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Canonical Wnt/�-catenin signaling plays a major role in various biological contexts, such as embryonic development, cell prolif-
eration, and cancer progression. Previously, a connection between p38 mitogen-activated protein kinase (MAPK) signaling and
Wnt-mediated activation of �-catenin was implied but poorly understood. In the present study, we investigated potential cross
talk between p38 MAPK and Wnt/�-catenin signaling. Here we show that a loss of p38 MAPK �/� function reduces �-catenin
nuclear accumulation in Wnt3a-stimulated primary vascular smooth muscle cells (VSMCs). Conversely, active p38 MAPK sig-
naling increases �-catenin nuclear localization and target gene activity in multiple cell types. Furthermore, the effect of p38
MAPK �/� on �-catenin activity is mediated through phosphorylation of a key p38 MAPK target, myocyte enhancer factor 2
(MEF2). Here we report a p38 MAPK-mediated, phosphorylation-dependent interaction between MEF2 and �-catenin in multi-
ple cell types and primary VSMCs that results in (i) increased �-catenin nuclear retention, which is reversed by small interfering
RNA (siRNA)-mediated MEF2 gene silencing; (ii) increased activation of MEF2 and Wnt/�-catenin target genes; and (iii) in-
creased Wnt-stimulated cell proliferation. These observations provide mechanistic insight into a fundamental level of cross talk
between p38 MAPK/MEF2 signaling and canonical Wnt signaling.

Characterization of the canonical Wnt signaling pathway over
the last 2 decades has revealed a fundamental role in many

physiological and pathophysiological processes. Molecular defects
in Wnt genes or their associated downstream effectors, most no-
tably �-catenin, often have profound consequences linked with a
myriad of developmental disorders and human diseases, includ-
ing those involving hippocampal development, epithelial tube
formation, and cancer (1–5).

The canonical Wnt pathway involves a family of 19 Wnt li-
gands, which are cysteine-rich glycoproteins that bind to the Friz-
zled receptor proteins, of which there are 10 family members. The
ligand-receptor interaction comprises part of a larger signaling
complex containing other receptor-related proteins, such as the
low-density lipoprotein receptor-related protein 5 (LRP5) and
LRP6 single-pass transmembrane proteins. �-Catenin, a bifunc-
tional protein that serves as a component of the cell adhesion
machinery in combination with E-cadherin and �-catenin, also
performs an essential nodal function in the canonical Wnt path-
way downstream of the receptor complex. In brief, without active
Wnt signaling, �-catenin is phosphorylated by glycogen synthase
kinase 3 (GSK3) and casein kinase I (CKI) in an adenomatous
polyposis coli (APC)/axin “destruction complex,” which facili-
tates interaction with �-transducin repeat-containing E3 ubiqui-
tin protein ligase (�-TrCP) and subsequent ubiquitin-mediated
proteasomal degradation (6–8). Conversely, pathway activation
by the Wnt-Frizzled interaction dismantles the destruction com-
plex, leading to enhanced levels of cellular �-catenin and subse-
quent accumulation in both the cytoplasm and, particularly, the
nuclear compartment. In combination with transcription factors,
such as lymphoid enhancer-binding factor (LEF)/T-cell factor
(TCF), and several other nuclear protein interactions, �-catenin
acts as a powerful regulator of Wnt target genes, such as the cyclin

D1 (9), c-Myc (10), axin2 (11), and c-Jun (12) genes, in a wide
range of tissues (13–15).

Nuclear accumulation of �-catenin is a central tenet of the
canonical Wnt pathway; however, the nuclear �-catenin level
has largely been assumed to result from destruction complex
disassembly and cytoplasmic accumulation. Consideration of
�-catenin nuclear localization as a potential regulatory step in
canonical Wnt signaling, and also how �-catenin is retained in
the nucleus, has been unclear (16, 17). For a pathway that ful-
fills such a prominent role in many cellular processes, it seems
unlikely that the facile cytoplasmic accumulation of �-catenin
due to suppressed degradation is sufficient for precise regula-
tion of the nuclear levels, especially in view of the fact that this
step is heavily regulated for many transcriptional regulators
(18, 19). Indeed, some studies have suggested that additional
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control of �-catenin localization occurs in a nuclear localiza-
tion signal (NLS)- and importin-independent manner and by
association with various proteins; however, the precise mech-
anism is still unknown (16, 20, 21).

Here we report a nexus of control of �-catenin nuclear local-
ization by cross talk with the p38 mitogen-activated protein kinase
(MAPK)/myocyte enhancer factor 2 (MEF2) signaling pathway
that is dependent on a direct protein-protein interaction with
MEF2 and on intact p38 MAPK activity in primary vascular
smooth muscle and several cell lineages. These observations define
a novel mechanism of �-catenin regulation with important impli-
cations for canonical Wnt signaling pathway modulation.

MATERIALS AND METHODS
Cell culture. A10, COS7, HEK 293T, and C3H/10T1/2 cells were obtained
from the American Type Culture Collection (ATCC). Cells were main-
tained in Dulbecco’s modified Eagle medium (DMEM) with high glucose
(HyClone), supplemented with 10% fetal bovine serum (FBS; HyClone)
and 1% penicillin-streptomycin (Invitrogen), according to ATCC recom-
mendations. Primary vascular smooth muscle cells (VSMCs) were iso-
lated and cultured from mouse aortae as previously described (22). All
mouse experiments were approved by the York University Animal Care
Committee in accordance with Canadian Council of Animal Care regula-
tions. Cells were grown in serum-free DMEM containing no FBS for the
time specified for each experiment. Cells were maintained in an incubator
at 95% humidity, 5% CO2, and 37°C. Drug and protein treatments were
completed for the indicated times at the indicated concentrations.

Transfections. For reporter gene assays and protein overexpression,
cells were transfected by use of TurboFect (Fisher Scientific) according to
the recommended instructions. Small interfering RNA (siRNA) was
transfected according to TurboFect recommendations. Cells were trans-
fected for 3 h, followed by medium replacement, and were harvested or
had the serum withdrawn 24 to 48 h later, unless otherwise indicated.
Myc(N)-�-catenin was N-terminally truncated by 89 amino acids (aa)
prior to tagging to prevent GSK3� phosphorylation and degradation, and
the resulting construct was named �-catenin (act) (activated).

Gene silencing. A �-catenin short hairpin RNA (shRNA) (target se-
quence AACATGCAGTTGTCAATTTGA) or its scrambled control (tar-
get sequence GCAATTCTGAAGTCTGATATA) was inserted into the
pSilencer 3.0 H1 vector per the manufacturer’s instructions. siRNAs
(Sigma-Aldrich) for MEF2A (siRNA 1, SASI_Mm01_00120788; and
siRNA 2, SASI_Mm01_00120789), MEF2C (SASI_Mm01_00092891),
and �-catenin (SASI_Rn01_00099923) and a universal scrambled RNA
were used at a concentration of 25 nM. Double-siRNA experiments used
a 25 nM concentration of each siRNA (total concentration, 50 nM), and
equivalent controls used 50 nM scrambled RNA.

Antibodies and reagents. Rabbit polyclonal MEF2A and MEF2C an-
tibodies have been described previously (23, 24). Actin, c-Jun, and dsRed
were purchased from Santa Cruz. �-Catenin antibody was purchased
from Cell Signaling Technologies. MEF2D antibody was purchased from
BD Biosciences. c-Myc antibody was purchased from the developmental
studies hybridoma bank. Flag, glutathione S-transferase (GST), and actin
(�-smooth muscle) were purchased from Sigma-Aldrich.

Purified recombinant mouse Wnt3a protein was purchased from Ab-
cam. A p38 MAPK inhibitor (SB203580) and its inactive analog
(SB202474) were purchased from Calbiochem. Purified recombinant hu-
man platelet-derived growth factor BB (PDGF) was purchased from Sig-
ma-Aldrich.

In vitro kinase assay and mass spectrometric (MS) analysis of pro-
tein phosphorylation. Three micrograms of either purified recombinant
GST, GST-MEF2C, or 6�His–�-catenin was mixed with 0.5 �g purified
recombinant GST-p38 MAPK (Millipore) and with [�-32P]ATP and in-
cubated at 30°C for 30 min. Samples were denatured in SDS loading buffer
at 95°C for 5 min, and proteins were separated by 10% SDS-PAGE and

exposed on X-ray film (GE Healthcare) for 16 h at �80°C to detect 32P
incorporation.

In order to observe protein phosphorylation by liquid chromatogra-
phy-MS (LC-MS), in vitro p38 MAPK treatment was repeated with ATP in
place of [�-32P]ATP. The protein mixture was separated by SDS-PAGE.
Coomassie blue-stained gel bands whose molecular weights corresponded
to those of ATF2 and �-catenin were cut away and then destained with
acetonitrile (Fisher Scientific). The gel bands were treated with 9 mM
dithiothreitol in 100 mM ammonium bicarbonate (Sigma-Aldrich) at
60°C for 15 min and then alkylated with iodoacetamide (Sigma-Aldrich)
in the dark for 30 min at room temperature. Each band was treated with 1
�g of porcine trypsin (Promega) at 37°C for 16 h.

Tryptic peptides were resolved by nanoflow high-pressure liquid chro-
matography (nanoflow-HPLC) over 60-min acetonitrile gradients on a
NanoLC-Ultra 2D-Nanoflex cHiPLC system (AB Sciex). A 0.5-mm-long,
200-�m-diameter trap and a 150-mm-long, 75-�m-diameter analytical
column were used. The trap and column were both packed with 3-�m-
diameter C18 particles with 120-Å pores. Mobile phase A was 0.1% formic
acid in water (vol/vol), and mobile phase B was 0.1% formic acid in ace-
tonitrile (vol/vol) (Honeywell). The pump was operated at 300 nl/min
with the following mobile phase B contents: 2% (vol/vol) at 0 min, 35% at
35 min, 80% from 35.5 to 38.5 min, and 2% from 39 to 60 min. Peptides
were detected on an Orbitrap Elite mass spectrometer (Thermo Scien-
tific).

The mass spectrometer was operated in data-dependent acquisition
mode, with survey scans having a resolution fixed at 60,000. The data
acquisition method incorporated an inclusion list whose m/z values cor-
responded to fully tryptic �-catenin peptide and phosphopeptide ions
containing putative p38 MAPK phosphosites based on the kinase consen-
sus sequence. Predicted phosphosites S191, S246, and S605 were repre-
sented in the sequences SPQMVSAIVR, MLGSPVDSVLFYAITTLHNLL
LHQEGAK, and GLNTIPLFVQLLYSPIENIQR, respectively.

Protein extraction and Western blot analysis. Cells were collected
using NP-40 lysis buffer (0.5% [vol/vol] Nonidet P-40, 50 mM Tris-HCl
[pH 8], 150 mM NaCl, 10 mM sodium pyrophosphate, 1 mM EDTA [pH
8], and 0.1 M NaF) containing 10 �g/ml (each) leupeptin and aprotinin,
5 �g/ml pepstatin A, 0.2 mM phenylmethylsulfonyl fluoride, and 0.5 mM
sodium orthovanadate. Protein extracts were denatured in SDS loading
buffer at 95°C for 5 min and then run in a 10% SDS-PAGE gel, transferred
to a polyvinylidene difluoride (PVDF) membrane (Millipore), and
blocked in 5% skim milk for 1 h prior to antibody incubation.

Coimmunoprecipitation and calf intestinal alkaline phosphatase
(CIP) treatment. For coimmunoprecipitation, cells were harvested and
proteins extracted as described above. Immunoprecipitation was per-
formed using an ImmunoCruz Optima kit (Santa Cruz Biotechnology)
according to the manufacturer’s instructions. Eluates were analyzed by
Western blotting as described above.

For CIP treatment, 10 U of CIP was added to 1 mg of cell lysate and
incubated for 30 min at 37°C, using an ImmunoCruz Optima kit.

GST pulldown assay. For GST pulldown assays, GST-MEF2C and
6�His–�-catenin fusion proteins were obtained using standard proto-
cols. Briefly, a cloned pGex2T (MEF2C) or pET28a (�-catenin) vector was
transformed into Escherichia coli BL21, and protein production was in-
duced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 6 h.
GST-MEF2C- and 6�His–�-catenin-expressing cells were sonicated, and
the proteins were purified with glutathione-agarose (Sigma-Aldrich) and
nickel-agarose (Qiagen) beads, respectively. Protein concentrations were
estimated by SDS-PAGE and Coomassie blue staining, using bovine se-
rum albumin (BSA) for comparative estimation. Five micrograms of
GST–full-length MEF2C (or the molar equivalent of the smaller GST,
GST-MEF2C N terminus, or GST-MEF2C C terminus), 5 �g 6�His–�-
catenin, and 25 �l glutathione-agarose beads (50% slurry) were incubated
in 600 �l NETN buffer (100 mM NaCl, 20 mM Tris-HCl [pH 8], 0.5 mM
EDTA, 0.5% [vol/vol] NP-40) overnight at 4°C. Beads were washed three

p38 Regulates Wnt Signaling through MEF2–�-Catenin

January 2016 Volume 36 Number 2 mcb.asm.org 331Molecular and Cellular Biology

http://mcb.asm.org


times with phosphate-buffered saline (PBS) and eluates analyzed by West-
ern blotting.

Reporter gene assays. Transcriptional assays were performed using
luciferase reporter plasmids. Cells were harvested using 20 mM Tris-HCl
(pH 7.4) and 0.1% Triton X-100. Values obtained using a Lumat LB
(Berthold) luminometer were normalized to renilla luciferase expression
in the same cells, and values were expressed as fold activation by arbitrarily
setting the control condition to 1. Bars represent the means (n � 3), and
error bars represent the standard errors of the means (n � 3). Indepen-
dent sample t tests were performed on experiments with two conditions,
while one-way analysis of variance (ANOVA) followed by Tukey’s highly
significant difference (HSD) post hoc analysis was performed on experi-
ments with more than two conditions (SPSS software). P values are shown
with respect to controls, unless otherwise indicated.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde in
PBS for 10 min and then permeabilized with 0.3% Triton X-100 in PBS for
5 min at room temperature. Cells were blocked using 10% goat serum in
PBS for 30 min at 37°C and then incubated overnight with �-catenin
antibody diluted (1:500) in 1.5% goat serum in PBS at 4°C. Cells were
washed three times with PBS (10 min each) and then incubated with the
specified tetramethyl rhodamine isothiocyanate (TRITC) or fluorescein
isothiocyanate (FITC) antibody (Sigma-Aldrich) diluted (1:500) in 1.5%
goat serum for 2 h at room temperature, with 4=,6-diamidino-2-phenylin-
dole (DAPI) nuclear staining (1:10,000; Sigma-Aldrich) in the last 15 min.
Cells were washed three times with PBS (10 min each) and then left in
PBS at room temperature for confocal microscopy imaging. Images
were captured using either a Carl Zeiss Axio Observer.Z1 (Photomet-
rics Evolve 512 EMCCD camera) or LSM 700 AxioObserver micro-
scope. Cells were imaged under 40� (EC Plan-Neofluar; 1.30 numer-
ical aperture [NA] in oil), 63� (Plan-Apochromat; 1.40 NA in oil),
and 100� (Alpha Plan-Apochromat; 1.46 NA in oil) objectives, using
ZEN image acquisition software. Images were taken as a z-stack and
projected orthogonally by maximum intensity. Relative �-catenin nu-
clear/cytosolic fluorescence ratios were quantified using ImageJ with
the Fiji image processing package. The nucleus was traced using DAPI
or Hoechst 33342 for reference, and the following procedure and cal-
culations were performed. The fluorescence intensities of 3 areas in the
field with no cells were averaged and multiplied by the nuclear area to
calculate background fluorescence. The integrated density of the nu-
cleus was subtracted from this value and divided by the nuclear area to
calculate the average nuclear intensity. Three areas of cytosol that were
evenly spaced around the nucleus were measured and the background
subtracted as described above, and the resulting value was divided by
the area to calculate the average cytosolic intensity. The average nu-
clear intensity was divided by the average cytosolic intensity to calcu-
late the nuclear/cytosolic ratio for the cell.

In vitro binding assay. Two micrograms of purified recombinant
GST-MEF2C (Abnova) was incubated with 0.4 �g of purified recombi-
nant GST-p38 MAPK (Millipore) in kinase buffer (NEB) with 200 �M
ATP (NEB), as specified, for 3 h at 30°C. Five micrograms of purified
recombinant 6�His–�-catenin was added, along with 30 �l glutathione-
agarose beads (50% slurry) and 600 �l NETN buffer (100 mM NaCl, 20
mM Tris-HCl [pH 8], 0.5 mM EDTA, 0.5% NP-40), and incubated for 1
h at room temperature. Beads were washed three times with Tris-buffered
saline (TBS), heated with SDS loading buffer for 5 min at 95°C, run in a
10% SDS-PAGE gel, and subjected to Western blotting.

MTT cell proliferation assay. A Vybrant MTT [3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] cell proliferation assay
kit was purchased from Life Technologies and used according to the man-
ufacturer’s instructions. Cells were transfected for 3 h and recovered for
24 h prior to the MTT assay procedure. Bars represent the means (n � 3),
and error bars represent the standard errors of the means (n � 3). One-
way ANOVA followed by Tukey’s HSD post hoc analysis was performed
for statistical analysis (SPSS software). P values are shown with respect to
controls, unless otherwise indicated.

RESULTS
p38 MAPK modulates Wnt-dependent �-catenin activity and
nuclear localization. In order to determine whether p38 MAPK
does play a role in regulating �-catenin, we utilized a well-charac-
terized synthetic reporter gene named TOPflash, which responds
to Wnt-dependent �-catenin activation and contains 7 TCF/LEF
consensus binding sites driving luciferase expression (25). Ini-
tially, the A10 vascular smooth muscle cell line was transfected
with TOPflash and then cultured under low-serum conditions,
followed by treatment with a p38 MAPK inhibitor (SB203580;
10 �M) or its inactive analog (SB202474; 10 �M). Under these
baseline conditions, canonical Wnt signaling was activated by
treatment with purified Wnt3a protein (200 ng/ml). Wnt3a stim-
ulation with the inactive inhibitor increased TOPflash activity 11-
fold (P � 0.0001), but this was significantly reduced in cells
treated with Wnt3a and the active p38 MAPK inhibitor (P �
0.0001) (Fig. 1A, left panel). Primary vascular smooth muscle cells
(VSMCs) isolated from mouse aortae were similarly treated with
the p38 MAPK inhibitor following serum withdrawal and were
stimulated with the Wnt3a protein. Cell lysates were subjected to
Western blot analysis to show p38 MAPK activity by analyzing a
known substrate, activating transcription factor 2 (ATF2), which
is phosphorylated at Thr69/71 by p38 MAPK (26) (Fig. 1A, right
panel). Wnt3a stimulation has indeed previously been shown to
lead to p38 MAPK activation and thus to promote ATF2 phos-
phorylation (27). Moreover, we reported a derepression of p38
MAPK by pharmacological GSK3 inhibition (28). Thus, there
seem to be a number of possible mechanisms by which the activity
of p38 MAPK may be modulated by Wnt signaling.

Since nuclear accumulation is fundamental for �-catenin ac-
tivity, we subsequently tested whether the effect of p38 MAPK
inhibition on �-catenin activity was due to a change in its cellular
localization. Exploratory experiments with A10 cells indicated
that modulation of p38 MAPK activity affected �-catenin local-
ization (see Fig. S1 in the supplemental material), and this was
confirmed in primary VSMCs by confocal immunofluorescence
microscopy under the conditions described above. Initially,
�-catenin was localized to the nucleus due to Wnt3a stimulation,
in contrast to the case in control cells that were maintained in
serum-depleted medium to establish baseline levels of signaling
(Fig. 1B, top panels). Strikingly, inhibition of p38 MAPK resulted
in a large reduction in �-catenin nuclear accumulation. This dra-
matic change in �-catenin localization was illustrated by a color
scheme (blue to red) dependent on fluorescence intensity (Fig. 1B,
bottom left panel) and by quantification of relative nuclear/cyto-
solic fluorescence for all of the images taken, which indicated a
nearly 4-fold reduction in nuclear �-catenin levels in Wnt3a-stim-
ulated cells treated with the p38 MAPK inhibitor (P � 0.0001)
(Fig. 1B, bottom right panel). These results prompted us to hy-
pothesize that p38 MAPK activity is required for Wnt3a-mediated
�-catenin nuclear localization.

We next decided to analyze whether there was a biological ef-
fect of p38 MAPK inhibition on Wnt3a-stimulated cells. To this
end, we performed a cell survival assay in which A10 cells were
equally seeded at 75,000 cells and grown in serum-free medium
overnight prior to being stimulated with purified Wnt3a and
treated with either the p38 MAPK inhibitor or its inactive analog
every 2 days over a period of 6 days; cells were counted at these
intervals, and the results are displayed in Fig. 1C (left panel).
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Treatment with Wnt3a and the inactive p38 MAPK inhibitor re-
sulted in a significantly higher cell count than that for control cells
that underwent serum withdrawal over the course of the experi-
ment. Interestingly, cells that were stimulated with Wnt3a and
treated with the active p38 MAPK inhibitor had a much lower cell

count, nearly as low as that for cells that underwent serum with-
drawal. A parallel experiment was performed in which �-catenin
localization was determined using immunofluorescence. The
number of cells that were positive for nuclear �-catenin were
counted for each condition throughout the course of 6 days, and

FIG 1 Continues
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FIG 1 p38 MAPK regulates Wnt-dependent �-catenin transactivation properties and nuclear localization in primary vascular smooth muscle cells. (A) (Left)
A10 cells were transfected with the TOPflash reporter gene for 3 h, followed by treatment with different combinations of Wnt3a (200 ng/ml), solvent (PBS;
control), SB203580 (p38 MAPK inhibitor; 10 �M), and SB202474 (control; 10 �M) for 16 h in serum-free medium, as indicated. b and c, P � 0.0001. (Right)
Primary VSMCs underwent serum withdrawal (12 h) and were pretreated with SB203580 or SB202474 (10 �M) for 45 min and then stimulated with Wnt3a (200
ng/ml) or solvent (PBS) for 4 h. Cell lysates were subjected to Western blot analysis as indicated. (B) (Top) Primary VSMCs underwent serum withdrawal for 12
h and were pretreated with SB203580 or SB202474 (10 �M) for 45 min and then stimulated with Wnt3a (200 ng/ml) or solvent (PBS) for 4 h. Cells were fixed and
stained with Hoechst 33342 (blue; nucleus) and FITC (green; �-catenin). Filled arrows indicate the presence of nuclear �-catenin, and empty arrows indicate a
lack thereof. (Bottom left) A rainbow (blue to red) lookup table (LUT) was used to indicate relative �-catenin intensities. (Bottom right) Relative nuclear/
cytosolic fluorescence ratios were determined (n � 33, 32, 31, and 32, from left to right). b, P � 0.0001. (C) (Left) A10 cells were seeded at 75,000 cells, underwent
serum withdrawal (12 h), and then were pretreated with SB203580 or SB202474 (10 �M) for 45 min and stimulated with Wnt3a (200 ng/ml) or solvent (PBS).
This was repeated every 2 days for a total of 6 days, and cells were counted at each interval. (Right) A10 cells were cultured and treated as described for the left
panel, fixed and stained at each interval for the nucleus (Hoechst 33342; blue) and �-catenin (FITC; green), and counted to determine the number of cells positive
for nuclear �-catenin for each condition and time interval (n � 158, 210, 145, 146, 159, 201, 149, 160, 175, 167, 123, and 145, from left to right). (D and E) Primary
VSMCs were prepared as described for panels A and B, respectively, but were treated with an alternative p38 MAPK inhibitor (SB202190; 10 �M) or its control
(SB202474; 10 �M) (n � 26, 39, 34, and 35, from left to right). b, P � 0.0001. (F) A10 cells were prepared as described for panel B but were stimulated with either
PDGF (20 ng/ml) or solvent (0.1% BSA in 4 mM HCl) for 4 h prior to fixation and staining with DAPI and TRITC (n � 35, 28, 36, and 24, from left to right).
b, P � 0.0001. (G) A10 cells were transfected with the TOPflash reporter gene for 3 h, followed by treatment with different combinations of PDGF (20 ng/ml),
solvent (0.1% BSA in 4 mM HCl), SB203580 (10 �M), and SB202474 (10 �M) for 16 h in serum-free medium, as indicated. b and c, P � 0.0001. (H) (Top left)
TOPflash reporter gene activity was measured in primary VSMCs transfected with different combinations of active MKK6 (EE) and p38 MAPK, as indicated. b
and c, P � 0.01. (Top right) Corresponding Western blots to show relative overexpression. (Bottom left) TOPflash reporter gene activity was measured in
primary VSMCs transfected with different combinations of active MKK6 (EE) and mutant Flag-p38 MAPK (AGF), as indicated. b, P � 0.01. (Bottom right)
Corresponding Western blots to show relative overexpression. A10 cell lysates were used as controls for expression of p38 and p-p38. (I) (Top) A10 cells were
cotransfected with MKK6 (EE) and p38 MAPK and marked for ectopic expression (dsRed; red). DAPI was used for nuclear staining, and FITC was used for
�-catenin staining (green). (Middle) TOPflash reporter gene activity was measured in A10 cells transfected with different combinations of p38 MAPK and active
MKK6 (EE), as indicated. b, P � 0.0001. (Bottom) Western blot analysis to show activation of p38 MAPK.
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the results showed that approximately 80% of cells that were stim-
ulated with Wnt3a and treated with the inactive p38 MAPK inhib-
itor were positive for nuclear �-catenin, while only approximately
30% of Wnt3a-stimulated cells in the presence of the active p38
MAPK inhibitor were positive (Fig. 1C, right panel). These results
demonstrate that the loss of nuclear �-catenin localization ob-
served in p38 MAPK-inhibited cells had a profound effect on cell
proliferation and therefore has important biological implications.

To further validate these data, we used a different p38 MAPK
inhibitor (SB202190; 10 �M) with a different mechanism of inhi-
bition (prevents p38 MAPK phosphorylation by upstream mito-
gen-activated protein kinase kinases [MKKs]) in order to deter-
mine if these data would be replicated. Primary smooth muscle
cells were transfected with the TOPflash reporter gene and cul-
tured under low-serum conditions prior to being treated with
different combinations of Wnt3a and p38 MAPK inhibitor, simi-
lar to the experiment described for Fig. 1A. Wnt3a stimulation
resulted in a large increase in reporter gene activity, and similarly
to that by SB203580, inhibition of p38 MAPK by SB202190 re-
sulted in a significant reduction in reporter gene activity (P �
0.0001) (Fig. 1D, top panel). Western blot analysis of the cell ly-
sates confirmed the activation of p38 MAPK by Wnt3a stimula-
tion and its inhibition by SB202190 by analyzing the phosphory-
lation status of ATF2 (Fig. 1D, bottom panel). We further
demonstrated that this effect is correlated with �-catenin localiza-
tion, and we performed an immunofluorescence assay using this
p38 MAPK inhibitor. Again, inhibition of p38 MAPK by
SB202190 resulted in a loss of nuclear �-catenin localization in
Wnt3a-stimulated cells, with a 	3-fold decrease in the nuclear/
cytosolic ratio of �-catenin with p38 MAPK inhibition (P �
0.0001) (Fig. 1E; see Fig. S2 in the supplemental material).

To pursue this idea differently, we asked if platelet-derived
growth factor (PDGF), which is a known activator of p38 MAPK
signaling (29) and has been shown to promote nuclear �-catenin
localization (30), might also be modulated by p38 MAPK inhibi-
tion. In this experiment, A10 cells were treated with purified
PDGF (20 ng/ml). Compared to that in control cells, PDGF stim-
ulation enhanced the nuclear accumulation of �-catenin 	6-fold,
and this effect was also counteracted by p38 MAPK inhibition
(P � 0.0001) (Fig. 1F). To determine whether this similar pattern
in localization had an effect on �-catenin transactivation, we ex-
pressed the TOPflash reporter gene and stimulated cells with
Wnt3a and a p38 MAPK inhibitor (SB203580). PDGF treatment
resulted in a significant increase in reporter activity, although it
was lower than that observed with Wnt3a treatment (P � 0.0001)
(Fig. 1G). Importantly, p38 MAPK inhibition resulted in a loss of
reporter gene activity, similar to the effects seen with Wnt3a.
Based on the data collected thus far, we concluded that a loss of
p38 MAPK function has an effect on both �-catenin cellular lo-
calization and transactivation properties and that pharmacologi-
cal inhibition of p38 MAPK can abrogate canonical Wnt-medi-
ated �-catenin activity.

Activation of p38 MAPK results in increased �-catenin nu-
clear localization and Wnt-responsive gene activity. In view of
the loss-of-function data described above, we carried out p38
MAPK gain-of-function experiments to test if nuclear �-catenin
levels and transactivation properties would be enhanced. First, we
ectopically expressed p38 MAPK and a constitutively active form
of its upstream kinase, dual-specificity MKK6 [MKK6 (EE)], in
primary VSMCs and looked at TOPflash reporter gene activity.

Overexpression of MKK6 alone increased reporter gene activity
(P � 0.01), while coexpression of MKK6 and p38 MAPK increased
reporter gene activity significantly more than expression of MKK6
alone (P � 0.01) (Fig. 1H, top left panel), despite the fact that these
cells were cultured under high-serum conditions and would have
high baseline p38 MAPK activity. Activation of p38 MAPK was
confirmed by Western blotting (Fig. 1H, top right panel). To test
whether the increase in reporter gene activity was specific to p38
MAPK and not a different target of MKK6, these cells were again
transfected with MKK6, but with an inactive form of p38 MAPK in
which the MKK6 phospho-acceptor sites are mutated (T180A/
Y182F [p38 MAPK AGF]). Overexpression of the p38 MAPK AGF
mutant did not have an effect on TOPflash reporter activity, lead-
ing us to conclude that the effects seen with ectopic MKK6 expres-
sion were through p38 MAPK (P � 0.01) (Fig. 1H, bottom left
panel). Expression patterns were confirmed by Western blotting,
and levels of phospho-p38 were unchanged compared to those for
a positive A10 lysate control, indicating that the p38 MAPK mu-
tant was unaffected by MKK6 expression (Fig. 1H, bottom right
panel).

We next assessed A10 cells that were transfected with MKK6
and p38 MAPK, marked by cotransfection with dsRed, and
stained for endogenous �-catenin (FITC; green) and nuclei
(DAPI; blue). MKK6/p38 MAPK-positive cells showed more nu-
clear �-catenin localization than that of untransfected cells in the
same field (Fig. 1I, top panel). In addition, cells cotransfected with
both MKK6 and p38 MAPK with TOPflash showed a synergistic
increase in reporter gene activity (P � 0.0001) (Fig. 1I, middle
panel). This indicates that activation of p38 MAPK potently en-
hances �-catenin transactivation properties, an effect that was not
observed using the FOPflash control reporter gene, which con-
tains 6 mutated TCF/LEF sites (see Fig. S3 in the supplemental
material). p38 MAPK activation was confirmed by Western blot-
ting (Fig. 1I, bottom panel).

To determine if the effects of p38 MAPK signaling on
�-catenin localization and activity are limited to smooth muscle
cells, we repeated the gain-of-function experiments with both
10T1/2 (mouse embryonic fibroblast) and HEK 293T (human
embryonic kidney) cells. Our observations confirmed by multiple
techniques that the effects on �-catenin localization and activity
by p38 MAPK hyperactivation were common to these other cell
types as well (P � 0.05 and P � 0.01) (see Fig. S4 and S5 in the
supplemental material, respectively). Taken together, these data
support the conclusion that p38 MAPK plays a potent role in
modulating Wnt-dependent �-catenin localization and transacti-
vation properties in primary and several other cell lineages.

�-Catenin is not a direct p38 MAPK substrate. We initially
supposed that p38 MAPK might directly phosphorylate �-catenin
and that this phosphorylation is required for �-catenin accumu-
lation in the nucleus. To assess this idea, we performed an in vitro
kinase assay using purified �-catenin, p38 MAPK, and [�-32P]ATP.
Compared to a known p38 MAPK substrate used as a positive
control (MEF2C), weak �-catenin phosphorylation was apparent,
but we suspected this to be a background signal (see Fig. S6 in the
supplemental material). To further explore this, an in silico anal-
ysis of the �-catenin primary amino acid sequence revealed three
possible p38 MAPK phosphorylation sites: S191, S246, and S605.
These residues were individually mutated to alanine and the re-
sulting mutants used in TOPflash reporter assays with ectopically
expressed MKK6 [MKK6 (EE)] and p38 MAPK. There was no
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change in the p38 MAPK responsiveness of �-catenin with the
engineered mutations (see Fig. S7), indicating that p38 MAPK
may not directly phosphorylate �-catenin. Lastly, our group has
extensive experience in detecting phosphorylation events by mass
spectrometry (31–33), and despite robust detection of ATF2
phosphorylation in our parallel assays, there was no evidence of
corresponding p38 MAPK-mediated �-catenin phosphopeptides
by highly sensitive LC-MS/MS (see Fig. S8). Therefore, we con-
cluded that �-catenin is not a direct substrate of p38 MAPK.

MEF2 is a direct �-catenin interaction partner. Previous ob-
servations from our group led us to perform the next set of exper-
iments. The first was that MEF2 was reported by us and others to
be potently regulated by p38 MAPK (34–37). The second was that
we observed a high-confidence interaction between the highly
conserved N terminus of MEF2 and �-catenin in a yeast two-
hybrid screen for which we previously reported a novel interaction
between MEF2 and big mitogen-activated protein kinase 1
(BMK1) (38), histone deacetylase 4 (HDAC4) (33), and protein

FIG 2 MEF2 directly interacts with �-catenin in vitro and in multiple tissue types. (A) An in vitro GST pulldown assay was performed using purified
6�His–�-catenin and either GST (control) or an N-terminal (aa 1 to 86), C-terminal (aa 87 to 465), or full-length (aa 1 to 465) GST-MEF2C fusion protein. (B)
A coimmunoprecipitation (IP) assay was performed in COS7 cells, using MEF2C antibody to precipitate ectopically expressed MEF2C and determine whether
an interaction with ectopically expressed, degradation-resistant Myc–�-catenin (act) occurs. (C) A coimmunoprecipitation assay was performed in A10 cells,
using both MEF2C and �-catenin antibodies for immunoprecipitation to test for an interaction between the endogenous proteins. (D) Coimmunoprecipitation
assays were performed using �-catenin antibody to test an interaction between endogenous �-catenin and either MEF2A, -C, or -D in primary VSMCs, A10 cells,
HEK 293T cells, and 10T1/2 cells. IB, immunoblot.
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phosphatase 1� (PP1�) (39). Also, another group independently
documented an interaction between MEF2 and �-catenin in a
hepatocellular carcinoma cell line (40). We next sought to further
validate the interaction between �-catenin and MEF2 biochemi-
cally. To determine if the �-catenin–MEF2 interaction was direct,
bacterially produced GST-MEF2C and 6�His–�-catenin fusion
proteins were used in pulldown assays (see Fig. S9 in the supple-
mental material). This analysis indicated that �-catenin directly
interacts with GST–full-length MEF2C, and also with GST-
MEF2C N terminus (aa 1 to 86), with a high affinity. A weak,
probably insignificant interaction with GST-MEF2C C terminus
(aa 87 to 465) was observed, and no interaction was observed with
a GST-only control (Fig. 2A; repeated in Fig. S10). To determine if
the interaction occurs in a cellular context, GSK3 degradation-
resistant, “activated” �-catenin [�-catenin (act)] and MEF2C
were expressed in CV-1 origin SV40-7 (COS7) cells, and their
interaction was confirmed by coimmunoprecipitation assays (Fig.
2B). Subsequently, we tested for an endogenous interaction be-
tween MEF2 and �-catenin in whole-cell lysates of the A10 cell
line, in which we previously detected expression of both proteins.
Western analysis of the MEF2C immunoprecipitate for �-catenin
and the reverse, in which �-catenin was immunoprecipitated and
probed for MEF2C, resulted in detection of the respective inter-
acting partners, indicating a robust interaction between MEF2C
and �-catenin (Fig. 2C).

We were further interested in determining if this interaction
occurs with other MEF2 family proteins, since the region shown to
interact with �-catenin is the highly conserved N-terminal
MADS-MEF2 domain that is common to all MEF2 proteins, and if
this interaction occurs in other cell types. Readily detectable en-
dogenous interactions between �-catenin and MEF2A, as well as
between �-catenin and MEF2D, were observed in primary vascu-
lar smooth muscle whole-cell lysates (Fig. 2D, top panel). This
result was repeated with the A10, HEK 293T, and 10T1/2 cell lines
(Fig. 2D, second, third, and fourth panels, respectively). Overall,
these data establish that �-catenin interacts with MEF2A, -C, and
-D, most likely through the highly conserved N-terminal region,
and that the interaction occurs in several cell lines of different
lineages and in primary vascular smooth muscle cells. We there-
fore hypothesized that MEF2 potentially enhances �-catenin ac-
cumulation in the nucleus by direct physical interaction.

MEF2–�-catenin interaction enhances �-catenin accumula-
tion in the nucleus. As alluded to above, previous studies have
shown that phosphorylation of MEF2 by p38 MAPK results in
potent activation of MEF2, and we have now shown that activa-
tion of p38 MAPK results in enhanced nuclear localization of
�-catenin, even though it is not a direct substrate of p38 MAPK.
Therefore, given the observation that �-catenin interacts with
MEF2, we postulated that there might be a p38 MAPK-mediated,
phospho-dependent interaction between �-catenin and MEF2
that enhances the nuclear accumulation of �-catenin. To investi-
gate this idea, A10 cells were grown under high-serum conditions
and transfected with siRNAs directed against MEF2A and MEF2C,
which reduced the levels of these proteins (see Fig. S11 in the
supplemental material), followed by immunofluorescence mi-
croscopy to detect �-catenin localization. Cells transfected with
the siRNAs were marked (dsRed), and endogenous �-catenin lo-
calization was analyzed by antibody detection (FITC; green).
Combined reduction of MEF2A and MEF2C expression resulted
in a substantial and significant loss of nuclear �-catenin localiza-

tion compared to that in cells transfected with the scrambled
siRNA control (P � 0.0001) (Fig. 3A).

Next, we tested if the loss of MEF2A and MEF2C might mod-
ulate Wnt-dependent �-catenin accumulation in the nucleus. To
investigate this, siMEF2A- and siMEF2C-transfected cells were
stimulated with the Wnt3a protein or solvent (control) prior to
analysis of �-catenin subcellular localization. As expected,
�-catenin nuclear accumulation was 	6-fold higher in cells trans-
fected with the siRNA control and treated with Wnt3a. Impor-
tantly, �-catenin failed to accumulate in the nuclei of Wnt3a-
stimulated cells in which the MEF2 proteins were depleted (P �
0.0001) (Fig. 3B). These data provide unequivocal evidence that,
in this cellular context, MEF2 is absolutely required for canonical
Wnt-mediated �-catenin nuclear accumulation.

As we observed in the earlier experiments illustrated in Fig. 1,
loss of nuclear �-catenin localization resulted in a corresponding
loss of �-catenin reporter gene activity, and we were interested to
know if this was also the case with MEF2 gene silencing. Previous
studies with C2C12 myoblasts showed that shRNA-mediated si-
lencing of MEF2A results in a significant reduction in TOPflash
activity under high-serum conditions (41), so we decided to assess
the effects of MEF2 depletion in Wnt3a-stimulated A10 cells. We
observed that Wnt3a treatment greatly enhanced TOPflash activ-
ity and that depletion of MEF2A by siRNA significantly reduced
this activity in Wnt3a-stimulated cells, thus underscoring the ob-
servation that the presence of MEF2 is essential for Wnt-mediated
�-catenin transactivation properties (P � 0.0001) (Fig. 3C, left
panel). Confirmation of MEF2A silencing by Western analysis is
shown in Fig. 3C, right panel, and this experiment was repeated
using a different siRNA targeting MEF2A, with similar results (see
Fig. S12 in the supplemental material).

The affinity of the MEF2–�-catenin interaction and
�-catenin transactivation are potently regulated by p38 MAPK
phosphorylation of MEF2. Based on the indirect effect of acti-
vated p38 MAPK on �-catenin localization, coupled with the in-
teraction of �-catenin with MEF2, a direct p38 MAPK substrate,
we hypothesized that the MEF2–�-catenin interaction might be
phospho-MEF2 dependent and was responsible for the enhance-
ment of Wnt reporter activity by p38 MAPK. This would establish
a direct connection between �-catenin, p38 MAPK, and MEF2. To
test this idea, we employed a MEF2A mutation that is incapable
of being phosphorylated by p38 MAPK (T312A/T319A) in a
TOPflash assay using COS7 cells, which do not contain any appre-
ciable endogenous MEF2 proteins or activity. Wild-type MEF2A
was coexpressed with MKK6 (EE) and p38 MAPK, which in-
creased TOPflash activity 9-fold. However, when the MEF2A mu-
tant was coexpressed in a similar manner, there was no apparent
change in TOPflash activity, thereby indicating that the mecha-
nism of activation of the Wnt reporter gene is through phosphor-
ylation of MEF2 by p38 MAPK (P � 0.0001) (Fig. 3D, left panel).
Western blot analysis shows the expression patterns of the COS7
cell lysates (Fig. 3D, right panel).

We subsequently assessed the affinities of the interactions of
p38 MAPK-phosphorylated and unphosphorylated forms of
MEF2C with purified �-catenin. These data clearly show that
phosphorylation of purified MEF2C by p38 MAPK greatly en-
hances the MEF2C–�-catenin interaction in vitro (Fig. 3E).

To probe the phospho-dependency of the MEF2–�-catenin
interaction further, we incubated A10 whole-cell lysates with CIP,
which catalyzes the removal of phosphate groups on peptides. Cell
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lysates were incubated with CIP at 37°C (10 U enzyme in 1 mg
lysate for 30 min) during immunoprecipitation using the MEF2A
antibody. Compared with control cells that were incubated at
37°C without the addition of CIP, there was a marked reduction of
corresponding �-catenin protein (Fig. 3F, top panels). Western
blot analysis of MEF2A immunoprecipitates and input protein
confirmed the loss of an upper band for MEF2A with CIP treat-
ment, indicating successful MEF2A dephosphorylation, which
correlated with the reduction in the interaction with �-catenin
(Fig. 3F, bottom panels). Based on these experiments, we con-
cluded that p38 MAPK-mediated phosphorylation of MEF2 pro-
motes the association of MEF2 and �-catenin.

MEF2 and �-catenin associate and cooperate in the activation
of the c-jun promoter. The effects observed with the TOPflash
reporter gene illustrate that p38 MAPK/MEF2 signaling can coop-
erate with �-catenin in transcriptional activation. We used a
known MEF2 target gene, c-jun, to determine the cooperation
between MEF2 and �-catenin. To investigate potential selectivity
with MEF2, we used the c-jun promoter region, which has been
shown by us and others to be potently regulated by a single MEF2
consensus site [(C/T)TA(A/T)4TA(G/C)] (42, 43). In order to test
the effects of �-catenin cooperativity on MEF2-dependent c-jun
expression, we ectopically expressed the pCJ6 reporter gene (a
c-jun promoter-based reporter gene), MKK6 (EE), and p38
MAPK in A10 cells. As expected, a pronounced increase in c-jun
promoter activity was observed upon MKK6/p38 MAPK activa-
tion (P � 0.0001) (Fig. 4A). Strikingly, shRNA-mediated silencing
of �-catenin expression resulted in a significant decrease in c-jun
promoter activation (P � 0.0001), leading us to conclude that
�-catenin can synergistically contribute to the activation of c-jun
through MEF2. c-Jun fulfills a prominent cellular role as part of
the activator protein 1 (AP-1) complex, which is known to pro-
mote cell proliferation by its induction of cyclin D1 (44) and
downregulation of p53 (45). This experiment was repeated using
an siRNA targeting �-catenin at a different sequence, with similar
results (see Fig. S13 in the supplemental material).

In view of this, we further investigated the cellular implications
of the cooperativity between MEF2 and �-catenin on c-jun ex-
pression. Ectopically expressed combinations of MEF2C and deg-
radation-resistant �-catenin (act) with the pCJ6 reporter revealed
that coexpression of MEF2C and �-catenin (act) resulted in a
significant and synergistic increase in c-jun promoter activity (P �
0.001) (Fig. 4B, black bars) in A10 cells, an effect not observed
when the MEF2 site was mutated (pJSX reporter gene) (Fig. 4B,

gray bars). We further analyzed c-Jun protein levels, since c-Jun
expression has been shown to be regulated by canonical Wnt sig-
naling through a TCF/LEF binding motif on its endogenous pro-
moter, which is truncated in the pJC6 reporter (12). Based on
reports in the literature, induction of quiescence results in a re-
duction of c-Jun (46, 47), and this was observed even with coex-
pression of both MEF2C and �-catenin (act) (Fig. 4C, left panel).
However, under serum-stimulated conditions, which we would
predict to allow cooperativity, coexpression of MEF2C and
�-catenin (act) resulted in increased c-Jun protein levels (Fig. 4C,
right panel). Conversely, in a loss-of-function approach, shRNA-
mediated knockdown of �-catenin resulted in decreased c-Jun
protein levels (Fig. 4D, left panel). Under the same conditions,
c-jun promoter activity was significantly decreased following de-
pletion of �-catenin, but that of the pJSX reporter was not (P �
0.01) (Fig. 4D, middle and right panels). The experiments for Fig.
4D were repeated using an siRNA targeting �-catenin to confirm
that the effect was target specific (see Fig. S14 in the supplemental
material). To assess the functional implications of this coopera-
tivity, we performed MTT cell proliferation assays. In both A10
and HEK 293T cells, coexpression of MEF2C and �-catenin (act)
resulted in a significant increase in cell proliferation compared to
that with either MEF2C or �-catenin (act) transfected alone (P �
0.01 and P � 0.0001, respectively) (Fig. 4E).

To establish a role for p38 MAPK regulation of Wnt-mediated
cell proliferation, we performed another MTT assay with primary
VSMCs that were cultured in serum-free medium and then stim-
ulated with Wnt3a in the presence of an active or inactive p38
MAPK inhibitor. The results showed a significant increase in cell
proliferation following Wnt3a stimulation that was completely
abolished by p38 MAPK inhibition (P � 0.0001) (Fig. 4F). Addi-
tionally, Wnt3a stimulation increased the promoter activity of
c-jun (P � 0.001) (Fig. 4G, left panel), as well as the protein levels
of c-Jun and another Wnt target, c-Myc, which were all reduced in
the presence of the p38 MAPK inhibitor (Fig. 4G, right panel).

Since our data regarding PDGF stimulation showed increased
nuclear �-catenin localization and Wnt reporter gene activity, we
determined the effects on other Wnt targets. c-Jun reporter gene
activity was increased with PDGF stimulation (P � 0.01) (Fig. 4H,
left panel), as were c-Jun protein levels. Furthermore, this treat-
ment also caused increases in the protein levels of other Wnt tar-
gets, i.e., cyclin D1 (9), c-Myc (10), and axin2 (11) (Fig. 4H, right
panel).

Based on the collective data, we conclude that p38 MAPK is a

FIG 3 MEF2 protein expression is required for �-catenin nuclear retention and enhanced by p38 MAPK-mediated phosphorylation of MEF2. (A) (Top)
Cytomegalovirus (CMV)-driven dsRed was cotransfected with either scrambled siRNA (Scr Con) or siMEF2A/C RNA, followed by immunofluorescence
staining of �-catenin (FITC) and the nucleus (DAPI), in A10 cells. (Bottom left) A rainbow LUT was used to indicate relative �-catenin intensities. (Bottom right)
Relative nuclear/cytosolic fluorescence ratios were determined (n � 11 and 13, from left to right). b, P � 0.0001. (B) (Top) Scrambled or siMEF2A/C
RNA-transfected A10 cells underwent serum withdrawal for 12 h and were treated with either Wnt3a (200 ng/ml) or solvent (PBS; control) for 4 h, followed by
immunofluorescence staining of �-catenin (TRITC) and the nucleus (DAPI). (Bottom left) A rainbow LUT was used to indicate relative �-catenin intensities.
(Bottom right) Relative nuclear/cytosolic fluorescence ratios were determined (n � 28, 27, 27, and 28, from left to right). b, P � 0.0001. (C) (Left) A10 cells were
transfected with the TOPflash reporter and scrambled or siMEF2A RNA for 3 h and then cultured under serum conditions for 24 h, followed by treatment with
either Wnt3a (200 ng/ml) or solvent (PBS) for 16 h in serum-free medium. b and c, P � 0.0001. (Right) Corresponding Western blot analysis of cell lysates to
confirm siRNA-mediated MEF2A depletion. (D) (Left) COS7 cells were transfected with the TOPflash reporter gene and different combinations of wild-type
MEF2A, mutated MEF2A (T312/319A), MKK6 (EE), and p38 MAPK, as indicated. b, P � 0.0001. (Right) Corresponding Western blot analysis. (E) Purified
GST-MEF2C and GST-p38 MAPK were incubated at 30°C for 3 h, with or without ATP, as indicated in the figure, followed by addition of purified 6�His–�-
catenin and GST-agarose beads for 1 h at room temperature. (Top) Immunoblot indicating relative amounts of �-catenin bound to MEF2C following
precipitation. (Bottom) Representation of total MEF2C phosphorylation following 3 h of incubation with p38 MAPK and ATP. (F) A10 cell lysates (1 mg) were
incubated with or without 10 U of CIP for 30 min at 37°C during immunoprecipitation using MEF2A antibody. Beads were then washed and analyzed for the
corresponding �-catenin protein by Western blotting. Lysates without antibody-conjugated beads were similarly incubated as input samples.
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FIG 4 MEF2 and �-catenin cooperate to promote cell proliferation in a p38 MAPK-dependent manner, and p38 MAPK regulates Wnt target gene protein levels.
(A) (Top) c-Jun reporter gene (pJC6) activity was measured in A10 cells with various combinations of ectopically expressed MKK6 (EE) and p38 MAPK and
either scrambled shRNA (control) or shRNA �-catenin, as indicated in the figure. b and c, P � 0.0001. (Bottom) Corresponding Western blot analysis of cell
lysates. (B) A10 cells were transfected with different combinations of MEF2C and Myc–�-catenin (act) and cotransfected with either pJC6 or pJSX (analogous
promoter region containing mutations in the MEF2 binding site), as indicated. b, P � 0.001. (C) Western blot analysis of either quiescent (serum withdrawal for
12 h) or proliferative (maintained with 10% FBS) A10 cells that were transfected with different combinations of MEF2C and Myc–�-catenin (act), as indicated.
(D) Western blot analysis of A10 cells transfected with scrambled shRNA (control) or shRNA �-catenin, with comparative pJC6 and pJSX reporter activities. **,
P � 0.01; ns, not significant. (E) MTT cell proliferation assay in A10 (b, P � 0.01) and HEK 293T (b and c, P � 0.01) cells transfected with different combinations
of MEF2C and Myc–�-catenin (act), as indicated. (F) MTT cell proliferation assay in primary VSMCs that underwent serum withdrawal (12 h) and were
pretreated with SB203580 or SB202474 (10 �M) for 45 min and then stimulated with Wnt3a (200 ng/ml) or solvent (PBS) for 4 h. b, P � 0.0001. (G) (Left) A10
cells were transfected with the pJC6 reporter for 3 h, followed by treatment with either Wnt3a (200 ng/ml), solvent (PBS), SB203580 (10 �M), or SB202474 (10
�M) for 16 h in serum-free medium, as indicated. b, P � 0.001. (Right) Primary VSMCs were treated similarly to the manner described for panel F, and lysates
were subjected to Western blot analysis as indicated. (H) (Left) pJC6 reporter assay in A10 cells transfected for 3 h and then treated with PDGF (20 ng/ml) or
solvent (0.1% BSA in 4 mM HCl) for 16 h in serum-free medium. **, P � 0.01. (Right) Western blot analysis of primary VSMCs that underwent serum
withdrawal for 12 h and were treated with PDGF (20 ng/ml) or solvent (0.1% BSA in 4 mM HCl) for 4 h.
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key regulator of canonical Wnt signaling by promoting a phos-
pho-dependent interaction between MEF2 and �-catenin to en-
hance cooperative transcriptional activity and cell proliferation.

DISCUSSION

A prolific literature concerning the genetic, developmental, and
biochemical bases of canonical Wnt signaling has positioned the
�-catenin transcriptional regulatory protein as an indispensable
determinant of embryonic development, stem cell biology, and
also postnatal physiology and pathophysiology in a variety of or-
ganisms ranging from Caenorhabditis elegans to humans (6, 8, 48).
Here we report a novel, critical step in the nuclear function of
�-catenin-mediated transcriptional control that results from a
protein-protein interaction between �-catenin and MEF2 and is
potently enhanced by p38 MAPK signaling. This phospho-depen-
dent interaction consolidates �-catenin accumulation in the nu-
cleus, leading to a substantial activation of Wnt-dependent target
genes (Fig. 5).

There is ample evidence of kinase-mediated phosphorylation
modulating the affinity of protein-protein interactions in the ca-
nonical Wnt pathway, resulting in important outcomes for Wnt-
dependent target gene activation. Interestingly, while it is widely
acknowledged that CKI/GSK3 phosphorylation of �-catenin leads
to the conformational formation of a binding site for �-TrCP, the

E3 ligase that mediates ubiquitination and subsequent degrada-
tion of �-catenin, it is perhaps not as well recognized that these
kinases also phosphorylate axin and APC, leading to their tighter
association with �-catenin (49, 50). Thus, phospho-dependent
protein interactions are a signature of �-catenin function, and the
association with MEF2 that we report here falls into this category.
Moreover, it may be more than an interesting coincidence that
two serine/threonine phosphatases, PP1 and PP2A, which target
the �-catenin destruction complex (51, 52) to reduce �-catenin
degradation, have also been characterized by us and others as
MEF2 phosphatases (39, 53). Whether MEF2 can recruit PP1 or
PP2A to the �-catenin complex remains to be investigated.

While the prevalent dogma in the literature is that �-catenin
stabilization results in enhanced nuclear levels, how �-catenin is
retained in the nucleus is unclear (16, 17). One study reported that
Wnt-induced �-catenin stabilization is insufficient for its nuclear
accumulation and further proposed that Wnt activation of the
Rac1 GTPase is also necessary to promote nuclear localization
(54). Previous studies indicated that �-catenin translocates into
the nucleus in an NLS- and importin-independent manner, pos-
sibly by direct interaction with nuclear pore proteins. Conversely,
�-catenin nuclear extrusion has been linked to its association with
APC (16), Axin (21), and Ran binding protein 3 (RanBP3) (20). It

FIG 5 Schematic illustrating the cross talk between Wnt/�-catenin and p38 MAPK/MEF2 signaling. Wnt-mediated inactivation of the GSK3–�-catenin
destruction complex results in suppressed degradation of �-catenin. Activation of p38 MAPK signaling results in phosphorylation and activation of MEF2 in the
nucleus, which enhance its physical interaction with nuclear �-catenin. This results in nuclear �-catenin retention, synergistic activation of the Wnt target genes
c-myc and c-jun, and increased cell proliferation.
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is of interest to consider the possibility that p38 MAPK/MEF2
signaling could alter the balance of the cell-adhesive and tran-
scriptional properties of �-catenin. In our studies, the dramati-
cally enhanced levels of nuclear �-catenin with p38 MAPK activa-
tion appeared to concomitantly reduce �-catenin amounts within
the plasma membrane-associated adhesion complex. As is the case
with many proteins that partition between the cytoplasm and the
nucleus, �-catenin localization is dynamic and is probably the
product of several processes involving both shuttling and nuclear
retention. Here we present evidence suggesting that a p38 MAPK-
dependent interaction with the MEF2 transcription factor en-
hances �-catenin nuclear retention in a number of cell lineages
and in primary VSMCs.

An implication of the above discussion is that the p38 MAPK/
MEF2 signaling pathway dynamically intersects with the Wnt
pathway in MEF2-dependent target tissues. To date, MEF2 has
been found to play important roles in cardiac (55, 56), skeletal
(57–59), and smooth (60, 61) muscle cells, neurons (62), B cells
(63, 64), and osteoblasts (65). Many of these tissues are also pro-
foundly influenced by Wnt signaling. For example, in C2C12
myoblasts, Wnt4, generally recognized as a noncanonical Wnt,
has been shown to increase myogenesis by activation of canonical
Wnt/�-catenin signaling and upregulation of the muscle regula-
tory factors (MRFs) Myf5, myogenin, and muscle regulatory fac-
tor 4 (MRF4) (66). MEF2 is concomitantly required in these tis-
sues during skeletal myogenesis by its direct interaction with the
aforementioned MRF myogenin and MyoD to cooperatively acti-
vate the myogenic program (58). Moreover, the mef2c gene is
controlled by these MRFs through an E box in its regulatory re-
gion, whose expression is essential for the maintenance of the
myogenic program (67). In view of the profound role that MEF2
plays in both embryonic skeletal muscle and adult muscle stem
(satellite) cells, it is tempting to speculate that p38 MAPK/MEF2
may intersect with Wnt signaling in these contexts. It will be in-
teresting to observe if, in MEF2-dependent tissues, Wnt pathway
modulation is a component of MEF2 function or whether both
pathways are in fact mutually codependent.

A litany of highly insightful studies since the early 1980s have
implicated �-catenin and its associated regulators as drivers of
various human cancers (68). Moreover, the identification of sev-
eral �-catenin-interacting transcriptional regulators has provided
a mechanism by which proliferative growth-promoting genes are
regulated (69, 70). Aberrations in components of this pathway of
growth control have been linked directly to colorectal cancers,
Wilm’s tumors in pediatric renal cancer, metastasis in some lung
cancers, and a variety of others (68). In addition, Wnt pathway
hyperactivity has been reported for certain breast cancer types
without any apparent mutations in components of the pathway
(71, 72). These observations raise the question of whether “drug-
ging” the canonical Wnt pathway may be efficacious in certain
cancers (68). Moreover, our observations suggest that pharmaco-
logical targeting of the p38 MAPK pathway might serve as an
unconventional way to blunt Wnt/�-catenin signaling in certain
cancer cells. Of course, the efficacy of targeting a kinase that plays
a role in other cellular processes is unclear at this point, but the
existence of a number of well-characterized cell-permeating
small-molecule inhibitors of p38 MAPK should make this a trac-
table question to address in the near future.

Here we report a previously uncharacterized aspect of canon-
ical Wnt/�-catenin signaling through cross talk with the p38

MAPK/MEF2 signaling pathway, which may have implications in
all muscle types, neurons, B cells, and osteogenic cells, as well as in
Wnt-dependent cancer cells. These observations raise the possi-
bility of therapeutic intervention to target canonical Wnt signal-
ing in a variety of pathologies.
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