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Spatial and temporal resolution of intracellular signaling can be achieved by compartmentalizing trans-
duction units. Myopodin is a dual-compartment, actin-bundling protein that shuttles between the nucleus and
the Z-disc of myocytes in a differentiation- and stress-dependent fashion. Importin � binding and nuclear
import of myopodin are regulated by serine/threonine phosphorylation-dependent binding of myopodin to
14-3-3. Here we show that in the heart myopodin forms a Z-disc signaling complex with �-actinin, calcineurin,
Ca2�/calmodulin-dependent kinase II (CaMKII), muscle-specific A-kinase anchoring protein, and myomega-
lin. Phosphorylation of myopodin by protein kinase A (PKA) or CaMKII mediates 14-3-3 binding and nuclear
import in myoblasts. Dephosphorylation of myopodin by calcineurin abrogates 14-3-3� binding. Activation of
PKA or inhibition of calcineurin in adult cardiac myocytes releases myopodin from the Z-disc and induces its
nuclear import. The identification of myopodin as a direct target of PKA, CaMKII, and calcineurin defines a
novel intracellular signaling pathway whereby changes in Z-disc dynamics may translate into compartmen-
talized signal transduction in the heart.

A fundamental principle in cell biology is the propagation of
diverse physiological responses by parallel signaling pathways
that are assembled from a finite number of protein kinases and
phosphatases (35). Given the existence of parallel signaling
pathways, the spatial and temporal control of protein kinases
and phosphatases is paramount for the selectivity and effec-
tiveness of phosphorylation and dephosphorylation events
(35). The subcellular compartmentalization of protein kinases
and phosphatases by scaffolding proteins, such as A-kinase
anchoring proteins (AKAPs), can effectively restrict signal
transduction to specific sites within a cell (41). In fact, AKAPs
have been shown to dynamically assemble different cyclic AMP
(cAMP) effectors to control the cellular actions of cAMP spa-
tially and temporally (39).

The Z-disc is a multiprotein complex which forms the lateral
boundaries of the sarcomer, the contractile unit of striated
muscle (5). The Z-disc serves as an anchor for thin filaments
where antiparallel �-actinin dimers, the major component of
the Z-disc (38), cross-link neighboring actin polymers. Addi-
tionally, the Z-disc mechanically links the plasma membrane to
the contractile machinery (10). For a long time it was assumed
that the passive transmission of force generated within the
myofilament system is the main function of the Z-disc. How-
ever, with the recent discovery of multiple novel proteins as
Z-disc components, it became obvious that the Z-disc has not
only structural and scaffolding functions but also participates in
signal transduction events (13). In fact, multiple signaling mol-
ecules, including protein kinases (30), phosphatases (14), phos-

phodiesterases (30), small GTPases (25), G-proteins (24), ad-
enylate cyclase (24), and the second messenger cAMP (44),
were linked to the Z-disc. Some signaling proteins are in dy-
namic exchange between the Z-disc and the cytoplasm. They
can display variable sarcomeric locations and shuttle between
the Z-disc and the nucleus (25). The dynamic relocation of
Z-disc proteins in response to stress or extracellular signals
suggests that the Z-disc creates a giant communicative network
that integrates signals from various origins. Work from several
groups suggests that the Z-disc of cardiac myocytes serves as a
mechanosensor in signal transduction during cardiac remodel-
ing (22, 33). Mounting evidence supports the notion that the
Z-disc can sense an increase in mechanical load and commu-
nicate with the nucleus to induce changes in gene expression,
which in turn result in cardiac hypertrophy (9, 36).

Myopodin is a dual-compartment, actin-bundling protein
that shuttles between the nucleus and the Z-disc of myocytes in
a differentiation- and stress-dependent fashion (43). Under
stress conditions, myopodin is depleted from the Z-disc and
enters the nucleus (43). Recently we reported that importin �
binding and subsequent nuclear import of myopodin are reg-
ulated by the serine/threonine phosphorylation-dependent
binding of myopodin to 14-3-3 (11). Here we show that myopo-
din participates in intracellular signal transduction between the
Z-disc and the nucleus of differentiated adult cardiac myocytes.
This pathway is regulated by protein kinase A (PKA), Ca2�/
calmodulin-dependent kinase II (CaMKII), and calcineurin.
We also provide evidence that 14-3-3 competes with �-actinin
for binding to myopodin and causes the release of myopodin
from its Z-disc anchor, �-actinin.

MATERIALS AND METHODS

Cloning and vectors. FLAG- and green fluorescent protein (GFP)-tagged
mouse wild-type and mutant (S225A, T272A, S225D, T272E, S225AT272A, and
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S225DT272E) myopodin as well as the FLAG- and glutathione S-transferase
(GST)–14-3-3� constructs and FLAG-raver were described before (11). FLAG-
�-actinin-2 was described before (1). Human myomegalin fragment (amino acids
[aa] 1 to 171) was subcloned into pFLAG from the yeast two-hybrid prey vector
pAct2 (BD Biosciences Clontech). Wild-type and constitutively active (aCnA; aa
1 to 397) calcineurin A� (kindly provided by Eric N. Olson) were subcloned into
pEGFP-N1. Wild-type and constitutively active (H282R) GFP-CaMKII con-
structs were kindly provided by Thomas R. Soderling, and wild-type and trun-
cated (aa 585 to 1286) GFP–muscle-specific AKAP (mAKAP) was provided by
John D. Scott.

Yeast two-hybrid screen. The mouse myopodin fragments Myo-1 (aa 1 to 186),
Myo-2 (187 to 420), Myo-3 (421 to 554), and Myo-4 (555 to 757) were used to
screen pretransformed mouse embryonic (embryonic day 17.5) or human heart
muscle Matchmaker cDNA libraries (Matchmaker Two-Hybrid System 3; Clon-
tech) as described before (11).

Cell culture and transfection. Cell cultures of C2C12 myoblasts (ATCC) and
HEK293 cells (ATCC) as well as transient transfections using Lipofectamine
2000 (Invitrogen) were done as previously described (11). H89 and KN62
(Sigma-Aldrich) were applied at a final concentration of 10 �M for 6 h to
cultured cells, and Rp-adenosine 3�,5�-cyclic monophosphorothioate triethylam-
monium (Rp-cAMP), KT5720, wortmannin, and Ro31-8220 (all from Sigma-
Aldrich) were used at 1 �M for 6 h. Primary cultures of calcium-tolerant rat
ventricular cardiac myocytes were prepared from 6- to 8-week-old Sprague-
Dawley rats as recently described (37). Briefly, the animals were heparinized and
the hearts were retrograde perfused for 5 min at 37°C with perfusion buffer
containing, in mmol/liter: 120.4 NaCl, 14.7 KCl, 0.6 KH2PO4, 0.6 NaHPO4, 1.2
MgSO4, 10 Na-HEPES, 4.6 NaHCO3, 30 taurine, 10 2,3-butanedione monoxime,
and 5.5 glucose; pH 7.0. Then, the perfusate was switched to an enzyme solution
containing collagenase (2.4 mg/ml; 258 �g/mg; Worthington type II), and the
hearts were perfused for another 8 min. Ventricular tissue was finely minced and
gently shaken in enzyme solution for 2 min before stop buffer containing 10%
fetal bovine serum (FBS) and 12.5 mM CaCl2 was added. After filtering through
a nylon mesh, the cardiac myocytes were made Ca2� tolerant over 15 min. The
cells were resuspended in myocyte plating medium (minimal essential medium,
10% FBS, 10 mM 2,3-butanedione monoxime, 100 units/ml penicillin, 2 mM
glutamine) and plated at a density of 2 � 104 cells/ml onto coverslips precoated
with laminin or coverslip-bottom culture slides (2 �g/cm2; Invitrogen). After 2 h
the medium was changed to short-term culture medium (minimal essential me-
dium, 0.1% bovine serum albumin, 100 units/ml penicillin, 2 mM glutamine).
Cardiac myocytes were cultured overnight at 37°C in 2% CO2 before 400 nM
CsA or a combination of 20 �M forskolin and 100 �M 3-isobutyl-1-methylxan-
thine (IBMX) (all from Sigma-Aldrich) was added for 2 h.

Antibodies. Rabbit anti-myopodin antibody has been previously described
(43). Rabbit anti-14-3-3� (C-20) antibody was from Santa Cruz Biotechnology,
and mouse monoclonal anti-�-actinin antibody (sarcomeric, clone EA-53) was
from Sigma-Aldrich. Rabbit anti-mAKAP and goat anti-PKA-RII were from
Upstate, and rabbit anti-CaMKII (pThr305) was from Sigma-Aldrich. Anti-
FLAG, anti-GFP, and anti-GST antibodies and anti-FLAG-M2 antibody co-
valently attached to agarose (Sigma-Aldrich), as well as horseradish peroxidase-
and fluorochrome-coupled secondary antibodies were described before (11).

Immunofluorescence microscopy and quantification of subcellular myopodin
localization. Frozen sections of mouse hearts were prepared for immunohisto-
chemical analysis as described before (43). For immunocytochemistry, C2C12
myoblasts and isolated cardiac myocytes were fixed and immunolabeled as de-
scribed previously (11). Images were captured using epifluorescence on a DMI
6000B microscope (Leica) and evaluated by deconvolution software (Leica) as
described before (2). For quantification, the cells were divided into three groups
dependent on the subcellular localization of the visualized protein: majority in
the nucleus (N�C), majority in the cytoplasm (N�C), or equal nuclear-cyto-
plasmic distribution (N	C), as described by others (40). For each group, 100
cells were analyzed in a blind fashion. The results of three independent exper-
iments are expressed as means 
 standard deviations and were assessed by
Student’s t test or analysis of variance (ANOVA).

Western blotting, immunoprecipitation, and GST binding assays. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Western blot-
ting, and coimmunoprecipitation of FLAG- and GFP-tagged fusion proteins
from transfected HEK293 cells were done as described before (11). To immu-
noprecipitate endogenous protein complexes from mouse heart (11), protein
extraction was carried out at 4°C in a tight-fitting Potter homogenizer with 20
strokes at 1,300 rpm in 10 volumes of T-PER tissue protein extraction reagent
(Pierce) supplemented with Complete Mini protease inhibitor cocktail (Roche).
The purification of GST, GST–14-3-3�, and GST–�-actinin-2 from bacteria and
the purification of FLAG-myopodin, FLAG–14-3-3�, and FLAG–�-actinin-2

from HEK293 cells were done as previously described (11). For the reconstitu-
tion of interactions between GST- and FLAG-fusion proteins, 1 �g of GST
fusion protein was immobilized on glutathione-agarose beads (Sigma-Aldrich).
Beads were washed five times in 1% Triton X-100 in phosphate-buffered saline,
and 1 �g of purified FLAG-fusion protein in 500 �l Triton buffer (50 mM Tris
pH 7.5, 150 mM NaCl, 1% Triton X-100) was added. For competition assays, 0,
100, 250, 500, or 1,000 ng of a second FLAG protein was added to the reaction
mixture. Reaction mixtures were incubated under rotation for 2 h at 4°C, and
beads were washed five times in Triton buffer. Proteins were eluted in 100 �l
sample buffer and analyzed by SDS-PAGE and immunoblotting (2).

In vitro protein phosphorylation and dephosphorylation. The recombinant
catalytic subunit of PKA, the truncated monomer (aa 1 to 325) of the CaMKII
� subunit, and � protein phosphatase (�-PPase) were purchased from New
England BioLabs, and purified CnA was from Promega. Recombinant FLAG-
myopodin was purified from HEK293 cells and dephosphorylated with �-PPase
as described before (11). For in vitro phosphorylation, FLAG-myopodin was
eluted from anti-FLAG beads with FLAG-M2 peptide (500 �g/ml in phosphate-
buffered saline), and 500 ng of FLAG-myopodin was incubated with 2,500 units
of PKA or 120 units of activated CaMKII in the presence of 100 Ci/mol
[�-32P]ATP and 0.2 mM ATP at 30°C for 0 to 60 min. To analyze the dephos-
phorylation of myopodin, purified FLAG-myopodin from HEK293 cells was
bound to FLAG-beads and dephosphorylated with �-PPase as described before
(11). Beads were washed three times in radioimmunoprecipitation assay buffer,
and immobilized myopodin was radiolabeled by in vitro phosphorylation using
PKA or CaMKII as described above. FLAG-myopodin was eluted from the
FLAG-beads and incubated with 1 or 2 units of calcineurin, 3 �M calmodulin,
and reaction buffer or 100 units of �-PPase at 30°C for 30 or 60 min. All reactions
were performed in a total volume of 25 �l and stopped by boiling in Laemmli
buffer. A 20-�l aliquot of each reaction mixture was analyzed by SDS-PAGE and
phospho-imaging, and 5 �l of each reaction mixture was analyzed by SDS-PAGE
and immunoblotting using an anti-FLAG antibody (11). For quantification, the
32P signal and the enhanced chemiluminescence signal of the immunoprecipi-
tated FLAG-proteins were measured with ImageQuant TL software (Amersham
Biosciences). Then, the 32P signal/FLAG signal ratio was calculated, and the
ratios for the wild-type or control reactions were defined as 100%. The results of
three independent experiments are expressed as means 
 standard deviations
and were assessed by Student’s t test or ANOVA.

In vivo protein phosphorylation and dephosphorylation. HEK293 cells were
transfected with FLAG-myopodin constructs and further cultured for 1 day. At
12 h before the experiment, cells were serum starved followed by incubation in
phosphate-free Dulbecco’s modified Eagle’s medium for 2 h. Then, 0.2 mCi
orthophosphate (32P in HCl), 20 �l 1 M HEPES pH 7.4, and 200 �l FBS were
added to each well. Cells were further incubated at 37°C for 2 h before immu-
noprecipitation, followed by SDS-PAGE and phospho-imaging. To block PKA
or CaMKII activities in cells, H89 or KN62 (10 �M each) was added separately
or together to serum- and phosphate-free medium. In some experiments, the in
vivo labeling of myopodin was assessed in HEK293 cells after transient trans-
fection with GFP-tagged constitutively active calcineurin or constitutively active
CaMKII 24 h prior to the experiment. GFP served as a negative control. The
quantitative analysis was conducted as described above.

RESULTS

Myopodin forms a novel Z-disc signaling unit with mAKAP,
calcineurin, CaMKII, myomegalin, and �-actinin. We re-
ported previously that importin � binding and the subsequent
nuclear import of myopodin are regulated by the serine/threo-
nine phosphorylation-dependent binding of myopodin to 14-
3-3 (11). However, the protein kinase(s) and phosphatase(s),
which regulate the phosphorylation and dephosphorylation of
myopodin, have not been determined. To identify signaling
pathways that control the phosphorylation state of myopodin
in the heart, we screened a human heart cDNA library using
the yeast two-hybrid system as described before (11). Among
several others, we identified mAKAP (19), myomegalin (42),
and the catalytic subunit of calcineurin (CnA�) (21) as myopo-
din-interacting proteins. To confirm the yeast two-hybrid re-
sults with an independent biochemical approach, myopodin
and its interacting proteins were coexpressed as FLAG- and
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GFP-fusion proteins in HEK293 cells and immunoprecipitated
with anti-FLAG beads (Fig. 1A). FLAG-myopodin specifically
interacted with full-length GFP-mAKAP, but not with the
mAKAP fragment aa 585 to 1286 (19) comprising the spectrin

repeats that anchor mAKAP at the nucleus (Fig. 1A). Addi-
tionally, FLAG-myopodin specifically interacted with GFP-
tagged autoactive CnA (aCnA) (32) but not wild-type GFP-
CnA�. No binding was found with FLAG-raver, which served

FIG. 1. Identification of a myopodin-containing signaling complex at the Z-disc in the heart. (A) GFP-tagged mAKAP, aCnA, and CaMKII
coprecipitate with FLAG-myopodin from cotransfected HEK cells. No interaction is seen with the mAKAP fragment 585-1286 or wild-type CnA.
GFP-fusion proteins do not bind FLAG-raver, which served as a negative control. Immunoprecipitation of FLAG-myomegalin (aa 1 to 171) or
FLAG–�-actinin-2, but not FLAG-raver (control), specifically coprecipitate GFP-myopodin. (B) Coimmunoprecipitation experiments showing that
endogenous myopodin interacts with mAKAP (middle panels) and �-actinin (lower panels) in adult mouse heart. Immunoprecipitations (IPs) were done
with antimyopodin, anti-mAKAP, or anti-�-actinin, or with anti-GFP, serving as a negative control. (C) Deconvolution double-labeling immunofluo-
rescence microscopy with �-actinin reveals the Z-disc localization of mAKAP, PKA, and CaMKII in adult mouse heart. CaMKII localizes to the Z-I
junction embracing the �-actinin labeling. All three proteins can also be detected at the M-line. In addition, mAKAP displays perinuclear labeling.
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as a negative control. We also detected a specific interaction
between FLAG-myomegalin (aa 1 to 171) and GFP-myopodin
(Fig. 1A), thereby confirming the yeast two-hybrid results.

Database searches using PhosphoBase (http://phospho.elm
.eu.org) suggested that the 14-3-3-binding motifs of myopodin
(11) serve as CaMKII substrates. Therefore, we tested the
hypothesis that myopodin can bind to CaMKII. FLAG-myopo-
din copurified with wild-type and constitutively active GFP-
CaMKII (c.a.) from cotransfected HEK293 cells (Fig. 1A),
suggesting a direct interaction between myopodin and
CaMKII. We reported previously that the myopodin homo-
logue synaptopodin interacts with �-actinin-2 and �-actinin-4
(1). Therefore, we tested whether both proteins also interacted
with myopodin in cotransfected HEK cells. We observed that
GFP-myopodin specifically interacted with FLAG–�-actinin-2
(Fig. 1A) and FLAG–�-actinin-4 (data not shown). The inter-
actions between myopodin and its binding partners were fur-
ther confirmed by endogenous coimmunoprecipitation studies
with adult mouse heart extracts (Fig. 1B). Antimyopodin pre-
cipitated myopodin, and it also coprecipitated mAKAP and
�-actinin (Fig. 1B). Conversely, anti-mAKAP and anti-�-acti-
nin coprecipitated myopodin (Fig. 1B), showing that the three
proteins form a complex in the heart. No interactions were
found with an irrelevant control antibody.

Previously, we have shown that in the adult heart myopodin
colocalizes with �-actinin at the Z-disc (43). To determine the
subcellular localization of the identified myopodin-binding
proteins, we performed double immunolabeling deconvolution
microscopy on sections from adult mouse heart with the Z-
disc-specific marker �-actinin. mAKAP displayed a perinu-
clear distribution as described previously (19) but also colocal-
ized with �-actinin at the Z-disc (Fig. 1C, upper panels). PKA
was detectable at the M-line, as was expected (30), but also
with a greater intensity at the Z-disc, where it colocalized with
�-actinin (Fig. 1C, middle panels). CaMKII was detected at the
M-line and even more strongly at the Z-I junction, where it
flanked the �-actinin labeling but did not overlap with it (Fig.
1C, lower panels). Collectively these data show that myo-
podin, �-actinin, mAKAP, PKA, CaMKII, calcineurin, and
myomegalin form a multimeric protein complex in the heart.

PKA and CaMKII phosphorylate serine 225 and threonine
272 of myopodin in vitro. Myopodin contains two functional
14-3-3-binding sites (RSLAS225VP and RSVT272SP), and bind-
ing of myopodin to 14-3-3� requires the phosphorylation of
serine 225 (S225) and threonine 272 (T272) (11). Consensus
14-3-3-binding motifs (RSxpS/TxP and RxxxpS/TxP) serve as
substrates for a variety of serine/threonine protein kinases,
including PKA and CaMKII (8). Together with the fact that
myopodin interacts with CaMKII and the PKA-anchoring pro-
tein mAKAP, thereby bringing myopodin in close proximity to
PKA, the intriguing possibility that myopodin is a direct sub-
strate of PKA and CaMKII needs to be considered. To test
whether PKA and CaMKII can phosphorylate the phospho-
acceptor sites S225 and T272 within the two 14-3-3-binding
sites of myopodin, purified FLAG-myopodin was dephosphor-
ylated with �-PPase as described before (11) and then incu-
bated with either PKA or CaMKII in the presence of
[�-32P]ATP (Fig. 2A). Both kinases phosphorylated myopodin,
and increasing levels of [32P]myopodin were detected over
time by phospho-imaging (Fig. 2A, left panel). In contrast, the

inactivation of the two phospho-acceptor sites in FLAG-
myopodin by alanine substitutions (S225AT272A) (11) signif-
icantly decreased the phosphorylation of myopodin by PKA
(Fig. 2A, upper right panel). Virtually no [32P]myopodin could
be detected after incubation of S225AT272A with CaMKII,
even after 60 min (Fig. 2A, lower panel). The quantitative
analysis revealed a 52.54 
 5.77% reduction for PKA (P �
0.005, Student’s t test) and a 96.10 
 1.47% reduction for
CaMKII (P � 0.00001, Student’s t test). The presence of equal
amounts of FLAG-myopodin in each reaction mixture was
confirmed by immunoblotting with anti-FLAG. These results
demonstrate that PKA and CaMKII can phosphorylate S225
and T272 within the two 14-3-3-binding motifs of myopodin in
vitro.

PKA and CaMKII phosphorylate S225 and T272 of myopo-
din in vivo. To explore the phosphorylation of myopodin in
vivo, HEK293 cells were transfected with FLAG-myopodin
and incubated in phosphate-free medium for 2 h followed by
the addition of orthophosphate (32P) to the medium and fur-
ther incubation for 2 h. FLAG-myopodin was immunoprecipi-
tated, and 32P labeling of myopodin was visualized by phospho-
imaging. Compared to wild-type myopodin, S225AT272A
showed a 43.35 
 10.10% (P � 0.02, Student’s t test) reduction
of 32P labeling (Fig. 2B, left panels), demonstrating that S225
and T272 serve as phospho-acceptor sites in vivo. To test
whether PKA and CaMKII can phosphorylate myopodin in
vivo, wild-type FLAG-myopodin was expressed in HEK293
cells as described above and incubated for 2 h with 32P in the
presence of the PKA inhibitor H89 (10 �M), the CaMKII
inhibitor KN62 (10 �M), or a combination of both. Compared
to untreated cells, the inhibition of PKA and CaMKII signifi-
cantly reduced 32P labeling of FLAG-myopodin (Fig. 2B, mid-
dle panels). The quantification (60-min time point) showed a
47.11 
 18.11% reduction of wild-type myopodin for H89, a
24.69 
 27.83% reduction for KN62, and a 90.92 
 2.81%
reduction for the combination of H89 and KN62 compared to
the control (P � 0.0001, ANOVA). Compared to the control,
H89 did not further decrease the 32P labeling of S225AT272A
(7.76 
 15.76% reduction) (P value not significant), showing
that S225 and T272 function as phosphorylation sites for PKA
in vivo. In contrast, KN62 (Fig. 2B, right panels) further re-
duced the 32P labeling of S225AT272A (65.56 
 12.38%),
indicating that myopodin contains additional CaMKII sites
outside its 14-3-3-binding motifs. The highest reduction of
S225AT272A phosphorylation was detected when both kinase
inhibitors were applied in combination (91.67 
 2.18%) (P �
0.000001, ANOVA). To further prove that CaMKII phosphor-
ylates myopodin in vivo, HEK293 cells were cotransfected
with FLAG-myopodin and GFP-tagged CaMKII (c.a.) and
cultured in the presence of 32P (see Fig. 4B, below). We
detected a 14.26 
 5.32% increase (P � 0.05, Student’s t
test) in 32P labeling of myopodin in the presence of GFP-
CaMKII (c.a) compared to the GFP control. Altogether,
these results show that PKA and CaMKII can phosphorylate
myopodin in vivo.

Phosphorylation of myopodin by PKA or CaMKII mediates
14-3-3 binding. To test whether the phosphorylation by PKA
or CaMKII regulates the binding of myopodin to 14-3-3�,
FLAG-myopodin was dephosphorylated with �-PPase and re-
phosphorylated with PKA or CaMKII (Fig. 2C, left panel).
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Then, purified GST–14-3-3� was incubated with 1 �g of puri-
fied FLAG-myopodin, and myopodin binding was analyzed by
immunoblotting using an anti-FLAG antibody (Fig. 2C, right
panel). Consistent with previous findings (11), dephosphoryla-
tion of myopodin with �-PPase abrogated the myopodin–14-
3-3� interaction, which was restored after rephosphorylation
by PKA or CaMKII (Fig. 2C). No 14-3-3 binding was detected
when myopodin was incubated in kinase reaction buffers with-
out enzymes (Fig. 2C). The presence of only one functional
14-3-3-binding site within myopodin results in a decrease of

14-3-3 binding (11). To further analyze 14-3-3 binding of
myopodin after PKA or CaMKII treatment and to determine
the PKA and CaMKII phosphorylation sites in the two 14-3-3
motifs, we repeated the experiment with the FLAG-myopodin
mutants S225A, T272A, and S225AT272A (Fig. 3). PKA-me-
diated phosphorylation of the single mutants S225A and
T272A after �-PPase treatment caused weak 14-3-3 binding
compared to wild-type myopodin (Fig. 3, left panel), showing
that both residues (S225 and T272) are PKA substrates. In
contrast, CaMKII could only restore weak 14-3-3 binding in

FIG. 2. Phosphorylation of myopodin by PKA and CaMKII mediates 14-3-3 binding. (A) Time-dependent in vitro phosphorylation of purified
FLAG-myopodin by PKA (upper panels) and CaMKII (lower panels). Immunoblotting with anti-FLAG shows equal protein loading. Alanine
substitution of S225 and T272 (S225AT272A) significantly reduces 32P labeling of myopodin, indicating that both residues are phosphorylation sites
for PKA and CaMKII. (B) Immunoprecipitation of in vivo-phosphorylated FLAG-myopodin from transfected HEK293 cells. Wild-type (WT)
myopodin shows stronger 32P labeling than S225AT272A (left panels). The inhibition of PKA by H89 or CaMKII by KN62 decreases 32P labeling
of WT FLAG-myopodin, showing that both kinases phosphorylate myopodin in vivo (middle panels). H89 does not further decrease 32P labeling
of S225AT272A (right panel), whereas KN62 reduces 32P labeling of S225AT272A, indicating the presence of additional CaMKII sites in
myopodin. Combined application of H89 and KN62 causes the highest reduction in 32P labeling of wild-type and mutant myopodin. (C) In vitro
phosphorylation of dephosphorylated (��-PPase) FLAG-myopodin (left panel) by PKA or CaMKII restores 14-3-3 binding of myopodin (right
panels). Incubation with kinase reaction buffers alone does not restore the myopodin–14-3-3� interaction.
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the S225A but not in the T272A mutant (Fig. 3, right panel),
thereby demonstrating that T272, but not S225, is a CaMKII
phosphorylation site. As expected from previous results (11),
both protein kinases could not rescue 14-3-3 binding of
S225AT272A, because both residues are required for the in-
teraction (11).

Calcineurin dephosphorylates myopodin in vitro and in
vivo. Consensus 14-3-3-binding motifs can be dephosphory-
lated by serine/threonine protein phosphatases, including cal-
cineurin (8). In the current studies we identified the catalytic
subunit of calcineurin (CnA) as a myopodin-interacting pro-
tein (Fig. 1A). To test whether calcineurin can dephosphory-
late myopodin in vitro, purified FLAG-myopodin was dephos-
phorylated with �-PPase and then rephosphorylated with PKA
in the presence of [�-32P]ATP. The 32P-labeled myopodin was
then dephosphorylated with CnA for either 30 or 60 min (Fig.
4A, right panel). As a positive control, myopodin was dephos-
phorylated with �-PPase (Fig. 4A, left panel) as previously
described (11). Both phosphatases dephosphorylated myopo-
din, and decreasing levels of 32P-labeled myopodin were de-
tected in a concentration-dependent manner compared to
untreated [32P]myopodin. In contrast, the incubation of
[32P]myopodin in reaction buffer without phosphatases did not
result in a decrease in the 32P labeling. These data support that
the phosphorylation of myopodin is stable over time and that
its decrease specifically resulted from the phosphatase activity.
To analyze the dephosphorylation of myopodin in vivo, FLAG-
myopodin was coexpressed with GFP-aCnA in HEK293 cells
and cultured in the presence of 32P. Radioactive labeling of
myopodin was significantly reduced (93.67 
 2.34%, P 	 0.0,

FIG. 3. S225 and T272 serve as PKA substrates, but only T272
serves as a CaMKII substrate. PKA phosphorylation of the single
FLAG-myopodin mutants S225A and T272A after �-PPase treatment
causes weak binding to GST–14-3-3� (left panels). In contrast, only
S225A, and not T272A, binds to GST–14-3-3 after CaMKII treatment,
indicating that T272 but not S225 serves as a CaMKII phosphorylation
site.

FIG. 4. Dephosphorylation of myopodin by calcineurin abrogates 14-3-3 binding. (A) Time-dependent in vitro dephosphorylation of purified
32P-labeled FLAG-myopodin by �-PPase (left panel) or CnA (right panel). In the absence of phosphatases, [32P]myopodin levels remain stable over time.
The anti-FLAG blot shows equal protein loading. (B) In vivo phosphorylation of FLAG-myopodin in HEK293 cells is increased by cotransfections with
autoactive GFP-CaMKII (c.a.) compared to the GFP control. Coexpression of constitutively active GFP-CnA (aCnA) almost completely abrogates the
in vivo phosphorylation of myopodin (right lane). The anti-FLAG blot shows equal protein loading. (C) In vitro dephosphorylation of purified
FLAG-myopodin with �-PPase or CnA causes the concentration-dependent loss of GST–14-3-3� binding. In contrast, after incubation with CnA buffer
alone, the myopodin–14-3-3� interaction is preserved. No myopodin binding is seen with GST alone (middle panels).
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Student’s t test) (Fig. 4B, right lane) compared to myopodin
immunoprecipitated from cells coexpressing GFP (Fig. 4B, left
lane). These data demonstrate that the physiologically relevant
protein phosphatase calcineurin can dephosphorylate myopo-
din.

Dephosphorylation of myopodin by calcineurin abrogates
14-3-3 binding. To determine whether the dephosphorylation
of myopodin by calcineurin abrogates the myopodin–14-3-3�
interaction, 1 �g of purified FLAG-myopodin was dephosphory-
lated with �-PPase or CnA at 30°C for 30 min and incubated
with immobilized GST–14-3-3�. Myopodin binding was then
analyzed by immunoblotting using an anti-FLAG antibody. As
previously described (11), the absence of phosphatase treat-
ment resulted in a strong and specific binding of phosphory-
lated myopodin to GST–14-3-3�, whereas dephosphorylation
by �-PPase abrogated the myopodin–14-3-3 interaction (Fig.
4C). Similarly, the dephosphorylation of myopodin by CnA
abrogated the 14-3-3� binding in a concentration-dependent
fashion (Fig. 4C). One unit of CnA significantly reduced the
myopodin–14-3-3� interaction, whereas dephosphorylation of
myopodin with 2 units of CnA abrogated 14-3-3 binding (Fig.
4C). Together, myopodin is a novel direct substrate of cal-
cineurin, and dephosphorylation of myopodin by calcineurin
prevents the myopodin–14-3-3� interaction. To test whether
both phospho-acceptor and 14-3-3-binding sites within myopo-
din serve as calcineurin substrates, we repeated the GST-bind-
ing assay using the FLAG-myopodin mutants S225D, T272E,
and S225DT272E (Fig. 5). As shown before, calcineurin treat-
ment of wild-type myopodin abrogated 14-3-3 binding, whereas
the ability of the double mutant S225DT272E to bind 14-3-3
was not affected by calcineurin (Fig. 5, right panels). In con-
trast, when phosphorylation was only mimicked on either one
of the two residues (S225D or T272E), weak 14-3-3 binding
could be detected (Fig. 5). Altogether, these results show that
S225 and T272 both serve as calcineurin substrates.

PKA and CaMKII promote the nuclear import of myopodin
in C2C12 myoblasts. The nuclear import of myopodin requires
the phosphorylation of S225 and T272 (11). Both residues can
be phosphorylated by PKA and CaMKII (Fig. 2 and 3). This
raises the intriguing possibility that the phosphorylation by
PKA and CaMKII controls the nuclear import of myopodin.

To test this hypothesis, we analyzed the effect of specific PKA
and CaMKII inhibitors on the subcellular localization of
myopodin in C2C12 myoblasts by double-labeling deconvolu-
tion microscopy with 4�,6�-diamidino-2-phenylindole (DAPI)
(Fig. 6). As expected from previous studies (43), control cells
displayed a virtually exclusive nuclear localization of myopo-
din. The inhibition of CaMKII by KN62 slightly reduced the
nuclear import of myopodin (Fig. 6A). The inhibition of PKA
by H89, KT5720, or Rp-cAMP significantly reduced the nu-
clear import of myopodin, and the combined application of
H89 and KN62 completely suppressed the nuclear import of
myopodin. In contrast, the inhibition of phosphatidylinositol-
3-kinase (PI3K) by wortmannin or PKC� by Ro31-8220 did not
interfere with the nuclear import of myopodin (Fig. 6A). The
quantitative analysis (Fig. 6B) showed that in the control
groups, 97.0 
 2.0% of counted cells displayed N�C myopo-
din, compared with 75.3 
 5.0% after KN62, 0 
 0.0% after
H89, KN62 plus H89, KT5720, or Rp-cAMP treatment versus
95.0 
 2.6% after Ro31-8220 and 96.7 
 2.1% after wortman-
nin treatment (P � 0.0001, ANOVA). In concert, PKA and
CaMKII activities are required for the efficient nuclear import
of myopodin in C2C12 myoblasts, whereas other serine/threo-
nine kinases, such as PI3K or PKC�, are not involved in the
nuclear import of myopodin.

Activation of PKA or inhibition of calcineurin induces the
nuclear import of myopodin in adult cardiac myocytes. In
undifferentiated myoblasts, myopodin is localized in the nu-
cleus (43), and the nuclear import of myopodin requires its
phosphorylation by PKA (Fig. 6). In contrast, in differentiated
myotubes, myopodin is found at the cytoplasmic Z-disc and
only translocates into the nucleus during cellular stress (43).
To test whether the nuclear import of myopodin in differenti-
ated cardiac myocytes is also mediated by PKA signaling, we
analyzed the localization of myopodin in isolated adult rat
cardiac myocytes before and after activation of PKA. Under
control conditions, we detected the colocalization of myopodin
with �-actinin at the Z-disc (Fig. 7A, upper panels). The com-
bined application of IBMX and forskolin, which activates PKA
by increasing cAMP levels, altered the subcellular localization
of myopodin, and a partial reduction of myopodin at the Z-disc
and a more diffuse localization around the Z-disc were de-
tected by immunofluorescence microscopy. Most significantly,
we also detected myopodin in the nucleus (Fig. 7A, middle
panels). Similarly to myopodin, a fraction of 14-3-3� relocated
to the nucleus after IBMX and forskolin treatment (Fig. 7B,
middle panels), whereas mAKAP did not enter the nucleus
(data not shown). Calcineurin dephosphorylates myopodin,
thereby abrogating the myopodin–14-3-3� interaction (Fig. 4
and 5). Since the myopodin–14-3-3� interaction is required for
importin � binding and nuclear import (11), the inhibition of
calcineurin by cyclosporine A (CsA) should induce the nuclear
import of myopodin. Consistent with this hypothesis, we de-
tected myopodin in the nucleus of cardiac myocytes after CsA
treatment (Fig. 7A, lower panels). This effect was also seen for
14-3-3� (Fig. 7B, lower panels), but not for mAKAP (data not
shown).

Overexpression of �-actinin prevents the nuclear import of
myopodin. In undifferentiated myoblasts that do not express
�-actinin (26), myopodin is found in the nucleus (43). In con-
trast, in differentiated myocytes myopodin colocalizes with

FIG. 5. S225 and T272 of myopodin serve as calcineurin substrates.
FLAG-myopodin mutants S225D, T272E, and S225DT272E bind
GST–14-3-3� in the absence of calcineurin ( CnA; left panels). In
contrast, calcineurin treatment (� CnA; right panels) abrogates 14-3-3
binding to wild-type myopodin (WT) while the interaction with
S225DT272E is preserved. The reductions of 14-3-3 binding of S225D
and T272E after CnA treatment show that both residues serve as
calcineurin substrates.
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�-actinin at the Z-disc (43), and both proteins biochemically
interact in the heart (Fig. 1). This prompted us to test whether
the binding to �-actinin anchors myopodin in the cytoplasm,
thereby preventing its nuclear import. Consistent with this
hypothesis, the transfection of undifferentiated myoblasts with
FLAG–�-actinin-2 but not with FLAG–14-3-3�, serving as a
control, caused the reduction of nuclear myopodin labeling

and its accumulation in the cytoplasm, where it colocalized
with FLAG–�-actinin-2 (Fig. 8A). These findings suggest that
in adult myocytes, �-actinin anchors myopodin at the Z-disc.
To test whether the phosphorylation-dependent binding of 14-
3-3 to myopodin could override the �-actinin-mediated cyto-
plasmic anchorage of myopodin, C2C12 myoblasts were co-
transfected with GFP-myopodin and FLAG–�-actinin-2 (Fig.

FIG. 6. PKA, CaMKII, and calcineurin regulate the nuclear import of myopodin. (A) In undifferentiated dimethyl sulfoxide (DMSO)-treated
C2C12 myoblasts (control), myopodin is localized in the nucleus, as revealed by double-labeling deconvolution microscopy with DAPI. Pharma-
cological inhibition of CaMKII by KN62 partially reduces the nuclear import of myopodin, leading to the appearance of myopodin in the
cytoplasm. The PKA inhibitors H89, KT5720, and Rp-cAMP significantly impair nuclear import of myopodin, whereas the combined inhibition
of PKA and CaMKII abrogates the nuclear import of myopodin. In contrast, inhibition of PI3K by wortmannin or PKC� by Ro31-8220 does not
interfere with the nuclear import of myopodin. (B) Quantitative analysis showing a significant reduction in the number of nuclear (N�C)
myopodin-displaying cells and a concomitant increase in the number of cytoplasmic (N�C) myopodin-displaying cells after PKA inhibition (H89,
KT5720, and Rp-cAMP) compared to DMSO-treated cells (CTRL). CaMKII inhibition (KN62) also significantly decreases the number of cells
with mainly nuclear myopodin, but in contrast to PKA inhibition, KN62 significantly increased the number of cells displaying equally distributed
(N	C) myopodin. Wortmannin and Ro31-8220 did not alter the nuclear localization of myopodin. Statistical significance was confirmed by analysis
of variance between groups (P � 0.001).
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8B). In the absence of �-actinin, wild-type GFP-myopodin was
mainly detected in the nucleus, whereas the coexpression
of FLAG–�-actinin-2 caused its cytoplasmic redistribution, an
effect similar to the one observed for endogenous myopo-
din (Fig. 8A). In contrast, when the myopodin mutant
S225DT272E was used as the GFP-fusion protein, FLAG–�-
actinin-2 coexpression did not result in the cytoplasmic local-
ization of myopodin, and GFP-myopodin showed unaltered
nuclear localization (Fig. 8B). Based on our previous findings
that S225AT272E binds 14-3-3 constitutively (11), we conclude
that the phosphorylation-dependent binding of 14-3-3 to
myopodin can override the �-actinin-mediated cytoplasmic an-
chorage of myopodin.

14-3-3� and �-actinin compete for myopodin binding.
Myopodin can bind to both 14-3-3� (11) and �-actinin (Fig. 1),
but only the interaction with 14-3-3 is regulated by the phos-
phorylation of myopodin. To test the hypothesis that 14-3-3
and �-actinin compete for myopodin binding, we reconstituted
a trimeric protein complex with purified proteins (Fig. 8C).
When 1 �g of FLAG-myopodin was incubated with 1 �g of
immobilized GST–14-3-3� (Fig. 8C, left panel), we detected
the interaction between the two proteins as has been reported

elsewhere (11). However, when increasing amounts of purified
FLAG–�-actinin-2 (0.1 to 1.0 �g) were added to the assay
mixture, the binding of 14-3-3� to myopodin decreased in a
concentration-dependent fashion. No myopodin–14-3-3� in-
teraction was detected with the presence of 1 �g of �-actinin-2
(Fig. 8C, left panel). Since �-actinin-2 and 14-3-3� do not
interact with each other, the loss of myopodin binding to 14-
3-3� results from the increased binding of �-actinin to myopo-
din. In a converse experiment, the addition of increasing
amounts of FLAG–14-3-3� (0.1 to 1.0 �g) gradually decreased
the binding of FLAG-myopodin to GST–�-actinin-2 (Fig. 8C,
middle panel). Again, we detected no binding of 14-3-3 to
�-actinin, thereby confirming that the observed loss of �-acti-
nin binding to myopodin is caused by the interaction of myopo-
din with 14-3-3�.

DISCUSSION

The present study identifies the Z-disc protein myopodin as
a novel direct target of PKA, CaMKII, and calcineurin signal-
ing in the heart. These enzymes regulate the phosphorylation
state of myopodin, thereby controlling the subcellular localiza-

FIG. 7. The subcellular localization of myopodin in cardiac myocytes is regulated by cAMP and calcineurin activity. (A) In untreated isolated
adult rat cardiac myocytes (control), myopodin colocalizes with �-actinin at the Z-disc. Activation of PKA by forskolin (forsk.) and IBMX or
inhibition of calcineurin by CsA causes the partial release of myopodin from the Z-disc and subsequent nuclear import. (B) 14-3-3� partially
colocalizes with �-actinin at the Z-disc of control cells. Similarly to myopodin, a fraction of 14-3-3� relocates into the nucleus after activation of
PKA or inhibition of calcineurin.
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FIG. 8. �-Actinin competes with 14-3-3� for myopodin binding and anchors myopodin in the cytoplasm. (A) Transfection of FLAG–�-actinin-2
but not FLAG–14-3-3� causes the cytoplasmic retention of endogenous myopodin in undifferentiated C2C12 myoblasts. (B) Coexpression of
FLAG–�-actinin-2 with GFP-myopodin in C2C12 myoblasts causes the cytoplasmic localization of wild-type myopodin, but not of the S225DT272E
mutant, which is still targeted to the nucleus. In the absence of FLAG–�-actinin-2, both GFP-myopodin forms are localized in the nucleus.
(C) FLAG–�-actinin-2 induces the concentration-dependent loss of FLAG-myopodin binding to GST–14-3-3� (left panels). Conversely, FLAG–
14-3-3� causes the concentration-dependent loss of FLAG-myopodin binding to GST–�-actinin-2 (right panels).
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tion of myopodin in adult cardiac myocytes (Fig. 9). These
results support the idea that myopodin serves as a messenger in
a unique intracellular signaling pathway, whereby changes in
Z-disc dynamics may translate into altered nuclear function
during cardiac development and remodeling.

Recently, it has been suggested that Z-disc proteins, in ad-
dition to their structural function, participate in intracellular
signaling pathways (13). Work from several groups provided
evidence that the Z-disc of cardiac myocytes may serve as a
mechanosensor during myocyte differentiation and cardiac re-
modeling (13). Specifically, it was proposed that the Z-disc is a
signal transduction unit that communicates with the nucleus.
In this scenario the Z-disc would sense an increase in the
mechanical load of the heart and respond by sending a signal
to the nucleus. This signal would in turn alter gene expression
of muscle-specific proteins, leading to cardiac hypertrophy and
remodeling (36). Clearly, such pathways would require mes-
sengers that can shuttle between the Z-disc and the nucleus.
Several proteins meet these criteria and therefore could func-
tion as potential signal transducers between the two compart-
ments. For example, LIM domain-containing proteins, like
FHL2 and FHL3 (12, 31), zyxin (20), and the muscle LIM
protein (MLP) (23), can shuttle between the cytosol and the
nucleus of myocytes in a differentiation- and stress-dependent
manner. MLP, also called CRP3 (cystein-rich protein), and
other members of the CRP protein family (CRP1 and CRP2)
have also been proposed to function as stress and damage

sensors at the actin cytoskeleton (18). Upon activation, CRPs
translocate into the nucleus, where they can activate the ex-
pression of muscle-specific genes, resulting in muscle repair
(18). However, the molecular mechanisms regulating the in-
tracellular shuttling of LIM domain proteins have yet to be
elucidated.

Myopodin does not contain a LIM domain, but it shares
several key features with LIM proteins. Similar to LIM pro-
teins, myopodin directly binds to �-actinin, which anchors
myopodin at the Z-disc. More importantly, myopodin also
shuttles between the Z-disc and the nucleus in a differentia-
tion- and stress-dependent fashion (43), thus making it a good
candidate as a signaling intermediary between both compart-
ments. We recently demonstrated that serine/threonine phos-
phorylation-dependent binding of myopodin to 14-3-3 is nec-
essary and sufficient for the interaction between myopodin and
importin � (11), but the protein kinase(s) which phosphory-
lates myopodin remained unknown. The present study shows
that myopodin is part of a multiprotein signal transduction unit
that also includes PKA and CaMKII. Both kinases can phos-
phorylate the 14-3-3-binding motifs of myopodin, thereby en-
abling the binding of myopodin to 14-3-3. Similar to the bio-
chemical inhibition of 14-3-3 binding (11), the pharmacological
inhibition of PKA and CaMKII abrogates the nuclear import
of myopodin in myoblasts. Moreover, in adult cardiac myocytes
the activation of PKA induces the release of myopodin from
the Z-disc and results in its nuclear import. It should be noted

FIG. 9. Model for the regulation of myopodin’s subcellular localization in cardiac myocytes. (A) Under normal conditions, myopodin is
tethered to the Z-disc of differentiated cardiac myocytes, where it is part of a signal transduction unit. The complex contains structural (actin and
�-actinin), signaling (PKA, CaMKII, calcineurin, calsarcin, and PDE4D3), and scaffolding (mAKAP and myomegalin) proteins. White bars
indicate previously published interactions, and black bars show interactions identified in this study. Calcineurin keeps myopodin dephosphorylated,
and 14-3-3� cannot directly bind to myopodin. (B) Upon activation of PKA/CaMKII or inhibition of calcineurin, myopodin undergoes phosphor-
ylation, thereby enabling its interaction with 14-3-3�, which in turn causes the release of myopodin from Z-disc-anchoring proteins like �-actinin.
(C) After release from the Z-disc, 14-3-3-bound myopodin can interact with the cytoplasmic nuclear import receptor importin � and enter the
nucleus.
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that the differences between the in vitro and in vivo phosphor-
ylation data imply that myopodin harbors additional PKA and
CaMKII phosphorylation sites, which remain to be identified.
These sites may also participate in the regulation of the nuclear
import of myopodin. Such a function could explain the ob-
served differential effects of PKA and CaMKII inhibition on
the subcellular localization of myopodin. The observed dis-
crepancy between the in vitro and vivo phosphorylation exper-
iments using PKA and CaMKII might be due to the fact that
both kinases act cooperatively on the two 14-3-3-binding sites
or in combination with other unidentified protein kinases.
Clearly, future studies will be required to test this hypothesis.

This study also reveals that 14-3-3 proteins can modulate the
binding of myopodin to its interacting proteins in several ways.
14-3-3 binding enables not only the interaction between
myopodin and importin � in a cooperative fashion (11) but also
competitively abrogates the interaction between myopodin and
�-actinin. In undifferentiated myoblasts that do not express
�-actinin (26), myopodin is imported into the nucleus (43). In
contrast, when �-actinin is overexpressed in these cells, myopo-
din is sequestered in the cytoplasm, where it colocalizes with
�-actinin. However, this �-actinin-mediated cytoplasmic an-
chorage of myopodin is overridden when myopodin is mutated,
in that it can bind 14-3-3 constitutively. These results support
the idea that �-actinin serves as a cytoplasmic anchor of
myopodin, which is antagonized by 14-3-3 binding, resulting in
the nuclear import of myopodin. This idea is in keeping with
the results of the binding assays showing that increasing
amounts of 14-3-3 decrease the binding of �-actinin to myopo-
din and vice versa, thereby explaining the negative effect of
�-actinin on the nuclear import of myopodin. Such an �-acti-
nin-mediated cytoplasmic anchoring mechanism in striated
myocytes has been proposed before in that it regulates the
subcellular localization of CRPs (3). Of note, the present study
is the first to identify such a mechanism on a molecular level.

Several lines of evidence support the notion that signaling
events leading to the development of cardiac hypertrophy can
be modulated by mAKAP signaling units that contain PKA,
the cAMP-responsive guanine nucleotide exchange factor
EPAC, and phosphodiesterase 4 (PDE4) (29). In the current
study we identified mAKAP (19) as another component of the
myopodin signaling complex, thereby linking mAKAP signal-
ing to the Z-disc. In addition to PKA, AKAPs can also bind to
PDEs (29), enzymes that degrade cyclic nucleotides like
cAMP. cAMP is synthesized by adenylate cyclases at the
plasma membrane and diffuses into the cytosol to activate
downstream effectors like PKA (29). By anchoring PDEs at
specific sites, the cellular action of cAMP can be controlled
spatially and temporally (17), and the coanchoring of PKA and
PDEs enables a tight regulation of PKA signaling. The cAMP-
specific PDE4 subfamily is highly expressed in the heart (30).
PDE4 consists of about 16 distinct isoforms, and the mAKAP-
anchored isoform is PDE4D3 (7). A previous yeast two-hybrid
screen using PDE4D3 as bait identified a novel protein named
myomegalin (42). We have now identified myomegalin as
myopodin-interacting protein. Hence, myopodin can interact
with two PDE4D3-anchoring proteins, mAKAP and myo-
megalin. Furthermore, myopodin exists in a complex with PKA
via mAKAP and serves as a PKA substrate. Together these
findings raise the intriguing possibility that in the heart, cAMP

signaling tightly regulates not only the phosphorylation of
myopodin but also its subcellular localization. Consistently, the
increase of cAMP levels in adult cardiac myocytes by simulta-
neous activation of adenylate cyclases and inhibition of PDEs
lead to the nuclear import of myopodin and 14-3-3�.

The present study has also identified myopodin as a novel
direct target of calcineurin. In adult cardiac myocytes, a frac-
tion of the calcineurin pool is anchored at the Z-disc via in-
teractions with calsarcins/�-actinin (14) or MLP (16). Thus far,
only a few substrates of calcineurin have been described, in-
cluding the NFAT family of transcription factors (6, 28). In-
terestingly, NFATc is also localized at the Z-disc of resting
myocytes. Upon electric stimulation it translocates into the
nucleus, where it activates prohypertrophic gene programs
(27). Of note, the nuclear translocation and full transcriptional
activity of NFAT requires its dephosphorylation by calcineurin
(6) as well as the activation of the mAKAP signaling complex
(34) and the release of NFAT from 14-3-3 binding (4). The
experiments described herein imply that myopodin not only
directly interacts with calcineurin but also indirectly via the
calcineurin-binding proteins mAKAP (34) and calsarcins/�-
actinin (14). Calcineurin dephosphorylates myopodin and
thereby abrogates the myopodin–14-3-3 interaction. Con-
versely, the inhibition of calcineurin by CsA causes the release
from the Z-disc and the nuclear import of myopodin. Hence,
the dephosphorylation by calcineurin is required for the an-
chorage of myopodin at the Z-disc. In concert, these results
suggest that calcineurin is a general regulator of signaling pro-
tein targeting. It will be interesting to see whether in addition
to NFAT and myopodin the subcellular localization of other
proteins in the heart or elsewhere is also controlled by cal-
cineurin. Of note, similar to NFAT (15), myopodin only inter-
acts with the activated form of CnA. However, in contrast to
NFAT and most other known calcineurin target proteins,
myopodin lacks a consensus (PxIxIT) calcineurin docking site
(15). Clearly, future studies will be required to map the cal-
cineurin-binding site(s) in myopodin.

Altogether, we identified a novel Z-disc signal transduction
unit that communicates with the nucleus of cardiac myocytes
by regulating the phosphorylation state of myopodin. Our re-
sults highlight how phosphorylation and dephosphorylation
events can dynamically modulate the composition of large mul-
tiprotein signaling complexes (Fig. 9). Such complexes contain
signaling and scaffolding proteins as well as mobile signal me-
diators like myopodin, whose access to or release from these
complexes is tightly regulated by external or internal cues (35).
The regulated presence or absence of a mediator can either
alter the function of the complex or influence a target outside
the complex. The identification of myopodin as a direct target
of PKA, CaMKII, and calcineurin defines a novel intracellular
signaling pathway, whereby changes in Z-disc dynamics may
alter nuclear function during cardiac development and remod-
eling and may open new therapeutic modalities for the pre-
vention or treatment of cardiac failure by the modulation of
myopodin signaling.
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