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The fate of emerin during skeletal muscle regeneration was
investigated in an animal model by means of crush injury.
Immunofluorescence, immunoblotting and mRNA analysis
demonstrated that emerin level is increased in regenerating
rat muscle fibers with respect to normal mature myofibers.
This finding suggests an involvement of emerin during the
muscle fiber regeneration process, in analogy with its report-
ed involvement in muscle cell differentiation in vitro. The
impairment of skeletal muscle physiological regeneration or
reorganization could be a possible pathogenetic mechanism
for Emery Dreifuss muscular dystrophy.
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envelope protein, which is inserted in the

inner nuclear membrane (Bione, 1994;
Cartegni, 1997; Manilal, 1996; Nagano, 1996) and
interacts with the nuclear lamina components
(Clements, 2000; Fairley, 1999; Squarzoni, 2000;
Wilson, 2000).

Emerin is encoded by the STA gene (chromosome
Xqg 28): mutations in this gene causing emerin
absence or alteration are responsible for the X-
linked form of Emery-Dreifuss muscular dystrophy
(EMD) (Bione, 1994), a syndrome characterized by
slowly progressive muscle wasting and weakness,
contractures of the elbows, Achille’s tendons and
post-cervical muscles. Cardiac conduction defect is
also present in the patients and represents the most
dangerous feature of EMD, since it can lead to
heart block and sudden death even in the absence of
skeletal muscle involvement; moreover, arrhythmia
and sudden death have been reported also in female
carriers (Bialer, 1991; Emery, 1989; Emery, 2000;
Emery, 1966; Fishbein, 1993; Nagano, 2000).

Emerin localizes not only to the nuclear rim: an
additional cytoplasmic positivity for emerin has also
been described in some tissues (Nagano, 2000), in
cultured cells and in myocardium (Cartegni, 1997;
Lattanzi, 2000; Squarzoni, 1998). Emerin has been
described in normal human circulating platelets and
in the cytoplasm of their precursors, the megakary-
ocytes (Squarzoni, 1998).

On the basis of emerin localization to the nuclear
lamina, and of its relation with other nuclear com-
ponents, possible involvement in gene expression or
in structural roles have been hypothesized for the
emerin function (reviewed in Maraldi, 2002;
Wilson, 2000). In the absence of emerin, structural
alterations have been described at the nuclear lam-
ina (Fidzianska, 1998; Ognibene, 1999), where
important interactions between chromatin and
nuclear matrix proteins take place (Hozak,1995;
Maraldi, 2003; Wilson, 2000). Similarly, in the

E merin is a ubiquitously expressed nuclear
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autosomal dominant form of EMD, structural
alterations have been found at the nuclear periph-
ery, which are analogous to those found in the
absence of emerin (Sabatelli, 2001; Sullivan,
1999). As the autosomal dominant EMD form is
due to mutations in the gene encoding for the
nuclear lamina protein lamin A/C (Bonne, 1999),
which interact with emerin (Clements, 2000;
Fairley, 1999), a general involvement of the periph-
eral nuclear matrix in the pathogenesis of both
EMD forms, more probably functional than struc-
tural, may be hypothesized.

In this regard, the upregulation of emerin during
the myogenic differentiation process of cultured
muscle cells has been demonstrated (Lattanzi,
2000), suggesting that emerin may be necessary at
early stages of the myogenic differentiation. These
data support the hypothesis of a functional role of
emerin in muscle cells, which is probably more evi-
dent when transcriptional activity of the muscle cell
nuclei is increased. Besides the myogenic differenti-
ation, a second important dynamic phase of the
skeletal muscle cell nucleus is the muscle fiber
regeneration process. The aim of this study is to
analyze at mRNA and protein levels, the behavior
of emerin during the regeneration of skeletal mus-
cle, induced experimentally in an animal model. A
comparison is also attempted with emerin mRNA
levels in muscle and myocardium at the neonatal
stage of development.

Materials and methods

Animals

Five male Wistar rats (350+50g b.w.), under
general anesthesia, were submitted to an extensive
crush injury at the level of the rectus femoris of the
right hind limb. Rectus femoris of the controlateral
leg was left intact to be used as a control. General
anaesthesia was induced by intramuscular adminis-
tration of 87 mg/kg ketamine and 13 mag/kg
xylazine. An incision of the skin was made on the
lateral side of the thigh. After having smoothly dis-
sected the central third of the muscle, a small pair
of forceps was inserted to clamp and crush all the
belly of the rectus femoris. Compression was uni-
formly applied for three minutes on the whole area
grasped by the forceps, but the longitudinal conti-
nuity of the muscle was maintained as the forceps
was closed at the second sear, thus avoiding to
resect the tissue. The muscle crush was about
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16mm long and 2.5 mm wide, and extended
throughout the depth of the muscle. At the end of
compression the forceps was removed and the skin
wound was sutured with separate silk stitches.
After 5-11 days the rats were euthanised under
general anesthesia, and both the crushed and con-
trol muscles were collected. Skeletal muscle and
myocardium samples obtained from neonatal rats
(euthanised under general anesthesia for other
experiments) were used for comparing emerin
MRNA level with the regenerating and control sam-
ples of adult rats. The European and Italian laws on
animal experimentation were strictly followed dur-
ing the entire study and the animal research proto-
col was approved by the responsible public author-
ities, as requested by the Italian Law according to
the EC rules (Law by Decree, 27 January, 1992 no.
116).

Antibodies

Anti-emerin antibody (monoclonal, Novocastra
UK) was used 1:100 for Western blotting and 1:10
for immunofluorescence analysis. Anti-foetal MHC
(monoclonal Novocastra, UK) was used 1:100 for
Western blotting and 1:10 for immunofluorescence
analysis; anti-caveolin 3 (monoclonal, Transduction
Laboratories, USA) was used 1:5000 for Western
blotting and 1:100 for immunofluorescence analy-
sis. Anti-CD 8 FITC-conjugated (Serotec, UK) was
used 1: 100 overnight.

Tissue preparation

Skeletal muscle samples were dissected from the
rectus femori of both the injured and the control
legs, as well as of neonatal rats, and immediately
frozen in melting isopenthane. Hearts were also col-
lected from neonatal rats and frozen as described.
For protein electrophoresis and mMRNA analysis,
frozen tissue cryostat sections were used: morpho-
logical controls were made on the sections by light
microscopy in order to check the absence of
mononuclear cell infiltrate.

mRNA analysis

Total RNA was isolated from frozen muscle: 100
cryostat sections 10 um thick were used for each
sample. Extraction was performed using SV Total
RNA Isolation System (Promega Corporation,
Madison, W1), according to manufacturer’s specifi-
cations; the density was measured at 260 nm and
RNA stored at —80°C.



Semiquantitative RT-PCR

Each reverse transcription (RT) reaction was
performed on 200 ng total RNA with Ready-To-Go
RT-PCR Beads (Amersham Pharmacia Biotech,
UK) using the Two Step protocol, as instructed.
First strand cDNA was synthesized using oligo (dT)
primer. After 30 min at 42°C, RT reactions were
incubated at 95°C for 10 min and cooled on ice for
5 min to inactivate reverse transcriptase.

All PCRs were performed in the same tubes as
RT, in 50 uL total volume. Final concentrations
were 1,5 mM MgClz, 0,2 mM of each dNTP, 0,01
mM DIG-11-dUTP (Roche Diagnostics GmbH,
Mannheim, Germany) and 2,0 units of Tag DNA
polymerase in the 60 mM KCIl and 10 mM Tris-HCI
buffer (pH 9,0).

Emerin primers sequences were designed as fol-
lows: forward primer, 5-ATGGACGACTATGCG-
GTTTTG-3’; reverse primer, 5'-GGTTGC-
CTTCTTCAGCTTGTA-3’, which result in a 762 bp
product. a-Actin primers sequences were designed
as follows: forward primer, 5'-TCATGAAGTGT-
GACGTTGACATCCGT-3’, reverse primer, 5'-
CCTAGAAGCATTTGCGGTGCACGATG-3’, which
result in a 285 bp product.

Cycles conditions for emerin were: denaturation
94°C for 1 min; annealing 55°C for 1 min; and
extension 72°C for 1 min (30 amplification cycles).
After completing the reaction cycles, the PCRs
were maintained at 72°C for 10 min and then a 4°C
until analyses. Cycles conditions for a-Actin were
denaturation 94°C for 30 sec; annealing 65°C for 1
min; and extension 68°C for 2 min (30 amplifica-
tion cycles). After completing the reaction cycles,
the PCRs were maintained at 68°C for 7 min and
then a 4°C until analyses.

Semi-quantitative analyses were carried out as
described (Streit, 1998; Yamamoto, 1996) except
that the detection and quantification of PCR prod-
ucts was performed with DIG Luminescent
Detection Kit (Roche Diagnostics GmbH,
Mannheim, Germany). Products for a-Actin were
run on the same gel as the PCR products for
emerin; 25 ulL of each reaction was electro-
phoresed on a 1% agarose gel, then the gel was
electro-blotted onto a nylon membrane (Nytran,
Schleicher & Schuell, Dassel, Germany) overnight.
After 2 hours at 80°C, the filter was washed in 0,1
M maleic acid/0,3% Tween-20 and the DIG-labeled
PCRs were detected using anti-digoxigenin, Fab
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fragments conjugated to alkaline phosphatase, and
then visualized with the chemiluminescence sub-
strate CSPD. DNA molecular weight marker VI
DIG-labeled (Roche Diagnostics GmbH, Mannheim,
Germany) was used as DNA size marker.

Protein electrophoresis and Western blot analysis

Muscle samples consisted of different series of 50
cryostat sections, 10 um thick, cut from the rectus
femori muscle of both the treated and untreated rat
legs. The sections were collected in an Eppendorf
tube and were lysed as previously described
(Manilal, 1996).

For the electrophoresis, a 1.5 mm thick SDS
polyacrilamide minigel (Mini-protean II; Bio-Rad,
Richmond, CA, USA) was used. The resolving gel
contained 15% acrylamide for emerin and caveolin
3, and 6% acrylamide for foetal MHC. Proteins
were transferred onto nitrocellulose membranes
(Hybond-C; Amersham, UK); these were incubated
with 4% powdered milk, 0.05% Tween 20 in 10
mM Tris pH 8, 150 mM NaCl (TBST) for 1 h at
room temperature to saturate non-specific binding
sites. Immunoreaction with primary monoclonal
antibodies, diluted as described before, was per-
formed for 1 h at room temperature. A second incu-
bation was carried out for 45 min with a goat anti-
mouse IgG-HRP (Amersham, UK) which was dilut-
ed 1:5000 in TBST. The blot was developed by the
Amersham ECL® detection system.

Immuno-histochemistry

Skeletal muscle transverse cryostat serial sec-
tions (7 wm thick) were cut at the border of the
regenerating areas in order to examine both regen-
erating and intact fibers in the same microscopic
field. The sections were first tested with the anti-CD
8 fluorescent antibody to exclude the presence of
inflammatory cells. Serial sections were incubated
with primary antibodies (anti-emerin, anti-MHC,
anti-caveolin 3, respectively), diluted as described
before with phosphate buffer-saline (PBS) - 2%
bovine serum albumine (BSA), for 1 hour. After
washing with PBS containing 0.1% Tween 20, the
samples were incubated with TRITC or FITC-con-
jugated secondary antibodies (Dako) diluted 1:100
in PBS - 2% BSA for 1 hour, at room temperature,
in the dark. Control sections were incubated in the
absence of primary antibody. Observation was done
with a Nikon E 600 epifluorescence microscope.

357



S. Squarzoni et al.

Figure 1. Transverse muscle section; A) hematoxylin — eosin staining. The dotted line represents the border between regenerating
area (right lower corner) and normal muscle fibers. Regenerating fibers show variable size and several internal nuclei. B) a contigu-
ous sections incubated with anti-CD 8 antibody shows overall absence of inflammatory cells; only few CD 8-positive cells are visible

near a blood vessel, outside the regenerating area. Bar: 50 um.

Results

At the light microscope, the areas of muscular tis-
sue containing regenerating fibers were easily
detected in the sections because the muscle fibers
appeared smaller than normal and had a variable
diameter; central nuclei were also frequently visible
inside the fibers; at the border of the regenerating
area, normal non-regenerating muscle fibers were
distinctly visible.

At day 9 of regeneration, no mononuclear cell
infiltrate was present (Figures 1, 4d); we consid-
ered this time step for appropriate molecular, bio-
chemical and immunohistochemical analyses of the
nuclear protein emerin.

LW 2
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mRNA analysis

The analysis performed by semi-quantitative RT-
PCR methods, showed an increased level of emerin
MRNA in the samples obtained from regenerating
muscle, compared to control samples (Figure 2).
MRNA level in regenerating adult skeletal muscle
approached, but did not reach, the amount present
in neonatal rat tissues. RT-PCR amplification reac-
tion for actin mRNA showed a similar product
amount in each sample.

Immunoblotting

Western blot analysis showed that in the lysates
of the sections obtained from the regenerating mus-
cle, an increased emerin content was present, in

emerin Hﬂtlﬂ F_igure 2. S_eljii-quan'ti_tati\_/e RT-PCR analy-

sis. Emerin: amplification product of

. emerin mRNA. Actin: amplification prod-

E H M H G R M H uct of actin mRNA. C: adult rat control

muscle, R: adult rat regenerating muscle,
M: neonatal rat muscle, H: neonatal rat
heart. MW: molecolar weight marker VI.
Emerin mRNA amount is increased in
regenerating muscle (R), compared with
control (C). Higher amounts are present
in neonatal muscle (M) and heart (H).
Amplification products of actin mRNA dis-
play the same levels in all samples.
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Figure 3. Western blot analysis of control (C) and regenerating
(REG) muscle lysates. Regenerating muscle shows increase in
emerin amount, paralleled by the detection of MHC and
increased levels of caveolin 3.

comparison with lysates of sections from the con-
trol muscle. The samples with increased emerin con-
tained also foetal MHC and had an increase in
caveolin. (Figure 3).

Immunofiuorescence

When the sections were labeled with the anti-
emerin antibody, the nuclei within the smaller and
irreqular fibers as well as the centrally located
nuclei (i.e. in the regenerating areas), showed an
intense annular fluorescence, markedly higher than
the signal observed in nuclei of fibers with a regu-
lar architecture, with no size variation and without
central nuclei, visible at the border of the regener-
ating areas (Figure 4a).

Serial sectioning of the same fibers in which the
emerin signal was increased, allowed us to demon-
strate a positive cytoplasmic labeling with anti-
foetal MHC (Figure 4b); the fluorescence for cave-
olin 3 at the plasmalemma was also increased in
these fibers, compared to the adjacent muscle tis-
sue, and was detectable in the cytoplasm too
(Figure 4c¢). Hematoxylin — eosin staining of a con-
tiguous section showed a typical regenerating mor-
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phological pattern, with fiber diameter variability
and central nuclei (Figure 4d). These results con-
firmed that the fibers where emerin was increased,
were effectively regenerating. Control sections,
incubated in the absence of primary antibodies,
were not labeled (data not shown).

Discussion

A postulated function of emerin is to stabilize the
nuclear membrane and provide a structural support
in environments in which the nucleus is subjected to
mechanical stress; nevertheless, an increased
fragility of the muscle cells nucleus in the absence
of emerin (i.e. in Emery-Dreyfuss dystrophy) can-
not itself explain phenomena such as the selective
damage to definite muscles. On the other hand,
functional roles of emerin have been also hypothe-
sized (reviewed in Maraldi, 2002; Wilson, 2000;
Ostlund, 1999).

Our results demonstrate that emerin expression is
increased in regenerating rat muscle fibers both at
transcription and translation levels; this is con-
firmed by mRNA, immunoblotting and immunohis-
tochemical analysis of regenerating muscle fibers
obtained experimentally in rat quadriceps femori
muscle. All nuclei in the regenerating fibers show
an increased peripheral, emerin-specific fluores-
cence in comparison with the non-regenerating
ones. Accordingly, detection of centrally located
nuclei, of foetal MHC and of increased caveolin 3
fluorescence (Niiyama, 1999) in the fibers with
enhanced nuclear fluorescence, ensures that these
fibers are effectively regenerating. The increase in
emerin level shown by Western blotting is paralleled
by MHC and caveolin 3 increase. At the molecular
level, mRNA analysis indicates an increase in
trascriptional activity in the regenerating muscle
samples. Morphological analysis of the muscle sec-
tions used for preparing the tissue lysates, excluded
the possibility that the emerin increase detected by
Western blotting is caused by the presence of nuclei
from circulating inflammatory cells.

These data may be interpreted by suggesting the
hypothesis of an emerin role during the skeletal
muscle fiber maturation. An analogous upregula-
tion of emerin expression has been demonstrated at
the early stages of the differentiation process in cul-
tured C2C12 and primary muscle cells (Lattanzi,
2000). In contrast with the reported emerin pres-
ence in the cytoplasm of cultured differentiated
myotubes (Lattanzi, 2000), emerin is not expressed
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in the cytoplasm of rat regenerating skeletal muscle
fiber. This suggests the possibility that a complex
mechanism exists, which might control emerin
expression variation at different stages of the mus-
cle maturation process. In this regard, it is interest-
ing to note that emerin MRNA is expressed at lower
levels in adult rat skeletal muscle than in neonatal
skeletal muscle and myocardium, and that muscle
regeneration restores mMRNA expression levels sim-
ilar to the neonatal condition.

The process of muscle regeneration in adults
requires a rapid growth of muscle fibers, i.e. a
dynamic phase during which virtually all the tran-
scription loci are activated (Newlands, 1998).
Nuclear microenvironments have an important role
in the integration of regulatory signals (Stein,
2004; Maraldi, 1998). Moreover, a role in the reg-
ulation of gene transcription has been suggested for
emerin (Maraldi, 1998; Wilson, 2000; Maraldi,
2003; Ostlund, 1999) on the basis of its relation-
ship with nuclear scaffold proteins such as lamin
A/C (which is responsible for the autosomal domi-
nant form of EMD), and of its interactions with
chromatin binding proteins like BAF (Lee, 2001)
and HA95 (Martins, 2000).

The up-regulation of emerin expression we
observed in muscle fibers undergoing maturation
and organization of new cytoplasmic myonuclear
domains (the amount of cytoplasm per nucleus)
(Allen, 1999), could support the hypothesis of an
involvement of emerin in the modulation of muscle
specific genes transcription. Our findings may also
suggest a probable pathogenetic mechanism for
EMD, based on the impairment of the muscle fiber
regeneration and satellite cells differentiation
processes in the absence of emerin. It is interesting
to note that satellite cells activation happens fre-

Figure 4 (left column). Transverse muscle serial sections,
immunofluorescence. The dotted line represents the border
between regenerating area (left) and normal muscle fibers
(right). A) Anti-emerin, B) anti-MHC, C) anti-caveolin 3, D)
hematoxylin-eosin staining. All the three antibodies show an
increased signal in the regenerating areas. The labeling inten-
sity of anti-emerin monoclonal antibody (A) in normal fibers, on
the right, appears weaker compared to the high signal detect-
ed on the left of the section, which reveals an increased emerin
expression during regeneration. MHC expression (B) is evident
in regenerating fibers (on the left), where it varies according
with maturation of the newly formed fibers. Caveolin 3 fluores-
cence (C) is increased in the plasmalemma of regenerating
fibers (on the left) where it is detected inside the cytoplasm
too. D) hematoxylin — eosin staining showing the morphology of
the section series; regenerating fibers show variable size and
several internal nuclei. Bar: 50 pm.



quently, as it has been reported to be triggered by
several factors also in the absence of myofiber
death, i.e.: by muscle overwork, exercise, stretching,
hormones etc. (Bischoff, 1990; Hikida, 1997;
Newlands, 1998; Noakes, 1987); satellite cells
activation and fusion have been reported to be
involved in postnatal muscle maturation and
growth, i.e. in processes resulting in an increased
number of myofiber nuclei (Allen, 1999). Finally, it
has been reported that myonuclei turnover might
occur without involving satellite cells activation
(Schmalbruch, 2000). All these phenomena require
a continuous organization of existing and new
myonuclear domains, whose size is reported to
remain constant during postnatal growth and
hypertrophy, so that the nuclear-to-cytoplasmic vol-
ume ratio is maintained in the polynucleated mus-
cle fiber. Emerin might be considered a candidate
member of a protein family involved in these
processes.

The absence of alterations in the embryonic mus-
cle development in EMD patients, as well as the
onset of this disease during childhood or later, might
be due to the differences in the mechanisms which
drive the formation of skeletal muscle fibers, being
the fusion of myoblasts for the production of mult-
inucleated myofibers during embryogenesis a dis-
tinct event with respect to fusion of satellite cells
with the mature myofibers in the postnatal
growth/repair process (Horsley, 2001).
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