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Emery–Dreifuss muscular dystrophy (EDMD) is an inherited disorder characterized by slowly progressive
skeletal muscle weakness in a humero-peroneal distribution, early contractures and prominent cardiomyopa-
thy with conduction block. Mutations in EMD, encoding emerin, and LMNA, encoding A-type lamins, respecti-
vely, cause X-linked and autosomal dominant EDMD. Emerin and A-type lamins are proteins of the inner
membrane of the nuclear envelope. Whereas the genetic cause of EDMD has been described and the proteins
well characterized, little is known on how abnormalities in nuclear envelope proteins cause striated muscle
disease. In this study, we analyzed genome-wide expression profiles in hearts from Emd knockout mice, a
model of X-linked EDMD, using Affymetrix GeneChips. This analysis showed a molecular signature similar
to that we previously described in hearts from Lmna H222P knock-in mice, a model of autosomal dominant
EDMD. There was a common activation of the ERK1/2 branch of the mitogen-activated protein kinase (MAPK)
pathway in both murine models, as well as activation of downstream targets implicated in the pathogenesis
of cardiomyopathy. Activation of MAPK signaling appears to be a cornerstone in the development of heart
disease in both X-linked and autosomal dominant EDMD.

INTRODUCTION

Emery–Dreifuss muscular dystrophy (EDMD) is an inherited
disorder characterized by contractures of the elbows, Achilles’
tendons and spine, slowly progressive wasting and weakness
of skeletal muscles in a humero-peroneal distribution (1).
Individuals with EDMD also suffer from cardiomyopathy
with conduction defects that increases the risk of sudden
death. Initially described as an X-linked inherited disorder,

autosomal dominant and recessive forms of EDMD are also
recognized, with the dominant form being most prevalent.

X-linked EDMD arises as a consequence of mutations in
EMD on chromosome Xq28 (2). EMD encodes emerin, a
ubiquitously expressed integral protein of the inner nuclear
membrane (3,4). Emerin is composed of 254 amino acids in
humans and has a 220 amino acid nucleoplasmic amino-
terminal domain, a single transmembrane segment and a
short luminal tail (5). Emerin binds to several nuclear proteins
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and these interactions may underlie various functions attribu-
ted to emerin, including regulation of gene expression, nuclear
assembly during mitosis, cell cycle control and providing
structural support to the nuclear envelope (6). More recently,
emerin has also been shown to bind b-catenin and restrict
its accumulation in the nucleus (7).

Autosomal EDMD arises from mutations in LMNA (8).
LMNA encodes A-type nuclear lamins, of which lamin A
and lamin C are the predominant somatic cell isoforms (9).
Nuclear lamins are intermediate filament proteins that polymer-
ize to form a meshwork of 10 nm diameter filaments on the
inner aspect of the inner nuclear membrane called the nuclear
lamina (10–13). Lamins function in maintaining nuclear
architecture and organizing chromatin (14–17). Lamins may
also have complex roles in linking the nucleus to the cytoskele-
ton (18) and in DNA synthesis and transcription regulation
(19–21). Lamins interact with integral proteins in the inner
nuclear membrane, including emerin, and provide anchorage
sites for chromatin and structural support to the nuclear envel-
ope (6,22–27).

Genetically engineered mouse models have been created to
study the role of emerin and A-type lamins in the development
of EDMD. Lmna knockout mice provided the first animal
model of the disease (27). The null mice develop cardiomyo-
pathy and regional skeletal muscle wasting reminiscent of
human EDMD (27). Subsequently, knock-in mice that
express A-type lamins with the H222P (28) and N195K (29)
amino acid substitutions were created. Similar to Lmna knock-
out mice, homozygous knock-in animals develop features of
human EDMD, including cardiomyopathy; however, hetero-
zygous mice are apparently normal. In transgenic mice,
cardiac overexpression of human lamin A M371K leads to
heart damage, whereas similar overexpression of wild type
human lamin A does not cause significant abnormalities
(30). Melcon et al. (31) have generated Emd null mice, report-
ing that Emd2/y males are normal at birth and that their
subsequent postnatal growth and locomotion are indistinguish-
able from wild type siblings. These investigators did not report
cardiac pathology in Emd2/y mice. Hayashi and colleagues
(32) also generated and characterized Emd knockout mice
and reported that they have a normal growth rate and life
span without marked muscle weakness or joint abnormalities
but have subtle motor coordination abnormalities. These
investigators demonstrated small vacuoles in cardiomyocytes
of emerin-deficient mice and detected a slight prolongation
of atrioventricular conduction time in Emd2/y mice greater
than 40 weeks of age.

Despite the fact that the human genetics have been well
described and that relevant animal models have been gener-
ated, little is known about how mutations in the genes encod-
ing emerin and A-type lamins lead to striated muscle
abnormalities. One strategy that could allow for the identifi-
cation of molecular abnormalities underlying muscle patho-
logy in animal models of EDMD is comprehensive
expression analysis at the transcriptome level using microar-
rays. Using such methods, Melcon et al. (31) have shown
that regenerating skeletal muscle from emerin-deficient mice
have abnormalities in cell cycle parameters and delayed myo-
genic differentiation, which is associated with perturbations to
transcriptional pathways regulated by the retinoblastoma and

MyoD genes. Hence, abnormalities in satellite cell prolifer-
ation or differentiation may be responsible for aspects of the
pathophysiology of skeletal muscle disease in EDMD by
impairing the replacement of fibers. However, this molecular
mechanism cannot readily explain cardiac muscle abnormali-
ties, as replacement of cardiomyocytes and regeneration of
cardiac tissue is not significant. We recently identified acti-
vation of mitogen-activated protein kinase (MAPK) signaling
pathway in hearts from mice with the Lmna H222P mutation
(33). This molecular pathway has been previously implicated
in the development of cardiomyopathy and conduction defects
(34,35). We now report the results of a genome-wide
expression analysis in hearts from Emd knockout mice, in
which we have identified common molecular alterations
found in Lmna H222P knock-in mouse hearts, including acti-
vation of a MAPK pathway.

RESULTS

Gene expression profiling analysis in hearts from
Emd knockout mice

We performed a comparative genome-wide RNA expression
analysis in hearts from Emd2/y mice. These mice have mild
motor dysfunction, slight prolongation of atrioventricular con-
duction time and structural fragility of myonuclei (32). We
studied mice at 10 weeks of age, before any signs of cardiac
dysfunction, to focus on genes with expressions primarily
altered as a result of emerin-deficiency and not secondary to
possible cardiac damage. At 10 weeks of age, histological
analysis of cardiac muscle from Emd2/y mice does not reveal
notable pathological changes compared to hearts from control
mice (data not shown).

To analyze transcriptomes, we used Affymetrix Mouse
Genome 430 2.0 Arrays, which contain 45 101 probes sets
for known and predicted genes. We first examined similarities
in transcription profiles between hearts from control (n ¼ 8)
and Emd2/y (n ¼ 6) mice by hierarchical cluster analysis.
The individual patterns of mRNA signal intensities fell into
two distinct groups on a heat map corresponding to the
sample genotype, wild type and Emd2/y, with similarity
between members within each group higher than between
the groups (Fig. 1A). This demonstrated that the differences
in the distribution of mRNA expression intensities between
heart tissue samples from wild type controls and Emd2/y

mice were due to changes in the individual gene expression
between groups rather than non-specific variations between
samples. We then used a supervised learning method to dis-
tinguish probe sets representing genes with significant differen-
ces in expression between hearts from control and Emd2/y

mice. Genes were selected using sufficiently high absolute
changes measured by a corrected t-test (q , 0.05) combined
with a one log2-fold change cut-off. This analysis identified
27 probe sets in hearts from Emd2/y mice, which correspond
to 18 upregulated genes and 9 down-regulated genes (Fig. 1B).

The 27 genes with significant differences in expression in
hearts of Emd2/y mice compared to control mice are listed in
Table 1. Expression of Emd encoding emerin was significantly
downregulated (1.8 log2-fold). Several muscle-specific genes
were abnormally expressed in hearts from Emd2/y mice.

Human Molecular Genetics, 2007, Vol. 16, No. 15 1885

 at U
niversity of B

ritish C
olum

bia on N
ovem

ber 25, 2013
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/
http://hmg.oxfordjournals.org/


Genes encoding myosin light chains (Myl7, 3.3 log2-fold; Myl4,
2.6 log2-fold) and myosin heavy chains (Myh7, 2.2 log2-fold)
were upregulated. Similarly, there was upregulation of
expression of genes encoding sarcolipin (Sln, 2.5 log2-fold),
calcium channel L-type (Cacna1C, 1.2 log2-fold) and phospho-
lamban (Pln, 1.1 log2-fold), proteins involved in cardiac con-
tractility. The top-ranked genes identified in this analysis
(Myl4, Myl7, Myh7, Sln) are common with those previously
identified in hearts from LmnaH222P/H222P and LmnaH222P/þ

mice of the same age (33). Hence, upregulation of several iden-
tical gene signatures appears in hearts from animal models of
both X-linked and autosomal dominant EDMD before any
overt clinical or cardiac pathology.

To independently validate the expression of selected tran-
scripts identified in the microarray analysis, we performed
real-time quantitative RT–PCR using RNA extracted from
hearts of mice different from those used for the microarrays.
Primers corresponding to genes encoding myosin proteins
(Myl4, Myl7, Myh7), polyadenylate binding protein-interacting
protein 1 (Paip1), sarcolipin (Sln), peptidylglycine alpha-
amidating monooxygenase (Pam), transferrin receptor (Trfc)
and emerin (Emd ) were selected as representative. Primers
for Emd were chosen in the 3’ region following the portion of
the gene containing the inserted neor cassette. For these
genes, there was a strong correlation between real-time quanti-
tative RT–PCR results and altered expression detected in the
microarray analysis of hearts from Emd2/y mice (Fig. 2).

Functional class scoring analysis and ranked gene
ontology classes

To obtain a global picture of the affected processes in hearts of
Emd2/y mice, we used gene-class testing based on gene ontol-

ogy (GO) terms. GO terms are functional categories that give
information on the known biological processes associated with
each gene. Because gene expression might be altered in related
groups defined by pathways or functions rather than individu-
ally, genes showing coordinated but weak changes may be
missed. We therefore used a semi-supervised method called
functional class scoring, which examines the statistical distri-
bution of individual gene expression scores among all genes
in an ontology class. We can then identify GO terms with
significant expression changes for which individual genes
involved may not be identified as significant in single gene-
profile analysis. Our functional class scoring analysis uses as
input the 45 101 q-values from all the probes sets from the
Affymetrix Mouse Genome 430 2.0 Arrays without an initial
gene selection step. We used two different software packages,
ermineJ and Ingenuity Pathway Analysis, which use different
statistical approaches (see Materials and Methods).

Using ermineJ, we identified differential expression of GO
classes involved in muscle contraction, transcription and trans-
lation, metabolism and angiogenesis in hearts from Emd2/y

mice (Table 2). GO classes corresponding to signaling path-
ways were also affected in hearts of Emd2/y mice. These sig-
naling pathways included JNK, MAPK, Wnt, I-kappaB kinase/
NF-kappaB and TGF-b (Table 2). Most of the GO classes with
altered expression in hearts of Emd2/y mice were previously
identified in hearts of LmnaH222P/H222P (33). This suggested
common molecular alterations downstream of Lmna and
Emd mutations. Using Ingenuity Pathways Analysis, we ident-
ified the same pathways as with ermineJ in the Emd2/y mice.
When Ingenuity Pathways Analysis was similarly used to
analyze gene expression data from hearts of LmnaH222P/H222P

mice (33), it identified genes of several similar pathways
affected in hearts of Emd2/y mice (Fig. 3).

MAPK is activated in hearts of Emd knockout mice

Our analysis of functional classes of genes revealed significant
differences in expression of the groups of genes encoding pro-
teins of the MAPK pathway in hearts of Emd2/y mice.
Because we previously identified activation of MAPK
cascade in the Lmna H222P knock-in mouse model of autoso-
mal dominant EDMD, we determined if it was similarly acti-
vated in hearts of the Emd2/y mouse model of X-linked
EDMD. We evaluated the activation of two MAPKs, ERK1/2
and JNK, in hearts from control and Emd2/y mice. These
kinases are activated by phosphorylation. Immunoblotting
with antibody that recognized phosphorylated ERK1/2 demon-
strated an increase in activated ERK1/2 in hearts from Emd2/y

mice (Fig. 4A). However, using an antibody that recognized
phosphorylated JNK, we did not detect an increase in acti-
vated JNK in hearts from Emd2/y mice (Fig. 4A). Phosphory-
lated ERK1/2 activates a series of downstream target genes,
including those encoding elk-1 and atf-2. Immunoblotting
with antibodies against elk-1 and atf-2 demonstrated increased
expression of atf-2 but not elk-1 in hearts from Emd2/y mice
compared to control mice (Fig. 4B). These data indicate an
activation of ERK1/2 signaling in hearts from Emd2/y mice.

To compare the degree of ERK1/2 activation in hearts from
Emd2/y and LmnaH222P/H222P mice, we measured the activated
phosphorylated ERK1/2 by immunoblot. Phosphorylated

Figure 1. Affymetrix GeneChip expression profiling in hearts of Emd2/y mice.
(A) Hierarchical clustering analysis of differentially expressed genes in hearts
from control and Emd2/y mice. Rows indicate the expression of individual
genes and vertical lines indicate each sample. For each gene, the ratio of tran-
script abundance in the samples to its abundance in the control is represented
by color intensities (yellow indicates higher expression and blue indicates
lower expression). (B) Volcano plots of absolute expression values (log2[-
q-value]) determined by robust multichip analysis. For each probe set,
expression in hearts from Emd2/y mice is plotted. A two-fold threshold and
q , 0.05 was used to determine the genes significantly altered in the analysis
(yellow line squares).
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ERK1/2 was activated 2-fold in hearts from Emd2/y mice and
3-fold in hearts from LmnaH222P/H222P mice compared to
hearts from control mice (Fig. 5). This showed a greater acti-
vation of ERK1/2 in hearts from LmnaH222P/H222P mice than in
hearts from Emd2/y mice.

We analyzed the expression of additional genes normally
activated downstream in the MAPK cascade using real-time
quantitative RT–PCR. While these individual genes were not
found to be significantly differentially expressed in our single
gene-profile analysis, the fact that they are in MAPK GO

classes suggested they may be activated. Expression of c-jun
was statistically significantly increased in hearts from Emd2/y

mice but expression of Elk1 and Elk4 was not (Fig. 6A).
We further detected increases in expression of Atf2, Atf4,
Nfat2 and Nfat4 in hearts from Emd2/y mice (Fig. 6A). To
compare this model of X-linked EDMD to a model of
autosomal dominant EDMD, we examined the expression of
these same genes in hearts from LmnaH222P/H222P mice at
10 weeks of age. In hearts from these mice, there was signifi-
cantly increased expression of all of these downstream factors

Figure 2. Validation of differential expression in hearts of Emd2/y mice of selected genes identified by GeneChips using real-time quantitative RT–PCR.
(A) Matrices visualizing Affymetrix GeneChip data of corresponding probe sets of RNAs are shown at left of bar graph. In these matrices, each probe set is
visualized as a row of colored squares with one square for each sample. (B) Bars indicate the fold overexpression of the indicated mRNA in hearts measured
by real time quantitative RT–PCR as calculated by the DDCT method. White bars are values corresponding to the control mice and black bars are values cor-
responding to the Emd2/y mice. Values are means + standard deviations for n ¼ 4 samples per group. The real-time quantitative RT–PCR was performed in
triplicate with the different RNA samples.

Table 1. Genes with altered expression as defined by q , 0.05 and �1 or �21 log2-fold change in hearts from Emd2/y mice

Probe set name Gene symbol Gene name Log2-fold q-value

1449071_at Myl7 Myosin, light polypeptide 7, regulatory 3.31 0.0020
1422580_at Myl4 Myosin, light polypeptide 4, alkali; atrial, embryonic 2.55 0.0023
1420884_at Sln Sarcolipin 2.53 0.0128
1448553_at Myh7 Myosin, heavy polypeptide 7, cardiac muscle, beta 2.12 2.15E-05
1425521_at Paip1 Polyadenylate binding protein-interacting protein 1 1.94 1.62E-05
1454373_x_at Ubc Ubiquitin C 1.36 0.0132
1418908_at Pam Peptidylglycine alpha-amidating monooxygenase 1.31 0.0003
1435872_at Pim1 Proviral integration site 1 1.23 0.0069
1420037_at Atp5a1 ATP synthase, Hþ transporting, mitochondrial F1 complex,

alpha subunit, isoform 1
1.19 0.0294

1452661_at Tfrc Transferrin receptor 1.19 8.73E-07
1441679_at Cacna1c Calcium channel, voltage-dependent, L type, alpha 1C subunit 1.17 0.0136
1459238_at Pln Phospholamban 1.13 0.0163
1449824_at Prg4 Proteoglycan 4 (megakaryocyte stimulating factor,

articular superficial zone protein)
1.11 4.03E-06

1421534_at Fin15 Fibroblast growth factor inducible 15 1.10 0.0189
1438714_at Zfp207 Zinc finger protein 207 1.06 0.0146
1425099_a_at Arntl Aryl hydrocarbon receptor nuclear translocator-like 1.05 3.96E-06
1435602_at Sephs2 Selenophosphate synthetase 2 1.05 0.0186
1432198_at 6330414g02rik RIKEN cDNA 6330414G02 gene 1.02 0.0064
1456746_a_at Mic2l1 MIC2 (monoclonal Imperial Cancer Research Fund 2)-like 1 21.04 0.0009
1460434_at 4833415n24rik RIKEN cDNA 4833415N24 gene 21.06 1.14E-05
1416770_at Stk25 Serine/threonine kinase 25 (yeast) 21.08 0.0009
1449018_at Pfn1 Profilin 1 21.12 0.0056
1438009_at Hist1h2ae Histone 1, H2ae 21.14 8.89E-05
1415997_at Txnip Thioredoxin interacting protein 21.36 0.0064
1418174_at Dbp D site albumin promoter binding protein 21.39 0.0002
1449526_a_at 1110015e22rik RIKEN cDNA 1110015E22 gene 21.80 0.0033
1417357_at Emd Emerin 21.81 5.40E-08
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in the MAPK cascade (Fig. 6B). These results showed an acti-
vation of MAPK pathway in mouse models of X-linked and
autosomal dominant EDMD; however, more downstream
genes in MAPK pathway were activated in hearts from
LmnaH222P/H222P mice.

To analyze in vivo activation of ERK1/2 in cardiac cells, we
used an antibody that recognized phosphorylated ERK1/2 in
sections of heart tissue. Histological examination of hearts
revealed neither fibrosis nor inflammation or a significant
number of cells other than cardiomyocytes (data not shown).
Immunofluorescence microscopic labeling of heart sections

from control mice with these antibodies revealed a rather
diffuse fluorescence pattern, whereas fluorescence in hearts
from Emd2/y mice was more intense and predominantly
nuclear (Fig. 7A). Quantitative analysis of individual
cardiomyocytes in the sections confirmed that the anti-
phosphorylated ERK antibody labeled both cytoplasm and
nucleus in hearts from control mice but essentially only the
nucleus in hearts from Emd2/y mice (Fig. 7B). While fluor-
escence intensity of nuclear labeling was significantly
higher in cardiomyocytes from Emd2/y mice compared to
control mice, it was less than that in cardiomyocytes of

Table 2. Top-scoring GO terms listed with corresponding P-value and GO identification numbers in hearts from Emd2/y mice. The corresponding significant GO
classes from LmnaH222P/H222P mice are reported

GO term GO id P-value

Emd2/y LmnaH222P/H222P

Metabolism
Coenzyme biosynthesis GO:0009108 9.45E-11 3.97E-03
Phospholipid metabolism GO:0006644 3.07E-10 7.68E-11
Sulfur metabolism GO:0006790 1.23E-09 0.0342
Ribonucleotide metabolism GO:0009259 5.34E-03 0.0204
C21-steroid hormone metabolism GO:0006700 5.80E-03 0.0204
Organic acid biosynthesis GO:0016053 6.83E-03 6.73E-03
Vitamin metabolism GO:0006766 9.10E-03 0.0411
Tricarboxylic acid cycle GO:0006099 9.83E-03
Purine nucleotide metabolism GO:0006163 0.0109
Fatty acid biosynthesis GO:0006633 0.0127 1.12E-10
Steroid biosynthesis GO:0006694 0.0148 4.31E-03
Glycerophospholipid metabolism GO:0006650 0.0211
Gluconeogenesis GO:0006094 0.0215
Sphingolipid metabolism GO:0006665 0.0249 4.55E-03
Sterol metabolism GO:0016125 0.0294 0.0421
Pyruvate metabolism GO:0006090 0.0310
Cholesterol metabolism GO:0008203 0.0316 0.0275
Nucleoside metabolism GO:0009116 0.0362
ATP metabolism GO:0046034 0.0422

Signaling pathways
JNK cascade GO:0007254 1.76E-10 5.12E-11
Rho protein signal transduction GO:0007266 9.10E-03
Wnt receptor signaling pathway GO:0016055 9.22E-03 3.51E-11
Integrin-mediated signaling pathway GO:0007229 0.0102
Rac protein signal transduction GO:0016601 0.0105 0.0116
Transmembrane receptor protein serine/threonine kinase

signaling pathway
GO:0007178 0.0222 6.83E-11

I-kappaB kinase/NF-kappaB cascade GO:0007249 0.0225 5.34E-03
Positive regulation of I-kappaB kinase/NF-kappaB cascade GO:0043123 0.0310 9.06E-03
Positive regulation of JNK activity GO:0043507 0.0319 4.39E-03
Activation of MAPK activity GO:0000187 0.0354 6.30E-03
Transforming growth factor beta receptor

signaling pathway
GO:0007179 0.0361 1.76E-10

Frizzled signaling pathway GO:0007222 0.0483 0.0330
Transcription/translation

Regulation of translation GO:0006445 1.54E-10
Chromatin remodeling GO:0006338 0.0112
DNA-dependent DNA replication GO:0006261 0.0115 0.0111
Positive regulation of transcription, DNA-dependent GO:0045893 0.0132 2.86E-11
MRNA polyadenylation GO:0006378 0.0147 0.0271
Regulation of translational initiation GO:0006446 0.0246 5.27E-03
MRNA 30-end processing GO:0031124 0.0262
DNA methylation GO:0006306 0.0287

Muscle contraction
Striated muscle contraction GO:0006941 0.0134 3.07E-10

Angiogenesis
Blood vessel development GO:0001568 0.0120 2.46E-10
Angiogenesis GO:0001525 0.0137 2.93E-11
Regulation of angiogenesis GO:0045765 0.0320 0.0399
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LmnaH222P/H222P mice (Fig. 7C). These results suggested a
gradient of activation and nuclear translocation of ERK1/2
in hearts from Emd2/y and LmnaH222P/H222P mice compared
to control mice.

DISCUSSION

Although the causative genetic mutations have been identified
and the descriptive pathology well documented, cellular mech-
anisms linking the genetic mutations to cardiac dysfunction in
EDMD are unknown. We recently showed that in the Lmna
H222P knock-in mouse model of autosomal dominant
EDMD, there was activation of MAPK cascade and down-
stream targets in heart prior to the development of clinical or
histological pathology (33). Genes encoding myosins and
other sarcomeric proteins were also abnormally activated in
these mice at an age when their hearts were histologically
normal (33). In addition to being present in LmnaH222P/H222P,
which develop cardiomyopathy at approximately 8 weeks of
age and have shortened life spans, similar early changes in
gene expression were present in LmnaH222P/þ mice, which do
not develop significant cardiomyopathy and have normal life
spans. In this study, we examined gene expression changes in
the hearts of Emd2/y mice, a genetic model of X-linked
EDMD. Similar to LmnaH222P/þ mice, these mice apparently
have normal life spans and do not develop clinically significant
cardiomyopathy; however, they have small vacuoles mostly
bordering nuclei in cardiomyocytes and develop mild first-
degree heart block at 40 weeks of age (32). The Emd2/y mice
had gene expression alterations in hearts similar to those in
hearts of LmnaH222P/þ and LmnaH222P/H222P mice, including
activation of the ERK branch of the MAPK pathway.

It has been hypothesized that dilated cardiomyopathy-
causing mutations affect force transmission from the sarcomere
to the extra-sarcomeric cytoskeleton (36). In the present study,
in which we performed genome-wide expression analysis in
hearts from Emd2/y mice before any clinical cardiac abnormal-
ities, we showed that genes encoding proteins involved in
cardiac contraction are abnormally upregulated. The identified
genes encoded either proteins of the sarcomere, such as
b-myosin heavy chain and myosin light chain, or proteins
involved in the Ca2þ homeostasis such as sarcolipin, calcium
channel voltage-dependent L type and phospholamban. A con-
comitant deregulation of these two functional categories acting
in muscle excitation-contraction is a common observation in
cardiomyopathies (36,37).

We detected an abnormal activation of genes in the MAPK
cascade in hearts of Emd2/y mice. For some of these genes, we
found increased expression only by using real-time RT–PCR.
Others and we have previously reported similar differences
between microarrays and real-time RT–PCR for transcripts
with a low absolute expression or when the difference of
expression between the experimental and control are small
(33,38,39). The fact that we also showed an increase in phos-
phorylation and nuclear translocation of ERK1/2 in cardio-
myocytes strongly supports an activation of this branch of
the MAPK cascade in hearts of Emd2/y mice. Although
altered expression of the GO group defined as JNK cascade
appeared significant in our statistical analysis using ermineJ
and Ingenuity Systems, we did not detect activation of JNK
in hearts of Emd2/y mice. This could be explained by the
redundancy of functional classes in GO analysis. JNK and
ERK1/2 are two branches of the MAPK pathway and have
been described as activated by similar stimuli through the
same G-protein-coupled receptors (40). Both kinases also acti-

Figure 3. GO analysis of functional groups of genes differentially expressed in hearts of Emd2/y and LmnaH222P/H222P mice. The most significantly changed GO
terms/pathways were identified by canonical pathways analysis using the Ingenuity Pathways Knowledge base. The ratio represents the number of genes from the
data set that map to the pathway divided by the number of all known genes ascribed to the pathway.
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vate the same downstream nuclear substrates (41). The dicho-
tomy between the two branches is not entirely clear and is
reflected by 55 probes sets corresponding to 22 genes in
both the JNK and ERK1/2 GO functional classes.

Our results further showed that activation of MAPK cascade
in hearts of Emd2/y mice was less significant than in hearts
of LmnaH222P/H222P mice. We previously demonstrated that
both ERK1/2 and JNK were activated in heart from
LmnaH222P/H222P mice and to a lesser extent in hearts from

LmnaH222P/þ mice (33). In this study, we detected only an acti-
vation of ERK1/2 in hearts from Emd2/y mouse. We further
showed that more downstream targets of MAPK were activated
in hearts from LmnaH222P/H222P mice than in hearts from
Emd2/y mice. The Emd2/y mice have slight cardiac dysfunction
characterized by a mild prolongation of atrioventricular con-
duction time and vacuolization in cardiomyocytes (32). In con-
trast, male LmnaH222P/H222P mice develop cardiac chamber
dilation associated with decreased left ventricle fractional
shortening starting at 8 weeks of age (33). At 12 weeks of
age, male LmnaH222P/H222P mice have pronounced conduction
system abnormalities characterized by an increased atrioventri-
cular conduction time. Male LmnaH222P/H222P mice die between
4 to 9 months of age. Two hypotheses can be raised to explain
these differences between male LmnaH222P/H222P mice and
Emd2/y mice. First, activation of the ERK branch of MAPK
cascade may ultimately lead only to conduction defects in
heart and not to pump failure. This hypothesis remains to be
tested. Second, a relationship may exist between the degree of
MAPK cascade activation and the severity of the heart
disease. Our results suggest that this is more likely to be the case.

Several previous studies have implicated MAPK signaling
in the development of cardiomyopathy. Overexpression of
members of the ERK branch of MAPK cascade in mice
causes cardiomyopathy (41–44). Activation of the MAPK
cascade has also been reported in caveolin-3 (45), caveolin-1
(46) and p85 subunit of class I(A) PI3K (47) knockout mice,
all of which develop cardiomyopathy. Activating mutations
in MEK1 and MEK2 encoding kinases that activate ERK1
and ERK2 cause a cardio-facial-cutaneous syndrome (48). In
addition, we previously demonstrated that the MAPK
cascade is abnormally activated in hearts from Lmna H222P
knock-in mice (33). The JNK branch of the MAPK cascade
is also activated in dilated human hearts (49,50).

The results of this study and our previous work (33)
suggest that activation of MAPK results directly from
mutations in Emd and Lmna and that the MAPK activation

Figure 4. MAPK signaling is activated in hearts from Emd2/y mice. (A) Detec-
tion of phosphorylated ERK1/2 (pERK1/2), total ERK1/2, phosphorylated JNK
(pJNK) and total ERK1/2 by immunoblotting of proteins extracted from hearts
of control and Emd2/y mice. Data in bar graphs are means + standard devi-
ations for four samples per group (� P , 0.05). (B) Detection of elk-1, atf2
and emerin by immunoblotting of proteins extracted from hearts of control
and Emd2/y mice. b-actin is used as an internal loading control.

Figure 5. ERK1/2 activation in hearts from both Emd2/y and LmnaH222P/H222P

mice. Detection of phosphorylated ERK1/2 (pERK1/2) and total ERK1/2 by
immunoblotting of proteins extracted from hearts of control, Emd2/y and
LmnaH222P/H222P mice. Data in bar graphs are means+ standard deviations
(� P , 0.05).
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leads to heart dysfunction. The mechanism of how mutations
in genes encoding nuclear envelope proteins activate MAPK
remains to be elucidated; however, ERK and JNK appear to
be directly activated by the expression of A-type lamins with
amino acid substitutions encoded by LMNA mutations that
cause autsomal dominant EDMD (33). It remains to be deter-
mined if loss of emerin from cells similarly leads directly to
MAPK cascade activation. Activation of MAPK leads to the
further activation of several downstream target genes and we
found several of these, including c-Jun, Atf2, Atf4, Nfat2 and
Nfat4, to be abnormally activated in hearts from Emd2/y and
Lmna H222P mice. Transcription factors encoded by these
genes can in turn regulate the expression of additional
genes, including those encoding proteins involved in sarco-
mere structure, cardiomyofiber organization and other
aspects of heart function (51,52). Abnormal expression of

these proteins can lead to cardiomyopathy. Activation of
the MAPK cascade has also been previously shown to regu-
late the calcium induced calcium-released mechanism, pro-
ducing a negative inotropic effect (53,54). Hence, MAPK
activation induced by abnormalities in emerin and A-type
lamins can initiate a chain of events that leads to
cardiomyopathy.

In summary, our data provide insights into the initial stages
of cardiac pathology induced by defects in emerin and A-type
lamins. Mutations in the genes encoding these proteins that
cause EDMD lead to activation of MAPK signaling in hearts
and changes in the expression of downstream genes implicated
in the development of cardiomyopathy. These results have
important practical implications because small molecule
drugs can potentially be used to inhibit the different branches
of the MAPK pathway (55,56).

Figure 6. Expression of downstream genes in MAPK pathway in hearts from mouse models of EDMD. (A) Summary of real-time RT–PCR results in hearts
from Emd2/y mice is shown. Bars indicate the fold overexpression of the indicated mRNA normalized to Gapdh as calculated by the DDCT method. Values are
means + standard deviations for n ¼ 4 samples per group (�P , 0.05). (B) Summary of real-time quantitative RT–PCR results in hearts from LmnaH222P/H222P

mice is shown. Bars indicate the fold overexpression of the indicated mRNA normalized to Gapdh as calculated by the DDCT method. Values are means +
standard deviations for n ¼ 4 samples per group (�P , 0.05, ��P , 0.005).
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Figure 7. Immunofluorescence microscopic analysis of phopshorylated ERK1/2 (pERK) in heart sections from mouse models of EDMD. (A) Sections of frozen
heart from control, Emd2/y and LmnaH222P/H222P mice were analyzed by immunofluorescence microscopy using anti-pERK1/2 antibody (red). Sections were
counterstained with 40,6-diamidino-2-phenylindole (blue). Bars: 50 mm. (B) Quantification of pERK1/2 labeling in cardiomyocytes from control, Emd2/y and
LmnaH222P/H222P mice. Cardiomyocytes are delineated by dotted line and intensity of emitted fluorescence is measured along the yellow arrow (a to b). Intensity
of the signal varies from 255 (absence of fluorescence) to 0 as reported on the scale; maximal intensity show on y-axis varies between panels. Position of the
nucleus and intensity of fluorescence using mouse anti-pERK1/2 antibody is shown in the diagram of a single cardiomyocyte. (C) Quantification of pERK1/2
labeling in cardiomyocytes. Bars indicate intensity of pERK1/2 fluorescence in the nucleus of the indicated hearts. Values are means + standard deviations for
the intensity of nuclear fluorescence from n ¼ 80 cardiomyocytes from two different hearts per group (�P , 0.05, ��P , 0.005).
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MATERIALS AND METHODS

Mice

Emd2/y mice (32) and LmnaH222P/H222P mice (28) were gener-
ated and genotyped as described.

RNA isolation

Total RNA was extracted from mouse hearts using the Rneasy
isolation kit (Qiagen) according to the manufacturer’s instruc-
tions. Adequacy and integrity of extracted RNA were deter-
mined by gel electrophoresis and concentrations measured
by ultraviolet absorbance spectroscopy.

Microarray processing

We used Mouse Genome 430 2.0 GeneChip Arrays (Affyme-
trix). cDNA synthesis, cRNA synthesis and labeling were per-
formed as described previously (33). Hybridization, washing,
staining and scanning of arrays were performed at the Gene
Chip Core Facility of the Columbia University Genome Center.

Microarray data analysis

Image files were obtained through Affymetrix GeneChip soft-
ware and analyzed by robust multichip analysis using Affyme-
trix microarray ‘.cel’ image file and GeneTraffic (Iobion
Informatics) software. Robust multichip analysis is composed
of three steps: background correction, quantile normalization
and robust probe set summary. Genes were identified as differ-
entially expressed if they met a false discovery rate threshold of
0.05 in a two-sample t-test (q-value) and showed at least a
log2-fold difference in expression independent of absolute
signal intensity. Our gene expression data are available in
the National center for Biotechnology Information’s Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/),
accessible through GEO Series accession number GSE6399.

Analysis of functional groups of genes

Gene expression changes related to functional groups were
analyzed using the class score method in ermineJ (http://
www.bioinformatics.ubc.ca/ermineJ/) (57) and the functional
annotation method in Ingenuity Systems software (http://
www.ingenuity.com). In ermineJ, the algorithm takes as input
the log-transformed t-test P-values of genes that are members
of a single GO class and estimates the probability that the set
of q-values would occur by chance. Significant GO terms
were identified using a false discovery rate of 0.05. In ingenuity
systems, the identified canonical pathways were evaluated
employing the right-tailed Fisher’s exact test to calculate
levels of significance. The P-value for each pathway was calcu-
lated by comparing the number of user-specified genes of inter-
est that participated in a given function or pathway, relative to
the total number of occurrences of these genes in all functional/
pathway annotations stored in the ingenuity pathways knowl-
edge base. Only annotations that have more Functions/Canoni-
cal Pathways Analysis genes than expected by chance
(‘right-tailed’ annotations) were used.

Real-time RT–PCR analysis

Primers were designed correspond to mouse RNA sequences
using Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). RNA was extracted using Rneasy Protect
Kit (Qiagen) and subsequently reverse transcribed using Super-
Script first-strand synthesis system according to the manufac-
turer’s instructions (Invitrogen). The real-time quantitative
RT–PCR reaction contained iQ SYBR green super mix
(Bio-Rad), 200 nM of primers and 0.2 ml of template in a 25 ml
reaction volume. Amplification was carried out using the MyiQ
Single-Color real-time PCR Detection System (Bio-Rad) with
incubation times of 2 min at 958C, followed by 50 cycles of
958C for 30 s and 628C for 30 s. Specificity of the amplification
was checked by melting-curve analysis. Relative levels of
mRNA expression were calculated according to the DDCT

method, normalized by comparison to Gapdh mRNA expression.

Extraction of proteins from hearts
and immunoblotting

Immunoblotting was performed as described previously (33).
The following primary antibodies were used at dilutions from
1:200 to 1:1000: mouse monoclonal anti-emerin (Santa-Cruz),
rabbit polyclonal anti-ERK1/2 (Santa-Cruz), rabbit polyclonal
anti-pERK1/2 (Cell Signaling), rabbit polyclonal anti-JNK
(Santa-Cruz), rabbit polyclonal anti-pJNK (Cell Signaling),
anti-elk1 (Santa-Cruz), anti-atf-2 (Santa-Cruz) and anti-b-actin
(Santa-Cruz). Secondary antibodies were HRP-conjugated
(Amersham). Blots were developed using ECL (GE Healthcare)
and exposed to X-OMAT film (Kodak) for appropriate periods
of time. Band densities were calculated using Scion Image soft-
ware (Scion Corporation) and normalized to the appropriate
total JNK or ERK1/2 of protein extracts.

Immunofluorescence microscopy

For immunohistochemistry, 8 mm frozen sections of transver-
sal cardiac muscles were fixed in 3.7% formaldehyde in
phosphate-buffered saline for 15 min and then blocked in
5% fetal goat serum in phosphate-buffered saline containing
0.5% Triton X-100 for 1 h. Antibodies used were primary
mouse anti-pERK1/2 (Cell Signaling) and secondary Texas
Red conjugated anti-mouse (Molecular Probes). Sections
were counterstained with 0.1 mg/ml 40,6-diamidino-2-
phenylindole (Sigma-Aldrich). Specimens were observed
using a Microphot SA (Nikon). Images were collected using
a Spot RT Slide camera (Diagnostic Instruments) linked to a
PC computer running Adobe Photoshop 6.0 (Adobe
Systems). Fluorescence intensity in cardiomyocytes was
measured using Scion Image software (Scion Corporation).
Data are reported as means + standard deviations and are
compared with respective controls using a two-tailed t-test.
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