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Autosomal dominantly inherited missense mutations in lamins A and C cause several tissue-specific dis-
eases, including Emery-Dreifuss muscular dystrophy (EDMD) and Dunnigan-type familial partial lipodystro-
phy (FPLD). Here we analyze myoblast-to-myotube differentiation in C2C12 clones overexpressing lamin A
mutated at arginine 453 (R453W), one of the most frequent mutations in EDMD. In contrast with clones
expressing wild-type lamin A, these clones differentiate poorly or not at all, do not exit the cell cycle properly,
and are extensively committed to apoptosis. These disorders are correlated with low levels of expression of
transcription factor myogenin and with the persistence of a large pool of hyperphosphorylated retinoblastoma
protein. Since clones mutated at arginine 482 (a site responsible for FPLD) differentiate normally, we conclude
that C2C12 clones expressing R453W-mutated lamin A represent a good cellular model to study the patho-
physiology of EDMD. Our hypothesis is that lamin A mutated at arginine 453 fails to build a functional scaffold
and/or to maintain the chromatin compartmentation required for differentiation of myoblasts into myocytes.

Lamins A and C are nuclear intermediate filament proteins
that are expressed in nearly all somatic cells. Mutations in
these proteins cause diseases that affect striated muscle, adi-
pose tissue, peripheral nerves, or skeletal development (56).
Hutchinson-Gilford progeria syndrome, a form of accelerated
aging in childhood, has been recently shown to be due to mu-
tations in lamin A (13, 16). Three muscular diseases, Emery-
Dreifuss muscular dystrophy (EDMD), dilated cardiomyop-
athy with conduction defect 1, and limb girdle muscular
dystrophy type 1B, are dominant. Mice lacking A-type lamins
or deficient in prelamin A maturation develop skeletal and
cardiac lethal muscular dystrophies soon after birth, confirm-
ing the importance of A-type lamins for muscle differentiation
and/or maintenance (43, 51). However, the mechanisms by
which mutations in these ubiquitous proteins generate tissue-
specific diseases are presently unknown.

In all metazoan nuclei, lamins form a meshwork (named the
nuclear lamina) located between the inner nuclear membrane
and chromatin (50). Lamins interact with both integral pro-
teins of this membrane and DNA and chromatin proteins (49,
55). Two types of lamins are present in somatic cells of verte-
brates. A-type lamins (lamin A, lamin C, and lamin A10) are
somatic cell isoforms arising by alternative splicing from the
LMNA gene located on chromosome 1q21.2 (21, 29, 30, 35,
57). Lamin A and lamin C are identical over their first 566
amino acids. A-type lamins are not expressed in early embryos
or in adult stem cells and become progressively expressed
during development and cell differentiation (50). B-type lamins
(B1 and B2) that are encoded by different genes are constitu-
tively expressed in all cell types (2). Like all intermediate
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filament proteins, lamins have a conserved central a-helical
domain that is responsible for the formation of coiled-coil
dimers flanked by a short amino-terminal head and a larger
carboxyl-terminal tail. Dominant mutations that are responsi-
ble for muscular dystrophies are located throughout the head,
rod, and tail regions of lamins A and C. Dominant mutations
in the Dunnigan-type familial partial lipodystrophy (FPLD)
are restricted to the carboxyl-terminal tail (53).

In an attempt to decipher the cellular basis of lamin-linked
diseases, we have previously studied primary cultures of skin
fibroblasts from patients in which arginine at position 453 or
482 in the carboxy-terminal tail of A-type lamins was mutated
to tryptophan (17, 52). These mutations (R453W and R482W)
are responsible for autosomal-dominant EDMD (AD-EDMD)
and FPLD, respectively. We observed a partial disorganization
of A- and B-type lamin networks with decondensation of ad-
jacent chromatin and mislocalization of some proteins of the
nuclear membrane and pore complex. These structural abnor-
malities were associated with an enhanced fragility of the nu-
clear envelope. Subsequently, we showed that the transient
overexpression of lamin A mutated at the same sites induces
the same pattern of structural nuclear disorders in mouse cell
lines, including C2C12 myoblasts (17).

Here we present a functional analysis of myogenesis in
C2C12 clones harboring the above-mentioned mutations. Myo-
genesis is regulated by combinatorial associations between
myogenic basic helix-loop-helix transcription factors and the
myocyte-specific enhancer binding factor MEF2 (34, 38). The
basic helix-loop-helix family of proteins includes MyoD, Myf5,
myogenin and MRF4, of which two (MyoD and Myf5) are
already being expressed in proliferating myoblasts. The activity
of these transcription factors is regulated by their association
with histone deacetylase (HDAC), histone acetyltransferases,
and the SWI/SNF chromatin remodeling complexes (36, 46).
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Within 24 h of serum removal, C2C12 myoblasts express myo-
genin, MEF2, and cell cycle proteins (p21, cyclin D3, and
retinoblastoma protein pRb), which mediate cell cycle arrest.
The cyclin-dependent kinase inhibitor p21 prevents phosphor-
ylation of the cell-cycle regulator pRb, which becomes compe-
tent to bind and repress the activity of the E2F transcription
factor (14, 31). As a consequence, the synthesis of proteins
required for entry into S phase and for apoptosis is inhibited
(37). Expression of myofibrillar proteins occurs about 48 h
after the onset of differentiation. Finally, cells fuse to form
multinucleated myotubes (40).

We generated stable C2C12 clones expressing green flu-
orescent protein (GFP)-tagged lamin A, either mutated
(GFP-R453W-lamin A and GFP-R482W-lamin A) or wild
type (GFP-WT-lamin A), and analyzed their ability to form
multinucleated myotubes, withdraw from the cell cycle, and
survive at days 2, 3, and 6 after serum removal. At the molec-
ular level, we compared in both types of clones the expression
of myogenesis-regulated proteins (Myf5, MyoD, p21, myoge-
nin, and cathepsin B) and that of markers of proliferation, such
as proliferating cell nuclear antigen (PCNA) and phosphory-
lated pRb (ppRb). We show that all clones except those ex-
pressing R453W-lamin A differentiated and withdrew from the
cell cycle. These clones therefore constitute a useful cellular
system to study in vitro some of the early mechanisms respon-
sible for lamin-linked myopathies.

MATERIALS AND METHODS

Plasmid construction. The cDNAs encoding FLAG-tagged wild-type (WT),
R482W, or R453W-mutated prelamin A were cloned into pSVK3 plasmids as
previously described (41). From these constructs, prelamin A cDNAs were am-
plified by the PCR, with an EcoRI restriction site engineered at the 5’ end of the
sense primer (5'-GCG AAT TCT ATG GAG ACC CCG TCC CAG CGG-3')
and a Kpnl restriction site engineered at the 5’ end of the antisense primer
(5'-GC GGT ACC TTA CAT GAT GCT GCA GTT CTG-3'). The reaction
products were digested with EcoRI and Kpnl and ligated into the EcoRI and
Kpnl restriction sites of pPEGFP-C1 digested with the same enzymes.

Cell culture, plasmid transfection, and cell cloning. The original mouse myo-
blast cell line C2C12 and the clones derived from it were grown in Dulbecco’s
minimal essential medium containing 15% fetal calf serum (FCS), 1 mM glu-
tamine, and 1% antibiotics (penicillin, 100 U/ml; streptomycin, 100 pg/ml). Cells
grown to 50% confluence were transfected in chamber slides with Lipofectamine
PLUS (Life Technologies, Inc., Gaithersburg, Md.) as previously described (17).
The cells were overlaid with the lipid-DNA complexes for 5 h in serum-free
medium, then grown in 20% serum for 19 h, and finally transferred to fresh
complete medium. Stable transfected cells were selected in the presence of 850
pg of the selection antibiotic G418/ml. At 18 to 28 days after transfection,
selection of GFP-positive cells was performed with a FACS (fluorescence-acti-
vated cell sorter) procedure. Clonal expansion was then performed for 2 to 3
weeks, and cell aliquots were kept frozen. In the present study, we analyzed one
clone (GFPO0) expressing GFP not fused to a partner (clone B10), three GFP-
WT-prelamin A clones (E11B, E12B, and E2A), four GFP-R453W-prelamin A
clones (H4A, F12, G8, and E12), and four GFP-R482W-prelamin A clones
(A7A, E1A, F5B, and G1).

Cell differentiation. C2C12 clones were grown in a medium containing 15%
FCS. To promote differentiation, cells were seeded at 2 X 10° cells per 35-mm-
diameter plastic petri dish in a medium containing 15% FCS. After 24 h, the cells
were transferred to a medium containing 2% horse serum and grown for 2, 3, or
6 days. The selection antibiotic G418 was systematically added to all culture
media used to propagate the clones. Quantification of cell fusion was performed
in petri dishes after cell fixation in methanol and Giemsa staining. Cells contain-
ing three or more nuclei were scored as myotubes, and the ratio of nuclei [(nuclei
in myotubes)/(total nuclei)] was calculated. Each experiment was performed in
triplicate.

Antibodies and immunofluorescence. Rabbit antibodies directed against lamin
A, lamin C, and lamin B1 were described previously (6, 8). Mouse monoclonal
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antibody (MADb) directed against GFP (clones 7.1 and 13.1) was purchased from
Roche Diagnostics Corp.(Indianapolis, Ind.), MAb anti-emerin (NCL-emerin
clone 4G5) was purchased from Novocastra Laboratories (Newcastle upon Tyne,
United Kingdom), and MADb anti-MyoD1 (clone 5.8A) was purchased from
DAKO Corporation (Carpinteria, Calif.). Rabbit anti-Myf5 (C-20), mouse anti-
myogenin (F5D), mouse anti-PCNA (PC10), and goat anti-cathepsin B were
purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). MAbs directed
against proteins Rb (G3-245) and p21 (SX118) were purchased from BD Bio-
sciences (Erembodegem, Belgium). Affinity-purified secondary antibodies (con-
jugated to either fluorescein isothiocyanate or Texas red) were purchased from
Jackson ImmunoResearch Laboratories (West Grove, Pa.). Affinity-purified sec-
ondary antibodies conjugated to horseradish peroxidase were purchased from
Promega (Charbonnieres-Les-Bains, France) or Santa Cruz. Cells were fixed in
either methanol for 10 min at —20°C or 2.5% paraformaldehyde for 15 min at
room temperature. Other immunological procedures, conventional microscopy,
and image processing were performed as previously described (5, 6).

Immunoblotting. Whole-cell extracts were prepared by resuspending cells in
sodium dodecyl sulfate sample buffer (28). Protein concentrations were deter-
mined using a Micro BCA assay kit (Pierce, Perbio Bezons, France). A total of
10 to 20 pg of total proteins was separated by denaturing electrophoresis (6, 8,
10, or 12% polyacrylamide) according to the method of Laemmli (28). The
immunoblotting procedure was performed as previously described (5). Fractions
enriched in soluble and insoluble intermediate filament proteins were obtained
through the sequential extraction of monolayer cells grown in petri dishes as
previously described (18). Briefly, the first extraction was performed with 0.5%
Triton X-100 to release soluble proteins (S1). This extraction was then repeated
in the presence of 0.25 M (NH4),SO, to release cytoskeletal proteins (S2).
Finally, cells were digested with DNase 1 and RNase A and then extracted again
with 0.25 M (NH4),SO, to release chromatin material (S3). Proteins from the
different soluble fractions were collected by precipitation with 10% TCA and
then resuspended in 1 volume of electrophoresis sample buffer. The insoluble
material was directly resuspended in the same volume of sample buffer, and
proteins were analyzed as described above.

Densitometric analysis. Equal amounts of proteins from whole-cell extracts
were resolved in polyacrylamide gels and transferred onto a nitrocellulose trans-
fer membrane. After incubation with appropriate primary and secondary anti-
bodies, proteins were revealed using an enhanced chemiluminescence technique
as previously described (5). Densitometric analysis were performed using the
National Institutes of Health imaging system on scanned images of Western blots
exposed to hyperfilm.

FACS analysis. Cells were grown and induced to differentiate in plastic dishes
as described above. Floating cells were isolated. Attached cells were recovered by
trypsinization. Trypsin activity was inhibited by the addition of complete me-
dium. At days 3 and 6 of incubation in the differentiation medium, multinucle-
ated cells (if any were present) were removed from the culture by an initial brief
trypsin treatment. Cells that were still attached were recovered by a second
trypsin treatment followed by addition of complete medium. The cells from the
different fractions were spun, resuspended in phosphate-buffered saline (PBS) at
a concentration of 5 X 10° cells/ml, and fixed by the addition of 10 volumes of
cold ethanol (70%) in PBS for a minimum of 30 min at 4°C. After spinning, the
cells were resuspended in PBS at a concentration of 3 X 10° cells/ml. RNA was
degraded with RNase A (0.1 mg/ml), and DNA was labeled by the addition of
propidium iodide (final concentration, 40 pg/ml) for 30 min at 37°C. The cells
were then analyzed with a ion-argon laser at 488 nm for their propidium iodide
content.

Statistical analysis. Hierarchical analysis of variance (ANOVA) (followed by
Duncan multiple pairwise comparisons) was performed with respect to the fre-
quency of nuclei in multinucleated cells, frequency of cycling cells, frequency of
PCNA, and frequency of ppRb/total Rb after arcsin\/p transformation. To
compare the distribution of fibers containing 3 to 5 nuclei, 6 to 10 nuclei, 11 to
15 nuclei, or more than 15 nuclei, we performed Fisher exact tests or chi-square
tests, with the level of significance corrected using the sequential Bonferroni
technique (47). All statistical analyses were performed using an SAS statistics
software package (48).

RESULTS

Clones of C2C12 cells express ectopic WT or mutated GFP-
tagged lamin A at the nuclear envelope but to a low level. To
investigate the effect of lamin mutations on the differentiation
of myoblastic C2C12 cells, we generated cell lines permanently
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FIG. 1. In C2CI2 clones permanently expressing GFP-tagged
lamin A, WT and mutated chimeric lamins are normally targeted to
the nuclear envelope. C2C12 clones grown on glass coverslips in the
presence of the selection drug G418 were fixed, stained for DNA with
DAPI (4',6'-diamidino-2-phenylindole), and directly observed by con-
ventional fluorescence microscopy. C2C12 refers to control myoblasts,
GFPO refers to a clone expressing GFP alone, and WT-LaA (clones
E12B, B12A, and E2A) or R453W-LaA (clones H4A, F12, and G8)
refers to clones expressing WT or mutated lamin A, respectively. Note
the targeting of both WT and mutated lamins to the nuclear compart-
ment and nuclear envelope and the presence of GFP alone throughout
the cell (GFP0). Note also the presence of a few cytoplasmic GFP-
lamin A aggregates in E12B cells. A few nuclei with low-level expres-
sion of ectopic lamin A are indicated by an arrowhead. Bar, 20 pm.

expressing WT or mutated lamin A. Three clones expressing
GFP-WT-lamin A, three clones expressing GFP-R453W-lamin
A, and a clone expressing GFP not fused to a partner (GFP0)
were produced. All cells were grown in the presence of a
selection agent. As judged according to the fluorescent GFP
signal (Fig. 1), all tagged (WT [clones E12B, B12A, and E2A]
or mutated [clones H4A, F12, and G8]) lamins were targeted
to the nuclear envelope with a pattern indistinguishable from
that of endogenous lamins A and C (Fig. 1, panels C2C12). In
addition to the nuclear lamin expression, clone E12B also
expressed GFP-WT-lamin A in a few cytoplasmic aggregates

MUTATION IN LAMIN A INHIBITS IN VITRO MYOGENESIS 1483

and clone H4A also expressed R453W-lamin A diffusely in the
cytoplasm. In the cell population of each clone, the intensity of
the nuclear fluorescent signals, with the exception of that of a
few negative nuclei, was relatively homogeneous (Fig. 1). In
clone B10 expressing GFP alone, the fluorescent signal was
weak and diffuse throughout the entire cell volume (GFPO;
Fig. 1).

Antibodies directed against GFP and lamins A and C and
immunoblotting analysis of whole-cell extracts were used to
determine the relative expression levels of GFP-tagged lamins
in the different clonal cell populations (Fig. 2). The data show
that the expression levels of ectopic lamins differed from one
cell line to the other, with (on average) higher expression for
GFP-WT-lamin A than for GFP-R453W-lamin A (Fig. 2A). In
each clone, the expression of ectopic lamins compared to that
of total A-type lamin (endogenous plus exogenous) was low
(15 to 19% for GFP-WT-lamin A and 9 to 14% for GFP-
R453W-lamin A) (Fig. 2B and C). Apparently, C2C12 cells
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FIG. 2. Cells from stable C2C12 clones express low levels of GFP-
tagged lamin A (GFP-LaA). Proteins (10 pg/lane) from whole-cell
extracts were separated by denaturing electrophoresis on 8% poly-
acrylamide gels and then analyzed by immunoblotting using either
MAD anti-GFP (A) or polyclonal rabbit anti-lamin A (LaA) and lamin
C (LaC) antibodies (B). G, refers to cells expressing GFP alone. C2
refers to C2C12 control myoblasts. WT or R453W refers to clones
expressing WT or mutated lamin A, respectively, as indicated in the
legend of Fig. 1. *, protein unrelated to lamin that cross-reacts with
antibodies directed against lamin A and C. (C) OD values of the bands
corresponding to the 110-kDa GFP-LaA (arrow in panel B) were
expressed as percentages of total lamin A (OD GFP-LaA), i.e., (OD
GFP-LaA)/(OD GFP-LaA + OD endogenous LaA). OD values were
measured as described in Materials and Methods after the detection of
the presence of GFP-LaA and endogenous LaA with the rabbit anti-
body directed against lamins A and C. Data represent the means of
three independent experiments, with bars indicating the standard er-
rors of the means (SEM).



1484 FAVREAU ET AL.

Antibodies: GFP LaA/C LaB Emerin
T 51 8283 Ins. T S1 S2S3 Ins. T 51 8283 Ins. T S1 8283 Ins,
C2C12 B.-=8 - -y -
WIE2A® "~ wmZ= 8- - &
WTEI2ZB®& -P- B e S e - — —
R453W G8 = 2 8= -e-w—
R453W H4 = a=_ =8 - - o

FIG. 3. In myoblastic clones expressing GFP-tagged lamin A, en-
dogenous and ectopic lamins are both resistant to extraction. C2C12
cells and cells from clones expressing GFP-WT-lamin A (WT E2A,
WT E12B) and GFP-R453W-lamin A (R453W G8, R453W H4) were
sequentially treated with Triton X-100 (supernatant S1), Triton and
salt (supernatant S2), and DNase 1 and RNase A followed by salt
extraction (supernatant S3). Total extracts (T), the supernatants, and
the final insoluble fraction (Ins.) were analyzed by immunoblotting
using antibodies directed against GFP, lamins A and C (LaA/C), lamin
B (LaB), and emerin. Each lane corresponds to material extracted
from 2 X 10° cells.

expressing high levels of GFP-lamin A were eliminated during
the selection process.

Ectopic lamins are as resistant to extraction as endogenous
lamins. A major characteristic of the nuclear lamina is its
resistance to extraction. We analyzed the resistance to extrac-
tion of ectopic and endogenous lamins A in two clones express-
ing GFP-WT-lamin A (E2A and E12B) and in two clones
expressing GFP-R453W-lamin A (H4 and G8). Cells were
extracted once with Triton X-100 and once with Triton and salt
and were then treated with DNase 1 and RNase A before a
final extraction with salt (Fig. 3); the material solubilized at
each step (S1, S2, and S3, respectively) and the final insoluble
material were analyzed by immunoblotting. Figure 3 shows
that ectopic WT and mutated lamin A were as resistant to
extraction as endogenous A- and B-type lamins and were
mostly found in the final insoluble fraction. In both control and
cloned cell lines, in contrast, the transmembrane protein
emerin was largely solubilized during the two first extraction
steps. In these exponentially growing cell populations, there-
fore, the expression of GFP-tagged WT or mutated lamin A
did not alter the insolubility of the lamina.

Myoblast cell lines overexpressing mutated lamin A have a
reduced capacity to form multinucleated myocyte fibers. At
24 h after seeding, the different C2C12 clones were transferred
to the differentiation medium and grown for 2, 3, or 6 days.
Cells were fixed, stained with Giemsa, and observed by light
microscopy to measure the extent of cell fusion. Figure 4 shows
that on day 6, control C2C12 cells and clones expressing GFP-
WT-lamin A formed long and large multinucleated cells or
fibers. Fibers formed by the fusion of cells expressing GFP
alone were often smaller than those expressing GFP-WT-
lamin A (GFPO B10; Fig. 4). Cell lines expressing GFP-
R453W-lamin A formed either small fibers (clone F12; Fig. 4)
or no fibers (clone G8; Fig. 4).

Multinucleation in the different clones was quantified on
days 2, 3, and 6. Figure 5A shows that in control C2C12 cells
and in cells expressing GFP alone (GFP0), the increase in the
number of nuclei in the fibers was quasilinear (starting on day
2 and reaching ~50% on day 6) (Fig. 5B). Cell lines expressing
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GFP-WT-lamin A fused more slowly but almost linearly; ex-
pression reached 27 to 36% of nuclei in fibers by day 6 (WT;
Fig. 5A and B). Figure 5A also shows that among the three
clones expressing GFP-R453W-lamin A, two (H4 and F12)
differentiated three times more slowly than their WT counter-
part (~4% on day 3; 7 to 13% by day 6) and that one clone
(G8) did not differentiate. The statistical analysis results (pre-
sented in Table 1) show that the capacity to form multinucle-
ated cells in clones expressing mutated lamin A compared to
that seen with clones expressing WT-lamin A was significantly
reduced. It also shows that clone GFPO and C2C12 cells had a
significant higher capacity to form multinucleated fibers than
cells of clones expressing ectopic lamin A.

We also evaluated cell fusion at day 6 by quantifying fibers
and measuring their size (Fig. 5C). We distributed fibers into
classes according to their content in nuclei: 3 to 5 nuclei, 6 to
10 nuclei, 11 to 15 nuclei, and above 15 nuclei. Figure 5C shows
that the density of fibers was lower in cultures of cells express-
ing WT-lamin A than in cultures of C2C12 cells; however, their

FIG. 4. Expression of mutated lamin A (R453W) impairs differen-
tiation of myoblasts into multinucleated fibers. On day 6 of differen-
tiation, C2C12 cells and cells from clones expressing GFP alone
(GFP0), GFP-WT-LaA (B12A, E2A), or GFP-R453W-LaA (F12, G8)
were fixed and stained by Giemsa and examined by phase-contrast
microscopy. Whereas large multinucleated fibers were formed by
C2C12 cells and cells from clones expressing WT lamin A, only small
multinucleated fibers were formed by cells from clone F12 and no
fusion was observed in mutated lamin A-expressing cells from clone
G8. Bar, 20 pm.
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FIG. 5. Multinucleation is severely impaired in clones of myoblasts expressing GFP-R453W-lamin A. (A) The graph represents the percentages
of nuclei in fibers (measured on days 2, 3, and 6 of differentiation) in control C2C12 cells and clone GFPO cells and in the cells of the three clones
expressing either WT (WT-E2A, WT-E12B, WT-B12A) or mutated (R453W-H4A, R453W-F12, R453W-G8) lamin A. (B) The table represents
the mean percentages of nuclei in multinucleated cells at day 6 in cells of C2C12, clone GFPO, clones expressing GFP-WT-lamin A, and clones
expressing GFP-R453W-lamin A. (C) Size distribution of multinucleated fibers in the different clones at day 6. Numbers in the left column refer
to the number of fibers per 10 fields measured in each culture by microscopy (40X objective). Around 1,770 nuclei were counted in C2C12 cells,
~1,190 were counted in cultures of clones expressing GFP-WT-lamin A, and ~950 were counted for both clones expressing GFP0O and clones
expressing GFP-R453W-lamin A. The four right columns show the percentages of cells with 3 to 5 nuclei, 6 to 10 nuclei, 11 to 15 nuclei, and more
than 15 nuclei. Abbreviations: nber Fibers, number of fibers; % F, percentages of fibers; N, nuclei. Means and SEM were obtained from three

independent experiments for each clone.

size distribution characteristics were not significantly different
(P > 0.05; see Materials and Methods). Cultures of clone
GFPO had a high density of fibers but a significantly smaller
size distribution (P < 0.05; see Materials and Methods).
Clones H4A and F12, which express mutated lamin A, had a
reduced capacity to form fibers, the majority of which were of
a small size (Fig. 5C). Thus, clones expressing GFP-R453W-
lamin A either did not form fibers (clone G8) or formed a
limited number of fibers of small size (clones H4A and F12).

Expression of muscle-specific differentiation markers is al-
tered in C2C12 cells expressing GFP-R453W-lamin A. Since
the clones expressing mutated lamin A had an impaired ca-
pacity to form myocyte fibers, we analyzed in parallel the
expression pattern of muscle-specific differentiation markers in
the different clones. Whole-cell protein extracts prepared on
days 0, 2, 3, and 6 were analyzed by immunoblotting to monitor
the kinetics of expression of MyoD, Myf5, p21, cathepsin B,
and myogenin. The transcription factors MyoD and Myf5 are
already present in myoblasts (as opposed to myogenin). The
lysosomal protease cathepsin B and the cyclin D/cdk inhibitor

TABLE 1. Duncan multiple pairwise comparisons of cell type data
after hierarchical ANOVA and arcsin\/p transformation

Results®
% of multi- % of cells % of % of % of
Cell type nucleated  in phases S floating
cells + G, + M PCNA PPRD cells
n DG n DG n»n DG n DG n DG
C2C12 3 A 6 B 6 B § B 2 C
GFPO 3 A 6 B 6 B 8§ B 2 B
GFP-WT-LaA 9 B 12 C 18 B 24 B 6 B
GFP-R453W-LaA 9 C 18 A 18 A 24 A 6 A

“The results of Duncan multiple pairwise comparisons after hierarchical
ANOVA and Arcsiny/p transformation of the cell type data presented in Fig. 5,
8,9, and 10 are shown. ANOVA was performed with data from the indicated cell
types for frequencies of nuclei in multinucleated cells (Fig. 5B), cycling cells
(cells in phases S, G,, and M; Fig. 8), PCNA (Fig. 9B), ppRb (Fig. 9D), and
floating cells (Fig. 10A). Same letters in the Duncan groupage indicate that the
results were not significantly different for the cell types of interest. Differing
letters indicate that the results were significantly different. n, number of exper-
iments; DG, Duncan groupage.
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FIG. 6. The expression of early differentiation markers of myogenesis is altered in clones expressing mutated lamin A. On days 0, 2, 3, and 6
of differentiation, whole-cell extracts were prepared from C2C12 control cells and from clones expressing either GFP alone (GFP0), GFP-WT-
lamin A, or GFP-R453W-lamin A. Proteins in these extracts (15 pg/lane) were analyzed by immunoblotting for the expression of the transcription
factors Myf5, the cdk-inhibitor p21, the protease cathepsin B, and the transcription factor myogenin. Where required, the arrowheads indicate the
protein of interest. The asterisks point to signals that may correspond to a hyperphosphorylated form of myogenin. Note (in clones expressing the
R453W-mutated lamin A) the absence of decline of Myf5 on day 6, the plateau of expression of p21, and the low expression level of cathepsin B
and myogenin. For clone H4A, the level of expression levels of myogenin differed from one experiment to the other (compare the H4A signal in
Myogeninl and Myogenin2). In contrast, expression of myogenin was quite constant in GFP0 and E2A.

p21 are also already present in confluent monolayers of myo-
blasts.

In all clones (i.e., control clones and those expressing either
GFP alone or GFP-tagged lamin A), the level of MyoD was
quite constant during that period of time (data not shown). In
contrast, the data shown in Fig. 6 (Myf5) demonstrate that
signals for Myf5 in control C2C12 and GFPO were variable in
intensity (the signals were weak at time 0, reached a peak on
day 2 and 3, and were weak again by day 6). While similar
kinetics characteristics were observed with clones expressing
GFP-WT-lamin A, the kinetics of Myf5 in clones expressing
GFP-R453W-lamin A was different, with no decline of Myf5
expression on day 6; this result was more easily visible with
clones F12 and G8 than with clone H4A.

A strong signal for p21 was already detected on day 0 in all
cell populations (Fig. 6). A net increase in p21 expression
occurred between day 0 and day 2 in C2C12 control cells that
was not observed in clones expressing GFPO, GFP-WT-lamin
A, or GFP-R453W-lamin A. Thus, cells expressing GFP-WT-
lamin A or GFP-R453W-lamin A synthesize p21 at similar and
constant high levels from day 2 to day 6.

In control C2C12 cells and the GFPO clone, myogenin began
to be expressed at day 2 and was then expressed at a plateau
level until day 6 (myogenin 1; Fig. 6). The same expression
pattern was observed in the three clones producing GFP-WT-
lamin A. In contrast, the expression levels of myogenin were
variable in the three GFP-R453W-lamin A clones. Myogenin
was almost absent from clone G8 (which does not differenti-
ate), was expressed at a low level in clone F12 (which poorly

differentiates) (Fig. 5), and was expressed in clone H4A at
levels that differed depending on the experiment (Fig. 6; com-
pare myogenin 1 and myogenin 2 with respect to H4A signal
characteristics). In each experiment, the expression level of
myogenin in clone H4A was correlated with the level of dif-
ferentiation achieved. For example, the low level of expression
of myogenin (myogenin 2, H4A; Fig. 6) was obtained from cells
in which only 5.5% of the nuclei were present in multinucle-
ated fibers on day 6; the higher level of expression (myogenin
1, H4A; Fig. 6) corresponds to cells in which 15.6% of the
nuclei were present in fibers by day 6.

The fourth differentiation marker examined was cathepsin
B, which is involved in plasma membrane fusion between ad-
jacent cells during the myogenesis process (25). In C2C12 cells
and in the clone expressing GFP alone (GFP0), cathepsin B
was already expressed on day 0; its expression level increased
dramatically on day 2 and remained stable until day 6 (cathep-
sin; Fig. 6). The same expression pattern was observed in clones
expressing GFP-WT-lamin A, although expression reached a
lower level in some clones. In contrast, expression of cathepsin
B was either low (H4A and F12) or almost nil (G8) in clones
expressing GFP-R453W-lamin A.

During the in vitro myocyte differentiation process, there-
fore, clones expressing GFP-WT-lamin A were able to express
early markers of myogenesis (as did control C2C12 cells) and
clones expressing GFP-R453W-lamin A (in particular, clones
F12 and G8) did not downregulate Myf5 and failed to induce
the expression of high levels of myogenin.
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FIG. 7. In contrast to the results seen with clones expressing the
R453W-mutated lamin A, clones expressing the R482W-mutated
lamin A are able to express myogenin and to form multinucleate fibers.
On days 0, 2, 3, and 6, whole-cell extracts were prepared from clones
expressing either GFP alone (GFP0), GFP-R482W-lamin A (R482W
AT7A, R482W E1A, R482W F5B, R482W G1), or GFP-R453W-lamin
A (R453W H4A, R453W F12, R453W E12). Proteins in these extracts
(15 pg/lane) were analyzed by immunoblotting for the expression of
GFP and myogenin. The percentages of multinucleated fibers (three or
more nuclei per myocyte) were measured on days 2, 3, and 6 for clones
R453W (E12) and R482W (G1) in two independent experiments. In
the second experiment, multinucleation in GFPO clone was measured
in parallel. Note the high level of both myogenin induction and
multinucleation in clones expressing R482W-lamin A and GFP alone
compared to that in clones expressing R453W-lamin A.

R453W mutation in lamin A specifically inhibits in vitro
myogenesis. To evaluate the specificity of myogenesis inhibi-
tion due to the R453W mutation in lamin A, we generated four
stable clones expressing GFP-lamin A with the R482W muta-
tion, which in humans affects the adipose tissue but not the
muscular tissue. These clones (A7A, E1A, F5B, and G1) ex-
pressed ectopic lamin A at a level similar to or higher than that
of clones H4A, F12, and E12 (which express GFP-R453W-
lamin A) (Fig. 7). When shifted to the differentiation medium,
and as opposed to the results seen with clones expressing
R453W-lamina A, all clones expressing lamin A mutated in
position R482 strongly upregulated myogenin either already
on day 0 (as seen with clone A7A) or on day 2 (as seen with all
other clones) (Fig. 7). The extent of multinucleation was mea-
sured for clone G1 expressing R482W-lamin A in parallel with
that of clone E12 expressing R453W-lamin A. Figure 7B shows
that expression of myogenin by clone G1 reached a higher
plateau level than that seen with clone E12 (in correlation with
higher-level fusion efficiency). The level of multinucleation in
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clone G1 was close to that of control clone GFP0O (whose level
was already high by day 3) (26 to 34%) and reached 43 to 52%
by day 6. In comparison, multinucleation in clone E12 was
delayed and reached a lower level (12 to 18% on day 6). The
efficiency of multinucleation was significantly reduced in clone
E12 expressing GFP-R453W-lamin A compared to that in
clone G1 expressing GFP-R482W-lamin A (Student’s test per-
formed on frequency of nuclei in multinucleated cells after
arcsin\/p transformation: + = 5.961; df = 2 [P < 0.05]).

In differentiation medium, C2C12 clones expressing R453W-
lamin A do not properly exit the cell cycle and initiate apo-
ptosis. Differentiation of myoblasts into myocytes is dependent
on arrest of the cell cycle at the G,/S boundary (10). Using
FACS, the distribution during the cell cycle of the cells from
the various clones was analyzed on days 0, 3, and 6 after
differentiation induction. Since the presence of multinucleated
fibers in samples impairs FACS analysis, only attached mono-
nucleated cells were collected and analyzed (see Materials and
Methods). Percentages of cells in the different clones in G/G,,
S, and G,/M, and apoptosis were obtained. For each clone, we
evaluated the fraction of cycling cells present at a given time by
calculating the ratio of the number of cells in S and G,/M
versus the number of cells in G,/G;, S, and G,/M. Figure 8
shows that the percentage of cycling cells, which was high (30
to 44%) in all clones at time 0, dropped on day 3 by factors of
3.3 and 4.5 in control C2C12 cells and GFPO clone, respec-
tively, and that this inhibition was maintained on day 6. Com-
pared to the 5-fold drop in cycling cells observed on days 3 and
6 for clones expressing GFP-WT-lamin A, the decrease in
cycling cells in clones expressing GFP-R453W-lamin A was
only 2.5-fold for clones H4A and F12 and 1.5-fold for clone
G8. Thus, in clones expressing mutated lamin A the inhibition
of differentiation was correlated with an arrest at the G,/S

cycling cells (%)
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Oday 0 Hday 3 Mday6

FIG. 8. After induction of differentiation, clones expressing GFP-
R453W-lamin A (LaA) are incompletely blocked at the G,/S transi-
tion. The various C2C12 clones were grown in the differentiation
medium for 3 or 6 days. Mononucleated attached cells were trypsinized
and collected (see Materials and Methods). Cells were then fixed, and
their DNAs were stained with propidium iodide before FACS analysis.
At each time point, the percentage of cells that had passed the G,/S
transition (cycling cells) was calculated by the ratio (S + G,/M)/(G,/G,
+ S + G,/M). Data represent the means of two independent experi-
ments, with bars indicating the SEM. Note the data from days 3 and 6
showing higher ratios in clones expressing R453W-LaA than in clones
expressing WT-LaA.
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FIG. 9. PCNA expression and Rb phosphorylation levels are ele-
vated in cells expressing mutated lamin A (R453W). Whole-cell ex-
tracts from C2CI2 cells and C2C12 clones expressing either GFP
(GFP0), GFP-WT-lamin A (WT-LaA) (E2A, E12B, B12A) or GFP-
R453W-lamin A (R453W-LaA) (H4A, F12, G8) were prepared on
days 0, 2, 3, and 6 of differentiation. Similar protein aliquots (20 pg)
were analyzed by immunoblotting, using either anti-PCNA (A) or
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TABLE 2. Duncan multiple pairwise comparisons of
differentiation kinetics data

Results?
% of cells in
Day phases S + % of PCNA % of ppRb
G, + M

n DG n DG n DG
0 14 A 16 A
2 16 A 16 B
3 14 B 16 B 16 C
6 14 B 16 C 16 C

“ The results of comparisons of differentiation kinetics data from days 0, 2, 3,
and 6 for cycling cells (cells in phases S, G,, and M; Fig. 8), PCNA (Fig. 9B), and
ppRb (Fig. 9D) are shown. Same letters in the Duncan groupage indicate that
the results were not significantly different for the cell types of interest. Differing
letters indicate that the results were significantly different. n, number of exper-
iments; DG, Duncan groupage.

boundary that was significantly less efficient than that seen with
clones expressing WT lamin A (Table 2).

We analyzed in the different clones the expression of two
markers of proliferation, namely, PCNA (DNA polymerase
cofactor) and the Rb cell-cycle regulator (see the introduc-
tion). In G,-arrested cells, PCNA is expected to be downregu-
lated (7, 54) and pRb is expected to be dephosphorylated (22,
54). Whole-cell extracts were analyzed by immunoblotting and
scanning at the times indicated (Fig. 9). From day 0 to day 6,
the PCNA signal progressively dropped to reach ~35% of its
initial value in control C2C12 cells and the GFPO clone and
~21to 32% of its initial value in GFP-WT-lamin A clones (Fig.
9A and B). The decrease was more modest in clones expressing
GFP-R453W-lamin A, since on day 6 the PCNA signals still
represented ~57 and ~60% of the initial signal in clones H4A
and F12, respectively, and were almost unchanged in clone G8
(~90% of the initial signal). As shown in Fig. 9C, exit from the
cell cycle in control C2C12 cells was characterized by the qua-
sidisappearance of the hyperphosphorylated slowly migrating
form of Rb (ppRb) already on day 2 and its total disappear-
ance thereafter. After day 2, the signal for ppRb was replaced
by a less-phosphorylated faster-migrating form of the factor
(pRD). At each time point, this shift was quantified by mea-
suring the optical density (OD) value of each signal and ex-
pressing the ratio ppRb/(ppRb + pRb), i.e., ppRb/total Rb.
Figures 9C and D show that a similar shift in Rb migration was
observed for GFPO and GFP-WT-lamin A. In contrast, GFP-
R453W-lamin A clones expressed both phosphorylated forms
of Rb from day 0 to day 6. Thus, on day 6 the above ratio,

MAD anti-Rb (C) MADbs. (B) Signals determined as described for
panel A were scanned (see Materials and Methods), and for each clone
the relative intensities of PCNA signals on days 2, 3, and 6 were
expressed as the percentages of PCNA OD values measured at day 0.
(D) Signals determined as described for panel C were scanned (see
Materials and Methods), and for each clone the relative intensity of
ppRb was expressed as the ratio of the OD for the hyperphosphory-
lated form of Rb versus total Rb [ppRb/(ppRb + pRb)]. Data repre-
sent the means of two independent experiments, with bars indicating
the SEM. Note the lack of decrease of PCNA on days 2 and 3 in clones
expressing mutated lamin A (B) and the persistence of the hyperphos-
phorylation of Rb in the same clones (D).
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instead of becoming almost nil as seen with the other clones,
was still ~25% for clones H4A and F12 and 47% for clone GS.
Statistical analysis shows that during the differentiation pro-
cess, the decrease in PCNA and in ppRb was significantly
lower in clones expressing mutated lamin A than in all other
clones (Tables 1 and 2). In summary, the analysis of the ex-
pression pattern of two molecular markers of cell proliferation
confirmed the incomplete arrest of the cell cycle in myoblastic
clones expressing R453W-lamin A.

When clones were grown in the differentiation medium,
some cells detached from the petri dish, suggesting apoptosis.
Figure 10A shows that while the percentage of floating cells
[floating/(attached + floating)] in dishes containing C2C12
cells and in dishes with clones expressing GFP-WT-lamin A
was ~15% on day 3 and ~24% on day 6 (not shown), it
reached ~50% on day 3 and ~66% on day 6 (not shown) with
clones expressing GFP-R453W-lamin A. Statistical analysis
shows that the percentage of floating cells was significantly
higher in clones expressing mutated lamin A than in all other
clones (Table 1). Large fractions of the floating cells (~41%)
were at an advanced stage of apoptosis, as judged by FACS
analysis of their hypodiploid DNA content (Fig. 10B). Sorting
of propidium iodide-labeled apoptotic cells followed by fluo-
rescence microscopy revealed abnormal chromatin condensa-
tion (Fig. 10C, right column). Finally, immunoblotting analysis
of whole extracts of these cells showed partial cleavage of
B-type lamins and almost complete cleavage of A-type lamins,
with the parallel appearance of a ~45-kDa degradation prod-
uct, confirming apoptosis (Fig. 10D). The importance of apo-
ptosis in clones expressing mutated lamin A was likely the
result of the persistent cell proliferation in the serum-deprived
differentiation medium.

DISCUSSION

We have established clones of myoblastic C2C12 cells per-
manently expressing GFP-tagged lamin A. In the present
study, we analyzed in detail three clones expressing GFP-WT-
lamin A and three clones expressing GFP-tagged lamin A
harboring the mutation R453W, one of the most frequent
missense mutations responsible for EDMD. The major result
of this study is that in vitro muscular differentiation was spe-
cifically inhibited by the expression of GFP-R453W-lamin A.

The lamina structure is apparently normal in C2C12 cells
expressing R453W-lamin A. In all clones, ectopic WT or mu-
tated lamin A was observed at the nuclear envelope by fluo-
rescence microscopy and was normally incorporated into the
nuclear lamina, as judged from its resistance to extraction. In
previous experiments (in which A-type lamins were transiently
overexpressed), Favreau et al. observed a structural disorgani-
zation of A- and B-type lamin networks (17). This did not
occur in the present experiments, possibly because of the low
level of expression (9 to 14%) of ectopic lamin in these clones.
Clones permanently expressing lamin A at a high level may
have been selectively eliminated during the selection process.

With respect to its conserved morphology and insolubility,
the lamina in clones expressing mutated lamin A was also
different from the lamina of culture-grown fibroblasts of pa-
tients with FPLD or EDMD that harbor structural alterations
and an abnormal sensitivity to extraction (17, 52). Thus, on the
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FIG. 10. Induction of differentiation in clones expressing R453W
lamin A triggers apoptosis in a large fraction of the cell population.
(A) For each clone, the percentage of floating cells in dishes [floating/
(floating + attached)] was measured on day 3. Data represent the
means of two independent experiments, with bars indicating the SEM.
Note the high percentage of floating and apoptotic cells in clones
expressing mutated lamin A. (B) FACS analysis of attached cells on
day 0 and of floating cells on day 3 was performed for all clones. Only
the spectra obtained for clone G8 (GFP-R453W-lamin A) are shown.
Note the high incidence of cells with hypodiploid DNA content (ad-
vanced apoptosis [Apo]) on day 3 in the floating cell population.
(C) On day 3, attached and floating cells from clone G8 were sorted by
FACS. Fluorescence of nuclei stained by propidium iodide (PI) was
observed in fractions Gy/G, and G, of attached cells and fractions
Gy/G, and the apoptotic fraction (Apo) of floating cells. Note the small
nuclear volume and condensed DNA in floating cells. Bar, 10 pm.
(D) Whole-cell extracts from clone G8 were prepared on day 6 from
either attached cells (lanes A) or floating cells (lanes F) and then
analyzed by immunoblotting (IBlot) using anti-lamin B (left panel) or
anti-lamin A and anti-lamin C (right panel) antibodies. Note the re-
duction in floating cells of the native lamin B (LaB) signal and the
lamin A and C (LaA, LaC) signals and the disappearance of the
GFP-LaA signal (correlated with the appearance of a ~45-kDa im-
munoreactive cleavage product A).

basis of these two criteria, lamina appears more fragile in cells
from patients than in the C2C12 clones. Again, lamina dosage
is a possible explanation for these differences. Since lamins A
harboring mutations in the carboxy-terminal tail are stable
(41), half of the cellular content in lamin A in patients is
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expected to be mutated as well as half of the content in lamin
C, the latter not being affected in our clones. Finally, in the
present experiments myoblasts were analyzed instead of fibro-
blasts in patients. Differences in the composition of the lamina
between cell types (4) may confer to them a different sensitivity
to stress and/or extraction. For example, emerin was extracted
at low stringency levels from control myoblasts in the present
study but not from fibroblasts in the previous study reported by
Vigouroux et al. (52).

Expression of R453W-lamin A in C2C12 cells inhibits dif-
ferentiation. We show that in a low-mitogen medium, clones
expressing mutated lamin A had a significantly lower capacity
to differentiate than clones expressing WT lamin A, with a
lower level of the ability to form multinucleated fibers and to
express transcription factor myogenin. Multinucleation was
also less effective in the cells of clones expressing ectopic WT
lamin A than in native C2C12 cells, suggesting that the over-
expression of lamin A in itself has a moderate negative effect
on in vitro muscular differentiation. Alternatively, we cannot
exclude an inhibitory effect of the GFP tag. This effect, if any,
is not related to a massive change in lamina structure, since the
resistance of the lamina to extraction was not changed. The
generation of stable cell lines expressing lamin A fused to a
different tag would clarify this point. For unknown reasons,
clone GFPO which expresses GFP alone was unable to form
large multinucleated cells when transferred to low-serum me-
dium but instead generated numerous small fibers. As this
clone, which expressed myogenin at a high level, was also able
to downregulate the expression of PCNA and to successfully
dephosphorylate ppRb, we considered it an appropriate con-
trol for the early steps of differentiation.

Expression of R453W-lamin A in C2C12 cells prevents cell
cycle arrest and induces apoptosis. Previous studies performed
using cultured mammalian cells have clearly emphasized an
inverse correlation between A-type lamin expression and cell
proliferation. While B-type lamins are constitutively expressed,
a reduced level or an absence of A-type lamins was found to
parallel cell proliferation (reference 45 and references herein).
RNAi-induced knockdown of lamins has confirmed that lamins
A and C are not essential for cell proliferation (23). Con-
versely, the switch from proliferation to quiescence is accom-
panied by an increase in the amount of A-type lamins, this
effect being fully reversible upon restimulation of the cells (45).
Thus, if A-type lamins are not required in dividing cells they
may play a role when cells have to exit the cell cycle.

Using FACS analysis, we observed that after transfer of the
cells to low-serum medium, control C2C12 cells and cells of
clones expressing GFP-WT-lamin A efficiently exit from the
cell cycle. In contrast, cell cycle arrest at the G,/S boundary
was less strict in clones expressing GFP-R453W-lamin A, with
the persistence of a pool of hyperphosphorylated Rb (ppRb)
and a lack of downregulation of PCNA expression in these
clones. Massive induction of apoptosis upon serum removal
was another feature of these clones. This incomplete with-
drawal from the cell cycle and poor survival under low-serum
conditions, demonstrates the importance of a normal A-type
lamin network for the induction of quiescence in differentiat-
ing myoblasts.

In C2C12 cells expressing R453W-lamin A, what are the
mechanisms that prevent muscular differentiation and exit

MoL. CELL. BIOL.

from the cell cycle but promote apoptosis? Terminal muscular
differentiation is a stepwise process. At an early stage, MyoD
directly upregulates pRb, p21, cyclin D3, and myogenin expres-
sion in a Rb-independent manner (1, 7, 39, 44). Subsequently,
activation of late differentiation genes in normal cells is in-
duced by both myogenin and MyoD. Cell cycle proteins PCNA
and Rb are modified at that stage either by downregulation
(PCNA) or by dephosphorylation (Rb). Hypophosphorylated
Rb (pRb) function is required for (i) activation of muscle
structural genes, irreversible cell cycle withdrawal, and cell
survival (19, 32, 54, 58) and (ii) anchoring the functionally
inactive PCNA-p21-cdk4-cyclin D3-pRb complex to an insol-
uble nuclear structure (7).

In clones expressing mutated lamin A, myogenin upregula-
tion was impaired. Expression levels of myogenin were low and
variable from one clone to the other but correlated well with
the degree of inhibition of multinucleated cell formation.
Therefore, the inhibition of multinucleation seems to be di-
rectly linked to the inhibition of myogenin expression.

MyoD and p21, as well as cyclin D3, were expressed at an
apparently normal level (B. Buendia and C. Favreau, unpub-
lished data). In contrast, downregulation of PCNA and dephos-
phorylation of ppRb that are responsible for cell cycle arrest
were significantly reduced. We suggest that in clones express-
ing R453W-lamin A, the persistence of a pool of hyper-ppRb
(ppRb) might in itself be sufficient to prevent the formation
and/or sequestration of the PCNA-p21-cdk4-cyclin D3-pRb
complex. Cells would then continue to cycle and, due to their
growth under low-serum conditions, become hypersensitive to
apoptosis induction.

An elevated level of cell cycle regulator p21 that prevents
pRD phosphorylation by cyclin cdk4/cdk6 has been shown to be
responsible for the arrest of cell cycle progression in many
biological systems (15). It was thus unexpected to find a high
level of p21 together with a large pool of hyper-ppRb in clones
expressing R453W-lamin A. This apparent discrepancy may be
explained by the dual role of p21, which, besides its function as
a cdk inhibitor, can induce nuclear accumulation and aberrant
activity of cyclin-cdk complexes in the presence of MyoD and
in the absence of functional pRb, resulting in increased apo-
ptosis frequency (44).

What are the mechanisms allowing lamin A to interfere with
the muscle differentiation program in vitro? A first mechanism
may involve the scaffolding role for peripheral and internal
lamins. The unaltered morphology and insolubility of the lam-
ina in clones expressing mutated lamin A show that the re-
duced capacity to differentiate of these clones is not due to a
mechanical fragility of the nuclear envelope or to a gross al-
teration in lamina structure but rather to subtle changes in
lamina structure or composition. Since lamins A and C can
bind pRb in vitro and in vivo (11, 33, 42), R453W mutation in
lamin A may prevent pRb sequestration and subsequent im-
mobilization and inactivation of complexes necessary for cell
cycle progression and DNA replication. Dephosphorylation of
ppRb would not take place, and a negative effect on differen-
tiation would be the result.

A second mechanism may involve the role of the effect of the
lamina on gene expression through the stabilization of chro-
matin structure. The inner nuclear membrane and the lamina
form a highly stable structure that tethers the peripheral het-
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erochromatin to the nuclear envelope (9, 12). In this nuclear
area, gene repression seems to be mediated by the presence of
blocks of silenced heterochromatin (20). In some cell models,
the massive changes in gene activity that occur during terminal
differentiation are correlated with gene migration and reloca-
tion (27). Structural abnormalities in the lamina may impair
the anchoring of chromatin (17, 52) and perturb myogenesis, a
process requiring extensive chromatin modifications.

In myoblasts, myogenin and muscle-specific genes are si-
lenced through the hierarchical recruitment to their promoter
of MEF2, HDAC variant MITR (MEF2-interacting transcrip-
tion repressor), heterochromatin protein 1, and histone meth-
yltransferase (59, 60). When myoblast differentiate, myogenin
and muscle-specific genes are activated by the release of
HDAC:s from their promoters through phosphorylation and
recruitment of histone acetyltransferases via MyoD and MEF2
(26, 36) and migration of MITR from discrete nuclear bodies
to disperse nuclear localization (60). Considering the impor-
tance of these relocation processes, the disorganization of
chromatin compartmentation due to an alteration in the lam-
ina may have pleiotropic effects on myogenesis.

Finally, whatever the nature of lamina modifications, these
modifications should be specific for the mutation of lamin A at
arginine 453 since they were not observed in C2C12 clones
expressing mutation at arginine 482. In this respect, the
present differentiation assay is the first type of analysis to have
allowed us to elicit a specific effect of one mutation versus the
other in vitro.

Do the data obtained in vitro contribute to our understand-
ing of the pathophysiology of AD-EDMD? In patients with
AD-EDMD, the first symptoms of muscle weakness often ap-
pear in childhood (3, 53). The pathology observed in skeletal
muscle from patients with patent AD-EDMD mainly consists
in variations in fiber size and a significant increase in numbers
of internal nuclei, characteristics which are not specific for this
particular muscular dystrophy (3). They are the consequences
of the degeneration of myofibers issued from the differentia-
tion of embryonic and fetal myoblasts combined with the al-
terations in the growth, the maintenance, and the repair of the
fibers after birth (24). Latter functions are normally assured by
satellite cells, which (after activation) first proliferate and then
differentiate and fuse (24). These processes are accompanied
by an important chromatin reorganization (24). As our study
was performed with clones issued from C2C12 cells, which
originate from activated satellite cells, it is relevant to the
process of skeletal muscle growth and regeneration. Our data
suggest that in patients with AD-EDMD, expression of lamin
A harboring the mutation R453W might not alter the prolif-
eration of satellite cells but might rather impair their capacity
to express muscle-specific genes (as myogenins) and their abil-
ity to fuse, generating an abnormal increase in apoptosis. The
molecular mechanism at the origin of these functional defects
would be the failure of lamin A mutated at arginine 453 to
build a functional scaffold and/or to maintain the chromatin
compartmentation required for differentiation of myoblasts
into myocytes.
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