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The non-canonical Wnt/cyclic GMP/Ca2�/NF-AT pathway
operates via Frizzled-2, a member of the superfamily of G pro-
tein-coupled receptors. In scanning for signaling events down-
stream of the Frizzled-2/G�t2/PDE6 triad activated in response
to Wnt5a, we observed a strong activation of the mitogen-acti-
vated protein kinase p38 in mouse F9 teratocarcinoma embryo-
nal cells. The activation of p38 is essential for NF-AT transcrip-
tional activationmediated via Frizzled2.Wnt5a-stimulated p38
activation was rapid, sensitive to pertussis toxin, to siRNA
against either G�t2 or p38�, and to the p38 inhibitor SB203580.
Real-time analysis of intracellular cyclicGMPusing theCygnet2
biosensor revealed p38 to act at the level of cyclic GMP,
upstream of the mobilization of intracellular Ca2�. Fluores-
cence resonance energy transfer (FRET) imaging reveals the
changes in cyclicGMP in response toWnt5a predominate about
the cell membrane, and likewise sensitive to either siRNA tar-
geting p38 or to treatment with SB203580. Dishevelled is not
required forWnt5a activation of p38; siRNAs targeting Dishev-
elleds and expression of theDishevelled antagonistDapper-1 do
not suppress the p38 response to Wnt5a stimulation. These
novel results are the first to detail a Dishevelled-independent
Wnt response, demonstrating a critical role of the mitogen-ac-
tivated protein kinase p38 in regulating theWnt non-canonical
pathway.

Wnts are secreted, palmitoylated, and glycosylated ligands
that play a central role in early development (1, 2). Heptahelical,
G protein-coupled Frizzleds are the cellular receptors for Wnt
ligands (3–8). The Wnt-sensitive “canonical” pathway was the
first to be elucidated, is mediated by Frizzled-1, and regulates
the cellular stability of �-catenin (i.e. the Wnt/�-catenin path-
way) (2).Wnts that regulate the canonical pathway increase the
nuclear accumulation of �-catenin and thereby activate the
transcription of developmentally essential genes that are sensi-
tive to members of the lymphocyte enhancer factor/T cell fac-
tor (Lef/Tcf) transcription factors (2, 9, 10). An example of a
“non-canonical” Wnt-sensitive pathway is that mediated by
Frizzled-2, regulating cyclic GMP accumulation and Ca2�

mobilization (11–15). Activation of Frizzled-2 by Wnt5a leads
to activation of the phosphatidylinositol pathway (11), activa-
tion of the cyclic GMP phosphodiesterase PDE6 (13, 16), and
inhibition of protein kinase G (PKG)2 (17), which leads to Ca2�

mobilization (17). Ca2� imaging with Fura-2 dye in zebrafish
embryos (13, 18), mouse F9 teratocarcinoma cells (17), and
human embryonic stem cells in culture (17) has revealed
Wnt5a-stimulated Ca2� mobilization in this non-canonical
pathway to be downstream of PKG. Wnt5a-stimulated mobili-
zation of intracellular Ca2� stimulates activation of Ca2�-sen-
sitive enzymes, including the protein kinases (e.g. calcium/cal-
modulin-sensitive protein kinase II, CamKII, protein kinase C)
(12, 14) as well as the phosphoprotein phosphatase calcineurin
(19). The mobilization of intracellular Ca2� is essential for
Wnt5a activation ofNF-AT(nuclear factor of activatedT cells)-
sensitive gene transcription (17).
We scanned signaling pathways thatmight intersect with the

Wnt/cyclic GMP, Ca2� pathway that ultimately regulates NF-
AT-sensitive gene transcription. Of central interest in the anal-
ysiswas themitogen-activated protein kinase (MAPK) cascades
and the possible role of p38 in theWnt-sensitive non-canonical
signaling pathway. Our results indicate a central role of p38
MAPK in the Wnt5a/Frizzled-2/G�t2/PDE6/cyclic GMP and
Ca2� mobilization pathway that regulates NF-AT. Notably, the
Wnt5a-stimulated activation ofMAPK signaling cascade to the
level of p38 is the first Wnt pathway demonstrated to operate
independent of Dishevelleds.

EXPERIMENTAL PROCEDURES

Cell Culture—Mouse F9 teratocarcinoma cellswere obtained
from the ATCC collection (Manassas, VA). The cells were
propagated and maintained in Dulbecco’s modified Eagle’s
medium supplemented with 15% heat-inactivated fetal bovine
serum (Hyclone, South Logan, UT) at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air. Clones stably co-trans-
fected with pcDNA3.1 harboring rat Frizzled2 (Fz2) and
pNFAT-Luc (Stratagene, La Jolla, CA)were selected inmedium
containing 0.4 mg/ml neomycin analogue, G418 (Invitrogen,
Carlsbad, CA). At least three independent clones were selected
for each transfection. Clones were propagated in Dulbecco’s
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serum, 100 units/ml penicillin, 0.1mg/ml streptomycin, and 0.1
mg/ml G418.
Immunoblotting—F9 clones stably expressing either rat Friz-

zled1 (Fz1) or rat Frizzled2 (Fz2) were grown in 6-well plates.
Cells were lysed in 250�l of lysis buffer (20mMTris, pH7.5, 150
mM NaCl, 1 mM EDTA, 1% Triton, 2.5 mM sodium pyrophos-
phate, 1 mM �-glycerolphosphate, 1 mM Na3VO4, 10 �g/ml
leupeptin, 10 �g/ml aprotinin, and 200 �M phenylmethylsulfo-
nyl fluoride) and the mixture was subjected to centrifugation
(20,000 � g for 10 min at 4 °C). The supernatant, designated as
whole cell lysates, was collected and protein concentration was
determined by Lowry’s method (20). Protein aliquots (40
�g/lane) were subjected to SDS-polyacrylamide gel electro-
phoresis and the resolved proteins were transferred onto nitro-
cellulose membranes. The blots were probed with antibodies
specifically against p38 MAPK, phosphorylated p38 MAPK,
MKK3, phosphorylated MKK3/6, phosphorylated ATF2 (Cell
Signaling Technology, Danvers, MA), or against the indicated
G protein subunits (anti-G�t1, and anti-G�t2 from Santa Cruz
Biotechnology, Santa Cruz, CA; anti-G�o from Chemicon,
Temecula, CA) and followed by incubation with a correspond-
ing peroxidase-conjugated secondary antibody (anti-mouse
from Santa Cruz Biotechnology; anti-rabbit from Kirkegaard
and Perry Laboratories, Gaithersburg, MD). Immune com-
plexes were determined by enhanced chemiluminescence
method.
p38MAPKinase Assay—Confluent F9 clones stably express-

ing Fz2 were cultured in 6-well plates in media without serum
for 16 h, and thereafter cells were pretreated without or with
pertussis toxin (100 ng/ml), 8-Br-PET-cyclic GMP (10 �M), or
Zaprinast (1�M) for 30min to 1 hprior toWnt5a (50 ng/ml, cat.
645-WN, R&D Systems, Minneapolis, MN) stimulation for the
indicated periods. The activity of p38 MAP kinase was meas-
ured by using p38MAP kinase assay kit (Cell Signaling Tech-
nology, Danvers, MA) according to the manufacturer’s
instruction. Briefly, cells were lysed in 250 �l of lysis buffer
(20 mM Tris, pH 7.5; 150 mM NaCl, 1 mM EDTA, 1% Triton,
2.5 mM sodium pyrophosphate, 1 mM �-glycerolphosphate, 1
mM Na3VO4, 10 �g/ml leupeptin, 10 �g/ml aprotinin, and 200
�M phenylmethylsulfonyl fluoride) and the lysates were centri-
fuged at 20,000 � g for 10 min at 4 °C. Aliquots (500 �g of
protein) of the supernatant were incubatedwith 20�l of immo-
bilized phospho-p38 MAPK monoclonal antibody for 4 h at
4 °C. The immune complexes were washed twice with lysis
buffer and twice with kinase buffer (25 mM Tris, pH 7.5; 5 mM
�-glycerolphosphate, 2mMdithiothreitol, 0.1mMNa3VO4, and
10mMCaCl2). The immobilized phospho-p38was incubated in
30 �l of kinase buffer containing 1 �g of p38 substrate peptide
GST-ATF2-(19–96) and 20 �M ATP at 30 °C for 30 min. The
reaction mixtures were subjected to the 10% SDS-PAGE and
separated proteins were transferred electrophoretically onto
nitrocellulose membrane. The activity of p38 kinase was
assessed by detection of GST-ATF2 phosphorylation via an
anti-phospho-ATF2 antibody.
NF-AT-sensitive Luciferase Gene Reporter Assay—Mouse F9

clones stably co-transfected with NF-AT reporter gene
(pNFAT-Luc) and an expression vector harboring Fz2 were
cultured on 12-well plates. Confluent cells were serum-starved

for 12 h. Thereafter cells were pretreated for 30 min with vehi-
cle (as control), or PD98059 (20 �M; Calbiochem, San Diego,
CA) or SB203580 (2 �M; Calbiochem, San Diego, CA), followed
by incubation without or with Wnt5a (50 ng/ml) for 6 h. Cells
were lysed with 1� luciferase cell culture lysis reagent (Pro-
mega, Madison, WI) and supernatants from cell lysates were
subjected to luciferase assay according to the manufacturer’s
instruction (Stratagene, La Jolla, CA). Briefly, 20 �l of superna-
tant were mixed with 100 �l of luciferase assay buffer (40 mM
Tricine, pH 7.8; 0.5 mMATP, 10 mMMgSO4, 0.5 mM EDTA, 10
mM 1,4-dithiothreitol, 0.5 mM coenzyme A, and 0.5 mM lucife-
rin), and the intensity of luminescence was measured 10 s after
by using a luminometer (Lumat LB 9507; Berthold Technolo-
gies, Oak Ridge, TN). Samples were assayed in triplicate, and
the luciferase activity was normalized based on protein concen-
trations. Results are presented as ratios of relative light units of
treatment groups to those of control groups.
Cytoplasmic Calcium Measurements—Cells were plated on

collagen-coated, glass-bottomed 35-mm dishes (MatTek Cor-
poration, Ashland, MA) and cultured overnight. The intracel-
lular Ca2� was measured as described previously (17). Briefly,
cellswere loadedwith 2�MFura-2 acetoxymethyl ester (Molec-
ular Probes, Inc., Eugene, OR) in Krebs-Ringer buffer com-
posed of 128 mM NaCl, 5 mM KCl, 77.5 mM NaH2PO4, 1.3 mM
MgSO4, and 1.3 mM CaCl2 for 40 min at 37 °C. Cells were then
washed twice with Krebs-Ringer buffer and treatedwithWnt5a
(50 ng/ml). In the experiment that p38 inhibitor SB203580 was
used, it was incubated together with Fura-2 for the last 30 min
of the total 45 min loading time. Cells were immediately mon-
itored via a Hamamatsu OREA ER-AG digital CCD camera
coupled to a Nikon inverted microscope. Measurement of flu-
orescence intensity was performed and the ratio of absorbance
at 340/380 nm (A340/A380) was computed using Dynamic
Intensity Analysis (Compix Inc., Cranberry Township, PA).
Assay of PKG Activity—PKG activity was determined as

described previously (21) with modifications. Briefly, superna-
tants (20�l) from thewhole cell lysateswere employedwith 200
�g/ml PKG-specific heptapeptide substrate (RKRSRAE;
Bachem, San Diego, CA), 50 �M ATP, and 2.5 �Ci of
[�-32P]ATP in a buffer (TMG) containing 20 mM Tris-HCl, pH
7.4, 20 mM magnesium acetate, 10 mM glycerophosphate, 100
nM okadaic acid, and amixture of protease inhibitors (10�g/ml
leupeptin, 10 �g/ml aprotinin, and 200 �M phenylmethylsulfo-
nyl fluoride). The reaction mixture was incubated at 37 °C for
20min, and the reaction was terminated by addition of 4�l of 2
N HCl. Preboiled or HCl-treated supernatants were used as
blank samples. Twenty microliters of the resultant mixture
were spotted onto P-81 phosphocellulose filters. Air-dried P-81
filters were washed with H3PO4 (75 mM) three times. Incorpo-
rated 32P in substrates on filters were measured by liquid scin-
tillation spectrometry. The samples were assayed in triplicate.
Kinase activity is normalized with protein concentration and
presented in percentage of PKG activity of treatment group to
that of the control group.
Measurement of Intracellular Cyclic GMP in Live Cells—The

change of intracellular cyclic GMP in response toWnt5a in the
absence or presence of SB203580 was measured by using a
cyclicGMP indicatorCygnet-2.1 (a kind gift fromDr.Wolfgang
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Dostmann, University of Vermont, Burlington, VT). Cygnet-
2.1 was designed utilizing catalytically inactive mutant �1–77/
T516A bovine cGMP-dependent protein kinase I� (PKG I�) as
the central cGMP sensor flanked by enhanced cyan fluores-
cence protein (eCFP) and citrine, a pH-insensitive version of
yellow fluorescence protein (YFP). This biosensor binds cyclic
GMP with a high affinity and undergoes a conformational
change, interrupting the native FRET observed in the absence
of cyclic GMP (22, 23). F9 Fz2 expressing clones were trans-
fected with pcDNA3 harboring Cygnet-2.1 on a 35-mm glass-
bottomed dish by using Lipofectamine 2000 as per the manu-
facturer’s instruction (Invitrogen, Carlsbad, CA). Twenty-four
hours later, cells were bathed in phenol red-free Dulbecco’s
modified Eagle’s medium in the absence or presence of
SB203580 (2 �M) and imaged at 37 °C with a thermostatted
chamber supplied with 5% CO2 on a Zeiss LSM 510 META
confocal microscope with a 100/1.45 Alpha Plan-Fluor objec-
tive and an Argon 458 nm laser line. Dual-emission ratio (525/
475 nm) imaging of the indicator was controlled by Zeiss LSM
Image software. Emission intensities were monitored from 460
to 560 nm at an interval of 10 nm.
Intracellular Cyclic GMP Accumulation—The second method

for determining intracellular cyclic GMP concentrations was
using a commercial cyclic GMP ELISA kit (Cayman, Chemical,
Ann Arbor, MI) as previously described (13, 24). Briefly, mouse
F9 cells stably expressing Fz2 were seeded onto 12-well plates.
Control siRNA or siRNA specifically against p38 MAP kinase
(Santa Cruz Biotechnology) were introduced into cells by using
Lipofectamine 2000 according to the manufacturer’s instruc-
tion. After siRNA treatment for 48 h and serum starvation for
12 h, cells were stimulated with Wnt5a (50 ng/ml) for 45 min
and lysed in 0.2ml of 0.1 MHCl. Supernatants from lysates were

collected by centrifugation and
cyclic GMP concentrations were
determined. The coefficients of var-
iation within and among assays
were 7.5 and 9.8%, respectively. The
results were expressed as percent-
age of cyclic GMP measured in the
“control” cells.
Treatment of Cells with Antisense

Morpholinos—Morpholino phos-
phorodiamidate antisense oligonu-
cleotides (morpholinos) targeting
the translational initiation sites of
G�t2, G�t1, and G�o were pur-
chased from Gene Tools (Corvallis,
OR). The sequences ofmorpholinos
for G�t2, G�t1, and G�o are as fol-
lows: CACTCCCCATTTCTGCT-
GTCTCCTC is forG�t2, CTCCCC-
GGCCTCCTCAGACGACCTT is
for G�t1, and CCTCTGCGC-
TCAGCGTACATCCCAT is for
G�o. Mouse F9 clones expressing
Fz2 were treated with morpholino
antisense oligo according to the
manufacturer’s protocol as described

previously (17). Seventy-two hours after morpholino antisense
treatment, cells were stimulated without or with Wnt5a (50
ng/ml) for 15 min and p38 kinase activity was assessed. The
expression levels of target proteins were evaluated by
immunoblotting.
Treatment of Cells with siRNA—F9 cells expressing Fz2 were

grown to �60% confluence. siRNA (final concentration � 100
nM) was introduced into cells by using Lipofectamine 2000
(Invitrogen). Cells were cultured in the presence of siRNA for
additional 48 h according to the manufacturer’s recommenda-
tion. siRNAs targeting either mouse p38� (cat. SC-44217) or
human p38� (cat. SC-29433) were purchased from Santa Cruz
Biotechnology.
PDE Activity Assay—F9 cells stably expressing Fz2 were

seeded onto 12-well plates. siRNA treatment was performed
48 h prior to the Wnt5a (50 ng/ml) stimulation, as described
previously. After incubation with Wnt5a for 15 min, cells were
collected and homogenized in the buffer containing 20 mM
Tris-HCl, pH8.0; 2mMMgCl, 1mMEDTA, 10�g/ml aprotinin,
10�g/ml leupeptin, and 100�Mphenylmethylsulfonyl fluoride.
Twelve milligrams of cytosol fraction of cell lysates (�1 ml)
were applied to aResourceQchromatography (AmershamBio-
sciences). The starting buffer was 10 mM Tris-HCl, pH 8.0 with
50 mM NaCl; the washing buffer was 10 mM Tris-HCl, pH 8.0
with 300 mM NaCl. Samples were eluted with a linear gradient
of NaCl (50–300 mM) at a flow rate of 1 ml/min. PDE6 in the
eluted fractions was identified by immunoblotting. PDE6 activ-
ity was measured from the three fractions containing immuno-
stained PDE6. Briefly, 50�l of samples were employed in a total
volume of a 100-�l reaction mixture containing 20 mM Tris-
HCl (pH 8.0), 100 mM NaCl, 8 mM MgSO4, 100 �M cGMP, and
0.02�Ci of purified [3H]cGMP.The reactionmixturewas incu-

FIGURE 1. Stimulation of Frizzled-2 by Wnt5a activates p38 MAPK. A, mouse F9 clones stably expressing
either rat Frizzled-1 (Fz1) or rat Frizzled-2 (Fz2) were treated with Wnt5a (50 ng/ml) for periods indicated. The
activity of MAP kinase p38 was measured as described under “Experimental Procedures.” Representative
immunoblots are shown (upper panel). A quantitative analysis based upon results from scans of blots is pre-
sented (lower panel). The results displayed as mean � S.E. were derived from at least three separate experi-
ments. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus Fz2 clone at 0 min. B, a representative blot of p38 MAPK
activation in response to Wnt5a stimulation is displayed. Mouse F9 clones stably expressing Fz2 were treated
with Wnt5a (50 ng/ml) for periods indicated. Total cell lysates were collected and subjected to SDS-gel elec-
trophoresis followed by immunoblotting by using antibody specifically recognizing activated p38 which was
characterized by pT-G-pY (pT and pY represent phosphorylated threonine and phosphorylated tyrosine,
resepectively) within the catalytic core (IB: p-p38). The same blot was stripped and probed by antibody against
p38 (IB: p38) to establish the total p38 in the same fraction of cell lysates. C, a determination of MKK3/6
activation in response to Wnt5a stimulation by using anti-phospho-MKK3/6 (S189/207) antibody is shown (IB:
p-MKK3/6). The same blot was stripped and probed by antibody against MKK3 (IB: MKK3). The data presented
are representative of at least three separate determinations performed with separate cell lysates.
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FIGURE 2. Wnt5a stimulation of MAPK p38 is blocked by pertussis toxin and by suppression of G�t2, while mimicked by expression of constitutively
active QLG�t2. A, mouse F9 cells stably expressing Fz2 were pretreated without (as control, Ctr) or with pertussis toxin (PTX, 50 ng/ml) for 2 h prior to
stimulation of the cells with Wnt5a. After incubation with Wnt5a for 15 min, cells were lysed, and the lysates were subjected to the p38 kinase activity assay by
using ATF2 peptide as substrate as described under “Experimental Procedures.” Total p38 in the same lysate was monitored by immunoblotting by using
anti-p38 antibody. Representative blots were shown (upper panel). A quantitative analysis of p38 activity is presented (lower panel). The results displayed as
mean � S.E. were derived from at least three separate experiments. *, p � 0.01 versus the control without Wnt5a group; #, p � 0.01 versus the control with Wnt5a
group. B and C, F9 cells stably expressing Fz2 were treated with morpholino antisense for 72 h to knockdown G�t2, G�o, or G�t1 individually. B, protein levels
of the designated G protein �-subunits were assessed by immunoblotting (IB). C, morpholino-treated cells were stimulated with Wnt5a (50 ng/ml) for 15 min.
Cells were lysed, and p38 kinase activity was assessed as described under “Experimental Procedures.” Representative immunoblots probed by antibodies
against phospho-ATF2 (IB: p-ATF2), or phospho-p38 (IB: p-p38), or p38 are shown (upper panel). A quantitative analysis based upon results from scans of p-ATF2
blots is presented. *, p � 0.05 versus the control without Wnt5a group; #, p � 0.05 versus the control with Wnt5a group. D, F9 cells expressing Fz2 were
transiently transfected with empty vector (EV) or plasmids encoding EE-tagged constitutively active mutants of G�t2 (QLG�t2), G�o (QLG�o), or G�q (QLG�q)
for 24 h prior to the treatment with or without Wnt5a (50 ng/ml) for 15 min. Activated p38 and total p38 in the lysates were determined by immunoblotting by
using anti-phospho-p38 antibody (IB: p-p38) or anti-p38 antibody (IB: p38), respectively, as described in the legend of Fig. 1. Expression of EE-tagged QL
mutants of G�t2, G�o, and G�q were determined by immunoblotting by using anti-EE antibody. *, p � 0.05 versus the corresponding “-Wnt5a” groups; #, p �
0.05 versus the control without Wnt5a group. E, F9 cells stably expressing Fz2 were treated without (Control) or with SB203580 (2 �M), 8-Br-PET-cGMP (10 �M),
zaprinast (1 �M), or Rp-8-pCPT-cGMP (5 �M) for 30 min prior to the stimulation of Wnt5a (50 ng/ml). p38 kinase activity was measured in cells treated with or
without Wnt5a for 15 min. SB203580 (2 �M) was present in the kinase reaction mixture during the incubation of immunoprecipitated p38 and its substrates.
Representative immunoblots probed by antibodies against phospho-ATF2, or p38 are shown (upper panel). A quantitative analysis based upon results from
scans of p-ATF2 blots is presented. *, p � 0.01 versus the corresponding “�Wnt5a” groups; #, p � 0.001 versus the control group treated with Wnt5a. The data
presented are from at least three separate determinations performed with separate cell lysates.
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bated at 30 °C for 20min. Reactions were stopped by heat dena-
turation, 2 min at 100 °C. To convert GMP to guanosine, 0.1
unit/reaction of alkaline phosphatase (P-5931, Sigma) were
added to each sample, and the reaction was conducted for 20
min at 25 °C. The labeled guanosine was separated by AG 1-X8
resin (Bio-Rad) and quantified by scintillation counting. PDE6
activity is expressed as the mean value (cpm) of three separate
samplings.
Expression of Constitutively Active G Protein �-Subunits—Gln

to Leu substitution mutants of G protein �-subunits: G�t2
(Q204L), G�oA (G205L), and G�q (Q209L) were purchased
from UMR cDNA Resource Center (University of Missouri-
Rolla, Rolla, MO). F9 cells stably expressing Fz2 were plated
onto 12-well plates and transiently transfected with an expres-
sion vector harboring either G�t2 (Q204L), G�oA (G205L), or
G�q (Q209L) by using Lipofectamine 2000 according to the
manufacturer’s protocol. Twenty-four hours later, cells were
treated with Wnt5a for 15 min, and cell lysates were used for
immunoblotting.
Statistical Analysis—The experiments were conducted at

least in triplicate. All of the data are expressed as the means �
S.E. from at least three separate experiments. Comparisons of
data among groups were performed with one-way analysis of
variance followed by the Newman-Keuls test. Statistical signif-
icance (p value of less than 0.05) is denoted with asterisks or
pound symbols.

RESULTS

Wnt5a Activates p38 Mitogen-activated Protein Kinase—
Mouse F9 clones expressing rat Frizzled-2 (Fz2) were treated
with purifiedWnt5a for up to 2 h and the activity of p38MAPK
assayed. In response to stimulation with Wnt5a, p38 activity
increases, as measured by the phosphorylation of the substrate
ATF2 (Fig. 1A). ATF2 is a transcription factor that is a member
of the leucine zipper family of DNA-binding proteins. Phos-
phorylated ATF2 (p-ATF2) was detected within 5 min of stim-
ulation of the cells with Wnt5a. The amount of p-ATF2
increases progressively to 30min, declining to basal levels from
60–120-min post-stimulationwithWnt5a. The amount of p38,
established by immunoblotting, was unchanged by the treat-
ment with Wnt5a. Clones expressing Fz1, rather than Fz2, dis-
play no significant accumulation of p-ATF2. To further test the
hypothesis that Wnt5a treatment activates p38, we assayed the
phosphorylation state of p38 MAPK itself, by immunoblotting
(Fig. 1B). Wnt5a stimulates accumulation of the phosphoryla-
ted/activated form of p38 (p-p38), first detected at 5 min and
peaking at 15 min following stimulation by Wnt5a (Fig. 1B).
Analysis of known upstream regulators of p38 MAPK reveals
that the phosphorylated/activated form of MAPK kinases
(MKK)MKK3/6 (p-MKK3/6) is detected within 5 min of treat-
ment withWnt5a (Fig. 1C). The accumulation of p-MKK3/6 in
response to stimulation with Wnt5a peaks at 30 min (Fig. 1C).
These data clearly demonstrate that Wnt5a stimulates the p38
MAPK signaling pathway, culminating in the activation/phos-
phorylation of ATF2.
Activation of p38 MAPK by Wnt5a Is G Protein (G�t2)-

mediated—Because G�o andG�t2mediateWnt5a signaling to
PDE6 and Ca2� mobilization in F9 cells (13, 17), we examined

their possible involvement in the Wnt5a activation of p38
MAPK. Treating these cells with pertussis toxin (50 ng/ml, for
2 h), which inactivates bothG�o andG�t2, abolishes the ability
of Wnt5a to activate p38, as measured by accumulation of
p-ATF2 (Fig. 2A). We made use of antisense morpholinos to
suppress G�t2, G�o, or G�t1 (as a control, Fig. 2B). The mor-
pholinos effectively target their cognate G protein �-subunits
(13) and effectively suppressed the expression of their targets by
	75% (Fig. 2B, Table 1). Fz2 expressing F9 clones treated with
antisense morpholinos targeting G protein subunits were
assayed for the ability of Wnt5a to stimulate p38 MAPK phos-
phorylation as well as the phosphorylation of ATF2 (Fig. 2C).
Suppression of G�t2 effectively abolishes the ability of Wnt5a
to stimulate p38 phosphorylation and activation (Fig. 2C). Sup-
pression of either G�o or G�t1, in contrast, has no effect on the
Wnt5a-stimulated signaling to p38 MAPK.
If G�t2 mediates Wnt5a-stimulated activation of p38

MAPK, one would predict that expression of a constitutively
activated (CA�) mutant form of this G protein �-subunit
might mimic the effects of Wnt5a, in the absence of the ligand.
F9 clones were transiently transfected with an empty expres-
sion vector (EV) or an expression vector harboring a CA
mutant form of various G protein �-subunits. Expression of
Q204LG�t2mimics the ability ofWnt5a to stimulate activation
of p38 MAPK, as measured by immunoblotting with phos-
phospecific antibodies for active p38 (Fig. 2D). Treating the
clones expressing Q204LG�t2 with Wnt5a does not further
increase the activation of p38MAPK observed by expression of
the Q204LG�t2 alone. Expression of either Q205LG�o or
Q209LG�q, in contrast, does not activate p38 MAPK signaling
(Fig. 2D). Thus, on the basis of knock-down studies (Fig. 2C)
and expression of CA mutant forms of G�-subunits, G�t2
appears to be obligate for Wnt5a to stimulate p38 MAPK.
The best-known effector ofG�t2 is the cyclicGMPphospho-

diesterase PDE6, which has been shown to be the effector for
the G�t2-mediated, Wnt5a-stimulated decline in intracellular
cyclic GMP (13, 25). Based upon this knowledge, we explored if
a cyclic GMP analogue (i.e. �-phenyl-1,N2-etheno-8-bromo-
cGMP or 8-Br-PET-cGMP), a PDE6-selective inhibitor (zapri-
nast), or a protein kinase G inhibitor (i.e. 8-(4-chlorophenyl-
thio) guanosine-3
,5
-cyclic monophosphate Rp-isomer or
Rp-8-pCPT-cyclic GMP) would impact the ability of Wnt5a to
stimulate the activity of p38 MAPK. Inhibition of PDE6 with
zaprinast and introduction of a cyclic GMP analogue have no
significant effect on Wnt5a regulation of p38 (Fig. 2E). Like-
wise, treatment with the PKG inhibitor does not effect Wnt5a

TABLE 1
Efficiency of knockdown of G protein subunits targeted by antisense
morpholinos
The cellular abundance of each G protein subunit measured by immunoblotting in
samples from cells untreated with antisense morpholinos is set to a value of 1.00.
The results are present as means � S.E. from three or more separate experiments.

Protein
antisense Control G�t2 G�o G�t1

G�t2 1.00 � 0.04 0.23 � 0.04a 1.06 � 0.04 0.99 � 0.03
G�o 1.00 � 0.04 0.95 � 0.08 0.19 � 0.04a 0.96 � 0.08
G�t1 1.00 � 0.09 0.99 � 0.11 1.01 � 0.04 0.23 � 0.02a

a p � 0.001 for the difference from the value observed for cells that were not treated
with antisense morpholinos.
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signaling to the level of p38 MAPK (Fig. 2E). As a positive con-
trol, the p38-selective inhibitor SB203580 was tested and found
to effectively abolish the ability ofWnt5a to stimulate p38 activ-
ity. Thus, Wnt5a signaling to p38 was G protein (G�t2)-de-
pendent, but not dependent upon the ability of Wnt5a to regu-
late either cyclic GMP PDE or protein kinase G.
p38 Regulates Wnt5a/NF-AT Signaling at the Level of Cyclic

GMP—The inability of changes in intracellular cyclic GMP,
PDE activity, or PKG activity to impact Wnt5a-stimulated p38
MAPK, clearly indicates that the Wnt5a effects on p38 activity
are not because of changes in cyclic GMP, we wondered if the
p38 MAPK itself may participate in the signaling from Wnt5a
to the level of cyclic GMP. To test this possibility we made use
of the Cygnet2.1 biosensor, specifically designed to report on
intracellular cyclic GMP levels using a FRET-based read-out
(22, 23). FRET signals from Cygnet2.1 decline as cyclic GMP
levels increase, as the binding of the cyclic GMP to the biosen-
sor disrupts the interaction of the fluorescence donor and
acceptor moieties in the protein. By transient transfection, we
analyzed the expression of Cygnet2.1 in the Fz2-expressing F9
clones and measured the emission intensity of the FRET signal
in response to treatment of the cells with 8-bromo-cyclic GMP
(Fig. 3A). Elevation of intracellular cyclic GMP yields a sharp
decline in the 525 nm emission fromCygnet2.1, as predicted by
earlier studies (23). Treating the cells with Wnt5a, which acti-
vates PDE6 and catalyzes a sharp decline in intracellular con-

FIGURE 3. Wnt5a stimulation of p38 MAPK is essential for activation of
the Wnt5a/PDE6/cyclic GMP response. A, F9 cells stably expressing Fz2
were transiently transfected with the cyclic GMP-sensing biosensor Cygnet-
2.1 for 24 h. Cells were treated without or with either Wnt5a (50 ng/ml) or
8-Br-cGMP (100 �M), and the emission intensities from 465 to 580 nm were
monitored. The results displayed are scans of untreated cells and cells treated
for 90 min with either Wnt5a (�Wnt5a) or 8-Br-cGMP (�8-Br-cyclic GMP). B, F9
cells stably expressing Fz2 were transiently transfected with Cygnet-2.1 for
24 h. The cells then were treated with either vehicle or SB203580 (2 �M) and
dual emission images at 525 nm and 475 nm were monitored for 90 min. Cells

were then untreated or treated with Wnt5a (50 ng/ml), and the dual emission
images sampled for another 90 min. The intensity of emission ratio (525
nm/475 nm) was computed and the FRET ratio change is presented. The ini-
tial emission ratio is set as 1. C, a set of representative pseudo-colored images
of the FRET ratio data (525 nm/475 nm in arbitrary unit) in live cells expressing
the Cygnet2.1 biosensor and treated without or with Wnt5a. D, F9 cells stably
expressing Fz2 were treated with either vehicle or SB203580 (2 �M) for 30 min
prior to stimulation with Wnt5a. Additional sets of F9 cells expressing Fz2
were treated for 2 days with either a commercially designed control siRNA
(siRNA Ctr) or siRNA targeting p38� MAP kinase (siRNA p38�). The cells were
stimulated without or with purified Wnt5a (50 ng/ml) for 60 min, and cell
lysates were collected for the measurement of activity of PKG as described
under “Experimental Procedures.” *, p � 0.01 versus the control �Wnt5a
group; #, p � 0.01 versus the control �Wnt5a group. The data presented are
from at least three separate determinations performed with separate cell
lysates. The effect of siRNA treatment on the protein levels of p38 was
assessed by immunoblotting. Representative immunoblots probed by anti-
bodies against p38 (IB: p38) or �-actin (as a loading control) are shown (lower
panel). E, F9 cells stably expressing Fz2 were treated with either vehicle or
SB203580 (2 �M) for 30 min prior to stimulation with Wnt5a. Additional sets of
F9 cells expressing Fz2 were treated for 2 days with either a control siRNA (Ctr)
or siRNA targeting p38� MAP kinase (p38�). The cells were stimulated with-
out or with purified Wnt5a (50 ng/ml) for 15 min and the accumulation of
intracellular cGMP was assayed as described under “Experimental Proce-
dures.” The amount of cGMP was determined from standard dilutions and is
presented as pmol of cyclic GMP/mg protein. *, p � 0.01 versus the corre-
sponding �Wnt5a groups; #, p � 0.001 versus the control group treated with
Wnt5a. The data presented are mean � S.E. values from at least three sepa-
rate determinations performed with separate cell lysates. The effect of siRNA
treatment on the protein levels of p38 was assessed by immunoblotting.
Representative immunoblots of p38 (IB: p38) or �-actin (as a loading control)
are shown (lower panel). F, F9 cells stably expressing Fz2 without or with
pretreatment of either control siRNA or siRNA targeting p38� were incubated
with or without Wnt5a (50 ng/mg) for 15 min. Cell lysates were then applied
to a source Q chromatography. The fractions containing PDE6 were collected,
and the activity was measured as described under “Experimental Proce-
dures.” PDE6 activity presented as fold, setting the basal activity of control
cells (�Pretreatment and �Wnt5a) as 1. *, p � 0.001 versus the corresponding
�Wnt5a group; #, p � 0.001 versus the siRNA control �wnt5a group. The data
are shown as mean � S.E. Values from three separate determinations per-
formed with separate cell lysates.
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centrations of cyclic GMP (13, 15, 16), stimulated a decline in
the 475 nmdonor emission and a corresponding increase in the
acceptor emission at 525 nm (Fig. 3A). Thus, Cygnet2.1 pro-
vides a sensitive read-out with which to measure intracellular
levels of cyclic GMP in live cells, demonstrating by FRET that
activation of Frizzled-2 by Wnt5a stimulates an increased
acceptor emission characteristic of a decline in intracellular
cyclic GMP levels. The Cygnet2.1 biosensor read-out was
employed to test the effects of the chemical inhibition of p38
MAPK on the ability of Wnt5a to provoke a sharp decline in
cyclic GMP accumulation (Fig. 3B). As displayed in a time
course of the change in FRET ratio (525 nm/475nm),Cygnet2.1
displays a sharp progressive increase in signal over 100 min in
response to stimulation withWnt5a. Treating the cells with the
p38 inhibitor SB203580 alone has slightly negative effect on the
Cygnet2.1 FRET ratio (Fig. 3B). Treating the cells withWnt5a
in the presence of SB203580, in contrast, abolishes the Cyg-
net2.1 response, demonstrating an obligate role of p38 activity
in the downstream signaling from Wnt5a/Frizzled-2 to at the
level of cyclic GMP.
The successful application of Cygnet2.1 biosensor to our

studies enabled us to image the FRET signal in the live cells

under conditions in which the Fz2-
expressing F9 clones are stimulated
with Wnt5a (Fig. 3C). Within 15
min of stimulation of the cells with
Wnt5a, FRET signal presented as
dual-emission ratio (acceptor emis-
sion at 525 nm/donor emission at
475 nm) was obvious. Temporally,
the FRET signal increases progres-
sively during the time course follow-
ing the treatment with Wnt5a. Spa-
tially, the signal can be observed
throughout the cells with increased
localization of FRET signal about
the cell membrane of the treated
cells.
We tested the linkage between

p38 MAPK activity and cyclic GMP
levels by several additional, inde-
pendent approaches, each with a
different read-out. PKG activity was
measured in cells treated with or
withoutWnt5a (Fig. 3D), displaying
a decline in activity attributed to the
decline in intracellular cyclic GMP
stimulated by activation of the
Wnt5a/Frizzled-2/G�t2/PDE6 path-
way (17). Treating the cells with
either the p38 inhibitor SB203580
or siRNA targeting p38� abolishes
the ability of Wnt5a to attenuate
PKG activity (Fig. 3D). We also
measured by direct means cyclic
GMP accumulation in F9 cells
treated with control versus p38-tar-
geted siRNA or SB203580, and then

stimulated withWnt5a (Fig. 3E). Cyclic GMP accumulation, as
measured by enzyme-linked immunosorbent assay, declines in
control siRNA-treated cells by	50% in response to stimulation
with Wnt5a. Treating cells with siRNA targeting p38� MAPK,
in contrast, suppresses expression of p38 bymore than 80% and
abolishes the ability of Wnt5a to stimulate the sharp decline in
intracellular cyclic GMP levels. Both the siRNA targeting p38�
MAPK as well as the p38 inhibitor SB203580 suppress the abil-
ity of Wnt5a to decrease intracellular cGMP accumulation
equally well.
How then does p38 MAPK modulate cellular cGMP? We

demonstrated previously that Wnt5a stimulation activates
PDE6 (16). We tested the linkage between p38 MAPK and
PDE6bymeasuring the effect of siRNA targeting p38� onPDE6
activation in response toWnt5a stimulation. PDE6 activity was
increased up to 	10 fold in Fz2-expressing F9 clones stimu-
lated byWnt5a (Fig. 3F). Treating cells with control siRNA did
not affect Wn5a-stimulated PDE6 activation. Suppression of
p38� expression by siRNA, in contrast, abolished the ability of
Wnt5a to stimulate activation of PDE6 (Fig. 3F). Treating cells
with the p38MAPK-specific inhibitor SB203580 also blocked
Wnt5a-stimulated activation of PDE6 (data not shown).

FIGURE 4. p38 MAPK activation by Wnt5a mediates the mobilization of intracellular Ca2�. A and B, F9 cells
stably expressing Fz2 were preloaded with Fura-2 for 45 min and then treated with either vehicle or SB203580
(2 �M) for the last 30 min of incubation. Cells then were treated without or with Wnt5a (50 ng/ml) and the
intracellular free Ca2� was monitored as described under “Experimental Procedures.” Datum lines are summa-
tions of multiple imaging experiments, each performed on separate clones. These data are expressed as the
ratio of absorbance at 340/380 nm (A340/A380). *, p � 0.001, versus the corresponding 0 min group. The data are
presented as mean � S.E. from at least three separate determinations, each performed with separate cell
preparations. C, F9 cells expressing Fz2 were treated for 2 days with control siRNA (siRNA Ctr) or with siRNA
targeting p38� MAP kinase (siRNA p38�). Calcium mobilization in response to Wnt5a (50 ng/ml) was then
monitored as described under “Experimental Procedures.” D, HEK-293 cells were transfected with either an
empty vector (EV) or expressing vector pcDNA3.1 harboring rat Frizzled 2 (Fz2). Intracellular Ca2� change in
response to Wnt5a (50 ng/ml) stimulation was monitored as described under “Experimental Procedures.” E, HEK-
293 cells expressing Fz2 were treated for 2 days with either control siRNA or siRNA targeting p38�. Intracellular
Ca2� change in response to Wnt5a (50 ng/ml) stimulation was monitored. The results are presented as ratios of
intensity of absorbed fluorescence at excitation 340 over 380 nm monitored from one single experiment,
representative of more than three separate experiments with similar results.
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p38MAPK Is Obligate for Wnt5a-stimulatedMobilization of
Intracellular Ca2�—Recently it was shown that the ability of
Wnt5a tomobilize intracellular Ca2� is downstreamof changes
in cyclic GMP accumulation and PKG activity in zebrafish
embryos as well as mouse F9 cells in culture (13, 17). Intracel-
lular Ca2� levels were measured by use of the Fura-2 calcium
indicator. Treating the Fz2-expressing F9 clones with Wnt5a
stimulatesmobilization of intracellularCa2� (Fig. 4A). Treating
the clones with the p38 MAPK inhibitor SB203580 abolishes
the ability of Wnt5a to stimulate Ca2� mobilization, as shown

in a Ca2� level tracing (Fig. 4A) or in
a summary obtained from inde-
pendent trials of Fura-2 based quan-
tification of a number of separate
trials (Fig. 4B). Suppression of
p38� MAPK expression by siRNA
in these clones abolished the abil-
ity of Wnt5a to stimulate Ca2�

mobilization (Fig. 4C). The essen-
tial role of p38 MAPK on Wnt5a-
stimulated mobilization of intra-
cellular Ca2� was further tested in
human embryonic kidney (HEK)
293 cells. In contrast to HEK293
cells transiently transfected with
empty vector (EV), those cells
expressing rat Frizzled-2 dis-
played Ca2� transients in response
to Wnt5a stimulation (Fig. 4D).
Treatment of HEK293 cells with
siRNA targeting p38� blocked
the Wnt5a-stimulated Ca2� tran-
sients in these cells (Fig. 4E).
Clearly the influence p38 MAPK
on Wnt5a signaling is exerted at
the levels of cyclic GMP accumu-
lation, PKG activity, as well as
Ca2� mobilization.
p38 MAPK Is Obligate for the

Activation of NF-AT-sensitive Gene
Transcription by Wnt5a via the
Non-canonical Pathway—Wnt reg-
ulation of NF-AT-sensitive gene
expression is essential to ventral fate
in Xenopus embryos (19). Wnt5a
treatment alone stimulated NF-AT
transcriptional activity in Fz2-ex-
pressing F9 clones, measured by an
NF-AT sensitive luciferase-based
gene reporter (17). We tested the
effects of the p38 inhibitor
SB203580 and of the MEK inhibi-
tor PD98059 on the ability of
Wnt5a to activate NF-AT-sensitive
gene reporter. The MEK inhibitor
displays no effect on the Wnt5a-
stimulated gene response. Treating
the cells with p38 inhibitor, in con-

trast, effectively abolishes the ability ofWnt5a to stimulate NF-
AT-sensitive gene transcription (Fig. 5A). A time course of
NF-AT transcriptional activation by Wnt5 was performed in
untreated cells (�SB203580) as well as cells treated with the
p38 inhibitor (�SB203580). Activation of NF-AT-sensitive
transcription was detected within 2 h of Wnt5a stimulation in
cells untreated with the p38 inhibitor. The Wnt5a-stimu-
lated response increases from 2–4 h and reaches a plateau of
a 2-fold increase in NF-AT transcriptional activity from 4–6
h (Fig. 5B). Pretreating the cells with SB203580 for 30 min

FIGURE 5. Chemical inhibition, knockdown of p38� MAP kinase, or expression of dominant negative
mutant of p38� attenuates NF-AT transcriptional activation in response to Wnt5a stimulation. A, mouse
F9 cells were stably co-transfected with Fz2 and NF-AT luciferase reporter gene. Stable clones were treated
without (Control) or with either PD98059 (20 �M) or SB203580 (2 �M) for 30 min prior to treatment with Wnt5a
(50 ng/ml). The activity of NF-AT-dependent luciferase reporter was measured after 6 h of incubation with or
without Wnt5a. *, p � 0.001 versus the control without Wnt5a (�Wnt5a); #, p � 0.001 versus the control with
Wnt5a (�Wnt5a). B, F9 cells stably co-transfected with an expressing vector harboring Fz2 and a plasmid
containing NF-AT luciferase reporter gene were treated with SB203580 (2 �M) for 30 min and then treated
without or with Wnt5a (50 ng/ml). Cell lysates were collected at indicated time point and the activity of
NF-AT-dependent luciferase reporter was measured. *, p � 0.01; **, p � 0.001 versus the corresponding
�SB203580 groups. C, F9 cells stably co-transfected with an expressing vector harboring Fz2 and a plasmid
containing NF-AT luciferase reporter gene were treated for 48 h with either a commercially designed control
siRNA (Ctr) or siRNA targeting p38 MAP kinase (p38). The activity of NF-AT-dependent luciferase reporter was
measured following a 6 h treatment without or with Wnt5a (50 ng/ml). *, p � 0.001 versus the control siRNA
�Wnt5a group; #, p � 0.001 versus the control siRNA � Wnt5a group. D, F9 cells stably transfected with Fz2 and
NF-AT luciferase reporter gene were cultured on a 12-well plate. Stable clones were transfected with empty
vector (�) or pCMV harboring FLAG-tagged dominant negative p38 MAP kinase (p38�(AGF)) at a concentra-
tion of 0.1 or 0.2 �g/well. Twenty-four hours after transfection, the cells were incubated with or without Wnt5a
(50 ng/ml) for 6 h, and the activity of NF-AT-dependent luciferase reporter was measured. *, p � 0.001 versus
the corresponding �Wnt5a group; #, p � 0.001 versus empty vector �Wnt5a group. The expression of DN p38
was assayed by immunoblotting. Representative immunoblots of endogenous p38 (p38) as well as FLAG-
tagged DN p38 are shown (lower panel).
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sharply attenuates the ability of Wnt5a to stimulate the gene
reporter. In cells pretreated with the p38 inhibitor, activa-
tion of NF-AT by Wnt5a was less than 40% of the wild-type
levels and could only be detected at 3-h post-stimulation
with Wnt.
On the basis of the ability of SB203580 to blockWnt5a-stim-

ulation of NF-AT transcriptional activation, we explored the
role of p38 in theWnt5a regulation of this transcriptional acti-
vator by repression of p38 by using siRNA treatment (Fig. 5C).
Cells were either treated with a control siRNA or a mixture of
siRNA targeting p38� MAPK. The siRNA targeting p38� sup-
pressed expression of theMAPKby	80% (Fig. 3,D and E). The
ability of Wnt5a to stimulate NF-AT-sensitive transcriptional
activity was probed in the control cells and the cells made defi-
cient of p38�. The results show that suppression of p38MAPK
abolishes the ability ofWnt5a to stimulate theNF-AT response
in these cells. Clearly, the knock-down of p38� was superior to
chemical inhibition of p38 with SB203580, which yields a sub-
stantial, but not full, suppression of Wnt5a-stimulated NF-AT
transcriptional activation. To further test the role of p38MAPK
in the Wnt5a regulation of transcriptional activity of NF-AT,
we employed an expressing vector harboring a dominant neg-
ative (DN) mutant of p38� MAPK (FLAG-tagged p38(AGF), a
kind gift from Dr. Roger Davis, University of Massachusetts
Medical Center, and examined the effect of its expression on
NF-AT transcriptional activation. Expression of this DN
mutant of p38� MAPK clearly blocked Wnt5a-stimulated
NF-AT-dependent luciferase reporter activation (Fig. 5D).
Thus, p38 MAPK is obligate for the activation of NF-AT-
sensitive gene transcription by Wnt5a via the non-canonical
pathway.

The phosphoprotein Dishevelled (Dsh/Dvl) has been shown
to be an essential downstream signaling element inWnt canon-
ical and non-canonical pathways as well as in planar cell polar-
ity (27, 28). Immunoblotting of mouse F9 cells identified all
three mammalian Dvls, Dvl1, Dvl2, and Dvl3 (Fig. 6A). If Dvls
are mediating the ability of Wnt5a to activate p38, one would
predict that suppression of their expression would impact neg-
atively on the ability ofWnt5a to act. By use of siRNA targeting
each of the mammalian Dvls, we were able to suppress expres-
sion bymore than 75% (Fig 6A and Table 2). In F9 cells express-
ing Fz2 and targeted for suppression of Dvl1, Dvl2, or Dvl3
individually, no change in the ability of Wnt5a to activate p38
was observed (Fig. 6B). Similarly, suppression of three Dvl, the
activation of p38 by Wnt5a was not affected (Fig 6B). Dapper1
has been reported as a general Dvl inhibitor (29). Expression of
Dapper-1 blocks Wnt3a activation of the Lef/Tcf-sensitive
transcriptional response, Wnt5a activation of the non-canoni-
cal cyclic GMP pathway, as well as Wnt3a stimulation of JNK
activation (data not shown). Expression of Dapper-1 in the F9
cells expressing Fz2 did not diminish, however, the ability of
Wnt5a to activate p38 MAPK (Fig. 6B). Taken together these
data demonstrate the Wnt5a signals to the level of NF-AT-
sensitive transcription via G�t2, PDE6, PKG, and Ca2� mobili-
zation, a response dependent upon the early activation of p38
MAPK for thisWnt non-canonical signaling pathway. The p38
activation in response to Wnt5a is the first example of a Wnt-
sensitive pathway that operates independent of Dishevelled.

DISCUSSION

We reveal a novel role of the p38 MAPK in the Wnt/cyclic
GMP/Ca2�/NF-AT transcriptional activation pathway

mediated by Frizzled-2 (Fig. 7).
Activation of the non-canonical
Wnt/Ca2� pathway promotes
ventral cell fate in the Xenopus
embryo. Wnt5a stimulates phos-
phatidylinositol signaling and
Ca2� transients that are essential
to normal development in the
zebrafish embryo (11, 18). Mouse
embryonic F9 cells were employed
to probe the role of p38 MAPK in
the signal linkage map from a
proximal step (i.e. activation of
Frizzled-2) downstream to the
activation of the developmentally
regulated, luciferase reporter gene
sensitive to NF-AT. The results
from these studies provided sev-

FIGURE 6. Suppression of Dvl1, Dvl2, or Dvl3 as well as expression of the Dvl antagonist Dapper-1 do not
inhibit the ability of Wnt5a to activate p38 MAPK. A, F9 cells expressing Fz2 were treated for 48 h with commer-
cially designed control siRNA or siRNA targeting Dvl1, Dvl2, or Dvl3. The cells were then incubated without or with
Wnt5a (50 ng/ml) for 15 min and both activated phospho-p38 and total p38 were quantified in whole cell lysates by
immunoblotting. Quantification of the data are presented as mean values � S.E. from at least three separate exper-
iments. B, F9 cells expressing Fz2 were transiently transfected with an expression vector harboring the Dvl antago-
nist Dapper-1for 48 h. The cells were then treated without or with Wnt5a (50 ng/ml) for 15 min, and p38 activity
was analyzed as described. Expression of Dapper1 as well as Dvl1, 2, and 3 was quantified in whole cell lysates
by immunoblotting. Quantification of the data is presented as mean values � S.E. from at least three separate
experiments.).

TABLE 2
Efficiency of knockdown of Dishevelleds targeted by siRNA
The cellular abundance of each Dvl measured by immunoblotting in samples from cells untreated with the targeted siRNA is set to a value of 1.00. The results are present
as means � S.E. from three or more separate experiments.

Protein siRNA Control Dvl1 Dvl2 Dvl3 Dvl123
Dvl1 1.00 � 0.10 0.20 � 0.11a 0.96 � 0.05 0.96 � 0.05 0.23 � 0.04a
Dvl2 1.00 � 0.03 1.15 � 0.07 0.19 � 0.04a 0.97 � 0.06 0.14 � 0.03a
Dvl3 1.00 � 0.09 1.09 � 0.13 0.96 � 0.03 0.16 � 0.03a 0.26 � 0.02a

a p � 0.001 for the difference from the values observed for untreated and control siRNA-treated cells.
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eral key and novel insights about Wnt signaling in the non-
canonical pathway.
First, althoughMAPK family members have been implicated

inWnt signaling, the current study is the first report to identify
p38 MAPK as downstream in aWnt-sensitive pathway. Earlier
studies of the planar cell polarity pathway in Drosophila and
Wnt pathways regulating convergent extension in vertebrate
demonstrate the activation of N-terminal c-Jun protein kinase,
JNK (30, 31). Erk1/2 MAPK have not yet been implicated in
Wnt signaling, but it is likely that cross-talk must exist between
Wnt-sensitive pathways and theMAPKcascade of downstream
signaling (26). For theWnt5a/cyclic GMP/Ca2�/NF-AT-sensi-
tive transcription pathway, p38 not only regulates the signaling,
but is essential for the overall function of the pathway from
Wnt5a to the activation of NF-AT (Fig. 7).
Second, the activation of p38 by Wnt5a feeds into the

Wnt5a/cyclic GMP/Ca2�/NF-AT pathway at the level of cyclic
GMP, upstream of Ca2� mobilization. The ability of Wnt5a to
activate p38 MAPK itself is not sensitive to the elevation of
intracellular cyclic GMPby addition of 8-bromo-cyclic GMPor
by inhibition of PDE6 with zaprinast. Furthermore, inhibiting
PKG activity does not alter the ability ofWnt5a to activate p38.
What is clear is that inhibition of p38 MAPK interrupts the
signaling of this pathway at the level of cyclicGMP.This impor-
tant informationwas deduced both by read-outs of direct cyclic
GMP measurement, as a reflection of PKG activity, and in live
cells, making use of the Cygnet2.1 biosensor for cyclic GMP.
Our understanding of how p38MAPKmodulates cGMP levels
is not complete. Experimental results (Fig. 3F) provide a line of
evidence indicating that p38 MAPK is necessary for the PDE6
activation in response to Wnt5a. Although Wnt5a stimulation
leads to the activation of G�t and PDE6, mimicking the path-
way in the visual system, the mechanism by which p38 MAPK
regulates the PDE6 is not clear.
Third, the activation of p38 appears to operate via two inter-

acting signaling paradigms, a GPCR cascade and a traditional
MAPK cascade. The Fz2/G�t2/PDE6 triad operates down to

the level of NF-AT-sensitive transcriptional activation, while
the MEKK/MKK/MAPK cascade culminates in activation of
p38, which is also required for the activation of NF-AT. This
configuration has marked similarities to the Fz1-mediated reg-
ulation of planar cell polarity, operating inmammals and in flies
(25, 32) through Fz1/G�o/Dvl and downstream to a MEKK/
MKK/JNK cascade. Thus GPCRs relay information from Wnt
ligands toGproteins and their cognate effectors downstream to
MEKKs that control MAPKs and the activity of transcription
factors (Fig. 7).
Finally, we reveal for the first time the operation of a Wnt-

sensitive signaling pathway that to the level of the effecter, p38,
operates independent of the phosphoprotein Dvl. Knock-down
of Dvl1, Dvl2, Dvl3, or the expression of the Dvl inhibitor Dap-
per-1 has no effect on the ability of Wnt5a to activate p38,
although the signaling to the level of NF-AT does.3 Taken
together, these novel observations reveal an essential role of
p38 MAPK in Wnt-sensitive signaling via the non-canonical
pathway.
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