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Background: Emery-Dreiluss muscular dystrophy,
caused by EMD gene mutations, is characterized by
humeroperoneal muscular dystrophy, joint contrac-
tures, and conduction defects and is ofien associated
with sudden cardiac death, even without prior cardiac
symptoms.

Objective: To describe the clinical and molecular fea-
tures of 2 patients with limb-girdle muscular dystrophy
with mutations in EMD.

Design: Case reports.

SeHing: Academic research.

Patients: Two male patients manifested proximal domi-

nant muscle involvement, with minimal or no joinl and
cardiac involvement.

Main Ouvtcome Measures: Muscle biopsy and muia-
tion analysis results.

Resvults: Immunchistochemistry revealed an absence of
emerin staining in muscle biopsy specimens. Mutation
analysis identified nonsense mutations in EMD.

Conclusions: Mutations in EMD may indicate alimb-girdle
muscular dystrophy phenotype. Identification of emerin de-
liciency among patients with limb-girdle muscular dystro-
phy is essential to prevent cardiac catastrophe.
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MERY-DREIFUSS MUSCUL AR
dystrophy (EDMD) is a rare
muscular dystrophy clini-
cally characierized as a triad
of (1) slowly progressive
humeroperoneal muscular dystrophy;
(2) early joint contractures ol Achilles ten-
dons. elbows, and hind neck, and (3) car-
diomyopathy with conduction deflects.'
The X-linked form of EDMD is caused by
mutations in the emerin gene (EMD) or
in STA on Xq28.* whereas autosomal

dominant and rare recessive forms of

EDMD are caused by inwiations in the la-
min A/C gene (LMNA) on 1¢q21.° EMD is
composed of 6 small exons that encode
emerin, a 34-kDa inner nuclear mem-
brane protein.*' Immunohistochemical
analysis is valuable for the diagnosis of the
X-linked lorm of EDMD because most pa-
tients show a lack of emerin staining at the
nuclear membrane of skin, leukocytes, and
skeletal and cardiac muscles.>” LMNA en-
codes lamin A and C, which are major
components of nuclear lamina. Emerin and
lamin A/C are nuclear envelope proteins,
and clinical features of the X-linked form

of EDMD and autosomal dominant EDMD
are similar and indistinguishable. How-
ever, mwations in LMNA are known to be
associated with several other disorders col-
lectively known as laminopathies, includ-
ing limb-girdle muscular dysirophy
(1.GMD) 1ype 1B, which is characterized
by proximal dominant muscular dystro-
phy with auioventricular conduction dis-
turbance.® To exclude EMD mutations in
patients with LGMD, we examined emerin
expression in muscle biopsy specimens and
performed genetic screening.

— IS

MUSCLE BIOPSY SPECIMENS

All clinical materials used in this study were
obtained for diagnostic purposes following in-
lormed consent. Skeletal muscle biopsy speci-
mens were fash [rozen in isopentance chilled
with liquid nitrogen. A pancl of histochemi-
cal staining, including hematoxylin-cosin and
modificd Gomori trichrome, was performed o
obtain the pathological diagnosis. Immuno-
histochemical and immunoblotting analyscs
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Exon 2: ¢.153_154insC
(p.Ser52G!n 15X9)

Figure 1. Patient 1. A, A 9-year-oid boy had proximal muscle atrophy
without joint contractures. B, Hematoxylin-eosin (HE) staining and emerin
immunoreaction (Emerin) of skeletal muscle biopsy specimen. The HE
staining shows fiber-size variation, regenerating fibers, and fibers with
internalized nuclei. Immunoreaction of emerin is ahsent at the nuclear
membrane. The bar indicates 50 pm. Inset, Emerin staining of control
muscle is shown. C, Mutation analysis revealed a 1-base pair insertion at
¢.154 in exon 2.

were conducted as previously described.® Genomic DNA was
extracted [rom muscle biopsy specimens or from peripheral lym-
phocytes using standard techniques. ‘

We examined 94 patients who were clinically and patho-
logically diagnosed as having LGMD. Exclusion of LGMD types
1C, 2A 0 2G, 21, and 2K was performed by immunohisto-
cheriical and Western blotting analyses. In detecting emerin
in skeletal muscle biopsy specimens, monoclonal antiemerin
antibody {Novocastra Laboratorics, New Castle upon Tyne, En-
gland) was uscd.

MUTATION ANALYSIS

All 6 exons and their llanking intronic regions of EMD were
direatly sequenced using an automated scquencer (ABI PRISM
3100: PE Applied Biosystems, Foster City, California). Infor-
mation about the primers used {or the sequence analysis is avail-
able from the corresponding author. Sequence analysis of LMNA
was also perlormed o exclude LGMD type 1B.

e T

Among 94 patients with LGMD of unknown cause, we
identified 2 patients with negative immunostaining
for emerin in their skeletal muscles (Figure ¥ and
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Exon 4: ¢.350_362deiGAGT
(p Ser120 1sX1)

Figure 2. Patient 2. A, A 50-year-old man had proximal dominant muscle
atrophy of the limbs with minimal joint contractures at the right elbow and
Achilles tendon. B. Hematoxylin-eosin (HE) staining and emerin
immunoreaction (Emerin) of muscle biopsy specimen. The HE staining
shows fiber-size variation, regenerating fibers, and fibers with internalized
nuclei. Immunoreaction of emerin is absent at the nuclear membrane.

The bar indicates 50 ym. Inset, Emerin staining of contral muscle is shown.
C, Direct sequence analysis revealed a 4-base pair deletion at ¢.359-362

in exon 4.

Figure 2). Mutation analysis of EMD revealed a 1-base
pair (bp) insertion (c¢.153_154insC in exon 2) in pa-
tient 1 (Figure 1) and a 4-bp deletion (¢.359_362delCAGT
in exon 4) in patient 2 (Figure 2). Both mutations were
predicied to cause premature termination codon and ab-
sence of protein expression.

_— REPORT OF CASES

Patient 1, a 9-year-old boy from nonconsanguineous
parents, neither of whom had neuromuscular or cardiac
disorders, was initially seen with proximal dominant
muscle weakness and atrophy. He had normal develop-
mental milestones, acquiring independent ambulation
at age | year; however, unsteady gait was noticed at age
4 years. By age 6 years, he developed weakness and al-
rophy of the proximal muscles of the lower Jimbs, wad-
dling gait, and lordotic posture. He then needed sup-
port in climbing stairs. On physical examination al age
6 years, his call muscles were not atrophic. Serum cre-
atine kinase levels were elevated 10 927 U/1. (to convert
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to microkatal per liter, multiply by 0.0167) (relerence
range, << 180 U/L). Muscle biopsy was performed on the
left biceps hrachii. and the biopsy specimen showed
moderate fiber size variation, with some regenerating fi-
bers and several fibers with internalized nuclei
(Figure 1). Results of dysirophin immunostaining weve
positive, and he was diagnosed as having LGMD. Atage
9 years, he showed Gowers sign, waddling gait, and
proximal dominant limb muscle weakness and atrophy.
No joint contractures were observed {Figure 1). An
electrocardiogram revealed transient sinus arrhythmia,
but his echocardiogram was normal.

Patient 2, a 50-year-old man, initially was seen with
proximal dominant muscle weakness and awrophy. His
father had died of acute myocardial infarction; his mother
was alive without symptoms of neuromuscular or car-
diac disorders. He was healthy until age 35 years, when
he noticed dilficulty in going up and down stairs. Dur-
ing this time, he was incidentally found to have hyper-
tension. Muscle weakness was progressive, and he had
difficulty raising his arms by age 40 years. Alage 49 years,
he required support in climbing stairs and had difficulty
in buttoning his clothes. Although his electrocardio-
gram was normal, an echocardiogram demonstrated mod-
erate mitral and tricuspid insufliciency without dilata-
tion of ventricles. Other than his father’s death from acute
myocardial infarction, his family history was noncon-
uributory. On physical examination, he had waddling gait,
Gowers sign, and proximal dominant muscle weakness
and atrophy. Only minimal joint contractures of the right
clbow, bilateral Achilles tendons, and neck were ob-
served (Figure 2). His serum creatine kinase level was
clevated at 417 U/L. An clectromyogram showed my-
opathy. Results of muscle computed tomography re-
vealed proximal dominant muscle atrophy with fatty tissue
replacement. A second electrocardiogram demonstrated
complete atrioventricular conduction block. A muscle hi-
opsy specimen was obtained from the left rectus femoris
and showed marked fiber size variation, scattered regen-
erating libers, and fibers with centrally placed nuclei
(Figure 2).

—

Herein, we demonstrate an expanded clinical spectrum
associated with EMD mutations, from the X-linked EDMD
phenotype to the X-linked LGMD phenotype. The dil-
ferences between EDMD and LGMD relate to the distri-
bution of alfected muscles and to the presence of early
joint contractures. From childhood, patients with EDMD
having an EMD or LMNA mutation may demonstrate
slowly progressive weakness and wasting ol humerope-
roneal muscles. Early contracture of the elbows, Achil-
les tendons, and posterior cervical muscles is another char-
acteristic cardinal feature. Mutations in LMNA are
associated with variable disorders, including EDMD,
LGMD type 1B, peripheral neuropathy, progelia syn-
dromes. lipodystrophy syndrome, and cardiomyopathy
with conduction defects. Several overlapping clinical con-
ditions are likewise observed, including an intermedi-
atc phenotype of EDMD and LGMD type 1B manifest-
ing as proximal limh muscle involvement with early joint

contractures. In contrast, mutations in EMD have been
associated with only the EDMD phenotype.

A previously described 2'/a-year-old boy had a con-
dition resembling 1.GMD with contracture of the right
ankle joint requiring Achilles tendon lengthening: this
patient had an absence of emerin and had a mutation in
EMD." Both patients described herein demonsirated
proximal muscle weakness with minimal or no joint
contractures due to mutations in EMD. Patient 1
showed proximal muscular dystrophy without joint
contractures and demonstrated only minimal cardiac
involvement as transient sinus arrhythmia. However,
joint contractures and a severe cardiac condition may
develop in this patient. Patient 2 had unusual clinical
lindings manifesting as adult-onset LGMD. Minimal
joint contractures were noticed only alter carelul physi-
cal examination at the age of 50 years. A conduction de-
fect was observed during the course of his cardiac [ol-
low-up for valvular insufficiency. It remains unclear
whether the absence ol emerin has a role in the devel-
opment of valvular insufficiency observed in this pa-
tient. The same mutation identified in patient 2 was
previously reported in a patient with typical EDMD."
Additional unknown factors may cause different clini-
cal phenotypes in patients harboring identical muia-
tions in the same gene.

Based on these [indings, mutations in EMD may cause
the clinical phenotype of LGMD and the overlapping state
of LGMD and EDMD, as seen in patients with muta-
tions in LMNA. Cardiac involvement is the most impor-
want clinical symptom among patients with EMD muia-
tions. Lethal conduction defects with cardiomyopathy
have been observed not only in male patients butalso in
female carriers, at an older age compared with male pa-
tients.'* Careflul follow-up of cardiac function is essen-
tial, including female family members of patients even
in the absence of overt clinical signs or the unavailabil-
ity of genetic information. Diagnosis of emerin deli-
ciency can be easily performed by immunohistochemi-
cal analysis using several lissue specimens. Our resulis
deimonstrate the importance of identifying emerin deli-
ciency in patients with LGMD to provide prompt car-
‘diac intervention and to avoid unexpected sudden car-
diac death.
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Activation of MAPK in hearts of EMD null mice:
similarities between mouse models of X-linked
and autosomal dominant Emery-Dreifuss
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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.

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

INTRODUCTION

Emery Dréifuss 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,

X-linked EDMD arises as a consequence of mutations in
FMD on chromosome Xq28 (2). EA/D 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-
ferminal domain, a single transmembrane segment and a
short luminal tail (5). Emerin binds to sevcral nuclear proteins
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Presem address: UBC Bioinformatics Centre, University of British Columbia, Vancouver, Canada BC V6T 174,
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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 LANA (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 er ul (31) have generated Emd null mice, report-
ing that Emd™" males are normal at birth and that their
subsequent postnalal growth and locomotion are indistinguish-
able from wild type siblings. Thcse investigators did not report
cardiac pathology in Emd ™" mice. Hayash1 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 Emd ™" mice greater
than 40 weeks of age.

Despite the fact that the human genctics 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 transeriptome level using microar-
rays. Using such methods, Melcon ¢r ¢l (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

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

MyoD genes. Hence, abnormalities in satellite cell prolifer-
ation or differentiation may be tesponsible 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 molccular pathway has been previously implicated
in the development of cardiomyopathy and conduction defects
(34,35). We now reporl 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 hearls from Emd~ ¥ 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 Emd ™" 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 = 8)
and Emd ™™ (n=6) mice by hierarchical cluster analysis.
The individual patterns of mRNA signal intensities fell into
two distinct groups on a heat map conccpondmv to the
sample genotype, wild type and Emd™", with similarity
between members within each group higher than between
the groups (Fig. 1A). This demonstrated that the differences
in the distribution of mMRNA expression intensities h«_l\vu,n
heart tissuc samples from wild type controls and Fmd ™
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 dlfl"cu.n-
ces in expression between hearts from control and Emd
mice. Genes were selected using sufficiently high ab.solute
changes measured by a correcled f-test (¢ << 0.05) combined
with a one log,-fold change cut-off. This analysis identified
27 probe sets in hearts from Emd~ * mice, which correspond
to 18 upregulated genes and Y down-regulated genes (Fig. 1B).

The 27 genes with significant differences in expression in
hearts of Emd ¥ mice compared to control mice are listed in
Table 1. Expression of Fmd encoding emerin was significantly
downrcgulated (1.8 logy-fold). Several muscle-specific genes
were abnormally expressed in hearts from EFmd mice.
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Figure 1. Affymetrix GeneChip expression profiling in hearts of Emd ™" mice.

(A) Hierarchical clustering an.alysns of differentially expnessed genes in hearts
from control and Emd™* 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 (log,{-
q- m]ue]) determined by robust muludnp analysis. For each probe set,
expression in hearts from Emd ™" mice is plotted. A two-fold threshold and
¢ < 0.05 was used 10 determine the genes significantly altered in the analysis
{yellow line squares).

Genes encoding myosin light chains (MyI7, 3.3 log,-fold; Myvi4,
2.6 log,-fold) and myosin heavy chains (Myh7, 2.2 log,-fold)
were upregulated. Similarly, there was upregulation of
expression of genes encoding sarcolipin (Sin, 2.5 log,-fold),
calcium channel L-type (CacnalC, 1.2 log,-fold) and phospho-
lamban (Pln, 1.1 logs-fold), proteins involved in cardiac con-
tractility. The top-ranked genes identified in this analysis
(Myvld, MyI7, Mvh7, Sin) are common with those previously
identified in hearts from Lmna"??2"M222% and Limna"?*""*
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
(Myld, My17, Myh7), polyadenylate binding protein-interacting
protein 1 (Paipl), sarcolipin (SIn), peptidylglycine alpha-
amidating monooxygenase (Pum), transferrin receptor (7rfc)
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 neco" cassette. For these
genes, there was a strong correlation between real-lime quanti-
tative RT PCR results and altered expression detected in the
microarray analysis of hearts from Emd ™™ mice (Fig. 2).

Functional class scoring analysis and ranked gene
ontology classes

To obtain a global picture of the affected processes in hearts of
Emd ™ 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 10t g-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 sofiware packages,
erminel and Ingenuity Pathway Analysis, which use different
statistical approaches (see Materials and Methods).

Using erminel, we identified differential expression of GO
classes involved in muscle contraction, transcription and tmns-
lation, metabolism and angiogenesis in hearts from Emd™"
mice (Table 2). GO classes correspondmu to signaling path
ways were also affected in hearts of Emd™ * mice. These sig-
naling pathways included JNK, MAPK, Wnt, I-kappaB kinase/
NF- lnppaB and TGF-B (Table 2). Most of the GO classes with
altered explessmn in hearts of Emd " mice were previously
identified in hearts of Lmng"222PM222P 33y This suggested
common molecular alterations downstream of Lmna and
Emd mutations. Using Ingenuity Pathways Analysis, we ident-
ificd the same pathways as with erminel in the Lmd™ ™ mice.
When Ingenuity Pathways Analysis was similarly used to
zmaly/c gene expression data from hearts of Lmng'?23Pm222p
mice (33), it identified genes of several similar pathways
affected in hearts of Emd ™" mice (Fig. 3).

MAPK is activated in hearts of Emd knockout mice

Our dm]ysi% of functional classes of genes revealed significant
differences in expression of the groups of genes cncodmn pro-
teins of the MAPK pathway in hearts of Emd™" 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 il was similarly acti-
vated in hearts of the Emd™" mouse model of X-linked
EDMD. We evaluated the activation of two MAPKs, ERK1/2
and JNK, in hearts from control and Emd ™™ mice. These
kinases are activated by phosphorylation. Immunoblotting
with anubody that recognized phosphmylated ERK1/2 demon-
strated an increase in acllvatud ERK 1/2 in hearts from Emd ™
mice (Fig. 4A). However, using an antibody that rccogmzcd
phosphorylated JNK, we did not detect an increase in acti-
vated JNK in hearts from Emd 7 mice (Fig. 4A). Phosphory-
lated ERK /2 activates a series of downstream target genes,
including those encoding elk-1 and atf-2. Immunoblotling
with antibodies against elk- 1 and atf-2 demonstrated increased
expression of atf-2 but not elk-1 in hearts from Fmd~ " mice
compared 1o control mice (Fig. 4B). These data mdlCdlL an
activation of ERK1/2 signaling in hearts from Fmd ™ mice.
To compare the degree of ERK1/2 activation in hearts from
Emd " and Lmna?7P1222P mice, we measured the activated
phosphorylated T:RK1/2 by immunoblot. Phosphorylated
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Tabie 1. Genes with altered expression as defined by ¢ < 0.05 and =1 or < I loga-fold change in hearts trom Emd ' mice

Prohe sct name Gene symbol Gene name Log.-fold g-value

1449071 _m Afyl7 Myosin, light polypeptide 7. reguliatory 3.31 0.0020
1422580 _at Myl4 Myosin, light polypeptide 4. alkali; atrial. embryonic 2.55 0.0023
1420884 _at Sin Sarcolipin 253 0.0128
1448553 _a1 Myvh7 Myosin. heavy polypeptide 7, cardiac muscle. beta 2,12 2.15E-05
1425521 _at Paipl Polyadenylate binding protein-interacting protein | 1.94 1.62E-05
1454373 _x_at Ubc Ubiquitin C 1.36 0.0132
1418908 _at Pam Peptidylglycine alpha-amidating monooxygenise 1.31 0.0003
1435872 _at Piml Proviral integration site | 1.23 0.0069
1420037 _at Atpiul ATP synthase, H+ transporting. mitochondrial FI complex. 119 0.0294
alpha subunit, isoform |
1452661 _ut Ifre Transferrin receptor 119 $.73E-07
1441679 _at Cacnalc Calcium channel, voltage-dependent, L type, alpha 1C subunit 1.17 0.0136
1459238_at Pln Phospholamban 1.13 0.0163
1449824 _at Pre4 Proteoglycan 4 (megakaryocyte stimulating factor. Ll 4.03E-06
articular superficial zone protein)
1421534 _at Fini3 Fibroblast growth factor inducible 15 1.10 0.0189
1438714_at Zp207 Zinc finger protein 207 i.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 633041420 2rik RIKEN cDNA 6330414G02 gene 1.02 0.0064
1456746_a_at Mic2ll MIC2 (monoclonal Imperial Cancer Research Fund 2)-like | - 1.04 0.0009
1460434 _at 48334 135n24rik RIKEN ¢DNA 4833415N24 gene - 1.06 1.14E-05
1416770_at Sitk2s Serine/threonine kinase 25 (yeast) -1.08 0.0009
1449018 _at Pl Profilin 1 ~-1.12 0.0056
1438009 _at Histih2ae Histone 1, H2ae -1.14 $.89E-05
1415997 _at Txnip Thioredoxin interacting protein -1.36 0.0064
1418174_at Dbp D site albumin promoter binding protein -1.39 0.0002
1449526 _a_at 111001 5¢22rik RIKEN cDNA 1110015E22 gene - 1.80 0.0033
1417357 _at Emd Emerin - 1.81 5.40E-08
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Figure 2. Validation of differential expression in hearts of Emd " mice of sclected genes identified by GeneChips using real-time quantitative RT - PCR.
(A) Matrices visualizing Aflymetrix GeneChip data of corresponding probe sets of RNAs are shown at left of bar graph. In these matrices. each probe set is
visunlized as a row of colored squares with one square for each sample. (B) Bars indicate the fold overexpression of the indicated mRNA in heats measured
by real time quantitative RT- PCR as calculated by the AACy method. White bars ure values corresponding to the control mice and black bars are values cor-
responding to the Emd™" mice. Values are means + standard deviations for n =4 samples per group. The real-time quantitative RT PCR was performed in
wriplicate with the different RNA samples.

ERK1/2 was activated 2-fold in hearts from Emd 2 mice and

. . 222111222 .
3-fold in hearts from Lmna"*? M2 mice compared (o

classes suggested they may be activated. Lxpression of ¢-jun
was statistically significantly increased in hearts from Emd ™

hearts from control mice (Fig. 5). This showed a greater acti-
vation of FRK1/2 in hearts from Lmna"232PM222P ice than in
hearts from Emd” ™ 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 1o be significantly differentially expressed in our single
gene-profile analysis, the fact that they are in MAPK GO

mice but expression of Elkl and Elk4 was nol (Fig. GA).
We further detected increases in expression of A2, A4,
Nfat2 and Nfard in hearts from Emd  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 [rom Limna'"2222 mice at
10 weeks of age. In hearts from these mice, there was signifi-
cantly increased expression of all of these downstream [actors
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"Fable 2. Top-scoring GO terms listed with corresponding Povalue and GO identification numbers in hearts from End

11222Pp11222P

classes from /mna mice are reported

* mice. The coresponding significant GO

GO term 10 id P-value
Emd ™ Lmng!?32re220
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 G0:0006163 0.0109
Fatty acid biosynthesis GO:0006633 0.0127 1.12E-10
Steroid biosynthesis (0:0006694 0.0148 4.31E-03
Glycerophospholipid metabolism GO:00006650 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
INK cascade GO:0007254 1.76E-10 5.12E-11
Rho protein signal transduction GO:0007266 9.10E-03
Whnt receptor signaling pathway GO:0016055 9.22E-03 3.51E-1}
Integrin-mediated signaling pathway GO:0007229 0.0102
Rac protein signal transduction GO:0016601 0.0105 0.0116
Transmembrane receptor protein serine/threonine kinase GO:0007178 0.0222 6.83E-11
signaling pathway
1-kappaB kinase/NF-kappaB cascade (0:0007249 0.0225 5.34E-03
Positive regulation of I-kappaB kinase/NF-kappal3 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 GO:0007179 0.0361 1.76E-10
signaling pathway
Frizzled signaling pathway (00007222 0.0483 0.0330
Transcription/translation
Regulation of translation GO:0006445 1.54E-10
Chromatin remodeling GO:0006338 0.0112
DNA-dependent DNA replication G0O: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 tanslational initiation GO:0006446 0.0246 5.27E-03
MRNA 3’-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 GO0001525 0.0137 2.93E-11
Regulation of angiogenesis GO:0045765 0.0320 0.0399

in the MAPK cascade (Fig. 68). These results showed an acti-
vation of MAPK pathway in mouse models of X-linked and
autosomal dominant EDMD; however, more downstream
gencs in MAPK pathway were activated in hearts from
Limna" 2212220 mice,

To analyze in vivo activation of ERK1/2 in cardiac cells, we
used an antibody that recognized phosphorylated FRK1/2 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).
fmmunofluorescence microscopic labeling of heart sections

from control mice with these antibodies revealed a rather
diffuse fluorescence pattern, whereas flucrescence in hearts
from FEmd ™ mice was more intense and predominantly
nuclear (Fig. 7A). Quantitative analysis of individual
cardiomyocytes in the scetions confirmed that the anti-
phosphorylated ERK antibody labeled both eytoplasm and
nucleus in hearts from control mice but essentially only the
nucleus in hearts from Eind ™ mice (Fig. 7B). While fluor-
escence intensity of nuclear labeling was  significantly
higher in cardiomyoeytes from [Lmd T mice compared to
control mice, it was less than that in cardiomyocyles of
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Figure 3. GO analysis of fimctional groups of genes differentially expressed in hearts of Emd " and Limna

11222PA1222P

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.

H222P/14222P . . .
Lmna PR22IP mice (Fig. 7C). These results suggested a

gradient of activation and nuclear (ranslocation of ERK1/2
N -y H222P/IH222 .

in hearts from Emd ™" and Lmna"?2P"*2?F 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 largels 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 hislologically

=, . . 1222P7H222
normal (33). In addition to being present in Lmnd' H ',

which develop cardiomyopathy at approximately 8 weeks of

age and have shortened life spans, similar carly changes in
gene expression were present in Lmna'?%"F mice, which do
not develop significant cardiomyopathy and have normal life
spans. In this study, we examined gene expression changes in
the hearts of Emd ™ mice, a genetic model of X-linked
EDMD. Similar to Lmna™?"™ 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 Emd ™ mice
had genc expression alterations in hearts similar to those in
. 2220 8, H2220A9222P L .
hearts of Lmna and Linna 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
10 the extra-sarcomeric cytoskeleton (36). In the present study,
in which we performed genome-wide expression analysis in
hearts from Emd ~" 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 Ca®* 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 Emd * 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 Emd ™ mice. Although
altered expression of the GO group defined as JNK cascade
appeared significant in our statistical analysis using erminel
and Ingenuity Systems, we did not detect activation of JNK
in hearts of Emd ™™ mice. This could be explained by the
redundancy of functional classes in GO analysis. JNK and
FRK1/2 are two branches of the MAPK pathway and have
heen described as activated by similar stimuli through the
same G-protein-coupled receptors (40). Both kinases also acti-
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Figure 4. MAPK signaling is activated in heants from Emd ™ " mice. (A) Detee-
tion of phospherylated ERK 1/2 (pERK1/2). total ERK 172, phosphorylated INK
(pJNK) and total ERK 1/2 by immunoblotting of proteins extracted from hearts
of control and Emd ™" mice. Data in bar graphs are means + standard devi-
ations for four samples per group (* £ < 0.05). (B) Detection of elk-1. atf2
and emerin by immunoblotting of proteins extracted from hearts of control
and Emd ~" mice. B-actin is used as an intemal loading control.

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 {urther showed that activation of MAPK cascade
in hearts of Emd ™™ mice was less significant than in hearts
o 122207142220 : .
of Lmna === mice. We previously demonstrated that
both ERKI1/2 and JNK were activated in heart  from
Lo 13232220 ice and o a lesser extent in hearts from

control
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mice. Detection of phosphoryluted ERK1/2 (pERK1/2) and total ERK1/2 by

innnunoblouing of proteins extracted from hearts of control, Emd ™" and
P

Limna"' P22 ggice. Data in bar graphs are means + standard deviations

(* P<0.05).

L H222P/4 . : :
mna mice (33). In this study, we detected only an acti-

vation of ERK1/2 in hearts from Emd~" mouse. We further
showed that more downstream targets of MAPK were activated
in hearts from Lmna"?**"™22% mice than in hearts from
Emd™ " mice. The Emd ™" mice have slight cardiac dysfunction
characterized by a mild prolongation of atrioventricular con-
duection time and vacuolization in cardiomyocytes (32). In con-
trast, male Lmna"??2"1222F mice develop cardiac chamber
dilation associated with decreased left ventricle fractional
shortening starting at 8 weeks of age (33). At 12 weeks of
HZ2P/H222P . -

age, male Lmna mice have pronounced conduction
system abnormalities characterized by an increased atrioventri-
cular conduction time. Male Lmna""2*2P22%F pjce die between
4 10 9 months of age. Two hypotheses can be raised to explain
these differences between male Lmna"?22"M222F pice and
Emd " 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
disecase. 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 p8S subunit of class I(A) PI3K (47) knockout mice,
all of which develop cardiomyopathy. Activating mutations
in MEKI and MEK2 encoding kinases that activate ERKI
and ERK2 cause a cardio-facial-cutancous syndrome (48). In
addition, we previously demonstrated that the MAPK
cascade is abnormally activated in hearts [rom Lmna H222P
knock-in mice (33). The INK 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

f=

mutations in Emd and Lmna and that the MAPK activation
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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 Emd ™™ mice is shown. Bars indicate the fold overexpression of the indicated mRNA normalized 1o Gapdh as calculated by the AACT method. Values are

means + standard deviations for # = 4 samples per group (*P < 0.05). (B) Summary of real-time quantitative RT- PCR results in hearts from Lnna
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mice is shown. Bars indicate the fold overexpression of the indicated mRNA normalized 10 Gapdh as calculated by the AACT method. Values arc means +

standard deviations for n = 4 samples per group (‘P < 0.05. ** P < 0.005).

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 dircetly activated by the expression of A-type lamins with
amino acid substitutions encoded by LAMNA 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 ¢-Jun, 41f2, 4if4, Nfui2 and
Nfai4, 1o be abnormally activated in hearts from Emd " 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 CDMD 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).
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Figure 7. Immunofluorescence microscopic analysis of phopshorylated ERK 172 (pERK) in heart sections from mouse models of EDMD. (A) Sections of frozen
heart from conrol, Emd ™" and Loma'#2"1"22P pice were aalyzed by immunofluorescence microscopy using anti-pERK 1/2 antibody (red). Sections were
counterstained with 47.6-diamidino-2-phenylindole (blue). Bars: 50 um. (B) Quantification of pERK 172 labeling in cardiomyocytes from contiol, Emd " and
Linna' PP pice. Cardiomyocytes are delineated by dotted line and intensity of emitted Huorescence is measured along the yellow arrow (a to b). Intensity
of the signal varies Srom 255 (absence of fluorescence) to O as reported on the seale; maximal intensity show on y-axis varies between panels. Position of the
2 antibody is shown in the diagram of a single cardiomyocyte. (C) Quantification of pERK1/2

nucleus and intensity of fluorescence using mouse anti-pERK 1/
uarcscence in the nucleus of the indicated hearts. Values are means £ standard deviations for

Jabeling in cardiomyocytes. Bars indicate intensity of pERK1/2
the intensity of nuclear fluorescence Trom n = 80 cardiomyocyles from two different hearts per group (*92 <2 0,05, 77 < 0.005).



MATERIALS AND METHODS
Mice

o . "
Emd " mice (32) and Lmna'
ated and genotyped as described.

1222P/1H222P

mice (28) were gener-

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-
rix microarray ‘.cel’ image file and GeneTraffic (Iobion
Informatics) sofiware. 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 /-test (g-value) and showed at least a
log,-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 erminel (htip://
www . bioinformatics.ubc.ca/erminel/) (57) and the functional
annotation method in Ingenuity Systems software (hitp://
www.ingenuity.com). In erminel, the algorithm takes as input
the log-transformed /-test P-values of genes that are members
of a single GO class and estimates the probability that the sct
of g-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 evalvated
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 ol 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.
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Real-time RT-PCR analysis

Primers were designed correspond to mouse RNA sequences
using Primer3 (http://frodo.wi.mit.cdu/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 1Q SYBR green super mix
(Bio-Rad), 200 nM of primers and 0.2 pl of template ina 25 pl
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 95°C, followed by 50 cycles of
95-C for 30 s and 62 C for 30 s. Specificity of the amplification
was checked by melting-curve analysis. Relative levels of
mRNA expression were calculated according to the AACy
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-ERK 1/2 (Sama-Cruz), rabbit polyclonal
anti-pERK 1/2 (Cell Signaling), rabbit polyclonal anti-JINK
(Santa-Cruz), rabbit polyclonal anti-pJNK (Cell Signaling),
anti-elk I (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
oftime. Band densities were calculated using Scion Image sofi-
ware (Scion Corporation) and normalized to the appropriate
total JNK or ERK /2 of protein extracts.

Immunofluorescence microscopy

For immunohistochemistry, 8 pm 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 1h. 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 pg/ml 4',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 1o a
PC  computer running Adobe Photoshop 6.0 (Adobe
Systems). Fluorescence intensily in cardiomyocyles 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 i-test.
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Abstract Affixin/p-parvin is an integrin-linked kinase (ILK)-
binding focal adhesion protein highly expressed in skeletal mus-
cle and heart. To elucidate the possible role of affixin in skeletal
muscle, we established stable C2C12 cell Iine expressing T7-
tagged human affixin (C2C12-affixin cells). Exogenous expres-
sion of affixin promotes lamellipodium formation where affixin,
ILK ap2l-activated kinase (PAK)-interactive exchange factor
(PIX) and BPIX accumulate. The association of affixin and
BPIX was confirmed by immunoprecipitation and pull down as-
say. In C2C12-affixin cells, an increased level of activated
Racl but not Cdc42 was observed, and mutant fPIX lacking
guanine nucleotide exchange factor activity inhibited lamellipo-
dinum formation. These results suggest that affixin is involved in
reorganization of subsarcolemmal cytoskeletal actin by activa-
tion of Racl through a and fPIXs in skeletal muscle.

Structured summary:

MINT-6179203, MINT-6179212, MINT-6178859, MINT-
6178812, MINT-6178832, MINT-6178843:

Affixin (uniprotkb:Q9HBI1) physically interacts (MI:0218)
with PBpix (uniprotkb:Q9ES28) by coimmunoprecipitation
(MI:0019)

MINT-6179221:

Affixin (uniprotkb:Q9HBI1) physically interacts (MI:0218)
with opix (uniprotkb:Q8K4I3) by coimmunoprecipitation
(MI:0019)

MINT-6178962, MINT-6178983:

Affixin (uniprotkb:Q9HBI1) physically interacts (MI:0218)
with Bpix (uniprotkb:Q9ES28) by pull-down (MI:0096)
MINT-6179002, MINT-6179021:

Affixin  (uniprotkb:Q9HBI1) binds (MI:0407) PBpix (uni-
protkb:Q9ES28) by pull-down (MI:0096)

MINT-6179039:

PAKI (uniprotkb:Q13153) physically interacts (M1:0218) with
Racl (uniprotkb:P63001) by pull-down (MI:0096)

*Corresponding author. Fax: +81 29 861 6482.
E-mail address: c-matsuda@aist.go jp (C. Matsuda).

Abbreviations: ILK, integrin-linked kinase; PIX, PAK-interactive
exchange factor; C2C12-affixin, stable C2C12 cell line expressing T7-
tagged human affixin; GEF, guanine nucleotide exchange factor; GST,
gulutathione S-transferase; CH, caponin-homology; DH, Dbi-homol-
ogy; PH, pleckstrin-homology; PAK, p2l-activated kinase; CHO,
Chinese hamster ovary

MINT-6179054:

PAKI (uniprotkb:Q13153) physically interacts (MI:0218) with
Cdc42 (uniprotkb:P70766) by pull-down (MI1:0096)
MINT-6178790:

Affixin (uniprotkb:Q9HBI1) and apix (uniprotkb:Q8K413)
colocalize (MI:0403) by fluorescence microscopy (MI1:0416)
MINT-6178760:

Affixin (uniprotkb:Q9HBI1) and PBpix (uniprotkb:Q9ES28)
colocalize (M1:0403) by fluorescence microscopy (MI1:0416)
MINT-6178801: )

Affixin  (uniprotkb:Q9HBI1) and dysferlin  (uniprotkb:
QI9ESD7) colocalize (MI:0403) by fluorescence microscopy
(MI:0416)

MINT-6178779:

Affixin (uniprotkb:Q9HBI1) and JLK (uniprotkb:055222)
colocalize (M1:0403) by fluorescence microscopy (MI1:0416)

© 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Affixin/f-parvin; Lamei]ipodia; BPIX;
Cytoskeletal actin

1. Introduction

Affixin/B-parvin (affixin) [1.2] is one of family of parvin
family together with a-parvin/actopaxin/CH-ILKBP [1.3.4],
and y-parvin [1]. Parvins contain two caponin-homology
(CH) domains and are known to have important role in focal
adhesion, cell spreading and motility [5]. Our previous results
revealed that affixin associates with ap2l-activated kinase
(PAK)-interactive exchange factor (PIXYARHGEF6/Cool-2
(aPIX) at the tips of lamellipodia of motile cells and trans-
mits integrin-ILK signals which activate Cdc42 and Racl,
small Rho GTPases [6]. We also showed affixin directly binds
to a-actinin which has a crucial role in reorganization of
cytoskeletal actin {7]. Affixin is a protein highly expressed
in skeletal muscle, and mainly localizes at sarcolemma [2].
We previously reported reduced sarcolemmal staining of
affixin in dysferlin deficient skeletal muscles, and confirmed
the association between affixin and dysferlin by an immuno-
precipitation study [8]. Dysferlin is a sarcolemmal protein and
its deficiency causes Miyoshi myopathy and limb girdle mus-
cular dystrophy type 2B [9.10]. Based on the observation of

0014-5793/$34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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dysferlin accumulation at wounded sarcolemmal sites, dysfer-
lin is suggested to have an important role in Ca**-induced
membrane repair [1]1]. These results imply participation of
affixin in membrane repair process of skeletal muscle together
with dysferlin, although the precise biological function of
affixin in skeletal muscle is not yet clear.

In this study, we established stable C2C12 myoblast cell lines
expressing human affixin (C2C12-affixin cells) to elucidate the
possible role of affixin in skeletal muscle. The C2C12 myoblast
is derived from mouse satellite cell and widely used as an in vitro
model for skeletal muscle [12]. Here we show that exogenous
overexpression of affixin promotes lamellipodium formation.
In the C2C12-affixin cells, affixin is co-localized with BPIX/
ARHGEF7/Cool-1 (BPIX) at lamellipodia together with aPIX,
ILK and dysferlin. BPIX is a close homolog of aPIX and known
to induce membrane rufiling [13]. The interaction of affixin with
BPIX is confirmed by immunoprecipitation and pulldown as-
say. The level of activated Racl increased in the C2C12-affixin
cells compared to C2CI12 cells. Lamellipodium formation of the
C2C12-affixin cells is suppressed by transfection of mutant
oPIX or BPIX lacking guanine nucleotide exchange factor
(GEF) activity. These results suggest an important role of affix-
in in subsarcolemmal actin reorganization by activation of
Racl through o and BPIXs in skeletal muscle.

2. Materials and methods

2.1. Cell culture and establishment of stable transfectant

C2C]2 myoblasts and COS-7 cells were maintained at 37 °C in a
humidified atmosphere of 5% CO; in Dulbecco’s modified Eagle's med-
ium (Sigma) supplemented with 10% fetal bovine serum. C2CI2 cells
were transfected with T7-tagged human affixin cDNA subcloned into
pcDNA3.! (Invitrogen) using Lipofectamine 2000 (Invitrogen). All
construct sequences were verified with DNA sequencing using ABI
PRISM 310 (Applied Biosystems). The cells expressing T7-tagged hu-
man affixin were selected in growth media with 1 mg/ml G418 (Invitro-
gen). The surviving colonies were isolated and separately amplified.
Cell line maintenance was performed with 0.5 mg/ml G418.

2.2. Antibodies

Monoclonal antibody against human dysferlin (NCL-Hamlet-2) was
purchased from Novocastra. Rabbit polyclonal antibédy against hu-
man affixin was previously characterized [2]. Rabbit polyclonal anti-
body against human oPIX was generated as described previously by
Manser et al. [13). We confirmed that affinity-purified anti-aPIX anti-
body did not cross-react with human PPIX expressed in COS-7 cells.
Anti-ILK monoclonal antibody (Upstate Biotechnology), anti-pPIX
polyclonal antibody (Chemicon International), anti-BPIX monoclonal
antibody (BD Transduction Laboratories), anti-T7 polyclonal anti-
body (Omni-probe; Santa Cruz), anti-T7 monoclonal antibody (Nova-
gen), anti-HA rat monoclonal antibody (3F10; Roche), anti-HA
monoclonal antibody (262K; New England Biolabs), anti-(His)s poly-
clonal antibody (His-probe; Santa Cruz), anti-Racl (23A8; Upstate)
and Cdc42 (clone 44; BD Transduction Laboratories) were used.

2.3. Immunofluorescent analysis

C2C12-affixin cells seeded on coverslips were fixed for 15 min in 2%
paraformaldehyde in PBS and then permeabilized for 10 min in 0.1%
Triton X-100 in PBS. For double immunolabeling with anti-affixin
and anti-dysferlin antibodies, cells were fixed at —20 °C for 10 min in
100% methanol. Coverslips were blocked with 5% goat serum-2%
BSA in PBS and then incubated with primary antibodies for double
labelling. Immunolabeling was detected with goat anti-rabbit IgG
conjugated to FITC and goat anti-mouse IgG conjugated to Cy3 anti-
bodies (Jackson Immunoresearch Laboratories). Cells were observed
with a confocal laser-scanning microscope (LSMS PASCAL, Carl
Zeiss).
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2.4. Immunoprecipitation assay

C2C12 and C2CI2-affixin cells were lysed in 50 mM Tris~-HCl, pH
1.5, 150 mM NaCl, | mM EDTA, 1% NP-40 and Complete (Roche).
The lysates precleared with Protein A/G-agarose (ImmunoPure,
PIERCE) were incubated with anti-affixin, aPIX and BPIX polyclonal
antibodies and then Protein A/G-agarose was added before an addi-
tional incubation. Immunoprecipitated proteins were dissociated from
beads by boiling in sample buffer and resolved by SDS-PAGE. Immu-
noblotting was performed as previously described [14].

COS-7 cells were co-transfected with T7-tagged wild type or deletion
mutant human affixin (RP1 and RP2) and HA-tagged human BPIX
using FuGENE 6 (Roche), and lysed for immunoprecipitation after
48 h. Affixin deletion mutants were generated as previously described
[2.6). Human BPIX cDNA was cloned from KIAA0142 gifted by Dr.
T. Nagase (Kazusa DNA Research Institute, Japan). Immunoprecipi-
tation was performed as outlined above except that anti-T7 (Novagen)
and anti-HA (New England BioLabs) antibodies were used.

2.5. Gulutathione S-transferase ( GST)-fPIX pulldown assay

The GST-BPIX proteins used for the pulldown assay were as fol-
lows: GST-SH3 (corresponding to amino acids of human BPIX 6-
65), GST-Dbl-homology (DH) (aa 93-273), GST-pleckstrin-homology
(PH) (aa 295-400), GST-CC (aa 586-638). cDNA fragments of these
domains were amplified by PCR and subcloned into pGEX-5X-3
(GE Healthcare). GST fusion proteins expressed in BL21 were purified
and bound to glutathione Sepharose 4B (GE Healthcare). The COS-7
cells overexpressing T7-tagged human affixin were lysed in the same ly-
sis buffer used for immunoprecipitation. Precleared lysates were di-
luted with Buffer A (10 mM Tris-HCl, pH 8.0 and 0.1% Tween20)
{15] and incubated with fusion protein bound to glutathione Sepharose
4B. After five washes in PBS, sample buffer was added to the beads and
boiled for 5 min. Bound proteins were resolved by SDS-PAGE and
subjected to immunoblotting using anti-T7 polyclonal antibody.

2.6. (His )s-tagged affixin pulldown assay

cDNAs of deletion mutant affixin (RP1 and RP2) were amplified by
PCR and subcloned into pET32a (Novagen). The (His)s-tagged RP1
and RP2 were expressed in BL21DE3pLys(S), purified using Ni-
NTA Spin kit (QLAGEN) and dialyzed against PBS. The pulldown as- .
say using GST-BPIX fusion proteins and (His)s-tagged RP1 or RP2
was performed as above.

2.7. Small GTPase activation assay

C2C12 and C2CI12-affixin cells were grown until 60-70% confluence.
Cells were lysed in 25 mM HEPES, pH 7.5, 150 mM Nacl, 1% Igepal
CA-630, 10 mM MgCl,, ] mM EDTA and 2% glycerol. Lysates were
incubated with glutathione Sepharose 4B conjugated with GST-p21-
binding (CRIB) domain (residues 67-150) of human PAK-1 |16). After
three washes in the lysis buffer, the beads were resuspended in sample
buffer and boiled for five minutes. Bound Racl and Cdc42 were sepa-
rated on SDS-PAGE and subjected to immunoblotting.

2.8. Introduction of dominant-negative PIX into C2CI2-affixin cells
Double mutation of BPIX (L238R, L2398) was introduced by PCR
using appropriate internal primers. These two leucine residues were
highly conserved among Dbl family member and shown to be essential
for GEF activity [17]. BPIX and mutant BPIX (L238R, L239S) were
subcloned into pSRD4-HA for transient expression. The constructs
for transient expression of wild type oPIX and dominant negative
oaPIX (1L383R, 1.384S) were as previously described [6]. C2C12-affixin
cells were transfected with wild type or mutant PIX asing Lipofect-
amine 2000. After 48 h, cells were fixed and immunolabeled as above.

3. Results

3.1. Immunofluorescent analysis of the C2CI12-affixin cells

To investigate the possible role of affixin in skeletal muscle,
stable C2C12 cell lines constitutively expressing T7-tagged hu-
man affixin were established. Expression of T7-tagged human
affixin in C2Cl12-affixin cells was confirmed by immunoblot
using anti-T7 antibody (Fig. 2). The expression level of total
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affixin of C2C12-affixin cells was slightly higher than original C2C12 myoblasts showed lamellipodium formation, while
C2C12 cell on immunoblotting using anti-affixin antibody (data more than half of the C2C12-affixin cells formed lamellipodia
not shown). Exogenous expression of T7-affixin in the C2C}2 without any stimulation (Fig. 1). Formation of lamellipodia
cells induced lamellipodia (Fig. 1). Only 10-20% of original was confirmed by labelling F-actin with rhodamine-phalloidin.

C2C12-affixin

affixin

affixin

N
merged » _,r\

dysferlin

Fig. 1. Immunofluorescence analysis of stable C2C12 cells expressing human affixin. Lamellipodium formation was confirmed by rhodamine-
phalloidin labelling. Antibodies were applied in five double-staining combinations: anti-affixin and phalloidin; anti-affixin and ILK; anti-T7 and
oPIX; anti-affixin and PPIX and anti-affixin and dysferlin. Exogenous affixin was labelled with anti-T7 monoclonal antibody. Affixin co-localizes
with ILK, oPIX, BPIX and dysferlin lamellipodium tips (arrowheads) in the C2C12-affixin cells. Scale bar, 20 pym.
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As shown in Fig. 1, affixin accumulated and co-localized with
F-actin at the tips of lamellipodia (Fig. 1). Transient expres-
sion of affixin without T7-tag promoted the lamellipodium for-
mation of C2C12 cells as T7-tagged affixin (data not shown).
Exogenous affixin was expressed in both the cytoplasm and
at the tips of lamellipodia as C2C12-endogenous affixin (data
not shown). We have previously shown the co-localization of
affixin and ILK, a binding partner of affixin, at focal adhesion
and at the tips of leading edge in Chinese hamster ovary
(CHO) cells [2], and at sarcolemma of human skeletal muscle
fibers [8]. In C2C12-affixin cells, ILK was enriched and co-
localized with affixin in lamellipodia (Fig. 1) as original
C2C12 cells. Cytoplasmic affixin in the C2Cl12-affixin cells
was partially co-localized with ILK.

oPTX, a binding partner of affixin co-localizes with exoge-
nous affixin at the tips of lamellipodia in 3Y1 cells (rat fibro-
blasts) [6] and CHO-K1 cells {18]. In the C2C12-affixin cells,
endogenous oPTX accumulated intensely at the tips lamellipo-
dia and co-localized with affixin (Fig. 1), while diffuse fine
cytoplasmic granular staining of oPIX without lammellipodi-
um accumulation was observed in the original C2C12 cells
(data not shown). The C2C12-affixin cells also showed intense
staining of PPIX, a homolog and a binding partner of aPIX
[18,19], at lamellipodia, suggesting a possible association of
affixin and BPIX. The co-localization of BPIX and affixin
was observed at lamellipodia of original C2C12 cells (data
not shown). Cytoplasmic o and BPIXs were also co-localized
with affixin in the C2C12 cells. We then examined subcellular
localization of dysferlin, a binding partner of affixin, in
C2C12-affixin cells. As we reported earlier, cytoplasmic granu-
lar staining of dysferlin with no sarcolemmal accumulation
was observed in the undifferentiated C2C12 cells [8]. In the
C2C12-affixin cells, dysferlin accumulated and co-localized
with affixin at lamellipodia. These results show that affixin
co-localizes with ILK, oPIX, BPIX and dysferlin at the tips
lamellipodia in the C2C12-affixin cells.

3.2. Analysis of the association between affixin and SPIX by
coimmunoprecipitation assay

To define possible association between affixin and PPIX,
immunoprecipitation was performed using the C2C12-affixin
and original C2C12 cells. As shown in Fig. 2A, affixin was spe-
cifically co-immunoprecipitated with anti-BPIX antibody and
reciprocally, BPIX was specifically co-immunoprecipitated by
anti-affixin antibody in both C2Cl2-affixin and original
C2C12 cells. There is no significant quantitative difference in
co-immunoprecipitated affixin, o and PPIXs between C2C12-
affixin and original C2C12 cells. Further, oPIX was specifically
co-immunoprecipitated by anti-affixin [6] and anti-BPIX
[18.19] antibodies in C2C12-affixin and original C2C12 cells
as previously reported. Affixin or BPIX was not co-immuno-
precipitated by control rabbit IgG.

To identify the region within affixin that interacts with
BPIX, immunoprecipitation was also performed using COS-7
cells transiently co-transfected with full-length or deletion mu-
tants [2] of T7-human affixin (Fig. 2A) and HA-human pPIX.
As shown in Fig. 2B, the full-length T7-affixin was co-immu-
noprecipitated by anti-HA antibody. Reciprocally, HA-PPIX
was specifically co-immunoprecipitated by anti-T7 antibody,
while control mouse IgG was not. Affixin-RP1 containing N-
terminal CH domain (CH1) was co-immunoprecipitated by
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Fig. 2. (A) Confirmation of the association of affixin and BPIX. Cell
lysates form the C2C12-affixin and C2C12 cells were immunoprecip-
itated with anti-affixin, anti-BPIX and anti-aPIX antibodies. Immu-
noprecipitates were subjected to immunoblotting with the same
antibodies used for immunoprecipitation. Affixin was specifically co-
immunoprecipitated by anti-BPIX antibody and vice versa. Co-
immunoprecipitation of T7-tagged exogenous affixin was confirmed
by probing with anti-T7 antibody. As reported previously, oPIX was
specifically co-immunoprecipitated by anti-affixin and anti-pPIX
antibodies. (B) Identification of PPIX-binding domain of affixin by
immunoprecipitation assay. T7-tagged wild type or deletion mutants
of affixin and HA-tagged PPIX were co-expressed in COS-7 cells. A
schema of deletion mutants of affxin is shown at the top. Immuno-
precipitation was performed with anti-T7 and anti-HA antibodies.
BPIX was co-immunoprecipitated with wild type affixin and RP! and
vice versa, but not with RP2.

HA-BPIX (Fig. 2B), while affixin-RP2 containing C-terminal
CH domain (CH2) was not. These and previous reported find-
ings [6] suggest that affixin can interact with both o and BPIXs
via CH1 domain.

3.3. Identification of the binding domuin of BPIX to affixin by
pulldown assay

To identify affixin-binding domain of PIX, a pulldown as-

say was performed. The lysates from COS-7 cells overexpress-



