4 pg/ml) or forskolin (1 um). We noted a significant interac-
tion between PP1 and DARPP-32 in unstimulated cells and a
slight increase in rWnt-5a stimulated cells. In forskolin-stimu-
lated cells on the other hand, we co-immunoprecipitated sig-
nificantly more DARPP-32 with PP1 compared with unstimu-
lated cells (Fig. 4). These findings led us to investigate possible
PP1 targets that could be involved in the regulation of cell
migration. Because CREB activity is suppressed in DARPP-32
knock-out mice (5), we wanted to test whether CREB might be
implicated in this process.

Wnt-5a Induces CREB Activity, Which Is Enhanced by
DARPP-32—Inhibition of PP1 can lead to increased CREB
activity (pSer133-CREB), since PP1 is responsible for dephos-
phorylation of pSer133-CREB (25). We speculated that such
a mechanism could explain how Wnt-5a induced Thr34-
DARPP-32 phosphorylation affects cell migration. rWnt-5a
stimulation of MCE-7 cells lacking DARPP-32 led to increased
phosphorylation of CREB, peaking at 10 min (Fig. 54). More-
over, rWnt-5a stimulation of DARPP-32-expressing MCEF-7
cells further enhanced CREB activity, compared with cells
where DARPP-32 was expressed without rWnt-5a (Fig. 5B).
The finding that rWnt-5a can trigger CREB activity in the
absence of DARPP-32 is novel and may reflect the Wnt-5a-
induced activation of PKA, since this kinase has been shown to
phosphorylate CREB at the Ser-133 site (26). Consequently, the
present study suggests that PKA has a dual role in the activation
of CREB, acting both via direct phosphorylation of Ser-133-
CREB and via phosphorylation of Thr-34-DARPP-32 that then
inhibits Ser-133-CREB dephosphorylation by suppressing PP1
phosphatase activity.

Dominant Negative CREB Diminishes Wnt-5a/DARPP-32-
mediated Inhibition of Cell Migration—To test whether Wnt-
5a/DARPP-32 mediated inhibition of cell migration is depend-
ent on CREB activity, we transfected MCF-7 cells with empty
vector, DARPP-32 vector, or DARPP-32 and DN-CREB vec-
tors. These cells were then stimulated with rWnt-5a and their
ability to migrate was compared in a wound-healing assay. The
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FIGURE 3. Wnt-5a induced phosphorylation of DARPP-32 leads to inhibi-
tion of cell migration. A, upper panel, migration of MCF-7 cells transfected
with Myc-DARPP-32 or empty vector through collagen-coated wells (n = 8).
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FIGURE 4. DARPP-32 interacts with PP1 in MCF-7 cells. Upper panel, co-
immunoprecipitation of PP1 and DARPP-32. MCF-7 cells transfected with
either empty vector, Myc-T34ADARPP-32, or Myc-DARPP-32 expression plas-
mid. Binding of PP1 to DARPP-32 was verified by anti-PP1 immunoprecipita-
tion followed by anti-DARPP-32 Western blotting. Lower panel, aliquots of the
lysates to be used forimmunoprecipitation experiments were tested for Myc-
DARPP-32 expression to verify equal DARPP-32 levels in all Myc-DARPP-32-
expressing MCF-7 lysates. The Western blot shown is a representative of three
independent co-immunoprecipitation experiments.

results revealed that DARPP-32-expressing cells, but not
DARPP-32/DN-CREB-expressing cells, migrated significantly
less than empty vector-transfected cells (Fig. 5C). We conclude
that CREB activity plays an important role in Wnt-5a/DARPP-
32-mediated inhibition of cell migration. To further consoli-
date these findings we also explored whether detachment-in-
duced Thr-34-DARPP-32 phosphorylation and inhibition of
cell migration was dependent on CREB activity. We performed
a Boyden chamber assay with MCEF-7 cells transfected with
empty vector, DARPP-32 vector or DARPP-32 and DN-CREB
vectors. The results were similar to those obtained in the
wound-healing assay in the sense that DARPP-32-expressing
but not DARPP-32/DN-CREB-expressing cells migrated signif-
icantly less than empty vector transfected MCEF-7 cells (Fig.
5D). Thus, CREB activity is important for DARPP-32-mediated
inhibition of cancer cell migration.

Phospho-Thr-34-DARPP-32 Suppresses Filopodia Formation—
To explore the effect of phospho-Thr-34-DARPP-32 on single
cell morphology, we immunostained DARPP-32 transfected
MCE-7 cells that had been detached and allowed to adhere to
collagen-coated glass slides overnight. The cells were incubated
in the absence or presence of 1 um forskolin for 20 min to
re-trigger Thr34-DARPP-32 phosphorylation, and subse-
quently fixed and stained with antibodies and phalloidin.
Because the slides had both DARPP-32-transfected and non-
transfected cells, the two cell types could be directly compared.
We first ensured that phosphorylated DARPP-32 was only

All statistical significances were calculated in comparison with the empty
vector control; Lower panel, Western blot showing comparison of rWnt-5a
and detachment induced pThr34-phosphorylation, as detected by anti-
pThr34 antibody. B, upper panel, wound-healing assay on MCF-7 cells in col-
lagen-coated plates, transfected with either empty vector or Myc-DARPP-32
and left untreated or stimulated with 0.4 pwg/ml rWnt-5a for 24 h (n = 12);
lower panel, representative photographs from the wound-healing experi-
ments. C, left panel, migration of T47D cells expressing endogenous
DARPP-32 or depleted for DARPP-32 by siRNA targeting (n = 6), right
panel, DARPP-32 expression level in T47D cells treated with siRNA target-
ing DARPP-32 or a scrambled control sequence. Both of the Western blots
shown are representative of at least three independent experiments.
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bition of cell migration. A, Western blot showing rWnt-5a-induced CREB
phosphorylation in MCF-7 cells, as detected by anti-pCREB antibody. B, West-
ern blot showing CREB phosphorylation in MCF-7 cells transfected with
empty vector or Myc-DARPP-32 expression plasmid, non-stimulated or stim-
ulated with 0.4 ug/ml rWnt-5a for or 1 um forskolin for 10 min. Each Western
blot is representative of six independent experiments. C, wound-healing
assay with MCF-7 cells in collagen-coated plates, transfected with either
empty vector, Myc-DARPP-32 vector, or both Myc-DARPP-32 and DN-CREB
vectors. All cells were stimulated with 0.4 ng/ml rWnt-5a for 24 h (n = 12).
D, migration of MCF-7 through collagen-coated wells transfected with empty
vector, Myc-DARPP-32 vector, or both Myc-DARPP-32 and DN-CREB vectors
(n=6).
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FIGURE 6. Thr-34 phosphorylation of DARPP-32 leads to inhibition of
filopodia formation. MCF-7 cells expressing Myc-DARPP-32 were plated
onto collagen-coated glass slides overnight. A, non-stimulated cells or B, cells
stimulated with 1 um forskolin for 20 min were fixed and stained for Myc and
pThr34-DARPP-32. C, upper panel, cells expressing Myc-DARPP-32 were stim-
ulated with 1 um forskolin for 20 min were fixed and stained for F-actin (with
FITC-phalloidin) and pThr34-DARPP-32. Lower panel, quantitative analysis of
filopodia formation in pThr34-DARPP-32-positive and -negative MCF-7 cells.
The left panel gives the percentage of cells in each category (black bars: +
pThr34-DARPP-32, gray bars: - pThr34-DARPP-32). The right panel gives the
ratio of pThr34-DARPP-32-positive to pThr34-DARPP-32-negative for each
category. D, Myc-T34A-DARPP-32 was expressed in MCF-7 cells, and cells
were plated onto collagen-coated glass slides overnight, stimulated with 1
um forskolin for 20 min, fixed, and stained F-actin (with FITC-phalloidin) and
DARPP-32 (n = 5 for all experiments in this figure).

detected in transfected cells stimulated with forskolin (Fig. 64,
nonstimulated and B, stimulated). Staining of DARPP-32-ex-
pressing MCF-7 cells with phalloidin (for F-actin) and anti-
pThr-34-DARPP-32 revealed that phospho-DARPP-32-
expressing MCEF-7 cells show less filopodia formation than
non-transfected cells (Fig. 6C). Immunostaining of T34A-
DARPP-32-expressing MCF-7 cells with an anti-DARPP-32 anti-
body, revealed that these cells had no alteration in filopodia forma-
tion in relation to non-transfected cells (Fig. 6D), thus confirming
the phospho-Thr-34-DARPP-32 specificity of this phenotype.
Wnt-5a stimulation for 24 h also caused a reduction in filo-
podia of DARPP-32-expressing cells compared with non-
expressing MCF-7 cells (Fig. 7A). To check whether this
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FIGURE 7. Effect of Wnt-5a and involvement of DARPP-32 and CDC42 in
filipodia formation. A, upper panel, Myc-DARPP-32 was expressed in MCF-7
cells, that were then plated onto collagen-coated glass slides overnight and
subsequently stimulated with 0.4 pg/ml Wnt-5a for 24 h before being fixed
and stained for F-actin (with FITC-phalloidin) and DARPP-32. Lower panel,
quantitative analysis of filopodia formation in DARPP-32-positive and -nega-
tive MCF-7 cells. The left panel gives the percentage of cells in each category
(black bars: + DARPP-32, gray bars: - DARPP-32) (n = 5). The right panel gives
the ratio of DARPP-32-positive to DARPP-32-negative for each category.
B, upper panel, T47D cells were treated with siRNA against DARPP-32 or scram-
bled control siRNA and stained for F-actin by FITC-phalloidin. Lower panel,
quantitative analysis of filopodia formation in DARPP-32 siRNA- or scrambled
siRNA-treated T47D cells. The left panel gives the percentage of cells in each
category (black bars: DARPP-32 siRNA, gray bars: scrambled siRNA) (n = 5).
Theright panel gives the ratio of DARPP-32 siRNA to scrambled siRNA for each
category. C, MCF-7 cells transfected with either Myc-DARPP-32 expression
vector or empty vector were detached and re-plated onto collagen-coated
plates for 0-60 min. Cells were lysed, and active Cdc42 was precipitated in a
GST-PAK1 pull-down assay. A representative anti-Cdc42 Western blot of
these pulldowns (n = 5) is shown.

effect could be reversed by down-regulation of endogenous
DARPP-32 in cancer cells, we analyzed filopodia formation of
T47D control cells or T47D cells depleted for DARPP-32 by
siRNA targeting (Fig. 3C). The result showed that T47D
DARPP-32-negative cells have more filopodia than T47D con-
trol cells, when evaluated quantitatively as described above (Fig.
7B), confirming that DARPP-32 negatively regulates filopodia
formation. It has previously been documented that the Rho

27540 JOURNAL OF BIOLOGICAL CHEMISTRY

GTPase Cdc42 plays a central role in filopodia formation (27).
In agreement, we saw that DARPP-32-expressing MCF-7 cells
had a lower Cdc42 activity level than empty vector-transfected
control cells (Fig. 7C).

There are several potential receptors and co-receptors that
could mediate Wnt-5a-induced effects in breast cancer cells.
To address which of these receptors mediates Wnt-5a-induced
cAMP production and phosphorylation of DARPP-32, we first
evaluated their expression in MCF-7 and T47D cells by West-
ern blotting and RT-PCR. Ror2 was not expressed in MCEF-7
cells, whereas ryk was expressed in both cell lines (Fig. 84).
Expression of the Frizzled receptors 2—-5 that has previously
been linked to Wnt-5a signaling, were tested by RT-PCR. Both
cell lines clearly expressed Frizzled-3 and -4, whereas only a
faint band was seen for Frizzled-2 in both cell lines. The Friz-
zled-5 receptor was only detected in MCEF-7 cells (Fig. 8B). Very
little is currently known about Frizzled-receptors with regard
to cAMP signaling. However, a structure-function analysis of
10 Frizzled receptors by Malbon and co-workers (28) has
revealed that the Frizzled-3 receptor is the most likely candi-
date to associate with and activate Ga,and cAMP signaling. We
therefore decided to knock down Frizzled-3 by siRNA target-
ing (Fig. 8C). Indeed, Frizzled-3 down-regulation completely
abolished Wnt-5a-induced phosphorylation of DARPP-32,
and we conclude that Frizzled-3 is responsible for the Wnt-
5a-induced cAMP signal that leads to DARPP-32 phospho-
rylation (Fig. 8D).

DISCUSSION

Here we show that Wnt-5a induces a cAMP response leading
to Thr-34 phosphorylation of DARPP-32 and a subsequent
downstream activation of CREB resulting in inhibition of breast
cancer cell migration. Wnt-5a was found to generate cAMP
beneath the plasma membrane in MCF-7 cells, and two differ-
ent unrelated inhibitors of cAMP/PKA signaling suppressed
the Wnt-5a-induced Thr-34-DARPP-32 phosphorylation in
this breast cancer cell line. Furthermore, we demonstrated that
Wnt-5a-induced phosphorylation of DARPP-32 can be abol-
ished by siRNA-mediated knockdown of either Gag or Friz-
zled-3, demonstrating a novel Wnt-5a-induced Frizzled-3-de-
pendent cAMP signaling pathway.

A recent study reported that PKA and CREB can act down-
stream of Wnt-5a in human dermal fibroblasts. However, the
authors did not outline the signaling mechanism responsible
for their observations (29). In general, very few studies have
investigated Wnt activation of cAMP signaling, presumably
due to a lack of sufficiently sensitive assays to detect changes in
cAMP. Despite this, an interesting study of Wnt/cAMP signal-
ing showed that phospho-Ser-133-CREB staining patterns of
mouse embryos coincided with areas of myogenic induction
and Wnt protein staining (30). Furthermore, the authors found
that Wnt-1 and Wnt-7a are important for myogenesis of mouse
embryos in a strictly PKA and CREB-dependent manner (30).

A major function of the cAMP/PKA-triggered Thr34-
DARPP-32 phosphorylation is the inhibition of PP1 phos-
phatase activity (5). Since PP1 is ubiquitously expressed, and
DARPP-32 expression has been found in many tissues
including brain, breast, esophagus, pancreas, thyroid, kid-
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siRNA or scrambled siRNA. The Western blots and RT-PCRs shown are represent-
ative of at least three independent experiments.
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ney, fat, ovary, and colon (1, 6, 9, 10, 31-36), DARPP-32
could have an important role in restricting cell migration in
many tissues. The identification of DARPP-32 as an antimi-
gratory protein is novel, but other PP1 inhibitors closely
related to DARPP-32 have also been shown to regulate cell
migration via inhibition of PP1. Inhibitor-I was recently
found to regulate neurite growth cone motility and guidance
(37), and Inhibitor-2 has been found to regulate sperm motil-
ity (38). In the context of Wnt signaling it is interesting that PP1
was recently found in a screen for proteins inducing B-catenin
stabilization. It does so by dephosphorylating Axin, making
Axin less accessible for GSK-3p to bind, resulting in decreased
B-catenin phosphorylation and consequently B-catenin accu-
mulation. Particularly interesting, the authors could show that
co-expression of Inhibitor-2 increased GSK-38 association
with PP1 (39). Taken together with our results, these findings
suggest that non-canonical Wnt signaling might antagonize
canonical Wnt signaling via activation of PP1 inhibitors like
DARPP-32 and inhibitor-2.

Remodelling of the actin-cytoskeleton is one of the most
central mechanisms in cell migration and in search for such
changes induced by DARPP-32 phosphorylation, we stained
for F-actin and found that filopodia formation was severely
diminished in these cells. In agreement, we show that
DARPP-32 inhibits Cdc42 activity, the major GTPase
responsible for filopodia formation (27). As the response
that led to inhibition of Cdc42 activity was within 1 h, we
believe that the initial antimigratory effect of DARPP-32
relates to its ability to inhibit Cdc42 activity and filopodia
formation. Furthermore, our results suggest that CREB is
another important target molecule in Wnt-5a/DARPP-32-
mediated inhibition of breast cancer cell migration, since
DN-CREB completely blocked this response. We believe that
two signaling mechanisms synergistically act to induce
CREB phosphorylation. In addition to stimulating direct
phosphorylation of CREB, the increased PKA activity
induced by Wnt-5a inhibits PP1 via phosphorylation of
DARPP-32. Wnt-5a-mediated cAMP generation therefore
provides a straightforward explanation for activation of
CREB via PKA and demonstrates a mechanism whereby PKA
can both directly cause activation of a downstream protein
and enhance its own effect by inhibiting the antagonizing
enzyme, PP1. Most functional studies of CREB have been
focused on learning, memory, and cell survival (40, 41). In con-
trast, very few studies have been performed on the role of CREB
in cell migration, and the results are inconsistent. Thus, CREB
has been reported to both promote (42) and inhibit (43) smooth
muscle cell migration. However, nothing is known about the
CREB induced transcriptional targets that are expressed and
responsible for modifying cell migration. Clearly, the identifi-
cation of these targets is an important goal for our understand-
ing of why CREB can affect cell migration differently depending
on cell type and the circumstances under which it is activated.
In summary, we believe that there are at least two different
signaling pathways leading to Wnt-5a/DARPP-32 mediated
inhibition of breast cancer cell migration: a faster transcription-
ally independent Cdc42 pathway and a transcriptionally
dependent CREB pathway as illustrated in Fig. 9.
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FIGURE 9. Model of Wnt-5a/DARPP-32-mediated inhibition of breast can-
cer cell migration. Autocrine or paracrine acting Wnt-5a ligand activates
Frizzled-3 receptors that via Ge, stimulates CAMP formation by adenylyl
cyclases (AC). cAMP activates PKA, which phosphorylates DARPP-32 at Thr-34
and CREB at Ser-133. pThr34-DARPP-32 suppresses filopodia formation in
part by reducing CDC42 activity. In addition, pThr34-DARPP-32 inhibits PP1,
which in turn leads to enhanced CREB phosphorylation. CREB mediates
transcription of genes that also regulate cell migration by an as yet uni-
dentified mechanism.

Our previous and present results reveal an intimate interac-
tion between Wnt-5a, DDR1, and DARPP-32 in cell signaling.
DARPP-32 binds to DDR1 with weaker affinity when DDR1 is
activated by collagen (1), and since Wnt-5a expression
increases collagen-induced DDR1 phosphorylation, this could
mean that Wnt-5a induces release of DARPP-32 from DDR1 to
target sites in the cell. A strong argument for an important role
of DDR1 in this signaling circuit comes from our study in
MDA-MB-231 cells that lack endogenous expressions of both
DARPP-32 and DDR1. Introduction of DARPP-32 in these cells
does not inhibit cell migration unless DDR1 is co-expressed.
We believe that the role of Wnt-5a activation of phosphoryla-
tion of DARPP-32 could be to mediate a signal that makes
breast epithelial cells stay attached to the basement membrane.
The interplay of Wnt-5a and DARPP-32 with DDR1, which is
activated by collagen IV in the basement membrane, could be
crucial for the adhesive properties of the cell. In this model, it
stands to reason that cell detachment mediates a far stronger
phosphorylation of DARPP-32 than Wnt-5a, to force the
detached breast epithelial cell to re-attach to the basement
membrane. Such mechanisms would act to prevent breast can-
cer metastasis, since transformed breast epithelial cells need to
detach from the basement membrane as an initial step in the
metastatic process. In conclusion we have established that
Wnt-5a stimulation induces a Frizzled-3- and Gay-dependent
cAMP signal that, via PKA, leads to phosphorylation and acti-
vation of both DARPP-32 and CREB. DARPP-32 activity func-
tions to inhibit Cdc42 activity and to further potentiate the
Wnt-5a-induced activation of CREB. These signaling events act
together to prevent breast cancer cell migration. Pharmacolog-
ical activation of these pathways could constitute a novel way of
limiting breast cancer metastasis.
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