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Abstract. Primary cultures and tissue samples of
chicken embryonic muscle were immunologically
probed for the expression of muscle-specific proteins,
such as myosin heavy chain and the tropomyosins, as
well as for the nuclear lamina protein, lamin A. As
determined by quantitative immunoblotting, the expres-
sion of lamin A and the muscle-specific proteins were
at low levels or absent in predifferentiation myoblasts
both in vitro and in ovo. During differentiation, an in-
crease of lamin A expression preceded the induction
to high levels of expression of muscle-specific pro-
teins. Immunofluorescence staining of chicken em-

bryonic muscle cells in culture also indicates an
accumulation of lamin A before the induction of
muscle-specific proteins expression. Furthermore, the
accumulation of lamin A reached a plateau before the
muscle-specific proteins during muscle development.
In two dimensional NEPHGE gel analysis of immuno-
precipitated lamin A, no detectable change in the ratio
of the acidic/basic isoelectric variants of lamin A was
observed during myogenesis. A potential role for
lamin A in the mechanisms which underlie the
differential and coordinate expression of muscle-
specific genes is proposed.

ated myotubes is marked by the withdrawal of myo-

blasts from the cell cycle, and is accompanied by
considerable changes in the expression of muscle-specific
contractile proteins (Nadal-Ginard, 1978; Coleman and Cole-
man, 1968). The transcriptional activations of a number of
muscle-specific genes are developmentally and coordinately
regulated (Paterson and Bishop, 1977; Devlin and Emerson,
1978, 1979; Affara et al., 1980; Endo and Nadal-Ginard,
1987), suggesting the existence of regulatory mechanisms
common to the expression of many muscle-specific genes. At
the present time, the molecular basis of these mechanisms
are not fully understood. Several lines of evidence have indi-
cated that proteins capable of inducing muscle-specific gene
expression are present in replicating myoblasts (Blau et al.,
1983; Seiler-Tuynes et al., 1984; Minty et al., 1986; Tap-
scott et al., 1988), suggesting that the expression of muscle-
specific genes may be controlled by additional levels of regu-
lation other than trans-acting factors. Consequently, a chro-
mosome-mediated repression mechanism has been postu-
lated in the coordinate regulation of muscle-specific gene
expression (Minty et al., 1986; Muscat et al., 1988).

It has been proposed that the structural organization of
chromatin contributes to the state of activity of eukaryotic
genes. The nuclear lamins form a fibrillar meshwork at the
nucleoplasmic surface of the inner nuclear membrane (Aebi
et al., 1986), and it has been proposed that this peripheral
structure may organize one level of chromatin by serving as
attachment sites for the chromatin fibers (Lebkowski and
Laemmli, 1982; Gerace et al., 1984). The nuclear lamins
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are found in a wide variety of organisms (Krohne and
Benavente, 1986). Three major lamins have been identified
in mammals and designated as lamins A, B, and C (Gerace
and Blobel, 1980). B type lamins (i.e., lamin B) are impli-
cated in anchoring the lamina to the nuclear envelope (Burke
and Gerace, 1986; Worman et al., 1988), whereas A type
lamins (i.e., lamins A and C) are suggested to directly or in-
directly bind chromatin, and by assembling with B type la-
mins (Georgatos et al., 1988), associate chromatin with the
nuclear envelope (Lebkowski and Laemmli, 1982; Gerace et
al., 1984; Burke and Gerace, 1986; Benavente and Krohne,
1986).

It has been demonstrated that muscle-specific gene expres-
sion is accompanied by changes in chromatin structure, as
detected by the differential immunoreactivity to anti-Z-DNA
antibodies (Briane et al., 1987), and DNase 1 sensitivity (Af-
fara et al., 1980; Carmon et al., 1982). To determine if
changes in the nuclear lamina are associated with the differ-
ential gene expression observed during myogenesis, we have
biochemically and immunologically characterized the tem-
poral sequence of expression of lamin A and the muscle-
specific isoforms of tropomyosin (TM) and myosin heavy
chain (MHC), both in ovo and in vitro. We have determined
that in undifferentiated myoblasts lamin A expression was at
low levels, whereas in differentiated myotubes lamin A was
expressed at relatively high levels. The increase in lamin A

1. Abbreviations used in this paper: CEF, chick embryo fibroblast; CEM,
chicken embryonic muscle; MHC, myosin heavy chain; TM, tropomyosin.
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expression preceded the increase in expression of muscle-
specific proteins. However, the ratio of acidic to basic iso-
electric variants of lamin A did not change as chicken em-
bryonic muscle (CEM) differentiation proceeded. These
results are consistent with the suggestion that the differential
expression of lamin A during the process of myogenesis may
be associated with the events which regulate muscle-specific
gene expression.

Materials and Methods
Cell Culture

CEM cells were isolated from leg and thigh muscle of 10-d-old embryos
by a modification (Lin et al., 1985) of the procedure of Konigsberg (1979).
Cells were maintained in DME containing 15% horse serum, 2% chick em-
bryo extract, and incubated at 37°C in a humidified chamber with 5% CO,
and 95% air. For immunofluorescence experiments, cells were grown on
12-mm round, collagen-coated glass coverslips. Chick embryo fibroblasts
(CEF) were prepared as described (Lin et al., 1984), and maintained in
DME containing 10% FCS.

Monoclonal Antibodies

Anti-TM monoclonal antibodies (CHI and CH291) were prepared and
characterized as previously described (Lin et al., 1985). The antibody CHI
recognizes both the a- and B-TM isoforms, whereas the antibody CH291
reacts with only the a-TM isoform in chicken skeletal muscle. Anti-lamin
A antibody (C23) was prepared and characterized as described (Lin et al.,
1988). Anti-MHC antibody (MF20) and anti-desmin antibody (D3) were
the kind gift of D. Fischman (Cornell Medical College, New York) (Bader
etal., 1982; Danto and Fischman, 1984). The rabbit anti-« actin antiserum
was the generous gift of J. Bulinski (University of California, Los Angeles;
also see Bulinski et al., 1983).

Immunofluorescence Microscopy

The purified monoclonal antibodies, C23 and CH291, were conjugated to
lissamine rhodamine sulfonyl chloride (Rho) and FITC by the method of
Sanger (1975). For double-label direct immunofluorescence, a mixture of
Rho and FITC conjugated antibodies were applied to the fixed and perme-
abilized cells on coverslips. The stained cells were observed and photo-
graphed using a Zeiss epifluorescence photomicroscope III with either a
Zeiss 16X or 63X phase lens as previously described (Blose, 1979). Identi-
cal staining results were observed when antibodies were conjugated to either
fluorochrome.

Gel Electrophoresis and Quantitative Inmunoblotting

Total cellular proteins from CEM cultures and leg tissues were analyzed at
various times after cell plating or days of incubation, respectively. For gel
and immunoblot analysis, the samples were adjusted to equal DNA concen-
trations, rather than using equal protein concentrations, which would dilute
out nuclear proteins. Samples whose DNA content had been equilibrated
were applied to 12.5% SDS-PAGE gels for protein seperation. Densitome-
ter analysis of the Coomassie blue staining of core histone content was used
only for confirmation of approximately equal DNA content per sample.

Cell cultures, after washing three times with PBS (137 mM NaCl, 2.7
mM KCl, 1.5 mM KH;PO,, 80 mM Na,HPOs, pH 7.3) containing 5 mM
MgCl; and 0.2 mM EGTA, were solubilized by the addition of sample
buffer containing 0.1 M DTT, 2% SDS, 80 mM Tris, pH 6.8, and 15%
glycerol. The samples were then placed into a boiling water bath for 3-5
min, passed 5-10 times through a 27-gauge syringe needle, and returned to
the water bath for an additional 2-3 min before centrifugation and storage
of the supernatant at ~-20°C.

Skeletal muscle tissue samples were collected from the legs of embryos
at the times indicated. After homogenizing in 10 mM Tris, pH 7.4, 25 mM
KCl, 25 mM NaCl, 1.5 mM MgCl,, 0.5 mM PMSF, 1.0 mM DTT, and 50
mg/ml Aprotinin, an equal volume of sample buffer was added, and the sam-
ple was rehomogenized. Tissue samples were then processed as for cuiture
samples.

The DNA content of each sample was determined by a modification of
the method of Burton (1968). Briefly, aliquots of culture and tissue samples
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in sample buffer were diluted 1:3 in 5 mM NaOH, and adjusted to 0.1 M
NaCl. Two volumes of cold 100% ethanol were added, and the mixture in-
cubated at 4°C overnight. The precipitated DNA was washed two times with
70% ethanol and air dried. To the dried pellets, equal volumes of 5 mM
NaOH and | N HCIO4 were added, and the solution heated to 70°C for 15
min. The solution was then processed for colorimetric analysis as described
by Burton (1968).

SDS-PAGE was carried out according to Laemmli (1970) with a low con-
centration of bisacrylamide (12.5% acrylamide and 0.104% bisacrylamide).
Isoelectric focusing gel electrophoresis was performed according to the
method of O’Farrell (1975), including four to six ampholines (4%), and
3.5-10.0 ampholines (1%) in the first dimension gel mixture. NEPHGE gels
were based on a modification of the method of O'Farrell et al. (1977), as
described by Lehner et al. (1986).

Protein immunoblotting was performed according to Towbin et al. (1979),
as modified by Lin et al. (1985). The resulting autoradiographs were quan-
tified with a Hoefer CS300 densitometer. The relative values quantified for
each time point were determined under conditions of linearity as established
for each protein independently by the scanning of serially diluted sample
autoradiographs. The use of different densitometer sensitivity settings al-
lowed the relative values determined for protein accumulation to be pre-
sented on the same log scale, and do not reflect the absolute amounts of the
proteins. It should be noted that the absolute values quantified for lamin A
accumulation were approximately one log unit less than those for MHC. For
autoradiography and fluorography of gels, a modified method of Bonner and
Laskey (1974) was performed as described previously by Lin et al. (1984).

Radioactive Labeling and Immunoprecipitation

CEF and CEM culture cells were grown on 100- or 150-mm collagen-
coated culture dishes as described, and labeled for 12 h with 100 uCi of
[**SImethionine (1,110 Ci/mmol) per dish in methionine-free DME con-
taining 2.5% FCS. For immunoprecipitation experiments, the solubilized
samples were diluted to a final concentration of 0.3% SDS using immuno-
precipitation buffer A (1% Triton X-100, 10 mM Tris, pH 7.5, 0.1% EGTA,
150 mM NaCl). To reduce nonspecific binding, samples were preabsorbed
with protein A-Sepharose beads. To immunoprecipitate lamin A, 2-5 ul of
the monoclonal antibody C23 ascites fluid was added to the preabsorbed
samples, mixed, and incubated for 1 h at 4°C. Protein A-Sepharose beads
were added and further incubated for 30 min. The beads containing the anti-
body-antigen complex were then collected by centrifugation and washed
three times with buffer A plus 0.15% SDS. Proteins were eluted from the
beads by the addition of sample buffer and heating in a boiling water bath
for 3 min. After autoradiography, the spots identified as the lamin A basic
and acidic isoelectric variants were excised from the gel, eluted with 2%
SDS for 24 h, and the radioactivities of the fractions were determined using
a liquid scintillation counter.

Results

Lamin A Accumulates before the Muscle-specific
Proteins during Skeletal Muscle Differentiation
In Vitro and In Ovo

The induction to a high level of expression of the muscle
specific proteins, o-TM, MHC, as well as lamin A in CEM
cultures, was analyzed at various times (12, 24, 36, 48, and
60 h, and 3, 4, 5, 6, 7, and 8 d) after plating by quantitative
immunoblotting. The Coomassie blue-stained protein pat-
terns of these samples are shown in Fig. 1 A. Immunoblot
autoradiographs of these samples using monoclonal antibod-
ies, MF20, C23, and CH291 directed against MHC, lamin
A, and o-TM are shown in Fig. 1, B, C, and D, respectively.

As can be seen in Fig. 1 B, muscle-specific MHC was pres-
ent in substantial amounts in prefusion myoblasts at 12 h af-
ter plating (Fig. 1 B, lane ). However, a decrease in MHC
content was consistently observed in the cells cultured be-
tween 24 and 48 h. The initial decrease in MHC content may
be due to a down regulation of certain MHC isoforms in cul-
ture, similar to that observed in quail myogenic cultures
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Figure 1. Expression of lamin A, myosin heavy chain, and «-TM in cultured CEM cells. After normalization for DNA content of CEM
culture samples at different stages of differentiation, samples were prepared and analyzed by Western blotting. After gel electrophoresis,
proteins were either stained with Coomassie blue (4) or processed for immunoblotting with the antibodies: MF20 for muscle-specific myo-
sin heavy chain (B), C23 for lamin A (C), or CH291 for muscle specific «-TM (D). Primary antibodies were visualized with '*I-labeled
goat anti-mouse IgG antibodies. Samples were taken at (lane /) 12 h, (lane 2) 24 h, (lane 3) 36 h, (lane 4) 48 h, (lane 5) 60 h, (lane
6) 3 d, (lane 7) 4 d, (lane 8) 5 d, (lane 9) 6 d, (lane /10) 7 d, and (lane 11) 8 d after plating. Binding of these monoclonal antibodies
has been previously characterized, and in skeletal muscle, found to be confined to the areas shown. Lamin A autoradiograph exposure
times were typically three to four times longer than for either TM or MHC. Std, molecular mass markers in kilodaltons.

when fed growth-promoting medium (Devlin et al., 1982).
Nevertheless, after ~60 h in culture an increase in the ac-
cumulation of MHC was apparent (Fig. 1 B, lane 6). At that
time, the accumulation of a-TM also became evident (Fig.
1 D, lane 6). Furthermore, the coordinate accumulation of
a-actin, myosin light chains 1 and 2, and desmin was also
observed after 60 h in culture (data not shown). However,
the appearance of lamin A can be detected at 12 and 24 h
after plating and is readily apparent after 36 h in culture (Fig.
1 C, lanes I-3). Lamin A accumulates rapidly, such that be-
tween 48 and 60 h in culture, it has approached a maximal
value (Fig. 1 C, lanes 4-11).

To quantify the relative levels of muscle-specific proteins
and lamin A accumulation, densitometric scans of immuno-
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blots from three to five separate experiments were per-
formed. Fig. 2 illustrates the plots of the relative values of
MHC, lamin A, and «-TM accumulation as a function of time
in culture. Lamin A content increased rapidly from 12 h
to 60 h after plating, at which time lamin A approached
a steady state value. However, both MHC and o-TM started
to accumulate significantly after ~3 d after plating, and
reached their plateau after lamin A had reached a maximal
level.

To determine whether the in vitro temporal relationship
for the induction for lamin A and muscle-specific proteins
is also observed in ovo, leg muscle samples were collected
at specific times of embryogenesis, normalized for DNA
content, and processed for immunoblotting with monoclonal
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Figure 2. Relative expression of lamin A, myosin heavy chain, and
TM in cultured CEM. Immunoblot autoradiographs of samples sets
(as in Fig. 1) and serial dilutions of day 8 samples were scanned
at predetermined sensitivity settings with a densitometer. The use
of different sensitivity settings allowed the plotting of all relative
values measured to be displayed on the same log cycle and conse-
quently do not reflect absolute amounts for comparison purposes.
Densitometer measurements of serially diluted immunoblotted
CEM samples show a linear relationship when plotted on a log scale
(not shown). Experimental samples yielded values that fell within
the range of linearity as determined from the scanning of serially
diluted CEM sample autoradiographs. The areas under the scanning
line corresponding to the full size protein were quantified and used
for the plotting of the curves. Vertical bars indicate the standard er-
ror of the means as calculated from four separate experiments. (&)
Myosin heavy chain; (@) lamin A; (a) TM.

antibodies against MHC, lamin A, or both the a- and 8-TM
isoforms. The Coomassie blue-stained protein patterns of
the tissue samples are shown in Fig. 3 A. As can be observed
in the Western blots of the skeletal muscle tissue samples
(Fig. 3, B, C, and D), negligible amounts of MHC had accu-
mulated in the day 7 sample (Fig. 3 B, lane /). By day 10,
a detectable level of MHC was observed, with accumulation
remaining at a low level until about day 14. After which, the
MHC content increased rapidly (Fig. 3 B, lanes 2-6) and ap-
proached the steady-state value at approximately the time of
hatching (Fig. 3 B, lanes 7 and 8). These trends were readily
observed in Fig. 4, which plots the relative values of antigen
accumulation as quantified by densitometer scans of immu-
noblot autoradiographs. TM expression was detected on day
12, with the &-TM isoform appearing first (lower band) (Fig.
3 D, lane 3). TM accumulation proceeded rapidly once initi-
ated, approaching a maximal level on days 18-20 (Fig. 3 D,
lane 6). Lamin A was expressed in minor amounts relative
to the muscle specific proteins, and its presence was unde-
tectable, or at extremely low levels on day 7 (Fig. 3 C, lane
1). The accumulation of lamin A continued throughout myo-
genesis (Fig. 3 C, lanes 2-7), and appeared to reach a plateau
"before the time of hatching (Fig. 3 C, lane 7).
It should be noted that the antibody CH291 used for the
culture samples recognizes only the a-TM isoform, whereas
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the antibody CH1 used for the tissue samples recognizes both
the - and 3-TM isoforms. Therefore, the apparent variabil-
ity of the relative ratios of lamin A/TM accumulation be-
tween the in vitro and in ovo blots can be accounted for from
the use of different primary antibodies in each instance. Fur-
thermore, the '*I-labeled secondary antibodies may exhibit
different affinities for these two antibodies. However, the ra-
tio of lamin A/MHC appears to be comparable between the
tissue and culture samples.

Immunofluorescence Microscopy of CEM Cells
during Differentiation

To analyze the temporal appearance of lamin A and o-TM
within individual CEM cells, double-labeled direct immu-
nofluorescence was performed. Cells were scored and classi-
fied into one of four categories based on the relative staining
intensity with both the anti-lamin A and anti-tropomyosin
antibodies. As can be seen in Table I (and Fig. 5, A-C), at
24 h in culture a majority (82.6%) of the cells showed weak
nuclear staining with the anti-lamin A antibody C23, and
negative tropomyosin staining with the antibody CH291. Ap-
proximately 4.6% of the cells showed a strong nuclear stain-
ing, and yet were negative for TM staining. In addition,
among the population (11.2%) with a strongly positive C23
and CH291 staining, most of these cells were multinucle-
ated. This latter category may represent the cells which are
in a more advanced stage of differentiation, as suggested by
a fusion index of 27.6% at 24 h in culture. As differentiation
progressed with time in culture, the population of cells with
strong nuclear staining increased, whereas the percentage of
cells with weak nuclear staining concurrently decreased to
44.4% by 72 h after plating (Table I and Fig. 5, G-I). Fur-
thermore, the class of cells with strong lamin A/negative TM
staining also increased substantially. These results are in
good agreement with the immunoblotting data shown in
Figs. 1 and 2, and demonstrate that within individual CEM
cells, the expression and accumulation of nuclear lamin A
preceded the induction to a high level of expression of TM.
It should be noted that this method of counting cells places
an equal weight to contaminating mononucleated CEF cells
as to syncytial myotubes, and consequently, the percentages
calculated by this method of analysis actually undervalues
the contributions of multinucleated cells to these ratios, es-
pecially at the later times in culture.

Fig. 5 shows phase contrast and immunofluorescent mi-
crographs of cells at various stages of early CEM differentia-
tion with 24 (4-C), 48 (D-F), and 72 (G-I) h cultures. As
differentiation proceeded, as judged by cell fusion and/or
TM staining, the size of nuclei increased (compare Fig. 5,
A, D, and G). The increase in nuclear size roughly paralleled
the increase in the intensity of C23 staining. This suggests
that the increase in lamin A content typically accompanies
the enlargement of the nucleus. However, occasional large
nuclei can be observed with diffuse staining for lamin A.

At 48 h in culture, the fusion index had risen to 60.7 % (Ta-
ble I). Of the strongly positive lamin A staining cells, most
were positive for TM staining. However, a considerable per-
centage of the strongly positive lamin A cells remained nega-
tive for TM expression (Fig. S, D-F, arrowhead, see Table
I). By 72 h in culture the number and the intensity of positive
lamin A (Fig. 5 H) and TM (Fig. 5 I staining cells had in-
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Figure 3. Expression of lamin A, myosin heavy chain, and TM in embryonic leg muscle at different stages of development. Samples were
generated from embryos or hatched chicks on the following days after the initiation of incubation, days 7 (lane 1), 10 (lane 2), 12 (lane
3), 14 (lane 4), 16 (lane 5), 18 (lane 6), 20 (lane 7), and one day after hatch (d + I, lane 8). The DNA concentration of these samples
was determined and used to normalize the amounts of samples loaded into the gels. After electrophoresis, proteins were either stained
with Coomassie blue (4), or processed for immunoblot analysis with MF20 against MHC (B), C23 against lamin A (C), or CH1 against
both «- and 8-TM (D). Note the use of an anti-TM antibody CHI that recognizes both the «- and 8-TM isoforms gives the appearance
of a greater induction of TM expression when compared to culture samples that were probed with an anti-TM antibody CH291 which

recognizes only the «-TM isoform.

creased (see Table I), with a vast majority of nuclei within
syncytial cells (86%). TM staining had increased in inten-
sity, and was associated with longitudinally arrayed fibers,
although a striated pattern was not yet apparent (Fig. 5 I).

Lourim and Lin Nuclear Lamin A and Muscle Differentiation

As can be seen in Fig. 5 H, the lamin A staining pattern was
not uniformly strong for every nuclei in syncytial cells, with
occasional small nuclei staining more intensely than the
larger nuclei. Furthermore, mononucleated bipolar cells were
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Figure 4. Relative expression of lamin A, muscle specific myosin
heavy chain, and TM in embryonic leg skeletal muscle. Densitome-
ter scans yield relative values of expression of lamin A, TM, and
MHC. Relative values determined as for Fig. 2. (¢) Myosin heavy
chain; (®) lamin A; (o) TM.

observed that displayed a weak nuclear staining pattern,
which were also negative for TM staining (Fig. 5, G, H, and
1, arrowhead).

Two-Dimensional Gel Analysis of Lamin A Isoelectric
Variants Observed during Myogenesis In Vitro

To ascertain if changes in lamin A isoelectric variants are
observed during myogenesis, total homogenates and the
C23 immunoprecipitates of [**S]methionine-labeled differ-
entiating CEM cultures were analyzed by two-dimensional
isoelectric focusing and NEPHGE gels, respectively. The
predominant isoelectric variant of lamin A at all stages of
differentiating muscle cultures was the more basically mi-
grating species (Fig. 6, B and D). Based on quantitative mea-
surement of the immunoprecipitated lamin A, the ratio of the
acidic to basic variants in CEM cells did not change sig-
nificantly during differentiation (data not shown). At 36 h in
culture, the TM isoforms were predominately composed of
nonmuscle isoforms, with only minor amounts of the mus-
cle-specific isoforms synthesized (Fig. 6 A). There is also lit-
tle accumulation of the muscle-specific myosin light chains
1 and 2, troponin C, and desmin. The lamin A from the 36-h
sample migrates predominately as a single spot, with quan-
titatively minor isoelectric variants migrating to more acidic
positions (Fig. 6 B). By 132 h in culture an increase in the
synthesis of the muscle-specific protein isoforms of TM,
myosin light chains 1 and 2, desmin, and a-actin was evident
(Fig. 6 C). However, despite the increase in the total amount
of lamin A, the ratio of acidic to basic variants did not change
(compare Fig. 6 B with 6 D). Within differentiated myotubes,
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Table 1. Fusion Index and Staining Intensity of CEM Cells
at 24, 48, and 72 h in Culture with Anti-Lamin A (C23)
and Anti-o-TM (CH291) Antibodies

Time in Culture (in hours)

24 48 72
Fusion index* 27.6% 60.7% 86.0%
C23/CH291%
+/- 82.6% 64.0% 44.4%
++/— 4.6% 13.4% 16.1%
++/4+ 11.2% 20.8% 38.0%
+/+ 1.5% 1.8% 1.4%
n# 605 283 279

* Fusion index was calculated as the percentage of the total number of nuclei
that are found within syncytial cells.

% The staining intensity of C23 (lamin A) was arbitrarily defined as strong
(++) or weak (+); and CH291 (tropomyosin) staining as negative (—), or
positive (+).

§ n, the number of cells scored.

the major variant of lamin A was the most basically migrat-
ing form. In contrast, lamin A from CEF cells had a much
higher ratio of acidic to basic variants (data not shown).
These results suggest that phosphorylation of lamin A is not
a component of the mechanisms for the differential gene ex-
pression of differentiating muscle cells.

Discussion

In the present study, we have demonstrated that in nondiffer-
entiated myoblast cultures and embryonic muscle tissues,
lamin A was present in low guantities, and that during differ-
entiation, lamin A accumulated rapidly. Based on quantita-
tive immunoblotting, the increase in lamin A expression
temporally preceded the induction to a high level of expres-
sion of muscle-specific protein isoforms. The temporal rela-
tionship of the expression and accumulation of lamin A
before the induction to a high level of expression of muscle-
specific genes is further demonstrated on a cellular level by
results obtained from the immunofluorescence staining of
differentiating CEM cells.

It is interesting to note that the intensity of lamin A staining
can differ between nuclei within individual myotubes. This
may reflect the presence of nuclei at different stages of the
differentiation pathway. For example, in Fig. 5 H, a bipolar
cell that is weakly positive for lamin A staining appears to
be in the process of fusing with a myotube, which contains
nuclei strongly staining for lamin A. As a consequence of
this fusion, a heterogenous staining intensity will be ob-
served between nuclei within the syncytial myotube. Alterna-
tively, a heterogeneity in nuclear morphology and activity
for acetylcholine receptor synthesis has also been observed
within the same muscle fibers (Merlie and Sanes, 1985; En-
glander and Rubin, 1987; Pavlath et al., 1989). Thus, the
differential expression and accumulation of lamin A in the
myonuclei of muscle fibers may have further biological sig-
nificance.

It has previously been reported that mouse early embryo
and teratocarcinoma stem cells contain only a single major
lamin polypeptide, resembling lamin B (Stewart and Burke,
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Figure 5. Double-label direct immunofiuorescence of cultured CEM cells with the monoclonal antibodies C23 (lamin A) and CH291
(a-TM). Cells were fixed and stained with rho-C23 (B, E, and H) and FITC-CH291 (C, F, and /). Cells in the same field were viewed
with either phase contrast (4, D, and G), or fluorescence optics (B, C, E, F, H, and I) at 24 (A, B, and C), 48 (D, E, and F), or 72

(G, H, and I) h after plating. Bar, 20 pm.

1987), and that the induced differentiation of mouse carci-
noma cells results in the expression of lamins A and C (Lebel
et al., 1987). The differential expression of nuclear lamina
proteins during chicken development has also been reported.
Of the three nuclear lamina proteins described in chicken
(A, Bl, and B2), none have been detected in pachytene oo-
cytes, spermatocytes, and spermatids (Stick and Schwarz,
1982, 1983). The B type lamins appear to be the predomi-
nate form in early chicken embryos, with little or no lamin
A observed (Lehner et al., 1987). During embryonic devel-
opment, lamin A becomes increasingly prominent, in a de-
velopmental and tissue-specific manner (Lehner et al., 1987).
These findings are consistent with our results, in which we
have extended to demonstrate the expression and accumula-
tion of nuclear lamin A before the differentiation-dependent
expression of muscle-specific proteins at high levels.

The differentiation of myogenic cells involves the induc-

Lourim and Lin Nuclear Lamin A and Muscle Differentiation

tion to a high level of expression of a large number of muscle-
specific genes. How these genes are coordinately induced re-
mains unclear. The induction of muscle-specific genes in
nuclei of a variety of nonmuscle cells by mouse muscle het-
erokaryons (Hardeman et al., 1986), and the identification
of at least two seperate genes capable of inducing muscle-
specific gene expression in nonmuscle cells (Davis et al.,
1987; Pinney et al., 1988), suggest that diffusable trans-
acting factors may regulate muscle-specific gene expression.
However, despite the presence of muscle-specific trans-act-
ing factors in replicating myoblasts, most muscle-specific
genes are not expressed at high levels (Hardeman et al.,
1986; Minty et al., 1986; Tapscott et al., 1988). This sug-
gests that muscle-specific genes may be repressed by mecha-
nisms which limit the interaction of trans-acting factors with
muscle-gene regulatory regions. These observations have
suggested (at least) two levels in the transcriptional regula-
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Figure 6. Lamin A from myoblasts and myotubes. Two-dimensional gel analysis of total homogenates and anti-lamin A immunoprecipitates
of cultured CEM at different stages of differentiation. Cells were labeled with [**S]lmethionine for 12 h at | (4 and B) or 5 (C and D) d
after plating. Total homogenates and anti-lamin A antibody immunoprecipitates were prepared as described in Materials and Methods.
200,000 cpm of TCA precipitable counts were loaded on isoelectric focusing gels for total homogenates. An equal number of counts (7,200
cpm) were loaded into NEPHGE gels for C23 immunoprecipitated samples. NEPHGE gels were aligned based on the migration of vimentin
and lamins B1 and B2. In C, myosin light chains 1 and 2, «-TM, phosphorylated «-TM, 8-TM and phosphorylated 8-TM, and troponin C
are designated by LCI, LC2, TMa, a-Pi, TM@, 3-Pi, and TN-C, respectively. Desmin and vimentin are indicated by des. and vim., respec-
tively. The corresponding positions of these proteins are indicated by arrowheads in A. The arrowheads in B and D indicate the point of
separation of immunoprecipitated lamin A for the determination of the ratio of acidic/basic lamin A isoelectric variants.

tion of muscle-specific gene expression: first, a chromatin-
mediated activation of the muscle-specific genes; and second,
a frans-acting factor modulation of transcriptional activity
(Minty et al., 1986; Gunning et al., 1987).

In this study we have demonstrated an increase in nuclear
lamin A during myoblast differentiation. This increase in
lamin A temporally precedes the expression of a number of
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muscle-specific genes. While these results do not elucidate
the molecular mechanisms of muscle-specific gene induc-
tion, it suggests that the nuclear lamina may serve as a per-
missive component in the regulatory mechanisms of muscle
differentiation. We can envision that by regulating the lamina
content and density, chromatin topology and/or degree of
condensation may be altered. These effects may be mediated
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by chromatin binding directly to lamina proteins (Lebkowski
and Laemmli, 1982), or indirectly, with chromatin-lamina
associations mediated by peripheral chromatin proteins such
as perichromin (McKeon et al., 1984). As a consequence of
these suggested changes in chromatin topology, a permissive
environment for the interaction of trans-acting regulatory
factors to muscle-specific genes may then be present. Fur-
thermore, the increase in lamin A expression may be the re-
sult of an induction by trans-acting factors which are present
during myogenic differentiation, providing an integrated sys-
tem for the coordinate expression of the differentiated pheno-
type. Regardless of the molecular role that lamin A plays in
the induction observed during myogenic differentiation, due
to the nearly ubiquitous presence of lamin A, it is doubtful
that lamin A, or any isoelectric variants induces muscle-
specific gene expression specifically. It is considerably more
likely that the peripheral lamina acts in a more global man-
ner, for instance, by altering loop domain organization, or
by sequestering heterochromatin. Furthermore, we consider
it highly likely that the increase in lamin A expression during
myogenesis may be reflective of an increase in other nuclear
structural proteins.

To further examine the role of lamin A expression in mus-
cle differentiation, we have observed that in preliminary ex-
periments with DMSO treatment of differentiating muscle
cells, the expression of lamin A is inhibited concurrently
with muscle-specific proteins. Furthermore, during the re-
covery of CEM cells from DMSO treatment, the accumula-
tion of lamin A precedes the induction to a high level of ex-
pression of the muscle-specific genes in a temporal manner
similar to the results we have reported in this study. These
results support the suggestion that the appearance of lamin
A before the induction of muscle-specific proteins may be an
event of importance in the mechanisms which regulate the
myogenic differentiation program.
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