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We have previously reported that NF-kB is involved in the regulation of
nitric oxide synthase gene expression during differentiation of chick
embryonic myoblasts. However, how NF-xB is timely activated during myo-
genesis remains elusive. One of the most prominent events in myogenesis
is myoblast membrane fusion, which is accompanied with massive
cytoskeletal reorganization. Here we show that the activity of NF-xB
markedly increases in L6 rat myogenic cells that have just initiated
morphological changes by treating nocodazole, a microtubule-disrupting
agent. Furthermore, the induction of NF-kB activation was closely corre-
lated with the myoblast fusion. In addition, a variety of agents that disrupt
microtubules stimulated the myoblast fusion as well as the induction of
NFxB activation. In contrast, taxol, a microtubule-stabilizing agent, sup-
pressed the induction of NF-kB activation and inhibited spontaneous
differentiation of L6 cells as well. In addition, we found that the NF-B in
the cells consists of p50/p65 heterodimers. These results support the
idea that reorganization of microtubule at early stages of differentiation

plays a role as a signal for NF-kB activation during myogenesis.

During the differentiation of skeletal muscle cells,
mononucleated myoblasts undergo a cellular fusion
process to form multinucleated myotubes. In the
early stages of differentiation, myoblasts start to
elongate their shape. As the process proceeds, the
highly elongated myoblasts align with neighboring
cells in an appropriate orientation, and then even-
tually fuse with their neighbors to form multinucleated
myotubes (Nameroff and Munar, 1976; Knudsen and
Horwitz, 1977). These extensive morphological changes
observed in myoblasts are accompanied with mass-
ive reorganization of cytoskeletal proteins including
dramatic changes in microtubule dynamics (Gunder-
sen et al., 1989).

Changes in cell shape have been recognized as
signals for alteration in the program of gene expres-
sion (Bissell et al., 1982; Ben-Ze'ev, 1991; Doyle
and Botstein, 1996). For example, transcriptions of
several genes, including the ones that encode uroki-
nase type plasminogen activator (UPA) and interleu-
kin-1p (IL-1B), are activated by the disruption of
microtubule in fibroblasts (Botteri et al., 1990; Manie
et al,, 1993; Lee et al, 1994). In addition, the dis-
ruption of microtubule is recently proposed to serve
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as a signal for NF-kB activation and induction of NF-
kB-dependent gene expression in Hela cells (Rosette
and Karin, 1995).

NF-kB/Rel is a transcription factor that induces the
expression of a wide variety of genes, including
interleukin-2 (I1L-2) receptor gene, class | and class |l
major histocompatibility antigen genes, and several
viral enhancers (Lenardo and Baltimore, 1989; Lieber-
mann and Baltimore, 1990; Shimizu et al., 1990).
NF-kB/Rel is a dimer composed of proteins that
belong to the Rel family. The members of this family
in mammalian cells include the proto-oncogene pro-
duct c-Rel, p50/p105, p65 (RelA), and RelB (Ba-
euerle, 1991; Nolan and Baltimore, 1992; tiou and
Baltimore, 1993). NF-xB is typically localized in the
cytoplasm as an inactive complex with an inhibitor
protein called kB (Blank et al., 1992; Gilmore and
Morin, 1983; Liou and Baltimore, 1993; Grumont and
Gerondakis, 1994). In response to NF-kB inducers, Ik
B is degraded through ubiquitinationproteasome sys-
tem allowing dissociation of NF-xB from IkB, and
NF-kB moves to the nucleus, where it directly binds
to the decameric cis-acting kB DNA motif and in-
duces a transcription. So far a wide variety of ex-
tracellular signals, such as tumor necrosis factor-a
(TNF-a), IL-1, phorbo! esters, and lipopolysacchari-
des, have been identified to induce the activation of
NF-kB (Sen and Baltimore, 1986; Lowenthal et al,
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1989; Osborn et al., 1989; Shirakawa and Mizel, 1989).

Nitric oxide (NO) acts as a messenger for the
membrane fusion in chick skeletal embryonic
myoblasts. NO is generated by nitric oxide syrthase
(NOS), an enzyme that catalyzes the stoichiometric
conversion of L-arginine to NO and L-citrulline, and
the expression of NOS increases transiently during
myogenesis (Lee et al., 1894). Previously, we and
others demonstrated that NF-xB is involved in the
induction of NOS expression during chick myo-
genesis (Xie et al., 1994; Lin et al, 1996; Lee et
al., 1997). Then, we have attempted without success
to identify extracellular signals that induce the NF-kB
activity. However, in light of massive cytoskeletal
reorganization which is experienced by myoblasts
during myogenesis, it is possible that microtubule
reorganization rather than extracellular signal mole-
cules is a key factor that may lead to NF-«B
activation. Here we describe evidence that the
disruption of microtubule is implicated in the NF-xB
activation during myogenesis.

Materials and Methods

Materials

Culture media, fetal bovine serum (FBS), and horse
serum (HS) were obtained from Gibco BRL. Isotope
and enhanced chemiluminescence reagent (ECL)
were purchased from Amersham Corp. Poly(dl-dC)-
poly(dl-dC) was from Pharmacia LKB Biotechnology,
Inc. Decameric NF-xB consensus oligonucleotide,
anti-lkB-¢ antibody and affinity-purified rabbit IgGs
against the following members of NF-kB/Rel family,
p50, p65, c-Rel, and RelB, were purchased from
Santa Cruz Biotechnology. Nocodazole, colchicine,
taxol, vinblastine, podophyllotoxin, and all other rea-
gents were obtained from Sigma Chemical Co.

Myogenic cell culture

L6 myogenic cell line (Yaffe, 1968) was obtained
from American Type Culture Collection. The cells
were plated on plastic tissue culture dishes at a
concentration of 1.8x 10Yml. Growth media consisted
of Dulbecco’s modified essential media (DMEM) sup-
plemented with 10% FBS. Three days after the cell
seeding, the culture media was changed with
differentiation media, which contained 5% HS instead
of 10% FBS. For measurement of myoblast fusion,
the cells were fixed with 1% glutaraldehyde for 30
min, stained with 0.1% hematoxyllin for 30 min, and
with 0.5% eosin for 30 sec. Extent of myoblast fusion
was expressed as the percentage of the number of
nuclei in fused cells to the total number of nuclei
within more than 10 randomly chosen fields under a
microscope. Cells were considered as fused only if
there were clear cytoplasmic continuity and at least
three nuclei were present in each myotube.
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Electrophoretic mobility shift assay

An oligonucleotide probe containing the decameric
consensus NF-kB binding site sequence was end-
labeled with [y-**PJATP using T4 kinase. The nuclear

‘extracts of L6 cells were prepared as described by

Schreiber et al. (1989). Binding reactions (20 ul total)
were performed by incubating 10 pg nuclear extract
with reaction buffer [20mM Hepes, pH 7.9, 1TmM
EDTA, 60 mM KCI, 12% glycerol, 4 ug poly(dl-dC) -
poly(di-dC)] in the presence or absence of antibody
for 10min at 47, followed by a 20~25min
incubation at 4 with the probe (~80,000cpm).
Reaction mixture was electrophoresed at 30 mA for 3
h on 5% polyacrylamide gels in high ionic strength
buffer (50 mM Tris, 380 mM glycine, 2 mM EDTA, pH
8.5). The gels were then dried and subjected to
autoradiography.

Immunoblot analysis

Immunoblot analysis
Burnette (1981) with

was done as described by
minor modifications. The cell
extracts (30 ug) were electrophoresed on 10% slab
gels containing SDS, and the proteins in the gels
were transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were incubated with
5% (w/v) nonfat milk in PBST [137 mM NaCl, 2.7 mM
KC', 16.3 MM NazHPO4'12H20, 1.5mM KH2P04,
0.1% (v/v) Triton X-100]. They were then reacted
with the monoclonal antibody (MF-20) raised against
myosin heavy chain or the polyclonal antibody
against IkB-a. After washing three times with PBST,
the membranes were incubated with horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse
IgG. Immunochemical detection was performed by
ECL method by following the manufacturer's recom-
mendation.

Results

Microtubule dynamics affect myoblast fusion

To examine whether cytoskeletal reorganization
affects myoblast fusion, microtubule-stabilizing agent,
taxol (0.5 pM), or microtubule-disrupting agent, noco-
dazole (0.1 uM), were treated to L6 cells at 3 days
after the cell plating, and assessed for cell fusion.
As shown in Fig.1, stabilization of microtubule by
taxol inhibited myoblast fusion as well as the
synthesis of myosin heavy chain. On the contrary,
disruption of microtubule by nocodazole induced a
precocious myoblast fusion along with increased
synthesis of myosin heavy chain. These results
indicate that microtubule dynamics affect not only
myoblast fusion but also myosin heavy chain
synthesis. At the concentration of taxol treated, the
cells were found not to affect proliferation capacity
and viability, indicating that inhibition of membrane
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Fig. 1. Nocodazole induces precocious myoblast fusion and early

muscle-specific gene expression. (A) L6 cells in differentiation media
were incubated without (') and with 100 nM nocodazole (CJ) or 500
nM taxol (~) for various periods. Each point represents the mean +
S.E. of three separate experiments. (B) Expression levels of myosin
heavy chain (MHC) in the cells treated with various combinations of
nocodazole and taxol were estimated by immunobiotting analysis with
anti-MHC antibody, MF 20.

fusion and myosin heavy chain gene expression
were not due to nonspecific cytotoxic effect of taxol.
There is no direct evidence, however, that the taxol
effect we observed was resulted from the delay in
microtubule reorganizing kinetics or the defect in mi-
crotubule arrays. Thus, all these results suggest that
microtubule reorganization is likely to be involved in
the myoblast differentiation.

Activation of NF-xB in L6 myoblast differentiation

One important question to be answered is how the
reorganization of microtubule leads to myoblast
fusion. A plausible way by which the cytoskeleton
can affect nuclear gene expression is by modulating
the activity of transcriptional factor that resides in the
cytoplasm of unstimulated cells as an inactive form.
The inactive form of transcriptional factor can be
activated and then migrated to the nucleus in
response to various stimuli (Hunter and Karin, 1992).
One of the well characterized examples is NF-kB
and we have established that transcriptional regu-
lation of NOS gene is modulated by NF-xB in chick
embryonic myoblasts (Lee et al., 1997).

To test whether the activation of NF-kB is also
involved in myogenesis of L6 cells, we measured the
extent of myoblast fusion following exposure to
pyrrolidine dithiocarbamate (PDTC), an antioxidant
that acts as a specific inhibitor of NF-xB activation
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Fig. 2. PDTC inhibits the myoblast fusion and muscle-specific gene
expression. (A) L6 cells in differentiation media were treated with (A)
or without () 1 uM PDTC for various periods. The extent of myoblast
fusion was scored as percentage of the number of nuclei in fused
cells to total number of nuclei within more than 10 randomly chosen
fields under a microscope. Data represent the mean + S.E. of three
separate experiments. (B) Expression levels of myosin heavy chain
(MHC) with (+) or without (-} PDTC were estimated by immunoblot
analysis with anti-MHC antibody, MF 20.

(Schreck et al, 1992). PDTC (1 uM)
reduced the myoblast fusion as well as myosin
heavy chain synthesis (Fig.2). The reduction of
myoblast fusion by PDTC was quite similar to that
obtained by taxol treatment.

If NF-xkB activation is somehow correlated with the
myoblast fusion, de novo activation of NF-kB should
occur in the course of myoblast differentiation.
Therefore, using a palindromic NF-kB binding site as
a probe, electrophoretic mobility shift assay was
performed for the cells 3 days after switching the
growth media to differentiation media. As shown in
Fig. 3, the result indicated that NF-kB activity was
induced within 24 h, maintained for 48 h, and dimin-
ished thereafter.

dramatically

Depolymerization of microtubule induces NF-xB
activation

Since NF-xB was shown to be activated during
myoblast differentiation, how NF-xB is timely acti-
vated for the myoblast fusion to occur has to be
documented. Considering an extensive morphological
change and massive cytoskeletal reorganization ex-
perienced by myoblasts during myogenesis, we
examined a possible link between the microtubule
reorganization and NF-kB activation. When L& cells
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Fig. 3. Induction of NF-kB activation during differentiation of L6 cells.
Differentiation of L6 cells was induced by changing growth media
(DMEM with 10% FBS) with differentiation media (DMEM with 5%
HS) at day 3 after plating. Nuclear extracts were prepared at indi-
cated times after plating and analyzed for NF-xkB binding activity by
electrophoretic mobility shift assay using palindromic NF-kB-binding
site as a probe. Note that the DNA binding activity of NF-xB
markedly increased after the media change at day 3. NF-kB, NF-xB -
DNA complex; NS, nonspecific complex; FREE, unbound probe.

at day 3 in differentiation media were exposed to 0.1
UM nocodazole, NF-kxB activation was significantly
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Fig. 4. Nocodazole induces NF-kB activity. L6 cells in differentiation
media were treated with (B) or without (A) 100 nM nocodazole at day
3 after plating. Nuclear extracts were prepared at indicated times
following the nocodazole treatment and analyzed for NF-kB binding
activity by electrophoretic mobility shift assay with palindromic NF-x
B-binding site as a probe.
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Fig. 5. Disruption of microtubule induces NF-B activity in L6 cells.
L6 cells in differentiation media were treated with either nocodazole
(NOC; 100 nM), taxol {TAX; 500 nM), podophyllotoxin (PDP; 500 pM),
vinblastin (VBL; 500 pM), or colchicine (CHC; 10 nM) for 5h. Nuclear
extracts were analyzed for NF-xB binding activities by electrophoretic
mobility shift assay using palindromic NF-kB-binding site as a probe.
CTL, control.

induced within 1h and lasted for about 12h. The
early induction of NF-xkB activation was significant
compared to the untreated cells (Fig.4). This early
induction of NF-kB activation by nocodazole was
likely to be attributed to the disruption of microtubule,
in view of the fact that several other microtubule-
disrupting agents, such as colchicine, podophyllotoxin,
and vinblastin, exerted a similar effect as nocodazole.
Furthermore, taxol, a microtubule-stabilizing agent,
effectively suppressed NF-kB activation as reasoned
(Fig. 5).

It has been well documented that induction of NF-
kB binding activity is closely correlated with the
degradation of IkB-a (Henkel et al., 1993). Therefore,
the degradation of IkB-a provides another indicator
for the NF-kB activation. Thus, the levels of IkB-a
were quantified by immunoblot analysis for the cells
that were treated with varying concentrations of
nocodazole. Nocodazole reduced the level of IkB-a
but concurrently induced the NF-xB activity at
concentrations exceeding 0.1 uM (Fig.68). Thus the
levels of IkB-a and NF-kB were reciprocally correlat-
ed. It was noteworthy, however, that nocodazole, at
1 uM concentration, neither reduced the level of IkB-
a nor induced NF-kB activity. These results suggest
that the microtubule disruption affects NF-xB activation
process via an intermediate step, such as IkxB de-
gradation.

Identification of NF-kB/Rel family in myoblasts

NF-kB/Rel family is known to be composed of four
distinct DNA-binding subunits, called c-Rel, p50/p105,
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Fig. 6. Nocodazole stimulates degradation of 1-kB and induction of
NF-kB activation. L6 cells in differentiation media were treated with
nocodazole for 5h and analyzed for cytoplasmic and nuclear extracts.
(A) Amounts of IxB-a in cytoplasmic extracts (30 ug) were estimated
by immunoblotting assay with anti-lkB-a serum. (B) Nuclear extracts

were assayed for NF-xB binding activity.

p60 (RelA), and RelB. These members have pivotal
roles in the generation of tissue differentiation or
immune response through their various formation of
homo- or heterodimers. However, NF-kB/Rel isoforms
in myoblasts have not been identified as of yet.
Therefore, we tried to identify the NF-kB/Rel isoform
in the L6 cells. Nuclear extracts of the cells were
exposed to various antibodies that specifically
recognize the members of NF-xkB family and then
subjected to electrophoretic mobility shift assays. As
shown in Fig.7, anti-p50 and anti-p65 antibodies
were further shifted to DNA-protein complex, whereas
normal rabbit IgG or antibodies against c-Rel or
RelB had no effect on the DNA-protein complex.
These results demonstrate that the activated NF-kB
is most likely the p50/p65 heterodimer.

Discussion

Previously we reported that the expression of NOS
during differentiation of chick embryonic myoblasts is
under the control of NF-kB (Lee et al., 1997). The
report has proposed that NF-kxB may serve as a
transcription factor that modulates the expression of
a number of genes during myogenesis. In the
present study, we show that NF-xB is activated
likewise during myogenesis of L6 cells. When prolif-
erating L6 myoblasts were exposed to differentiation
media that lacks mitogen, NF-kB activity dramatically
increased within 12 h and gradually decreased there-
after (Fig.1). Possible involvement of NF-xB in dif-
ferentiation process was further supported by the
suppressive effect of PDTC, a specific inhibitor of
NF-kB activation, on differentiation of L6 cells.
However, little is known about how NF-kB is timely
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Fig. 7. Characterization of the NF-xB - DNA complex in L6 cells.
Nuclear extracts were pretreated with either normal rabbit serum (pre
1gG) or affinity-purified IgGs against p50, p65 (RelA), c-Rel, RelB or
the combination of p50/p65, followed by electrophoretic mobility shift
assays. The mobility of the NF-kB - DNA complex was further shifted
by the anti-pS0 antibody or anti-p65 antibody. NF-kB, NF-kB - DNA
complex; p50, anti-pS0 antibody - NF-kB - DNA complex; p65, anti-p65
antibody - NF-kB - DNA complex; NS, nonspecific complex; FREE,
unbound probe.

activated prior to membrane fusion. Activity of NF-kB
has been known to be induced through two quite
different mechanisms. One is by a large array of
extracellular inducers including endotoxin, TNF-a, and
IL-18, whose effects are mediated by membrane
receptors (Brown et al., 1993; Sun et al., 1993; Xie
et al, 1994). Although we have performed an
extensive survey to identify the inducers that activate
NF-kB in cultured L6 myoblasts, none of the
inducers tested had any effect on the activation of
NF-kB. The other is by the changes in cell shape. It
has been demonstrated that cell shape changes are
able to exhibit specific effects on gene expression
(Ben-Ze'ev, 1991). Particularly, a variety of agents
and conditions that depolymerize microtubules are
reported to activate NF-xB and induce NF-kxB-
dependent gene expression in Hela cells (Rosette
and Karin, 1995). Skeletal muscle differentiation
represents one of the most dramatic morphological
changes, in which mononucleated myoblasts are
transformed into elongated, multinucleated myotubes.
Dramatic alterations in the cytoskeleton are com-
monly believed to evoke morphogenetic events, and
there are some evidence that reorganization of
cytoskeleton is involved in the morphogenetic events
of myogenesis (Gundersen et al., 1989).
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A major observation made in the present study is
that a correlation exists between the induction of NF-
kB and disruption of microtubule during L6 cell
differentiation. Treatment of nocodazole, a reversible
inhibitor of tubulin polymerization, to the cells in-
duced the NF-xB activation within 1h. This rapid
induction of NF-kB activity by nocodazole was about
11 h faster than that of the mock-treated control. A
crucial role of NF-kB activation by disruption of
microtubule was further substantiated by the obser-
vation that a precocious induction of NF-kB activation
resulted in a precocious cell fusion. Similar results
were consistently observed with several other micro-
tubule-disrupting agents, such as colchicine, podo-
phyllotoxin, and vinblastine. These results suggest
that the observed induction of NF-kB activation is a
direct and specific response to microtubule disruption
(Fig. 4).

An important guestion to be answered is how the
disruption of microtubule leads to the induction of
NF-xB activation. It has been reported that a con-
siderable disruption of microtubules is detected within
15min of exposure to nocodazole (Rosette and
Karin, 1995). Despite of this finding, our results
indicated that the induction of NF-kB activation was
not detectable untii 1 h after the exposure of the
cells to nocodazole (Fig.3B). This time lag between
the exposure of the cells to nocodazole and the
induction of NF-kB activation possibly implies that
microtubule disruption does not directly induce NF-kB
activity, but via some intervening intermediate steps
necessary for NF-kB activation. Furthermore, the
microtubule disruption induced by nocodazole result-
ed in the degradation of IkB (Fig. 5A). Referring to
the fact that a critical step leading to IkB degrad-
ation is its phosphorylation (Lux et al., 1990; Zabel
and Baeuerle, 1990), it is likely that so far unidenti-
fied kinase(s) which phosphorylate kB might be
activated upon microtubule depolymerization. It is,
therefore, conceivable that NF-kB is implicated in the
secondary event in gene expression which is acti-
vated by the reorganization of microtubule that
serves as a primary event for the muscle cell differ-
entiation.
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