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The mitogen-activated protein kinase (MAPK)-activated protein kinases 2 and 3 (MK2/3) represent protein kinases downstream of the
p38 MAPK. Using MK2/3 double-knockout (MK2/3�/�) mice, we analyzed the role of MK2/3 in cross-striated muscle by transcriptome
and proteome analyses and by histology. We demonstrated enhanced expression of the slow oxidative skeletal muscle myofiber gene
program, including the peroxisome proliferator-activated receptor gamma (PPAR�) coactivator 1� (PGC-1�). Using reporter gene
and electrophoretic gel mobility shift assays, we demonstrated that MK2 catalytic activity directly regulated the promoters of the fast
fiber-specific myosin heavy-chain IId/x and the slow fiber-specific sarco/endoplasmic reticulum Ca2�-ATPase 2 (SERCA2) gene. Ele-
vated SERCA2a gene expression caused by a decreased ratio of transcription factor Egr-1 to Sp1 was associated with accelerated relax-
ation and enhanced contractility in MK2/3�/� cardiomyocytes, concomitant with improved force parameters in MK2/3�/� soleus
muscle. These results link MK2/3 to the regulation of calcium dynamics and identify enzymatic activity of MK2/3 as a critical factor for
modulating cross-striated muscle function by generating a unique muscle phenotype exhibiting both reduced fatigability and en-
hanced force in MK2/3�/� mice. Hence, the p38-MK2/3 axis may represent a novel target for the design of therapeutic strategies for
diseases related to fiber type changes or impaired SERCA2 function.

Cross-striated heart and skeletal muscles comprise on average
almost half of mammalian body mass. Each muscle cell is

characterized by a regular arrangement of contractile proteins in
an extraordinary degree of order termed sarcomeres. These struc-
tures are optimized for both constant and intermittent move-
ment. Proteins must be selectively replaced in response to altered
physiological demands (1, 2). Hence, skeletal muscle creates a
highly adaptive tissue that is classified on the basis of the expres-
sion of myosin heavy-chain (MyHC) isoforms and speed of con-
traction (3). Slow type I fibers are rich in MyHC isoform I/�
(MyHCI/�) and mitochondria, their metabolism is oxidative
leading to fatigue resistance, while fast type IIb fibers are glycolytic
with few mitochondria and rich in MyHCIIb. Type IIa and IId/x
fibers comprise an intermediate oxidative/glycolytic fast pheno-
type. Adaptive changes by endurance exercise shifts fiber compo-
sition to increased oxidative and endurance capacity (4), while
muscle inactivity switches fibers to more glycolytic types (5). Fiber
type shifts arise further during ageing and diseases, such as type 2
diabetes, and even obesity (1, 6). The cardiac muscle also under-
goes adaptive changes in gene expression and performance in re-
sponse to physiological and pathological stimuli, and several pro-
tein kinases, such as extracellular signal-regulated kinases (ERKs)
and p38 mitogen-activated protein kinases (MAPKs), have been
shown to be involved in these processes (7, 8).

p38 MAPK and the downstream MAPK-activated protein ki-
nases 2 and 3 (MAPKAPK2/3 [MK2/3]) are highly abundant in
skeletal muscle and in the heart (9–12). Persistent activation of the

p38 pathway occurs early during skeletal muscle differentiation
(13), and a key role for p38 in myogenesis and regeneration has
been demonstrated (14, 15). Several studies have demonstrated an
activation of the p38 signaling pathway by muscle contractile ac-
tivity (16). Interestingly, total and activated p38 is decreased in
endurance-trained versus untrained skeletal muscle (16).
Whether the downregulation of p38 signaling is correlated with
the maintenance of adaptive processes and improved endurance
work capacity is not known, and a possible role of MK2/3 remains
to be elucidated. In the heart, chronically activated p38 has been
implicated in a wide spectrum of cardiac pathologies (8).

MK2 and MK3 share activators and substrates. They have sim-
ilar physiological functions possibly reflecting a certain functional
congruence (17). Apart from their role in substrate phosphoryla-
tion, MK2/3 bind to and stabilize p38� (18). In most cells and
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tissues, MK3 expression is minor compared to MK2 expression.
The phenotype of MK2-deficient mice indicates an essential role
of MK2 in posttranscriptional regulation of the biosynthesis of
cytokines (19). In contrast to p38, MK2 and MK3 basal activity
levels and functions in cross-striated muscles remain unclear.
Some aspects of p38-induced cardiomyopathy are mediated by
MK2, including the posttranscriptional regulation of the proin-
flammatory protein cyclooxygenase 2 (COX-2) (20). However, a
direct role of MK2/3 activity and precise molecular mechanisms
underlying the reported effects in cardiac muscle are not clearly
defined. The role of MK2/3 in skeletal muscle function is yet un-
known.

The sarco-endoplasmic reticulum Ca2�-ATPase 2a (SERCA2a) is
responsible for Ca2� reuptake into the sarcoplasmic reticulum
(SR) (21) and directly linked to contractility and alterations in
excitation-contraction coupling. Thus, impaired Ca2� reuptake
resulting from decreased abundance and reduced activity of
SERCA2a is a hallmark of heart failure (22). An associated regu-
latory protein of SERCA2a is phospholamban (PLB), expressed in
slow-twitch fibers and cardiomyocytes. SERCA2a is inhibited by
dephosphorylated PLB, while phosphorylation of PLB by protein
kinase A (PKA) or by Ca2�/calmodulin-dependent protein kinase
II (CaMKII) relieves inhibition and increases Ca2� reuptake (23).

Here, we utilized an MK2/MK3 double-knockout (DKO or
MK2/3�/�) mouse model (18) to examine functional roles of
MK2/3 in muscle. DKO soleus muscles displayed a shift toward
the slow skeletal muscle myofiber gene program. This included
increased expression of peroxisome proliferator-activated recep-
tor gamma (PPAR�) coactivator 1� (PGC-1�), a master regulator
of oxidative energy metabolism (24, 25). Furthermore, we identi-
fied SERCA2 and MyHCIId/x as novel MK2/3 target genes. The
increased SERCA2a gene expression in MK2/3�/� cells can be
directly attributed to MK2 catalytic activity via reduced binding of
the transcription factor Egr-1 and is associated with faster relax-
ation and increased contractility of MK2/3-deficient cardiomyo-
cytes. Thus, results link MK2/3 to the regulation of calcium dy-
namics generating a unique phenotype exhibiting both reduced
fatigability and enhanced force. Hence, this study indicates an
essential role of the p38-MK2/3 pathway in the regulation of
cross-striated muscle performance.

MATERIALS AND METHODS
MK2�/� and MK2/3�/� mice. The generation of mice deficient for MK2
and for MK2/3 has been described previously (18, 19). MK2/3�/� mice
have a mixed genetic background (129Sv � C57BL/6).

Cell culture and transfection assays. Mouse C2C12 cells were cul-
tured and transfected as described previously (26). MK2/3-deficient im-
mortalized mouse embryonic fibroblasts (MEFs) were generated as re-
ported earlier (18). MEFs were transiently transfected at 50 to 80%
confluence. Nonmodified branched polyethylenimine (Sigma-Aldrich,
Taufkirchen, Germany) (4.5 �l of a 1-mg/ml solution) was added to a
mixture of 1.5 �g DNA and 90 �l serum- and antibiotic-free Dulbecco
modified Eagle medium (DMEM), with the subsequent addition of 900 �l
serum- and antibiotic-free DMEM (27). Cells were transfected using
1,000 ng of one of the following promoter firefly luciferase reporter gene
constructs: a human SERCA2 promoter fragment extending from bp
�2577 to �321 (�2577 fragment; �1 indicates the transcription start
site), one of several SERCA2 promoter deletion mutants, a porcine My-
HCIId/x promoter fragment extending from bp �2742 to �9 (�2.8 frag-
ment) (26), a rabbit MyHCI/� promoter fragment extending from bp
�2345 to �99 (�2.4 fragment) (26), or a murine PGC-1� promoter
fragment extending from bp �3036 to �119 (�3.0 fragment). In some

experiments cells were also cotransfected with one or several of the fol-
lowing plasmids, as indicated in the figures: 750 ng pcDNA3-myc-MK2,
750 ng MK2K76R, 250 ng pcDNA3-MKK6EE, 500 ng pcDNA3.1(-)myc-
His-Erg-1, and/or an empty vector(s). Promoter reporter constructs con-
taining deletion mutants of the human SERCA2 promoter fragments (ex-
tending from bp �2577, �1741, �412, �263 [�263 fragment], or �68
[�68 fragment] to �321) inserted into pGL2 basic were described previ-
ously (28, 29). The expression vectors for wild-type MK2 (pcDNA3-myc-
MK2), mutant catalytic-dead, p38� stabilizing MK2, MK2K76R
(pcDNA3-myc-MK2K76R), and constitutively active MK2, MK2EE
(pcDNA3.1-MK2EE), were reported earlier (30, 31). Constitutively active
MKK6, MKK6EE (pcDNA3-MKK6EE) (32), was a gift from R. Davis. In a
dual-luciferase reporter gene assay, firefly luciferase activities were nor-
malized for transfection efficiency using Renilla activity. Firefly luciferase
reporter gene assays were performed as described previously (27). Renilla
activity was measured by using a Glomax microplate reader (Promega,
Mannheim, Germany) and 20 �l of lysate, injecting 100 �l of 1� Renilla
substrate buffer (100 mM phosphate buffer [pH 7.8], 1 mM EDTA, 0.5 M
NaCl, 4 �M coelenterazine [Promega]) into the microplate reader, and
reading for 10 s after a 2-s delay. In other experiments, cells were cotrans-
fected with pCMV-Gal (CMV stands for cytomegalovirus, and Gal stands
for �-galactosidase) as an internal reference. The �-galactosidase activity
was determined as described previously (26). A c-Myc-tagged Egr-1 ex-
pression vector was generated by cloning PCR-generated murine Egr-1
cDNA into pcDNA3.1(-)-myc-His (Invitrogen, Karlsruhe, Germany) us-
ing the forward (F) 5=-CTG TCA GAA TTC ATG GCA GCG GCC AAG
GCC GAG-3= and reverse (R) 5=-CTG TCA AAG CTT GCA AAT TTC
AAT TGT CCT GGG-3= primers. To generate a �263 SERCA2 promoter
construct mutated at putative Sp1 and Egr-1 binding sites A, B, and/or C,
nucleotides GAGG were changed to TATA (A and B) and nucleotides
CGCC were changed to TATA (C) as indicated in Fig. 5F, by using the
Phusion site-directed mutagenesis kit (New England BioLabs GmbH,
Frankfurt, Germany) according to the manufacturer’s instructions. A
�3.0 promoter reporter construct of the murine PGC-1� was generated
with the F 5=-CTG TCA ACG CGT GTC TGT CAG CCC TTG TAA TGT
G-3= and R 5=-CTG TCA AGA TCT CCA GCT CCC GAA TGA CGC CAG
TCA A-3= primer pair.

Fiber type analysis and histology. Soleus muscle from wild-type
(WT) and MK2/3�/� mice was isolated, either flash frozen in embedding
medium containing a 3:1 mixture of TFM tissue freezing medium (Tri-
angle Biomedical Sciences, Prolab GmbH, Lollar, Germany) and gum
tragacanth (Sigma-Aldrich) or fixed in 4% paraformaldehyde, and pro-
cessed for routine paraffin histology. Frozen sections were cut on a cryo-
tome, and staining was performed by the metachromatic dye-ATPase
method (33). Furthermore, staining of soleus fibers at different pHs (4.3
and 9.4) for ATPase enzyme activity was performed as described by
Brooke and Kaiser (34). Some of the transverse cryostat sections from the
same soleus region were stained with hematoxylin and eosin (HE) solu-
tion. Staining for NAD (NADH) dehydrogenase activity, a marker of ox-
idative fibers, was performed as described previously (33). Briefly, sec-
tions were washed in phosphate-buffered saline (PBS) and then incubated
in a solution containing 100 mg/ml NADH and 0.1 g/ml nitroblue tetra-
zolium (NBT) for 30 min at 37°C. The slides were washed three times with
deionized water. Unbound NBT was removed from the sections by wash-
ing the slides three times each with 30%, 60%, and 90% acetone. The
sections were then washed with deionized water and mounted. Dark blue
staining of fibers indicates high levels of NADH dehydrogenase activity.
Fibers with lower level of oxidative but predominantly glycolytic energy
metabolism stain lighter blue.

Light and transmission electron microscopy. The soleus muscles
from WT or MK2/3�/� mice were isolated, immediately immersed in a
fixative solution composed of 2.5% glutaraldehyde, 2% formaldehyde
that had been freshly prepared from paraformaldehyde, 1.7 mM CaCl2,
and 0.1 M sodium cacodylate (Na cacodylate)-HCl buffer (pH 7.3), and at
once minced into blocks of about 1 mm (length of the side). Subsequently,
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the samples were transferred to fresh fixative solution and stored for at
least 4 h at 4°C. After the specimens were washed in 0.1 M Na cacodylate-
HCl buffer to which 0.22 M sucrose was added, they were postfixed in Na
cacodylate-buffered 2% OsO4 for 90 min at room temperature, dehy-
drated in ascending concentrations of ethanol, and embedded in epoxy
resin (Serva, Heidelberg, Germany). Semithin sections (about 1 �m
thick) and thin sections (about 65 nm thick) were cut with a Reichert
Ultracut E ultramicrotome (Leica, Wetzlar, Germany). Semithin sections
were stained with a solution of 1% alkalinized toluidine blue and observed
with a Leitz Orthoplan light microscope (Leica). Thin sections were col-
lected on Formvar-coated copper slot grids, stained with uranyl acetate
and lead citrate, and investigated with a Zeiss EM 10 CR transmission
electron microscope (Zeiss, Oberkochen, Germany) at an acceleration
voltage of 80 kV.

Western blot and pulldown analyses. For Western blot analysis, sol-
uble protein extract from soleus, extensor digitorum longus (EDL), and
tibialis anterior (TA) muscle was run on sodium dodecyl sulfate (SDS)–
7.5% polyacrylamide gels (for MyHC) or SDS–10% polyacrylamide gels
and transferred to Hybond enhanced chemiluminescence (ECL) mem-
branes (Amersham Pharmacia Biotech GmbH, Freiburg, Germany). The
blots were incubated for 2 h in PBS–1% Tween 20 containing 5% pow-
dered skim milk. After three washes with PBS–1% Tween 20, the mem-
branes were incubated for 16 h with the primary antibody at 4°C and for 1
h with horseradish peroxidase-conjugated secondary antibodies (diluted
2,000-fold) at room temperature. The blots were developed with an ECL
detection kit (Santa Cruz Biotechnology, Inc., Heidelberg, Germany), and
the digital chemiluminescence images were taken by a LAS-3000 lumines-
cent image analyzer (Fujifilm, Europe GmbH, Düsseldorf, Germany).
Positive controls for p38� and p38� were from brain and kidney (longest
exposure time, 8 min). In additional experiments, hearts were homoge-
nized in Tris buffer containing 20 mM Tris-HCl, 200 mM NaCl, 20 mM
NaF, 1 mM Na3VO4, 1 mM dithiothreitol (DTT), 1% Triton X-100 (pH
7.4), and Complete protease inhibitor cocktail (Roche Applied Science,
Mannheim, Germany). Protein concentration was determined by BCA
(bicinchoninic acid) assay (Pierce Biotechnology, Rockford, IL, USA).
Denatured tissue homogenates were subjected to Western blotting (4 to
15% gradient and 10% SDS–polyacrylamide gels). Chemiluminescence
detection of cardiac Western blots was done with SuperSignal West Pico
substrate (Pierce Biotechnology). For glutathione S-transferase (GST)-
p38� pulldown assays, fibers from 2 or 3 animals were pooled, and 1 mg of
lysate protein was incubated with 0.1 nmol of recombinant catalytic-dead
mutant GST-p38� (TGY/AFG) bound to glutathione-Sepharose 4B (Am-
ersham Pharmacia). Affinity-selected proteins were eluted from the
washed beads with SDS sample buffer and detected by immunoblotting as
described previously (18).

For Western blot analysis of skeletal muscles, the antibodies used were
anti-slow MyHCI/�, anti-fast MyHC (MY-32; detects all fast isoforms),
anti-�-tubulin (Sigma-Aldrich, Taufkirchen, Germany), anti-slow fiber-
specific troponin I (anti-TnIs), anti-myocyte enhancer factor 2C (anti-
MEF2C; C-17), anti-phosphorylated MEF2C (anti-p-MEF2C) (Thr300),
anti-p-MKK6 (Ser202), anti-ryanodine receptor (anti-RyR), anti-p38�,
anti-p38�, and antiserum response factor (anti-SRF) antibodies (Santa
Cruz Biotechnology). The anti-dihydropyrimidine receptor antibody
(anti-DHPR) was from Abcam (Cambridge, United Kingdom). Anti-
Na�/Ca2� exchanger (NCX) antibody, detecting NCX isoforms 1 and 2
(NCX1 is predominantly found in oxidative type 1 and 2A, and NCX3 is
found in fast glycolytic 2B fibers [35]) was from Swant (Marly, Switzer-
land). Antiphospholamban (anti-PLB) antibody was from Upstate Bio-
technologies Millipore (Schwalbach am Taunus, Germany), anti-
SERCA2a antibody was from Affinity Bioreagents (Rockford, IL, USA)
and from F. Wuytack and P. Vangheluwe (K. U. Leuven, Belgium), and
anti-sarcolipin (anti-SLN) antibody was from Acris Antibodies GmbH
(Germany). Antibodies that recognize p38, phosphorylated p38 (p-p38),
p38�, MAPKAPK-2 (MK2), and p-MAPKAPK-2 (Thr222; p-MK2) were
from Cell Signaling Technology (Beverly, MA, USA).

For Western blot analysis of the heart, additional antibodies used were
anti-phospho-Thr286 CaMKII (PT-286) (Thermo Fisher Scientific,
Schwerte, Germany), anti-RyR2 (Sigma-Aldrich), anti-p-Ser2809 (PS-
2809) RyR2, anti-p-Ser (PS-2815) RyR2, anti-p-Ser16 (PS-16) p-PLB, and
anti-p-Thr17 (PT-17) p-PLB were from Badrilla Ltd. (Leeds, United
Kingdom). The anti-SERCA2a antibody was purchased from Affinity
Bioreagents (Rockford, IL, USA), anti-PLB antibody was from Millipore
(Schwalbach am Taunus, Germany), anti-L-type Ca2�-channel
(CaV1.2a) antibody from Alomone Labs (Jerusalem, Israel), and anti-
GAPDH antibody (GAPDH stands for glyceraldehyde-3-phosphate dehy-
drogenase) was from Biotrend (Köln, Germany). The anti-MK3 antibody
has been described previously (18). The rabbit polyclonal anti-p38� anti-
body was a gift from R. Ricci (ETH Zurich, Switzerland), and the anti-
CaMKII antibody was a gift from D. M. Bers (Loyola University, Chicago,
IL, USA).

High-resolution glycerol gels. MyHC isoforms were separated by
7.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Total pro-
teins were extracted from freshly frozen muscle samples in extraction
buffer (0.3 M KCl, 0.1 M KH2PO4, 50 mM K2HPO4, 10 mM EDTA [pH
6.5]) with the addition of Complete protease inhibitor cocktail (Roche
Applied Science) by using a method of Kubis and Gros (36) with minor
modifications. In brief, myosin extracts were diluted (1:7) with SDS-
PAGE sample buffer (37) and heated for 8 min at 95°C. Heated protein
samples (0.2 �g of protein/lane) were loaded onto a slab gel (15 by 22 cm)
with two stacking gels (3.5 and 6.5% polyacrylamide) and two separating
gels (6.5 and 8.5% polyacrylamide) containing glycerol increasing from 3
to 35%. The gels were run at 4°C under constant current conditions (70 V)
for 42 h. Following electrophoresis, the gels were silver stained with Silver
Stain Plus (Bio-Rad Laboratories GmbH, Munich, Germany).

Muscle force and fatigue measurements. Measurements of isometric
force or muscle fatigue of isolated soleus muscle from WT, MK2�/�, or
MK2/3�/� mice were performed as described previously (38) with some
modifications. After cervical dislocation of wild-type or transgenic mice,
soleus muscle was immediately dissected and mounted between a fixed
clamp and a force transducer (catalog no. 529503; Harvard Bioscience,
Holliston, MA, USA) in a waterjacketed bath. The muscles were equili-
brated for 60 min in an oxygenated (95% O2/5% CO2) physiological buf-
fer solution containing 120 mM NaCl, 4 mM KCl, 1 mM KH2PO4, 1.2
mM MgSO4, 25 mM NaHCO3, 5.5 mM glucose, and 1 mM CaCl2 at 25°C
and pH 7.4. Each muscle was stimulated directly via platinum electrodes
placed on either side of the muscle with supramaximal voltage (pulse
duration, 1 ms) under isometric conditions. Tensions were recorded us-
ing a storage oscilloscope (catalog no. 3091; Nicolet, Hodenhagen, Ger-
many) and a recorder (model 2200; Gould Electronics, Eichstetten, Ger-
many). After adjustment of the optimal length to give maximum
isometric twitch tension, the following stimulation protocol was per-
formed: 20 to 30 pairs of single twitches, a short submaximal tetanus at 40
Hz (0.5 s), followed by a maximal tetanus at 50 Hz (1 s). For fatigue
experiments, the muscles were stimulated for submaximal tetanus with a
train of stimulations of 40 Hz (0.5 s) every 5 s over a 30-min period,
followed by one maximal tetanic contraction (1 s, 50 Hz). The force was
measured every 5 min. The force output of the wild-type soleus muscle
dropped to about 50% of the initial level after 30 min. After completion of
the experiments, the length and weight (wet weight) of each muscle was
determined and used for normalization to give specific force (in newtons
per square centimeter). Results are expressed as means 	 standard devi-
ations (SDs). The statistical significance of differences of the means was
estimated by one-way analysis of variance (ANOVA) followed by the
Newman-Keuls multiple comparison test, performed using GraphPad
Prism software version 3.00.

Two-dimensional gel electrophoresis (2-DE) analysis. Isolated
soleus or heart muscle from wild-type or MK2/3�/� mice were ground
into a fine powder under liquid nitrogen. Two-dimensional PAGE anal-
ysis of the muscle lysates was done by the method of Barjaktarovic et al.
(39) with minor modifications. Protein (250 �g) from each sample, dis-
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solved in rehydration buffer {8 M urea, 2 M thiourea, 4% 3-[(3-cholami-
dopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 1% DTT,
0.7% Pharmalytes (pH 4 to 7), and 0.001% bromphenol blue} supple-
mented with Complete protease inhibitor mixture (Roche Applied Sci-
ence) and phosphatase inhibitor mixture I (Sigma-Aldrich) was separated
on immobilized 24-cm pH gradient polyacrylamide gel strips in the pH
range of 4 to 7 for the first, isoelectric focusing (IEF) dimension. After
rehydration, the voltage was progressively increased to 10,000 V. IEF was
stopped after 65 kV · h was reached. For the second dimension, the equil-
ibrated gel strips were applied to 12% polyacrylamide gels. To detect
phosphorylated proteins, gels were first stained with Pro-Q Diamond (In-
vitrogen) followed by silver staining for total protein detection (40, 41).
The gels were comparatively analyzed using the software Delta2D (version
3.4; Decodon, Greifswald, Germany). Spot evaluation, protein digestion,
and analysis by electrospray ionization-tandem mass spectrometry (MS)
to confirm protein identity were done as described previously (42). For
identification of slow and fast myosin light chain (MLC) isoforms in so-
leus muscle lysates, a narrow pH range (4 to 6.5) in the first dimension was
used, and 9 to 20% acrylamide slab gel gradients were used for the second
dimension. The resulting two-dimensional (2D) electrophoretograms
from two biological replicates were silver stained.

Semiquantitative PCR and quantitative real-time PCR (qPCR). To
assess relative mitochondrial DNA (mtDNA) abundance, total genomic
DNA (nuclear and mtDNA) was isolated from whole soleus or heart mus-
cle from WT and MK2/3�/� mice using NucleoSpin tissue kit (Macherey-
Nagel GmbH & Co. KG, Düren, Germany). Cytochrome B (Cyt B) was
used as a marker for mtDNA, and mouse �-actin was used as a marker for
nuclear DNA. Semiquantitative PCR was carried out with GoTaq poly-
merase (Promega). For each reaction, 250 ng of total DNA was used as the
template. Primer pairs (not intron spanning) used for genomic PCR are
described below. PCR products were analyzed by 2% agarose gel electro-
phoresis and visualized with ethidium bromide staining. For qPCR ana-
lyzing cDNA levels, total RNA from WT and MK2/3-deficient soleus mus-
cle was purified with a NucleoSpin RNAII kit including on-column
rDNase digestion (Macherey-Nagel). Cell lysis was performed with addi-
tional proteinase K digestion (10 min, 55°C). mRNA was reverse tran-
scribed with Phusion reverse transcription-PCR (RT-PCR) kit (New Eng-
land BioLabs GmbH) according to the manufacturer’s instructions. qPCR
was performed on a Rotor-Gene 2000 real-time PCR thermocycler
(Qiagen, Hilden, Germany) using Power SYBR green supermix (Applied
Biosystems, Darmstadt, Germany) according to the manufacturer’s in-
structions. Data were quantified using Rotor-Gene Q series software 1.7
(Qiagen). Efficiencies were calculated from the slope of template dilution
curves with primers for the genes of interest and the reference gene (18S
rRNA) and used for quantification of changes of transcript levels by the


CT method. The efficiency of all primer sets was between 95% and
105%. Three independent batches of DNA samples were used for qPCR
analysis of genomic DNA, and data were presented as means 	 SDs and
analyzed by the Student t test.

Primer pairs for genomic PCR. For mouse Cyt B, the forward primer
5=-CAT TTA TTA TCG CGG CCC TA-3= and reverse primer 5=-TGG
GTT GTT TGA TCC TGT TTC-3= were used. For mouse �-actin, the F
primer 5=-TCA ACA CCC CAG CCA TGT A-3= and R primer 5=-GTG
GTA CGA CCA GAG GCA TAC-3= were used. The primer pairs for qPCR
using cDNA follow: for mouse embryonic MyHC (MyHCemb), the F
primer 5=-GGA TGG GAA AGT CAC TGT GG-3= and R primer 5=-GTC
CTC TGG CTT AAC CAC CA-3=; for mouse MyHCI/�, the F primer
5=-CGC ATC AAG GAG CTC ACC-3= and R primer 5=-CTG CAG CCG
CAG TAG GTT-3=; for mouse MEF2C, the F primer 5=-CAC CGG AAC
GAA TTC CAC TC-3= and R primer 5=-ATG CGC TTG ACT GAA GGA
C-3=; for mouse nuclear respiratory factor 1 (NRF-1), the F primer 5=-
AAC CCT GAT GGC ACC GTG TC-3= and R primer 5=-AGT GAC TGT
GGT TGG CAG TTC-3; for mouse Pax7, the F primer 5=-GGC ACA GAG
GAC CAA GCT C-3= and R primer 5=-GCA CGC CGG TTA CTG AAC-3=;
for mouse PGC-1�, the F primer 5=-CTG TCA ACG CGT GTC TGT CAG

CCC TTG TAA TGT G-3= and R primer 5=-CTG TCA AGA TCT CCA
GCT CCC GAA TGA CGC CAG TCA A-3=; and for 18s rRNA, the F
primer 5=-GGA CCA GAG CGA AAG CAT TT-3= and R primer 5=-TGC
CAG AGT CTC GTT CGT TAT-3=.

Northern blot analysis. Northern blot analysis was performed as de-
scribed previously (43) with some modifications. Total RNA isolation,
RNA separation on 1.2% agarose formaldehyde gels, hybridization with
cDNA probes, and autoradiography were done as described previously
(43). Total RNA (20 �g) was isolated, fractionated on a formaldehyde
agarose gel, and transferred to nitrocellulose. For detection of SERCA2a
mRNA, a 272-bp DraI-ClaI fragment from the 3= untranslated region of
rat SERCA2 cDNA (44) was used. To detect Egr-1 mRNA, a 1.6-kb BglII
fragment of mouse Egr-1 cDNA was used (45), and to detect Sp1 mRNA,
a 2.7-kb EcoRI-HindIII fragment of human Sp1 cDNA (46) was used. The
probes were radiolabeled with [�-32P]dCTP by the random priming
method as performed previously (43).

Oligonucleotide DNA microarray analysis. Total RNA from WT and
MK2/3-deficient soleus muscle was purified with NucleoSpin RNAII kit
(Macherey-Nagel). In total, RNA from muscles from six WT or six MK2/
3�/� mice was divided into two pools, each containing muscles from three
mice. The microarray-based mRNA expression analysis was performed in
the single-color mode as described previously (47) with minor modifica-
tions. The whole-mouse genome oligonucleotide microarray V2 (product
no. G4846A, design identification [ID] 026655; Agilent Technologies, Bö-
blingen, Germany) used in this study contains 44,397 oligonucleotide
probes covering roughly 32,000 murine transcripts. Synthesis of Cy3-
labeled cRNA was performed with the one-color Quick Amp labeling kit
(catalog no. 5190-0442; Agilent Technologies) according to the manufac-
turer’s recommendations. cRNA fragmentation, hybridization, and
washing steps were also carried out exactly as recommended by the one-
color microarray-based gene expression analysis protocol, V5.7 (83).
Slides were scanned on the Agilent G2565CA microarray scanner system
(pixel resolution, 5 �m; bit depth, 20). Data extraction was performed
with the Feature Extraction software V10.7.3.1 (Agilent Technologies,
Inc.) by using the recommended default extraction protocol file
(GE1_107_Sep09.xml). Processed intensity values of the green channel
(gProcessedSignal or gPS) were normalized by global linear scaling: all
gPS values of one sample were multiplied by an array-specific scaling
factor. This scaling factor was calculated by dividing a reference 75th
percentile value (set at 1,500 for the whole series) by the 75th percentile
value of the particular microarray (“Array I” in the formula shown be-
low). Accordingly, normalized gPS values for all samples (microarray data
sets) were calculated by the following formula: normalized gPSArray i �
gPS

Array i �
(1,500/75th percentileArray i). A lower intensity threshold was

defined as 1% of the reference 75th percentile value (� 15). All of those
normalized gPS values that fell below this intensity border were substi-
tuted by the respective surrogate value of 15. Calculation of ratio values of
relative gene expression was performed using Excel macros or R-Scripts,
and heat map visualization was generated using Excel. A set of transcripts
filtered for genes of relevance for muscle fiber type determination and
regeneration/repair processes was selected for visualization. Processed
signal intensity values of samples WT 2 and MK2/3�/� 1 and 2, respec-
tively, were divided by the respective value of WT sample 1 for each given
gene.

Generation of MK2 knockdown cells. To knock down MK2 expres-
sion, the C2C12 muscle cell line was transduced with the SHCLNV Mis-
sion short hairpin RNA (shRNA) lentiviral transduction particles (Sigma,
Taufkirchen, Germany). Five different lentiviral particles (MK2 shRNAs)
(catalogue no. TRCN0000232381 to -5) and the control lentiviral trans-
duction particles (Mission TRC2 Control puro nontarget shRNA) were
used. The cells were transduced in 96-well plates at a multiplicity of infec-
tion (MOI) of 1 and 2. After transduction, cells were selected with puro-
mycin (2.5 �g/ml). Cell lines containing one of each of the different MK2
shRNAs (clones 1 to 5) as well as the control shRNA (clone 6) were estab-
lished and analyzed for the best knockdown and also for reduced phos-
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phorylation of MK2 substrate Hsp25. For analysis of substrate phosphor-
ylation, cells were treated with 10 �g/ml anisomycin (Calbiochem, Merck
Chemicals, Germany) for 30 min to stimulate the p38�-MK2/3 signaling
pathway, as described previously for MEFs (18). The anti-p-Hsp25
(mouse Ser86/human Ser82) antibody was purchased from Invitrogen
and anti-murine Hsp25 antibody from Stressgen (Enzo Life Sciences
GmbH, Lörrach, Germany).

Preparation of nuclear extracts and electrophoretic mobility shift
assays. Preparation of nuclear extracts (NE) and electrophoretic mobility
shift assays (EMSAs) were performed as described previously (48) with
some modifications. MK2/3�/� MEFs were transiently transfected with
expression plasmid pcDNA3-myc-MK2 and/or pcDNA3-MKK6EE or
empty vector. Cells were grown for 48 h followed by NE preparation per-
formed as previously described (48). EMSAs were performed according to the
manufacturer’s protocol using the Odyssey infrared EMSA kit and IRDye 700
infrared dye-labeled oligonucleotides (Li-Cor Bioscience, Bad Homburg,
Germany) using 5% native acrylamide (in 0.5% Tris-borate-EDTA [TBE])
gels. Gels were analyzed with the Odyssey infrared imaging system. Oligonu-
cleotides representing sequences of the human SERCA2 promoter containing
overlapping Egr-1/Sp1 consensus binding sites (underlined) (see Fig. 5F)
were used as probes: bp �192 to �158 (5=-GCG CGC GGG AGG GGG
CGG GGC CTG CGC GGC AGC GT-3=), bp �131 to �103 (5=-GCC
GGG AGG AGG GGG CGG GGC CGC GCC GC-3=), or bp �117 to �88
(5=-GCG GGG CCG CGC CGC CCG CGC CGC GCT GGG-3=). For
competition experiments, an oligonucleotide probe containing the over-
lapping Egr-1/Sp1 consensus binding site A at bp �184 to �166 mutated
in the nonoverlapping part of the Egr-1 site at bp �184 to �181 as indi-
cated in Fig. 5F was used. Antibody supershift assays were performed by
preincubating NE with anti-Egr-1 or anti-Sp1 antisera (Santa Cruz Bio-
technology, Inc.).

Isolation of cardiomyocytes. Isolation of cardiomyocytes was per-
formed as described previously (49). Briefly, the hearts were quickly ex-
cised, weighed, mounted on a Langendorff perfusion apparatus, and ret-
rogradely perfused with nominally Ca2�-free solution containing 113
mM NaCl, 4.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM
MgSO4, 12 mM NaHCO3, 10 mM KHCO3, 10 mM HEPES, 30 mM tau-
rine, 10 mM 2,3-butanedione monoxime (BDM), 5.5 mM glucose, and
0.032 mM phenol red for 4 min at 37°C (pH 7.4). Then, 7.5 mg/ml liberase
TM (Roche), trypsin 0.6%, and 0.125 mM CaCl2 were added to the per-
fusion solution. Perfusion was continued for 3 min until the heart became
flaccid. Ventricular tissue was collected in perfusion buffer supplemented
with 5% bovine calf serum and dissociated. Ca2� reintroduction was per-
formed by stepwise increasing the concentration of Ca2� from 0.1 to 0.8
mM. For measurements, cells were freshly plated onto superfusion cham-
bers coated with laminin.

Epifluorescence experiments. Previously described Ca2� epifluores-
cence and sarcomere length measurements (49) were performed under
superfusion with Tyrode’s solution consisting of 140 nM NaCl, 4 mM
KCl, 5 mM HEPES, 1 mM MgCl2, 10 mM glucose, and 2 mM CaCl2 (pH
7.4 at 37°C with NaOH). The loading buffers for Ca2�-fluorescent dyes
Fluo-3 and Fura-2 loading consisted of normal Tyrode’s (NT) solution
(consisting of 140 nM NaCl, 6 mM KCl, 10 mM HEPES, 1 mM MgCl2, 10
mM glucose, and 1 mM CaCl2, pH 7.4, at 37°C with NaOH) with Pluronic
F-127 (0.2 mg/ml) in addition to the dye. Myocytes were loaded with
either 10 �M Fluo-3 AM or (to measure diastolic Ca2�-levels) 10 �M
Fura-2 AM for 15 min. The dye was washed out by superfusion with NT,
and 5 min was allowed for complete de-esterification of the dye before
starting measurements. All experiments were performed at 37°C. For
Fluo-3, excitation was at 480 	 15 nm, emission was measured at 535 	 20
nm, and F/F0 was calculated by dividing raw fluorescence F by the baseline
fluorescence (F0). In parallel, myocyte contraction was investigated using
a sarcomere length detection system (IonOptix). Fura-2 fluorescence ra-
tio was calculated by division of the emission signal obtained by excitation
at 340 nm by the emission signal obtained by excitation at 380 nm, with
alternation of excitation at 240 Hz by the IonOptix hyperswitch.

Myocytes were field stimulated at 1 Hz until steady state was achieved.
To investigate frequency dependency, stimulation frequency was then
increased to 4 Hz. SR Ca2� content was estimated by rapid application of
10 mM caffeine after 1-Hz stimulation. To estimate NCX function, the
time constant � of the caffeine-induced transient was calculated via
monoexponential fit (50).

Multiple-sequence alignment. Nucleotide sequences of the SERCA2
promoter region (common for SERCA2a and -2b isoforms) spanning the
Egr-1/Sp1 overlapping site A from several species, bovine (GeneID 540568),
dog (GeneID 403878), gibbon (GeneID 100597073), horse (GeneID 791242),
human (GeneID 488), mouse (GeneID 11938), pig (GeneID 396875), and rat
(GeneID 29693), were aligned with MultAlin 5.4.1.

RESULTS
Abundance and activation of MK2 and MK3 in cross-striated
muscles. Despite studies investigating the role of p38 MAPK in
muscle development and regeneration (13), the precise functions
of the downstream protein kinases MK2/3 in cross-striated mus-
cle tissue still have not been determined. We first analyzed protein
levels of MK2 and MK3 and determined whether active MK2
and/or MK3 are found in lysates from fast fiber type extensor
digitorum longus (EDL) and tibialis anterior (TA), and slow fiber
type soleus (Sol) muscles by Western blotting. For detection of
lower levels of MK2 and MK3, we performed GST-p38 pulldown
experiments. In skeletal and heart muscle lysates, MK2 was de-
tected as two bands (47 and 55 kDa) and MK3 as one band (42
kDa) (18) (Fig. 1A to D). For detection of phosphorylated MK2
and MK3, an antibody that recognizes both pT208-MK2 and
pT203-MK3 (18), was used after a GST-p38� pulldown assay (Fig.
1C and D). We demonstrate phosphorylation of MK2 in all mus-
cles and of MK3 in the fast skeletal muscles, reflecting persistent
basal activation in the absence of forced contractile activity (Fig.
1C). In heart, detectable phosphorylation was only observed for
MK2 (Fig. 1D). Thus, a basal level of activated MK2 is also present
in the heart muscle under nonstrenuous conditions.

MK2/3 deficiency alters the fiber type composition of soleus
muscle. In mice, soleus is a slow type muscle composed also of
significant amounts of fast type fibers ranging from 30 to 60%
depending on the strain (51, 52). An altered fiber type pattern was
demonstrated by a metachromatic ATPase in situ staining of
MK2/3�/� soleus (Fig. 1E) and by comparing staining intensities
of ATPase in serial sections incubated at different pHs (Fig. 1F). In
wild-type (WT) mice, less than half of the fibers in soleus muscle
were of slow type I. In contrast, the number of type I fibers was
significantly increased in muscle from DKO mice to about 60% of
all fibers, and the number of fast type II fibers was decreased ac-
cordingly (Fig. 1F and G). In agreement with increased type I fiber
content in muscle from DKO mice, histological analysis by hema-
toxylin and eosin (HE) staining showed a shift toward a smaller
cross-sectional area (CSA) of fibers (Fig. 1H and I). Transmission
electron microscopy revealed no structural abnormalities in MK2/
3�/� soleus muscle fibers (Fig. 1J), comparable with findings in
p38��/� muscles (11). Furthermore, ultrastructural analysis re-
vealed slightly different mitochondrial patterns in DKO and WT
soleus muscles in spite of the genotype-independent heterogene-
ity in their size (Fig. 1J). Therefore, the relative mitochondrial
content in the soleus was estimated by measuring the level of mi-
tochondrial DNA compared with the nuclear DNA levels. Semi-
quantitative PCR (Fig. 1K) and quantitative real-time PCR
(qPCR) (Fig. 1L) demonstrated a relative increase of mitochon-
drial DNA content in the MK2/3�/� soleus. In accordance,
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FIG 1 MK2/3 deficiency increases the number of slow type I fibers and mitochondrial content in soleus muscle. (A to D) Western blot analysis of MK2 and MK3
abundance and phosphorylation in slow type soleus (Sol), fast type extensor digitorum longus (EDL) and tibialis anterior (TA) (A and C) and heart (B and D)
muscles. �-Tubulin was used as a loading control. (C and D) GST-p38� pulldown experiments from whole-muscle lysates. To investigate the activity levels, an
antibody against p-T222 of human MK2 that recognizes both murine p-MK2 and p-MK3 was used. Blots were stripped and reprobed with anti-MK3 and then
with anti-MK2 antibodies. The positions of molecular mass markers (in kilodaltons) are indicated to the left of the blots. (E) Representative metachromatic
ATPase staining of cross sections from entire soleus muscles. Slow type I fibers are stained in dark blue, and fast type II fibers in various shades of lighter blue. (F)
ATPase fiber type analysis of soleus muscles at different pHs. Type I fibers stained dark at pH 4.3 and light at pH 9.4, and type II fibers exhibited the opposite. Bar,
200 �m. (G) Quantification (shown as a percentage) of type I and II fibers (n � 5) as analyzed in panel F at pH 4.3. Values that were significantly different (P �
0.05) from the values for the same fiber type from WT mice are indicated by an asterisk. (H) Sections of myofibers from WT and MK2/3�/� soleus muscle stained
with hematoxylin and eosin (HE). Bar, 15 �m. (I) Frequency histograms of the distribution of cross-sectional areas (CSA) of HE-stained fibers as shown in panel
H in whole soleus muscle (distribution of fibers shown as a percentage). (J) Representative light micrographs (panels 1 to 4) and transmission electron
micrographs (panels 5 to 10) of longitudinal sections (panels 1, 3, and 5 to 8) and cross sections (panels 2, 4, 9, and 10) from WT and MK2/3-deficient solei. M,
mitochondria (also indicated by arrows in panels 7 and 8 [enlargements of sections in panels 5 and 6]); Mf, myofibril; Z, Z-line. Bars, 100 �m (panels 1 to 4), 1
�m (panels 5 to 8), and 0.5 �m (panels 9 and 10). (K and L) Semiquantitative PCR (K) and qPCR (L) analyses of mitochondrial cytochrome B (mtDNA) and
nuclear �-actin (nucDNA) DNA levels in soleus and heart muscles. In panel L, fold increase of mitochondrial DNA (mtDNA) relative to nuclear DNA (n � 8)
is shown. The ratio of mtDNA to nuclear DNA in WT soleus was set at 1 (mean plus standard error of the mean [error bars] [SEM]. Values that were significantly
different (P � 0.01) from those for WT mice are indicated by an asterisk. (M) Staining for NADH dehydrogenase (NADH dehyd) activity in WT and MK2/3�/�

soleus.
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NADH dehydrogenase activity staining indicated increased mito-
chondrial activity in MK2/3�/� soleus (Fig. 1M), demonstrating
an increase in oxidative capacity.

Increased abundance of MyHCI/� and reduced fatigability
in MK2/3�/� soleus. Next, Western blot analysis demonstrated
increased MyHCI/� and reduced MyHCII protein levels, and an
increased level of the slow isoform of troponin I (TnIs) in MK2/
3�/� soleus (Fig. 2A). Also, a slight decrease of MyHCII together
with minor MyHCI/� and TnIs abundance was found in EDL and
TA muscle from MK2/3�/� mice. High-resolution glycerol gels
then demonstrated an increased abundance of MyHCI/� and

MyHCIIa, while the levels of MyHCIIb and MyHCIId/x decreased
in DKO muscle compared to WT muscle (Fig. 2B). In line with a
fast-to-slow shift in MK2/3�/� soleus, the isoform pattern of my-
osin light chains (MLC) was changed to lower fast alkali/essential
(1f and 3f) and regulatory (2f) and to higher slow isoform abun-
dance (1s and 2s) (Fig. 2C). Also, abundance of the cytosolic high-
affinity Ca2�-binding protein parvalbumin, highly expressed in
fast fibers (53), was diminished in the DKO muscle (Fig. 2C). To
evaluate possible functional consequences of the observed
changes in fiber type composition and mitochondrial content, we
compared fatigue rates of soleus muscles from WT and MK2/3�/�

FIG 2 Increased type I contractile protein level and muscle fatigue resistance in MK2/3�/� soleus. (A) Western blot analysis of extracts from soleus (Sol), EDL,
and TA muscles. �-Tubulin was used as a loading control. Exposure times (15 s and 3 min) for enhanced chemiluminescence detection are indicated. The
positions of molecular mass markers (in kilodaltons) are indicated to the left of the blots. (B) High-resolution SDS-PAGE of MyHC isoforms in extracts from WT
and MK2/3-deficient soleus muscles. (C) 2-DE separation of fast (f) and slow (s) alkali/essential MLC isoforms (isoforms 1 and 3) and regulatory (isoform 2) of
soleus (Sol) muscle homogenates. Parv, parvalbumin. (D) Determination of fatigue resistance in WT and MK2/3�/� soleus. Tensions were measured every 5 min
and normalized to initial values (n � 15). Specific force (N/cm2) was estimated by length and weight (wet weight) measurements of each muscle. (E) MK2 and
MK3 levels in C2C12 muscle cells. WT and MK2/3�/� mouse embryonic fibroblasts (MEFs) were the positive and negative controls, respectively. GST-p38�
pulldown assays were analyzed using first anti-MK3 and then anti-MK2 antibodies. (F) Western blot analysis of lysates from MK2 shRNA-transduced (sh-MK2)
(clone 5) or control (Con) (clone 6) shRNA-transduced C2C12 cells. Clones were treated with 10 �g/ml anisomycin for 30 min to stimulate the p38�-MK2/3
signaling pathway. �-Tubulin was used as a loading control. MOI1 and MOI2, multiplicity of infection of 1 and 2, respectively; p-Hsp25, phosphorylated Hsp25;
ns, nonspecific. (G) Band intensities for MK2 and p-Hsp25 as shown in panel F normalized to those of �-tubulin. Relative gene expression levels of MyHCI/� and
MyHCIId/x in control and MK2 knockdown (clone 5) clones as determined by qPCR. The ratios of MK2 or p-Hsp25 to �-tubulin protein and of MyHC to
�-tubulin mRNA in cells transduced with control particles were set at 100 (arbitrary units) (mean 	 SEM) (n � 4). (H) MK2/3�/� MEFs were transfected with
a �2.8 MyHCIId/x or a �2.4 MyHCI/� promoter-luciferase construct and cotransfected as indicated below the bars. Promoter activity is expressed as relative
light units per unit of �-galactosidase activity (RLU/�-Gal) (means plus standard deviations [SD] of triplicate data points). Western blot (WB) analysis of p38�,
MK2, and �-tubulin protein levels is shown in the bottom blots.
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mice. MK2/3�/� soleus fatigued less rapidly than WT soleus
(Fig. 2D), in accordance with the shift to type I fibers and the
observed increase in oxidative capacity.

MK2 activity-dependent MyHCIId/x promoter regulation.
To confirm the role of MK2/3 in the regulation of MyHC gene
expression, we established a stable shRNA knockdown of MK2 in
C2C12 muscle cells (MK3 was not detected [Fig. 2E]) by lentiviral
gene transfer. Stable clone5 was identified as the most efficient
MK2 knockdown, as measured by the level of phospho-Hsp25
(p-Hsp25), a known MK2 substrate (18) (Fig. 2F and G). In ac-
cordance with data from the MK2/3�/� soleus, the specific MK2
knockdown in C2C12 cells resulted in the upregulation of slow
MyHCI/� and downregulation of fast MyHCIId/x gene expres-
sion (Fig. 2G).

Since fast MyHCIId/x gene expression is partly regulated by
p38�/� in myotubes (11, 54), we elucidated whether MyHCIId/x
gene expression might be directly affected by the activity of MK2
or whether the effect is just due to the loss of stabilization of p38 by
MK2/3 (18) in the DKO mice. Using a �2.8 MyHCIId/x promoter
construct in MK2/3-deficient immortalized mouse embryonic fi-
broblasts (MEFs) (18), we analyzed the influence of reintroduc-
tion of MK2 or its catalytically inactive mutant MK2K76R, which
restores p38� level (18, 30), on promoter activity. Coexpression of
a constitutively active mutant of the direct p38 upstream kinase
MKK6 (MAPK kinase 6), MKK6EE, together with WT MK2
strongly induced the promoter activity, indicating a role of MK2
in transcriptional activation (Fig. 2H, lanes 1 and 4). Coexpression
of MK2K76R and MKK6EE (Fig. 2H, lane 6) led to similar rescue
of the p38� level but only to a somewhat higher MyHCIId/x pro-
moter activity that is far from reaching the level of MK2/MKK6EE.
This indicates that catalytic activities of both MK2 and p38� are
involved in efficient induction of the MyHCIId/x promoter. In
contrast, the activity of a �2.4 MyHCI/� promoter construct was
slightly reduced by coexpression of wild-type MK2 (MK2wt) plus
MKK6EE in MK2/3�/� MEFs. The catalytic-dead mutant
MK2K76R did not change this effect, suggesting a weak inhibitory
effect by p38� on the �2.4 MyHCI/� promoter in an MK2 activ-
ity-independent manner (Fig. 2H).

Microarray and 2D electrophoretic profiling of MK2/3�/�

soleus reveals enhanced expression of the slow myofiber gene
program. To more thoroughly analyze changes that result from
the loss of MK2/3 in soleus muscle, we performed a microarray
analysis. Numerous genes involved in contraction and energy me-
tabolism were differentially expressed in WT and DKO muscles
(Fig. 3A; see Table S1 in the supplemental material). In agreement
with data shown in Fig. 2, expression of slow fiber type-specific
genes encoding components of the contractile apparatus was in-
creased, whereas fast fiber-specific gene expression was decreased
in MK2/3�/� soleus. Analogous changes in the expression of com-
ponents involved in Ca2� homeostasis (55) were identified, e.g.,
reduction of fast type SERCA1 (Atp2a1) and increase of slow type
SERCA2a (Atp2a2) gene expression. In addition, increased expres-
sion of transcriptional regulators crucial for mitochondrial gene ex-
pression and oxidative energy metabolism (24, 25, 56, 57), such as
PGC-1�, nuclear respiratory factor 1 (NRF-1), myocyte enhancer
factor 2C (MEF2C), as also determined by qPCR (Fig. 3B), and
cAMP-responsive element-binding protein 1 (CREB1) may account
for increased mitochondrial content (Fig. 1K and L). Accordingly, the
altered expression profile in the MK2/3�/� soleus further includes a
series of upregulated genes involved in component processes of oxi-

dative energy metabolism, such as fatty acid uptake, biosynthesis/
storage, and oxidation, and carbohydrate metabolism (58).
Changes also include myoglobin (Mb), another oxidative
marker (see Table S1).

In addition, transcripts of embryonic MyHC (Myh3) and
�-cardiac MyHC (Myh6) (Fig. 3B; see Table S1 in the supplemen-
tal material), both markers of newly forming myofibers in regen-
erating muscle (59), and transcripts of paired box gene 7 (Pax7)
and cadherin 15 (Cdh15) (Fig. 3B; see and Table S1), markers for
satellite cell activation (60), are upregulated. These results are in
line with increased type I fibers that are thought to have a higher
turnover rate during normal physiological maintenance of the
muscle (61).

A proteomics approach demonstrated that indeed the abun-
dance of several proteins characteristic for fiber type determina-
tion, such as elements of the contractile apparatus and its regula-
tory machinery, and enzymes of energy metabolism, was changed
in the soleus muscle of DKO mice (Fig. 3C and D). In agreement
with the observed changes in transcript and protein level of genes
of oxidative energy metabolism, MK2/3�/� soleus showed a
darker red color compared to WT soleus (Fig. 3E), indicating
greater oxidative capacity. Augmented PGC-1� transcript levels
(see Table S2 in the supplemental material) and an increase in
mitochondrial DNA content (Fig. 1L) indicate similar changes of
energy metabolism in cardiac muscle.

The levels of activated p38� and p38� are differentially af-
fected in MK2/3�/� muscles. To understand the direct contribu-
tion of MK2/3 deficiency to the phenotype of DKO mice, we in-
vestigated its effect on p38 in muscle tissue. p38� and p38� are the
main isoforms detected in WT cross-striated muscles (Fig. 4A and
B). We previously demonstrated that the absence of MK2/3 leads
to a significant reduction of p38� protein content in several
tissues and in immune cells due to the failure to form a stabi-
lizing complex (18). In accordance, the total level of p38� pro-
tein was reduced in all investigated MK2/3�/� muscles (Fig. 4A
and B). However, the p38� level remained unaffected, suggest-
ing that MK2/3 is dispensable for protein stability of p38� in
skeletal muscles.

We next analyzed p38 phosphorylation (p-p38) using an anti-
body that recognizes all p38 isoforms when simultaneously phos-
phorylated at T181 and Y183 in the activation loop. Two major
bands of p-p38 isoforms were detected in all muscles reflecting
activated p38� and p38� (electrophoretic mobility of p38� �
p38� [62]) (Fig. 4C and D). Despite the remarkable reduction of
total p38� levels in MK2/3�/� muscles, no striking decline in
p-p38� was observed. This finding resembles previous results in
neuronal cultures from MK2/3-deficient mice (63). Thus, fiber
type changes in MK2/3�/� soleus are most likely direct effects of
MK2/3 deficiency and not caused by lower p38� activity levels.
Interestingly, p-p38� was increased in MK2/3�/� soleus (Fig. 4C),
while the amount of total p38� protein remained unchanged. In
addition, the levels of p-MKK6, the upstream kinase of p38� and
p38�, were not altered (Fig. 4C), suggesting that the smaller
amount of MKK6-competing p38� might account for higher
p38� phosphorylation by MKK6. Likewise, p-p38� was increased
in MK2/3�/� heart (Fig. 4D).

We further investigated the phosphorylation status of MEF2C,
a known major substrate of p38�. In MK2/3�/� soleus, the total
levels of MEF2C protein were higher (Fig. 4E; also Fig. 3B and see
Table S1 in the supplemental material), and an increase of MEF2C
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phosphorylation demonstrated persistent p38� activity. The lev-
els of total MEF2C and phosphorylated MEF2C in DKO heart
were unaltered (see Table S2 in the supplemental material).

Enhanced PGC-1� transcript expression and promoter acti-
vation in DKO and MK2 knockdown. To investigate whether
PGC-1� expression correlates with p38� activity, we performed
reporter assays using a �3.0 PGC-1� promoter fragment in DKO
MEFs. Overall PGC-1� promoter activity was higher in MKK6EE-
transfected cells overexpressing p38� (Fig. 4F, lanes 4 to 6) than in
those exhibiting only endogenous p38� protein (Fig. 4F, lanes 1 to
3), and Western blot analysis revealed larger amounts of endoge-

nous and exogenous p-p38� in the absence of WT or mutant
MK2. In addition, the highest PGC-1� promoter activity corre-
lates with the strongest signal of phosphorylated p38�. Further-
more, while the addition of WT MK2 caused a decline in promoter
activity, expression of MK2K76R diminished this promoter inhi-
bition without reaching the levels of MK2/3�/� cells. Since coex-
pression of both WT MK2 and MK2K76R restored p38� protein
levels, these data demonstrate an inhibitory effect of catalytic ac-
tivity of MK2. Taken together, PGC-1� promoter transactivation
by increased p38� signaling correlated with decreased MK2/3 ac-
tivity could be an important mechanism of PGC-1� regulation.

FIG 3 Increased expression of the type I fiber-specific gene program in MK2/3�/� soleus. (A) Heat map visualization of DNA microarray analysis showing relative
expression of genes in WT and MK2/3�/� soleus. A set of transcripts was selected for groups of genes characteristic of fast and slow muscle fiber types (see Table S1 in the
supplemental material). Differential mRNA expression was analyzed in four individual samples (two WT samples [WT 1 and 2] and two MK2/3�/� samples [MK2/3�/�

1 and 2]). Each sample was pooled from three mice. Values of WT sample 1 were set to 1 for all genes depicted. The resulting ratios were expressed as relative fold changes
and color coded as indicated in the color code key. (B) qPCR analysis of MEF2C, NRF-1, Pax7, PGC-1�, and embryonic MyHC (MyHCemb) mRNA expression,
normalized to 18s rRNA levels. The WT values were set at 100 (arbitrary units) (means plus SEM) (n � 4). (C and D) Silver-stained 2-DE reference gel showing
primarily proteins characteristic of skeletal muscle fiber types from lysates of MK2/3�/� soleus muscle. Proteins with a marked change in abundance in
MK2/3�/� soleus are circled, numbered, and listed in panel D. The Fold change column shows the values compared with the values for the WT soleus of
upregulated (�) or downregulated (�) genes. MOWSE, molecular weight search. (E) Representative soleus from WT and MK2/3�/� mice.

FIG 4 MK2/3 deficiency and shMK2 knockdown alters p38�/� activation pattern and promotes PGC1-� gene expression. (A to D) Western blot analysis of p38
isoforms and levels of phosphorylated p38�, p38�, and p-MKK6 in skeletal and heart muscle. p38� and -� from brain and kidney were used as positive controls.
Blots were stripped before incubation with the next antibody. �-Tubulin was used as a loading control. Exposure times for enhanced chemiluminescence
detection (indicated) were 15 s, 30 s, 1 min, 3 min, and 8 min (A) and 8 min for p38� and -� (B). (E) Western blot analysis of phosphorylation of MEF2C in WT
and MK2/3�/� soleus and heart muscle. The p38� signaling pathway was stimulated with 10 �g/ml anisomycin for 30 min in C2C12 cells (positive control).
�-Tubulin was used as a loading control. For quantification, band intensities were normalized to those of �-tubulin. The levels of expression of proteins from WT
soleus were set at 100 (arbitrary units). (F) MK2/3�/� MEFs were transfected with a �3.0 PGC-1� promoter-luciferase construct and cotransfected as indicated
below the bars. Promoter activity was expressed as relative light units per unit of �-galactosidase activity (RLU/�-Gal) (means plus SD of triplicate data points).
Western blot (WB) analysis with �-tubulin as a loading control is shown in the bottom blots. (G) shRNA-based MK2 knockdown in C2C12 muscle cells.
PGC-1�/�-tubulin mRNA levels in cells transduced at a multiplicity of infection of 1 or 2 (MOI1, MOI2) with control particles were set at 100 (arbitrary units)
(means plus SEM) (n � 4).
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In addition, increased PGC-1� mRNA levels as detected in
MK2/3�/� soleus (Fig. 3A and B) were also detected in C2C12 cells
upon MK2 knockdown (Fig. 4G).

Upregulated SERCA2a abundance and improved contractile
force parameters in soleus muscles of MK2/3�/� mice. In accor-
dance with microarray data (see Table S1 in the supplemental
material), expression of both slow type-specific SERCA2a and fast
type-specific SERCA1 protein was detected in WT soleus, whereas
only SERCA1 was found in EDL and TA (Fig. 5A and B). While
MK2/3 deficiency slightly reduced SERCA1 abundance in the so-
leus, the SERCA2a level was robustly increased, leading to higher
total SERCA abundance. A small increase in SERCA2 was also
detected in MK2/3�/� EDL and TA (Fig. 5A). In contrast, essential
components of Ca2� homeostasis and excitation-contraction
coupling, such as the ryanodine receptor (RyR) and dihydro-
pyridine receptor �1 (DHPR�1), were not altered in MK2/3�/�

soleus. The slight increase in the level of slow type-associated PLB
(Fig. 5B; see Table S1) was in line with the augmented content of
slow fibers. Also, sarcolipin (SLN), another protein regulating
SERCA function (64), remained almost unchanged.

Possible functional effects of increased total SERCA2a abun-
dance were determined by force measurements. Specific twitch
and tetanus force were higher in MK2/3�/� mice and in MK2�/�

mice compared to WT mice (Fig. 5C and D). Notably, this accel-
erated force is surprising in view of a shift toward more type I
fibers. Thus, MK2/3 deficiency leads to the generation of a unique
muscle type exhibiting enhanced force and fatigue resistance.

SERCA2 gene expression is regulated via MK2-dependent
Egr-1 level and promoter binding. The strong induction of
SERCA2a protein in MK2/3�/� soleus indicates a potential regu-
latory function of MK2/3 in SERCA2 gene expression. Therefore,
we analyzed the activity of SERCA2 promoter reporter constructs
in MK2/3-deficient MEFs rescued or not rescued by MKK6EE/
MK2 or constitutively active MK2EE alone. A �263 SERCA2 pro-
moter fragment was sufficient for maximal activity in nonrescued
cells (Fig. 5E) with more than 2-fold-higher activity than the
�2577 construct (all constructs ranging to bp �321), while activ-
ity ceased completely in the �68 mutant. In MK2 activity-rescued

cells (MKK6EE/MK2), the different SERCA2 promoter constructs
were significantly reduced in their activities (Fig. 5E). In addition,
constitutively active MK2EE reduced the activity of the �263 con-
struct. Thus, MK2 downregulates the activity of the SERCA2 pro-
moter.

Regulation of SERCA2 promoter activity involves functional
Sp1 sites (28), where the transcription factor Egr-1 can act as a
repressor when its binding causes the displacement of Sp1 from
overlapping Egr-1/Sp1 sites and a reduction of Sp1-dependent
transactivation (65–67). Three putative overlapping Egr-1/Sp1
sites were identified in the �263 SERCA2 promoter (Fig. 5F).
Besides the increased SERCA2 transcript level, Northern blot
analysis revealed reduced Egr-1 mRNA levels in MK2/3�/� soleus
muscle, while Sp1 mRNA levels remained constant (Fig. 5G). In
addition, Egr-1 overexpression diminished activity of the �263
SERCA2 promoter construct in MK2/3�/� MEFs (Fig. 5H). Acti-
vated MK2 was showing similar effects, in contrast to MKK6EE/
MK2K76R expression. Together, the data demonstrate a repres-
sive function of MK2 catalytic activity and Egr-1 on the promoter.
Mutation of the nonoverlapping parts of the Egr-1 sites in all three
Egr-1/Sp1 overlapping regions (A, B, and C sites [Fig. 5F]; mu-
tABC) increased transcriptional activation of the �263 promoter
fragment in MK2/3�/� MEFs cotransfected with MKK6EE/MK2
or MK2EE (Fig. 5E), further indicating an MK2-dependent re-
pressive function of Egr-1 binding. Electrophoretic mobility shift
assays (EMSAs) using oligonucleotides corresponding to the A, B,
and C sites were then performed to determine whether MK2-
dependent interference of Egr-1 with Sp1 binding occurred within
the SERCA2 promoter. Supershift experiments revealed Sp1 bind-
ing to the A and B sites but not to the C site in MK2/3�/� MEFs
(Fig. 5I), whereas Egr-1 only weakly bound to the A site. Cotrans-
fection with MKK6EE/MK2 results in increased binding of Egr-1
to the A site, while Sp1 binding was reduced. In accordance, when
mutating the three sites alone, the repressive effect of MK2EE on
the �263 SERCA2 promoter construct was reduced only with the
A-site mutant (Fig. 5E). An increase in the Sp1 to Egr-1 binding
ratio on the A site was also found in MK2/3�/� soleus and cardiac
muscle compared with WT muscle (Fig. 5J). Nucleotide align-

FIG 5 MK2/3 ablation and shMK2 knockdown increased SERCA gene expression via reduced MK2 activity-dependent Egr-1 function. (A and B) Western blot analysis
of proteins involved in Ca2� homeostasis as indicated, from whole-cell lysates of soleus (Sol), EDL, and TA muscles from WT and MK2/3�/� mice. The exposure times
(4 s and 1 min) for enhanced chemiluminescence detection are indicated. �-Tubulin was used as a loading control. (C and D) Single twitch (C) and tetanic (D) force
parameter in MK2/3�/� soleus. Soleus muscles were stimulated under isometric conditions. The length and weight (wet weight) of each muscle were determined to
estimate specific force (N/cm2). In panels C and D, from left to right, the numbers of WT and mutant mice were as follows: for WT, n � 30; for MK2/3�/�, n � 25; for
WT, n � 14; for MK2�/�, n � 12. Values that were significantly different (P � 0.05) from the values for WT mice are indicated by an asterisk, while values that were
significantly different (P � 0.05) from the values that were significantly different from the values for MK2/3�/� mice are indicated by a dagger. (E) Reporter gene analysis
of a �2577 SERCA2 promoter firefly luciferase (luc) construct, of deletion constructs as indicated, and of �263 SERCA2 constructs mutated in the putative Egr-1 sites
of the overlapping Egr-1/Sp1 region A, and/or B, and/or C (mutA, mutB, mutC, and mutABC [see panel F]), in MK2/3�/� MEFs. The cells were cotransfected as indicated.
(F) Putative overlapping binding regions A, B, and C for Egr-1 (rectangles) and Sp1 (ovals) within the �263 SERCA2 gene sequence (mutated sequences indicated by a
gray background in SERCA2mut). (G) Northern blot analysis of SERCA2a, Egr-1, and Sp1 mRNA expression in soleus (Sol) muscles from WT and MK2/3�/� mice.
�-Tubulin was used as a loading control. Ethidium bromide-stained 18S and 28S rRNA is shown in the bottom blot. (H) Reporter gene analysis of a �263 SERCA2
promoter firefly luciferase construct in MK2/3�/� MEFs. The cells were cotransfected as indicated below the bars. In addition, cells were cotransfected with a Renilla
luciferase-encoding plasmid. The promoter activities determined on the basis of firefly luciferase activities (E and H) were normalized for transfection efficiency with
Renilla luciferase activity (mean 	 SD of triplicate data points). (I and J) EMSAs with radiolabeled oligonucleotide probes as indicated containing the bp �184 to �166,
the bp �123 to �111, or the bp �110 to �96 putative overlapping Egr-1/Sp1 binding regions (sites A, B, and C). Nuclear extracts from MK2/3�/� MEFs transfected as
indicated (I) or from WT or MK2/3�/� soleus or heart (J). SS, supershift, with the antibody (Ab) indicated. Arrowheads to the right of the blots indicate complex
formation (1, with Egr-1; 2, with Sp1); ns, nonspecific. (K) Western blot analysis of SERCA2a and MK2 abundance (�-tubulin was used as the loading control) and qPCR
analysis of Egr-1 mRNA expression, normalized to �-tubulin transcript levels, in shRNA-based MK2 knockdown C2C12 muscle cells. The Egr-1/�-tubulin mRNA ratio
in cells transduced with sh-control particles was set at 100 (arbitrary units) (mean 	 SEM) (n � 4). (L) Sequence alignment of SERCA2 gene upstream regulatory regions
from several vertebrate species to the �186 to �163 region of the human SERCA2 promoter including the functional Erg-1 site of the Egr-1/Sp1 overlapping site A. Black
letters, nucleotides conserved in all vertebrates; grey letters, nucleotides conserved in most of the vertebrates; white letters, nonconserved nucleotides. In the resulting
consensus sequence, uppercase letters indicate nucleotides conserved in all species and lowercase letters indicate nucleotides not conserved in all species.
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ment revealed that the sequence of the bp �186 to �163 human
SERCA2a promoter region including the Egr-1/Sp1 overlapping
site A is highly conserved (Fig. 5L). Hence, we demonstrate that
increased SERCA2 gene transcription is partly due to reduced
MK2-dependent Egr-1 expression and repressive function in
DKO, identifying SERCA2 as a novel target gene of MK2.

Comparable changes in SERCA2 protein and Egr-1 mRNA as
detected in MK2/3�/� soleus were also found in shRNA-based
MK2 knockdown C2C12 myotubes (Fig. 5K).

MK2/3 deletion induces SERCA2a abundance in the heart
and improves cardiomyocyte function. SERCA2a abundance
was also strongly enhanced in MK2/3�/� heart (Fig. 6A), but
Cav1.2a and NCX levels were not significantly changed. Also,
rapid caffeine application experiments (50) suggested that NCX
function was unaffected by MK2/3 deficiency (Fig. 6E). Interest-
ingly, PLB abundance remained unaltered in MK2/3�/� animals
(Fig. 6A), leading to an increased SERCA2a-to-PLB ratio. Since
PLB in its nonphosphorylated state inhibits SERCA2a, we further

tested the PLB phosphorylation state. While phosphorylation of
PLB at the PKA site (S16) was nearly unaltered in MK2/3�/�

hearts, we found intense hyperphosphorylation of PLB at the
CaMKII site (T17) (Fig. 6B), suggesting enhanced dissociation of
PLB from SERCA2a, relieved inhibition, and increased SERCA2a
activity. Total CaMKII abundance was significantly higher, while
relative CaMKII activation (CaMKII pT286-CaMKII) remained
unchanged (Fig. 6C). Moreover, phosphorylation of RyR2 at
S2809 (PKA-/CaMKII site) was not changed, and at the CaMKII
site, S2815 was slightly, but not significantly, induced (Fig. 6D).
Finally, transcript data from microarray analysis (see Table S2 in
the supplemental material) were in accordance with the findings
on the levels of proteins.

SR Ca2� reuptake by SERCA2a accounts for about 90% of
Ca2� transient decay in murine cardiomyocytes (68). Given the
high SERCA2a protein levels and increased PLB phosphorylation
in MK2/3�/� heart muscles, we further studied possible func-
tional consequences. We found accelerated decay of the transient

FIG 6 Augmented SERCA2a level, increased contractility, and accelerated Ca2� transient decay and twitch relaxation in MK2/3�/� cardiomyocytes. (A to D)
Representative Western blots demonstrating the abundance and phosphorylation of indicated Ca2�-handling proteins and CaMKII from WT and MK2/3�/�

hearts. GAPDH was used as a loading control. For quantification, the values (abundance relative to GAPDH) for WT were set at 100%, and the MK2/3�/� values
were shown as percentages of the WT. Values that were significantly different (P � 0.05) from the WT values are indicated by a bar and the P value. Values were
not significantly different (n.s.) from the WT values are also indicated. (E) The Ca2� content of the SR was estimated on the basis of the amplitude of
caffeine-induced Ca2� transients (left; F/F0 [ratio of fluorescence intensities, i.e., peak fluorescence intensity divided by baseline diastolic fluorescence intensity,
in arbitrary units]). The time constant � of the caffeine-induced Ca2� transient was calculated to estimate NCX function (right). n.s., not significant. (F and G)
Representative original records for MK2/3�/� and WT cardiomyocytes at a stimulation frequency of 1 Hz (F) and 4 Hz (G). (Left) Ca2� transient amplitude and
decay. F/F0 is the ratio of fluorescence intensities, specifically the peak systolic fluorescence intensity divided by baseline diastolic fluorescence intensity
(fluorescence intensity in arbitrary units). (Right) Twitch amplitude and relaxation (change in diastolic resting cell length [
RCL] as a percentage). (H)
Relaxation kinetics of Ca2� transients (left) and twitches (right) at a stimulation frequency of 1 and 4 Hz. The values are means 	 SD (error bars) of time from
peak to half relaxation values, the relaxation time (RT50), (in milliseconds). Values that were significantly different (P � 0.05) from the value for the WT at the
same stimulation frequency are indicated by an asterisk. (I) Ca2� transient amplitude (left) and cardiomyocyte shortening (right) at a stimulation frequency of
1 and 4 Hz. Values are the means 	 SD of values from Fluo-3 (F/F0) and fractional shortening (percent resting cell length [% RCL]) measurements. Values that
were significantly different (P � 0.05) from the value for the WT at the same stimulation frequency are indicated by an asterisk.
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increase in intracellular Ca2� (Ca2� transient) at 1- and 4-Hz
stimulation rates in the DKO cardiomyocytes (Fig. 6F to H), dem-
onstrating enhancement of SERCA2a function. Correspondingly,
cardiomyocyte twitch relaxation was also faster in MK2/3-defi-
cient cells than in WT cells (Fig. 6F to H). Furthermore, the am-
plitude of Ca2� transients and cardiomyocyte shortening (the
shortest systolic length relative to the resting diastolic length, a
measure of contractility) were both significantly augmented in the
DKO at the more physiological stimulation rate of 4 Hz (Fig. 6I).
Thus, these functional changes are in accordance with an in-
creased SERCA2a activity in MK2/3-deficient cardiomyocytes.

When comparing heart weight with total body weight (6.92 	
0.35 mg/g in DKO mice [n � 5] versus 6.72 	 0.37 mg/g in WT
mice [n � 5]; P � 0.72), we did not find a sign of hypertrophy in
MK2/3 DKO mice (see also Table S2 in the supplemental material
for unchanged expression of markers of hypertrophy). Further-
more, cardiomyocyte dimensions also did not indicate hypertro-
phy (cardiomyocyte volume of 36.44 	 2.29 pl in DKO mice [n �
24] versus 31.44 	 3.81 pl in WT mice [n � 12]; P � 0.24). The cell
length of DKO cardiomyocytes was 122.7 	 4.1 �m compared to
124.7 �m in the WT cardiomyocytes (P � 0.82), indicating that
they were not elongated and suggesting that cardiac dilation had
not occurred.

DISCUSSION

In this study, we examined functional roles of MK2/3 in cross-
striated muscles using a MK2/3-deficient animal model. We dem-
onstrate that MK2/3 ablation leads to an increase in slow oxidative
type I fiber content concomitant with higher fatigue resistance.
We further identify SERCA2 and MyHCIId/x as novel MK2/3
target genes. SERCA2 is of highly functional and clinical relevance
in cross-striated muscle. We demonstrate a profound increase in
the abundance of SERCA2a protein in the absence of MK2/3.
Mechanistically, altered SERCA2 promoter activity and SERCA2a
protein level can be directly attributed to MK2/3 enzymatic activ-
ity via changes in the Egr-1 level and the ratio of Egr-1 to Sp1.
Furthermore, faster relaxation and enhanced contractility of
MK2/3-deficient cardiomyocytes are in accordance with in-
creased SERCA2a function. Hence, results link MK2/3 to the reg-
ulation of calcium dynamics. These findings show the functional
relevance of MK2/3 in determining cardiac and skeletal muscle
function, generating a novel muscle phenotype exhibiting both
reduced fatigability and enhanced force in the DKO (Fig. 7).

As previously reported for MK2/3�/� immune cells, the level
of p38� protein was also diminished in MK2/3�/� skeletal mus-
cles and heart (30). However, a less robust decline in the basal level
of activated p38� compared to total p38� protein indicates a com-
pensatory upregulation of this signaling pathway. Since low-level
kinase activities are often sufficient to maintain functional rele-
vance and substrate phosphorylation, we compared the soleus
muscle microarray analysis with previously identified p38� and
p38� target genes from small interfering RNA (siRNA)-based
p38� and p38� knockdown C2C12 muscle cells (12). Only a few
positively regulated p38� or -� target genes in C2C12 cells were
affected in MK2/3�/� soleus. Many p38�- and p38�-dependent
genes remained unaffected (data not shown). Hence, differential
gene expression in the WT versus MK2/3�/� soleus muscle is not
merely a consequence of changes in total or activated p38 isoform
levels. Nevertheless, increased p-p38� in MK2/3�/� soleus might
at least in part account for metabolic adaptations such as mito-

chondrial biogenesis and increased oxidative capacity. We dem-
onstrated upregulation of transcripts such as CREB-1, MEF2C,
NRF-1, and PGC-1�, in MK2/3-deficient soleus. CREB and MEF2
proteins control PGC-1� transcription (69), and NRF-1 and -2
interact with PGC-1� in the coordinate regulation of nuclear-
gene-encoded mitochondrial transcription factors (56). An essen-
tial role of p38� on PGC-1� gene expression has recently been
uncovered in a loss-of-function genetic model (70). Robustly en-
hanced p-p38� levels and transcriptional activation of the
PGC-1� promoter by p38� in MK2/3�/� cells suggest a mecha-
nism of PGC-1� upregulation by increased p38� activation. A
possible reduction in the known p38�-mediated stabilization of
PGC-1� mRNA (71) could be overridden in the DKO mice by the
stimulatory effect of p38� activation. Furthermore, the observed
reduction of PGC-1� promoter activity by catalytically active
MK2 suggests a complex mechanism of action including different
kinases to fine-tune the level of expression of the PGC-1� gene.

Studies of the regulation of the SERCA2a gene provided mech-
anistic insights in changes resulting from altered p38-MK2/3 sig-
naling. SERCA2a gene expression was previously found to be
downregulated by activated p38 signaling in cultured neonatal
cardiomyocytes and in vivo (72, 73). In accordance with our recent
finding that p38-MK2 signaling plays a role in transcriptional ac-
tivation of the immediate early gene Egr-1 via an MK2-dependent
phosphorylation of serum response factor (SRF) (31), we identi-
fied a new target gene regulated by this axis by demonstrating a
direct contribution of MK2 catalytic activity in the reduction of
SERCA2 gene expression via increased expression and binding of
Egr-1 to the SERCA2 promoter.

FIG 7 Known and novel roles of the p38-MK2/3 signaling pathway in cross-
striated muscles. In this model, we summarize previously established Ca2�/
calcineurin signaling-dependent gene expression (6, 26) and contractile activ-
ity-dependent induction of the p38 pathway (16) (gray arrows with two gray
lines). We also highlight known effects of p38 signaling on, e.g., the expression
of fast MyHCIId/x (26) and PGC-1� (25), as well as reported downstream
effects of PGC-1� (57, 82) (black arrows). The latter results were extended in
the current study to show that MK2/3 deficiency results in a shift toward slow
fiber type I and oxidative energy metabolism. MK2/3 regulates SERCA2 gene
transcription via altered Egr-1 binding, and elevated SERCA2a induced by
MK2/3 deficiency enhances cross-striated muscle function. Changes arising
due to MK2/3 deficiency are denoted in red (1, upregulation;2, downregu-
lation, X, abrogation of signaling). [Ca2�]i, intracellular Ca2� concentration;
TFs, transcription factors; NFAT, nuclear factor of activated T cells; ERR�,
estrogen-related receptor alpha.
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An accelerated Ca2� transient decay and faster twitch relax-
ation were apparent in MK2/3-deficient cardiomyocytes, indicat-
ing enhanced SERCA2a activity in the absence of MK2/3, in line
with augmented SERCA2a gene expression. The increased
SERCA2a-to-PLB ratio permits SERCA2a activity changes, in-
creased Ca2� transient decay, and augmented contractility (8, 23,
74). In addition, PLB phosphorylation at the CaMKII site (T17)
was induced in MK2/3�/� hearts, suggesting a further increase of
SERCA2a activity. In accordance with the finding that SERCA2a
becomes more relevant at higher stimulation frequencies (75),
stimulation with 4 Hz increased Ca2� transients and augmented
contractility in MK2/3-deficient cardiomyocytes. These novel
findings identify MK2/3 as a critical factor in modulating Ca2�

handling and cardiac muscle function. The absence of increase in
a fetal gene (MyHC� gene, skeletal alpha-actin gene), atrial natri-
uretic factor (ANF), or brain natriuretic protein (BNP) expression
(see Table S2 in the supplemental material) could indicate that
MK2/3 inhibition provides an approach to increase contractility
without chronic pathological consequences.

In light of these results, it is tempting to speculate that the
increase in total SERCA protein abundance in MK2/3�/� soleus
might also contribute to the observed increase in force. In fact,
augmented SERCA2a gene expression resulted in an increased
SERCA2a-to-SLN ratio in MK2/3�/� soleus. Interestingly, over-
expression of SLN in rat soleus reduced maximal Ca2� transport
activity, peak twitch force, and maximal tetanic force (76), indi-
cating that SLN is also a key modulator of SERCA function in
skeletal muscle contraction/relaxation in vivo (77). Thus, SLN
could regulate SERCA2a function in skeletal muscle in a manner
similar to that found in cardiac atria (64). Hence, a central finding
of our work is the increase in SERCA2 expression in both heart
and skeletal muscle, which is accompanied by unaltered transcript
expression and high levels of SERCA2 regulatory proteins, pre-
sumably leading to increased SERCA2 activity and the observed
changes in muscle performance.

Changes in MK2/3-deficient cross-striated muscles resemble
in several ways those occurring during adaptation to increased
physiological demands. Particularly high-intensity aerobic exer-
cise training causes increased SERCA2a mRNA and protein levels
in cardiomyocytes, while PLB abundance remains unaffected, and
also enhances PLB phosphorylation at the CaMKII site but not at
the PKA site (8). High-intensity aerobic exercise in skeletal muscle
shifts fiber composition toward the composition of type I fibers
and increases oxidative energy metabolism (78, 79). Therefore,
changes in skeletal and heart muscle of MK2/3-deficient mice re-
semble the adaptations induced by high-intensity endurance ex-
ercise, suggesting a functional relevance of p38-MK2/3 signaling
for adaptive processes imposed by training programs.

Our findings of changes in Ca2� homeostasis due to MK2/3
deficiency might have clinical relevance. Impaired contractility
related to disturbed Ca2� handling is a hallmark of heart failure
(80). Enhancing SERCA2a expression/function has been sug-
gested as a novel therapeutic approach for cardiac dysfunction. In
fact, virus-mediated SERCA2a gene delivery has been conducted
recently in humans with advanced heart failure (81). Hence, our
results imply that targeting the MK2/3 pathway provides a mean
of enhancing or restoring SERCA2a expression and function, thus
improving SR Ca2� handling and cardiac function.

Thus, extended studies of the mouse model system employed
here can help to further understand the mechanisms of skeletal

and heart muscle adaptations. This could assist in the develop-
ment of therapeutics for chronic diseases related to fiber type
changes or impaired SERCA2 function in heart that may avoid the
broad spectrum of potential side effects associated with p38 inhi-
bition by selectively targeting MK2/3.
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