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Abstract
We demonstrate that during 23A2 skeletal myoblast differ-
entiation, between 30 ± 35% of the population apoptose. Both
differentiation and apoptosis are controlled by the variables of
cell density and time and these variables are inversely related.
In response to conditions that permit both differentiation and
apoptosis of parental 23A2 myoblasts, myoblasts rendered
differentiation-defective by constitutive Ras signaling (A2:H-
Ras myoblasts) do not apoptose. This is not merely a
consequence of their differentiation-defective phenotype
since myoblasts rendered differentiation-defective by expres-
sion of E1A (A2:E1A myoblasts) still apoptose. Although
signaling through MEK is important to the survival of
proliferating parental 23A2 myoblasts, constitutive signaling
through MEK is not responsible for the survival of A2:H-Ras
myoblasts. Finally, we demonstrate that caspase 3 is activated
and that pharmacological inhibition of caspase 3 activity
delays apoptosis without affecting differentiation. Abrogating
apoptosis without affecting differentiation could be a useful
approach to improve the efficacy of myoblast transfer in the
treatment of muscular dystrophies.
Cell Death andDifferentiation (2002) 9, 209 ± 218. DOI: 10.1038/sj/
cdd/4400930
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Introduction

Apoptosis occurs in all tissues and is as critical to normal
development and homeostasis as proliferation, migration and
differentiation.1,2 As testament to the vital importance of
apoptosis, inappropriate apoptosis is associated with many

pathological conditions.3 Like the apoptosis of thymocytes
and neurons,1,2 the apoptosis of myoblasts is a physiological
process during myogenesis4 and regeneration and likely
serves the critical function of removing excess myoblasts.5

During the process of differentiation, apoptosis has been
documented in cultures of primary myoblasts6 and in
established muscle cell lines.7 Inappropriate myoblast
apoptosis contributes pathologically to the degeneration
associated with various muscular dystrophies8,9 and spinal
muscular atrophies.10,11 Furthermore, despite great advances
in vector design and protocols which decrease immune
responses,12,13 myoblast therapy as an approach to the
treatment of inherited muscular dystrophies is still severely
impaired by the poor survival of transplanted myoblasts.14,15

The therapeutic manipulation of myoblasts can be
facilitated through a complete molecular understanding of
their biology. The very idea that myoblast transfer is a
conceptually viable approach to treat myopathies originated
over 20 years ago from a fundamental understanding about
how multinucleated skeletal muscle is formed.16 Since then,
a combination of studies in cell lines and mice has
delineated the specific roles of a family of muscle
regulatory transcription factors (MRFs) composed of MyoD,
Myogenin, Myf-5 and MRF4. Much is also known about the
signaling pathways regulating the MRFs.17 Signaling by
appropriate concentrations of IGFs through the PI3-kinase/
Akt pathway18 ± 21 is known to be required for differentiation
while signaling by FGF-2 or high concentrations of IGF
through the Raf/MEK pathway is known to inhibit differ-
entiation.22 Despite the wealth of molecular knowledge
about skeletal myoblast determination, proliferation, and
differentiation, information regarding skeletal myoblast
apoptosis is limited to a few reports that during the process
of differentiation induced by culture in low serum containing
medium, roughly 30% of myoblasts die via apoptosis.7 The
ability to escape this apoptosis seems to be linked to cell
cycle exit.7,23,24

The molecules responsible for the apoptotic process
have not been examined in myoblasts but have been
extensively studied in other systems. Apoptosis is tightly
regulated by a continually emerging plethora of molecular
checks and balances designed to control the activation of a
family of cysteine, aspartic acid specific proteases
(caspases). This complex array of regulatory molecules
makes possible the distinct regulation of caspase activation
in each system. Caspases naturally exist as procaspases
which are themselves activated by limited proteolytic
processing after aspartic acid. Procaspases are generally
divided into two classes. `Initiator' caspases like caspases 8
and 9 contain prodomains that permit aggregation in
response to an apoptotic signal.25,26 Aggregation permits
allosteric activation27 as well as activation as a conse-
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quence of trans- or self-processing. Activated initiator
caspases then activate the `executioner' caspases which
include caspases 3, 6 and 7.28 Caspase activation via this
cascade of limited proteolysis then results in the limited
proteolysis of a discrete set of critical cellular proteins.25,26

To expand our extremely limited knowledge about the
regulation of apoptosis that occurs during the differentiation
of skeletal myoblasts, we carefully examined the conditions
that result in the apoptosis of 23A2 skeletal myoblasts. We
have documented that differentiation and apoptosis depend
on the variables of cell density and time and that these
variables are inversely related. We have determined that,
under conditions that permit both differentiation and
apoptosis of parental 23A2 myoblasts, constitutive signaling
by Ras inhibits both their differentiation29 and their
apoptosis while signaling by E1A inhibits only their
differentiation. Thus, the inhibition of differentiation can be
separated from the inhibition of apoptosis. We used
PD098059, a selective pharmacological inhibitor of MEK,
to show that while MEK signaling does play a role in the
survival of 23A2 myoblasts under growth conditions, the
Ras-induced inhibition of apoptosis under differentiation-
inducing conditions is MEK independent. To investigate
further the possible separation of signals required for
differentiation from those signals required for apoptosis,
we determined that pharmacological inhibition of caspase 3
signaling delays apoptosis without affecting differentiation.
Inhibiting apoptosis without affecting differentiation could
eventually be a viable approach to preventing the
deterioration associated with many muscular dystrophies
and could also improve the therapeutic efficacy of myoblast
transfer.

Results

Differentiation and apoptosis are cell density and
time dependent

Apoptosis has been documented in C2C12 myoblasts
induced to differentiate by switching cultures from high serum
growth medium to low serum differentiation medium.7 We too
switched cultures from high serum growth medium (GM) to
differentiation medium without serum (DM) to document the
induction of both differentiation and apoptosis in 23A2
myoblasts and also extended these studies to document
differentiation and apoptosis as a consequence of extended
culture in GM. We chose to also perform these studies in GM
as this is possibly more representative of the in vivo process.
Furthermore, we analyzed the effect of varying cell density
and time on differentiation and apoptosis for both approaches.

To monitor differentiation, we used myosin heavy chain
(MHC) as our marker and documented its expression by
both Western analysis (Figure 1A) of lysates and by
immunostaining of cell cultures (Figure 1B, C). The
Western analysis is quantitative with respect to the amount
of MHC that is expressed while the immunostain is
quantitative with respect to the percentage of cells that
have initiated MHC expression. By plating cells at the same
density and monitoring MHC expression over time in either
DM or GM, we can document that differentiation is time

dependent (Figure 1A, B). By plating cells at different
densities and monitoring MHC expression after the same
time in either DM or GM, we can also show that
differentiation is density dependent (Figure 1C). It is clear
from both analyses that these variables of time and density
are inversely related. It is also clear that differentiation
occurs faster when cells are switched from GM to DM than
under extended culture in GM, for example, compare 24 h
in DM to 24 h in GM (Figure 1A, B). The lag time between
the differentiation that occurs under extended culture in GM
and the differentiation that occurs when cells are switched
from GM to DM is roughly 24 h (Figure 1C).

To monitor apoptosis, we used DNA fragmentation as
our marker and documented it by both immunostaining of
cell cultures (Figure 2) and ELISA of cytosolic lysates
(Figure 3). The immunostain is quantitative with respect to
the percentage of cells that have initiated apoptosis and

Figure 1 Differentiation is a density- and time-dependent process. (A) 23A2
myoblasts were plated at 46105 and the next day switched to either fresh GM
or DM for the indicated times prior to lysis. Whole cell extracts were prepared
and 100 mg of protein from each extract was separated by SDS ± PAGE (8%).
Following electrophoretic transfer, a Western analysis was performed for MHC
as described in Materials and Methods. Shown are results from one
experiment which are representative of three independent experiments. (B ±
C) 23A2 myoblasts were plated as indicated and the next day switched to
either fresh GM or DM for the indicated times. Cells were immunochemically
stained for MHC expression and counted as described in Materials and
Methods. Values represent the per cent of attached cells that express MHC
and do not reflect the cells that have fallen off the plate after completing the
process of apoptosis. Shown in each are the average of duplicates (variation
55%) for one experiment that are representative of two independent
experiments
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takes into account both cells that remain on the plate and
those that have fallen off of the plate after completing the
process of apoptosis. By plating cells at the same density
and monitoring DNA fragmentation over time in either DM
(Figure 2A) or GM (Figure 2B), we can document that
apoptosis is time dependent. By plating cells at different
densities and monitoring DNA fragmentation after the same
time in either DM (Figure 2C, D) or GM (Figure 2E), we can
also show that apoptosis is density dependent. It is clear
from both analyses that these variables of time and density
are inversely related and that maximally 30 ± 33% of the
culture apoptoses. Once again, it is also clear that
apoptosis occurs faster when cells are switched from GM
to DM than under extended culture in GM, for example,
compare 24 h in DM to 24 h in GM (Figure 2A, B). The lag
time between the apoptosis that occurs under extended
culture in GM and the apoptosis that occurs when cells are
switched from GM to DM is roughly 20 h (compare 4 h
Figure 2A to 24 h Figure 2B). The lag time between the
appearance of DNA fragmentation and detachment from
the plate is less than 16 h in DM (Figure 2C, D) and greater
than 24 h in GM (Figure 2B, compare 48 h to 72 h). We
have also shown that the process of apoptosis, as
monitored by DNA fragmentation and including detachment
from the plate, can be completed much faster than the
process of differentiation. This is most clearly observed by

Figure 2 In situ DNA fragmentation is a density- and time-dependent
process. (A ± E) 23A2 myoblasts were plated as indicated and the next day
switched to either fresh GM or DM for the indicated times. In situ DNA
fragmentation was visualized using apoTACSTM from R&D Systems per
manufacturer's instructions and counted as described in Materials and
Methods. Values represent the percentage of cells both attached and floating
that display in situ DNA fragmentation. Shown in each are the results from one
experiment that are representative of two independent experiments

Figure 3 The appearance of cytosolic nucleosomes is a density- and time-
dependent process. In (A) 23A2 myoblasts were plated as indicated and the
next day switched to either fresh GM or DM for 8 h. In (B) 23A2 myoblasts were
plated at 56104 and the next day switched to either fresh GM or DM for the
indicated times. Cytosolic nucleosomes were measured using the Cell Death
Detection ELISA Plus Kit (Roche Diagnostics) per manufacturer's instructions
within the linear range of the assay. Absorbance was normalized by cell
number as described in Materials and Methods
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plating cells at 46105 followed by culture for 24 h in DM
prior to the detection of either differentiation (Figure 1A) or
apoptosis (Figure 2D). Although the percentage of cells
destined to apoptose is decided after 8 h in DM or 48 h in
GM, these apoptotic cells have not yet detached from the
plate under these conditions. This raises the possibility that
the amount of MHC (since lysates are equalized for total
cell protein) and the percentage of cells expressing MHC
are slightly underestimated under conditions where apop-
tosis is not complete or is complete but the cells have yet to
detach from the plate.

The ELISA analysis is quantitative with respect to the
amount of cytosolic nucleosomes in cells remaining on the
plate. Since after 8 h in DM most apoptotic cells are still
attached to the plate (Figure 2C), this time point was
chosen to demonstrate the density dependence of DNA
fragmentation in either GM or DM (Figure 3A). To
demonstrate that DNA fragmentation is also time depen-
dent, myoblasts were plated at 56104 and then cultured in
either GM or DM for various times (Figure 3B). After 8 h in
DM, the percentage of apoptotic cells correlates roughly
with the amount of cytosolic nucleosomes (compare Figure
2C with Figure 3A). This is not true, however, as the
process of apoptosis progresses over time. After 8 h,
apoptotic cells equaling 4% (Figure 2C) of the population
contain 40 ± 45 absorbance units of cytosolic nucleosomes
(Figure 3A, B) while after 24 h in DM apoptotic cells
equaling 1% (Figure 2D) of the population contain 70
absorbance units of cytosolic nucleosomes (Figure 3B).
Since the total cell number does not change between 8 and
24 h in DM, we can calculate that myoblasts after 24 h in
DM contain almost ninefold more cytosolic nucleosomes
than myoblasts after 8 h in DM. Nonetheless, it is again
clear from both analyses that apoptosis occurs faster when
cells are switched from GM to DM than under extended
culture in GM and that apoptosis depends on the variables
of cell density and time and that these variables are
inversely related.

Abrogation of differentiation can be separated
from abrogation of apoptosis

We have rigorously demonstrated that under various
conditions of depleted growth factors some skeletal
myoblasts differentiate while others apoptose. Even though
initiated by the same stimulus of growth factor depletion, it is
still possible that these processes can be separated. To
examine this possibility, we measured apoptosis in two
differentiation-defective myoblast cell lines. Myoblasts ex-
pressing constitutively active Ras (A2:H-Ras myoblasts) are
differentiation-defective29,30 (Figure 4A) and apoptose at a
level less than 1/10 that of the parental 23A2 myoblasts in
either GM (Figure 4B) or DM (Figure 4B ± D). In contrast,
the apoptosis of myoblasts (A2:E1A) rendered differentia-
tion-defective (Figure 4A) by expression of E1A31 is slightly
elevated when compared to parental 23A2 myoblasts in
either GM (Figure 4B) or DM (Figure 4B ± D). The fact that
A2:E1A myoblasts are differentiation-defective yet are not
impaired in their ability to apoptose indicates that the
positive effect of constitutively active Ras on myoblast

survival is not merely a consequence of its negative effect
on their differentiation.

Signaling by Ras through either the PI3-kinase/Akt
pathway32 or the Raf/MEK/MAPK pathway has been
implicated in cell survival.33 Since PI3 kinase/Akt signaling
has been implicated in the normal survival/differentiation of
skeletal myoblasts,20,21,23,24 we focused on the role of Raf/
MEK signaling in the increased survival of A2:H-Ras
myoblasts. We have previously reported that PD 098059,
a selective MEK inhibitor, does not affect the differentiation
of skeletal myoblasts.29 Furthermore, while PD 098059-
induced abrogation of constitutive MEK signaling in A2:H-
Ras myoblasts reverts their transformed phenotype, this
does not revert their differentiation-defective phenotype.29

We have now determined that PD 098059-induced
abrogation of constitutive MEK signaling (Figure 5A) does
appear to increase the amount of DNA fragmentation in
apoptotic A2:H-Ras myoblasts roughly 4 ± 6-fold (Figure
5B). PD 098059 treatment, however, induces only a modest
increase in the per cent of apoptotic A2:H-Ras myoblasts

Figure 4 Abrogated apoptosis in A2:H-Ras myoblasts but not in A2:E1A
myoblasts. (A) 23A2, A2:H-Ras, and A2:E1A myoblasts were plated at 46105

and the next day switched to either fresh GM or DM for 24 h prior to the
determination of MHC expression as described for Figure 1. (B) 23A2, A2:H-
Ras, and A2:E1A myoblasts (26105) were plated and the next day switched to
either fresh GM or DM for 8 h. Cytosolic nucleosomes were measured as
described for Figure 3. Shown are the average of duplicates for one
experiment that are representative of two independent experiments. (C, D)
23A2, A2:H-Ras, and A2:E1A myoblasts were plated at 46105 and the next
day switched to DM for 12 h (C) and 24 h (D) prior to the determination of (C)
PS asymmetry via annexin V labeling as described in Materials and Methods
or (D) in situ DNA fragmentation as described for Figure 2. In (C) values
represent those cells that labeled with annexin V but not with propidium iodide
and are the average of duplicate experiments
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(Figure 5C). While constitutive MEK signaling may play a
role in DNA fragmentation in apoptotic A2:H-Ras myo-
blasts, the role of constitutive MEK signaling in the overall
survival of A2:H-Ras myoblasts is minimal. Even when
cultured in DM plus PD 098059 where the greatest
apoptosis of A2H-Ras myoblasts is observed, the per cent
apoptotic A2:H-Ras myoblasts is less than 1/10 that of
apoptotic 23A2 myoblasts cultured in DM without PD
098059 (Figure 5C).

The concentration of PD 098059 used to completely
abrogate the constitutive MEK signal in A2:H-Ras
myoblasts reduced the serum stimulated MEK signal by
roughly 80% (data not shown). Interestingly, this
reduction of the serum-stimulated MEK signal in 23A2
myoblasts caused the level of DNA fragmentation (Figure
5B) and the percentage of apoptotic cells (Figure 5C) to
approach that observed when 23A2 myoblasts are
cultured in DM. This suggests that serum-stimulated

MEK signaling may play a critical role in myoblast
survival in GM.

Abrogation of caspase 3 signaling delays
apoptosis without affecting differentiation

Caspase 3, along with caspases 6 and 7, are considered to be
the primary downstream caspases ultimately responsible for
carrying out the process of apoptosis. Caspase 3-indepen-
dent apoptosis, however, has been reported in several
systems.34,35 Since no reports have yet examined the
activation of caspases when skeletal myoblasts are induced
to differentiate, we measured the activation of caspase 3
when 23A2 myoblasts are cultured in DM. We found that
caspase 3 is activated with maximal activation of roughly
240% occurring after 3 h in DM (Figure 6). Similar results
were obtained when A2:E1A myoblasts were cultured in DM.
A minimal (30%) activation of caspase 3 is observed when
A2:H-Ras myoblasts are cultured in DM for 3 h (Figure 6). To
determine the importance of caspase 3 activation to the
apoptosis of 23A2 myoblasts cultured in DM, we used the
selective pharmacological inhibitor DEVD-fmk. Since cas-
pase 3 is maximally activated in 23A2 myoblasts cultured in
DM for 3 h (Figure 6), we initially chose this condition to
examine the effect of DEVD-fmk on caspase 3 activation. We
determined that DEVD-fmk blocked caspase 3 activation in a
dose-dependent manner (Figure 7A). We then determined the
effect of DEVD-fmk on the DNA fragmentation of 23A2
myoblasts after 8 h in DM, a time point at which we had
previously determined that most apoptotic myoblasts are still
attached to the plate (Figure 2C). We found that DNA
fragmentation can be completely blocked with only a 64%
reduction in caspase 3 activity (Figure 7A). Furthermore, no
apoptotic myoblasts were detected at this time point in the
presence of DEVD-fmk (data not shown).

We have used the A2:E1A myoblasts to determine that
the inhibition of differentiation does not always result in the

Figure 5 Abrogated apoptosis in A2:H-Ras myoblasts is independent of
constitutive MEK signaling to MAPK. Equal numbers (26105) of 23A2 and
A2:H-Ras myoblasts were plated and the next day switched to either fresh GM
or DM with or without 50 mM PD098059 for 8 h. In (A), whole cell extracts were
prepared and 100 mg of protein from each extract was separated by SDS ±
PAGE (10%). Following electrophoretic transfer, a Western analysis was
performed for phospho-MAPK as described in Materials and Methods. Shown
are results from one experiment which are representative of three independent
experiments. In (B), cytosolic nucleosomes were measured as described for
Figure 3. Shown are the average of duplicates (variation 52%) for one
experiment that are representative of three independent experiments. In (C)
apoptotic cells were assessed as described in Figure 2

Figure 6 Activation of caspase 3 in 23A2 and A2:E1A, but not in A2:H-Ras
myoblasts. Equal numbers of 23A2, A2:H-Ras, and A2:E1A myoblasts were
plated and the next day switched to either fresh GM or DM for the indicated
times. Caspase 3 colorimetric assays were performed using the Caspase 3
Colorimetric Assay Kit from R&D Systems per manufacturer's instructions.
Absorbance was normalized by the protein concentration of each lysate. Fold
increase in caspase activity in DM was calculated relative to the absorbance
value obtained from the lysate of cells incubated in fresh GM for 1 h. Shown
are the average of duplicates for one experiment that are representative of two
independent experiments
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Figure 7 Inhibition of caspase 3 activity abrogates apoptosis but not differentiation. (A) Equal numbers of 23A2 myoblasts were plated and the next day switched
to DM with or without the indicated concentration of DEVD-fmk for 3 h prior to the determination of caspase 3 activity or 8 h prior to the determination of cytosolic
nucleosomes. Absorbance values for each were normalized as in Figures 3 and 6, respectively. Per cent inhibition with DEVD-fmk was calculated relative to values
obtained without DEVD-fmk. (B) Equal numbers of 23A2 myoblasts were plated and the next day switched to either fresh GM, fresh DM with or without 10 nM
DEVD-fmk, or DM with 10 nM DEVD-fmk that had been `aged' for 24 h (see Results). Cells were lysed after 3 h and caspase 3 activity was determined as described
in Figure 6. In (C ± F), equal numbers of 23A2 myoblasts were plated and the next day switched to fresh GM or DM with or without the indicated concentration of
DEVD-fmk for 24 h prior to the determination of (C) MHC expression as described in Figure 1A, (D) the percentage of myoblasts expressing MHC as described in
Figure 1B, (E) DNA fragmentation as described in Figure 3, and (F) the percentage of apoptotic cells as described in Figure 2

Cell Death and Differentiation

Signals regulating apoptosis during differentiation
K Dee et al

214



inhibition of apoptosis suggesting that the signaling
pathways responsible for differentiation can be separated
from those responsible for apoptosis. To further establish
that point, we chose to monitor the effect of DEVD-fmk on
MHC expression in 23A2 myoblasts. MHC, however, can
only be readily detected after 24 h in DM, a time point at
which all myoblasts that have apoptosed have detached
from the plate. Consequently, caspase 3 activity is not
detected after 24 h in DM (data not shown). To assess the
stability of DEVD-fmk, we cultured myoblasts in DM with
DEVD-fmk for 24 h to create `aged' media. We then
switched naõÈve 23A2 myoblasts from GM to this `aged'
media and measured the activation of caspase 3 after 3 h,
since this is the time point at which maximal caspase 3
activity is observed. We found that the caspase 3
inhibitory activity of `aged' DEVD-fmk was comparable to
that of `fresh' DEVD-fmk (Figure 7B). Having assured
ourselves of the stability of DEVD-fmk, we next assessed
the effect of DEVD-fmk on the differentiation of 23A2
myoblasts and found no effect on the expression of MHC
(Figure 7C) or the percentage of myoblasts expressing
MHC (Figure 7D). Finally, we assessed the effect of
DEVD-fmk on the apoptosis of 23A2 myoblasts cultured in
DM for 24 h. After 24 h, DEVD-fmk, although still able to
abrogate caspase 3 activity, no longer inhibited DNA
fragmentation (Figure 7E) and did not reduce the
percentage of apoptotic myoblasts (Figure 7F). This result
indicates that abrogating caspase 3 activity only serves to
delay the apoptosis of 23A2 myoblasts and eliminates
caspase 3 as a target that can be manipulated to block
apoptosis without affecting differentiation.

Discussion

In several cell types, differentiation and apoptosis are
coordinately regulated.1,2,4,5 While undoubtedly a vital
component of development, the linkage of these two
processes is obviously detrimental12,13 to the use of myoblast
transfer as a gene complementation approach for the
treatment of muscular dystrophies8 ± 11 and certain metabolic
deficiencies.36 Finding targets to manipulate that would allow
abrogation of apoptosis without affecting differentiation could
improve the efficacy of these approaches. We have shown
that in skeletal myoblasts both differentiation and the
accompanying apoptosis depend on the variables of cell
density and time and that these variables are inversely
related. For many years it has been accepted that skeletal
myoblast differentiation depends on both growth factor
depletion and the autocrine secretion of IGFs.18,19 This would
explain the dependence of differentiation on the variables of
cell density and time and the inverse relationship of these
variables. The greater the cell density the faster the growth
factor depletion in GM. Likewise, the greater the cell density
the less time needed to secrete a sufficient concentration of
IGFs in either GM or DM. Obviously, the signaling pathways
regulating survival and differentiation are necessarily linked.
In fact, survival may be functionally synonymous with
differentiation. Whether survival permits differentiation or
differentiation permits survival is not clear and in fact, either
may be true.

There are at least two scenarios to explain the fact that
apoptosis, like differentiation, is also dependent on the
variables of cell density and time. The first is simply that,
while differentiation is initiated by growth factor depletion,
apoptosis may be initiated by trophic factor depletion.
Whether or not these factors are the same or distinct
remains to be determined. The second is that apoptosis
may depend on the secretion of an autocrine factor, which
by definition would be a death ligand. It is even possible
that both scenarios are responsible for the apoptosis that
accompanies skeletal myoblast differentiation.

Constitutive signaling by Ras abrogates the differentia-
tion of skeletal myoblasts.29,30,37,38 We demonstrate in this
study that the apoptosis of differentiation-defective A2:H-
Ras myoblasts is greatly impaired when compared to
parental 23A2 myoblasts cultured under similar conditions.
The apoptosis of myoblasts rendered differentiation-defec-
tive by expression of E1A (A2:E1A myoblasts), however, is
not impaired under these same conditions and indicates
that the diminished apoptosis of A2:H-Ras myoblasts is not
merely a consequence of their inability to differentiate. If
Ras is signaling through only one pathway to inhibit both
differentiation and apoptosis, then the signaling pathway(s)
leading to differentiation or apoptosis might initially be the
same pathway. The fact that the apoptosis of differentia-
tion-defective E1A myoblasts is not diminished suggests
that at some point this pathway bifurcates and that E1A is
inhibiting only the pathway that leads to differentiation.
Alternatively, Ras may be signaling through one pathway to
inhibit differentiation and another pathway to inhibit
apoptosis. This possibility is currently being investigated
with the hope of identifying a pathway downstream from
Ras that can be manipulated to inhibit the apoptosis of
skeletal myoblasts without affecting their differentiation.

The best characterized signaling pathways downstream
from Ras are PI3-kinase/Akt and the Raf/MEK.39 Since
signaling through the PI3-kinase pathway has been shown
to be critical for normal skeletal myoblast survival/differ-
entiation,20,21,23,24 and Ras signaling abrogates differentia-
tion,29,30,37,38 we focused our attention on the Raf/MEK
pathway which has been shown to be anti-apoptotic.33 We
have shown that signaling through MEK may play a role in
the survival of myoblasts in GM since the abrogation of
MEK signaling increases apoptosis in GM to almost the
level observed when myoblasts are cultured in DM. The
cells that die as a consequence of inhibiting MEK may be
the same cells destined to die during the process of
differentiation. If this is true, since constitutive MEK
signaling does not abrogate differentiation,40 then MEK
may be a target which can be manipulated to abrogate
apoptosis without affecting differentiation. Experiments to
determine this are underway. We have also found that
inhibiting constitutive MEK signaling is not sufficient to
permit an apoptotic response in A2:H-Ras myoblasts
comparable to that of parental 23A2 myoblasts.

With the hope of finding targets that can be manipulated
to abrogate apoptosis without affecting the differentiation of
skeletal myoblasts, we next examined the activation of
caspase 3. We have determined that caspase 3 is activated
2.4-fold when 23A2 myoblasts are cultured in DM.
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Interestingly, caspase 3 is modestly (30%) activated in
parallel cultures of A2:H-Ras myoblasts suggesting that a
small amount of caspase 3 activation is tolerated. Selective
pharmacological inhibitors of caspase signaling are avail-
able and have been used not only to assess the
significance of caspase activation in tissue culture but also
in animal models of stroke, myocardial ischemia-reperfu-
sion injury, liver disease and traumatic brain injury.26 We
have used the selective caspase 3 inhibitor, DEVD-fmk, to
determine that activation of caspase 3 plays a role in 23A2
myoblast apoptosis since pharmacological abrogation of
caspase 3 activity inhibits apoptosis after 8 h in DM. The
fact that total inhibition of DNA fragmentation can be
achieved with only a 64% reduction in caspase 3 activity
further suggests that a small amount of caspase activity
can be tolerated. The inhibition achieved through treatment
with DEVD-fmk, however, is not sustainable. Although
treatment with DEVD-fmk does not affect differentiation,
the fact that it only serves to delay skeletal myoblast
apoptosis for a short time eliminates caspase 3 as a target
for therapeutic manipulation to improve the efficacy of
myoblast transfer. Experiments are underway to further
characterize the apoptotic pathway in 23A2 myoblasts and
to determine at what point in that pathway Ras is exerting
its anti-apoptotic effect.

Materials and Methods

Cells and cell culture

The growth and differentiation properties of 23A2 myoblasts and the
23A2 derivatives expressing G12V:H-Ras (A2:H-Ras myoblasts) or
E1A (A2:E1A) have been reported previously.24 ± 26 All cells were
cultured at low density on gelatin-coated plates and maintained in
growth medium (GM), which consists of basal modified Eagle's medium
(BME), 10% fetal bovine serum (FBS), and a 1% combination of 10 000
I.U./ml penicillin and 10 000 mg/ml streptomycin (1% P/S). Differentia-
tion was induced by switching cells from GM to differentiation medium
(DM), which consists of BME, 1% P/S and 0% FBS. Cells were incubated
at 378C in 5% CO2. PD098059 and DEVD-fmk were each dissolved in
DMSO to give a final concentration of 37 mM and 10 mM respectively
prior to storage at 7208C. Appropriate volumes of DMSO alone (0.15%
v/v) were added to control cultures and never exceeded 0.14% v/v.

Immunoblot analysis

Cells were plated on 35 mm dishes and the next day switched to fresh
GM or DM for various times prior to being rinsed in cold 16 phosphate
buffered saline (PBS) and then lysed in p21 lysis buffer (20 mM MOPS
pH 7.4, 4 mM magnesium chloride, 200 mM sucrose, 0.1 mM EDTA,
0.001% DNAse, 1 M phenyl methyl sulfonyl fluoride, and 50 mg/ml
each of aprotinin, pepstatin, and leupeptin) with 1% CHAPS. The
protein concentrations of all lysates were determined using
Coomassie Protein Assay Reagent from Pierce as per manufacturer's
instructions. Following protein determination, lysates (50 mg for MHC
detection and 100 mg for phospho-MAPK) were denatured in
56sample buffer (10% SDS, 50% glycerol, 10% 2-mercaptoethanol,
pH 6.8) and electrophoresed through denaturing polyacrylamide gels
(8% for MHC detection and 10% for phospho-MAPK). Following SDS
polyacrylamide gel electrophoresis (SDS ± PAGE), samples were

transferred electrophoretically for four amp hours to Hybond-P
polyvinylidene difluoride membranes in transfer buffer containing
80% methanol and 1 g/l SDS. Membranes were dried at 378C for
30 min. Western analysis was performed to detect MHC by incubating
the membranes with a mouse monoclonal antibody MF20 that is
specific for skeletal myosin heavy chain protein for 1 h followed by an
HRP-conjugated mouse polyclonal antibody diluted 1 : 1000 for 1 h.29

Western analysis to detect phospho-MAPK was performed with a
polyclonal antibody to the phosphorylated form of MAPK (Santa Cruz)
diluted 1 : 500 and incubated with the membrane overnight followed by
an HRP-conjugated mouse polyclonal antibody diluted 1 : 1000 and
incubated with the membrane for 1 h. To ensure equal protein loading,
Western analysis was performed on parallel membranes using an anti-
MAPK mouse polyclonal antibody (Upstate Biotechnologies) and an
HRP-conjugated anti-mouse polyclonal antibody, each diluted 1 : 1000
and incubated with the membranes for 1 h. After each incubation with
antibody and prior to the addition of chemiluminescent substrate,
membranes were washed five times in 16TBS (tris-buffered saline
pH 7.4) with 1% NP-40. Membranes were then incubated with
SuperSignal West Pico Chemiluminescent Substrate (Pierce) for
60 s and bands were visualized using either Kodak Scientific Imaging
Film or a Bio-Rad Fluor-S Multi-imager.

Immunohistochemistry

Cells were plated on gridded 35 mm culture dishes and the next day
switched to fresh GM or DM for various times. Attached cells were
rinsed in PBS and fixed. Fixed cells were permeabilized with tris-
buffered saline/0.1% NP40 and blocked with 2% horse serum in PBS.
This was followed by incubation with the MF20 antibody for 60 min,
washing with PBS and incubation with a biotinylated goat anti-mouse
antibody per manufacturer's instructions (Santa Cruz: ABC staining
system). After washing, cells were incubated with HRP-streptavidin
and immunoreactivity was visualized using 3,3'-diaminobenzidine
(DAB), H2O2 and NiCl2 per manufacturer's instructions. For each
condition, at least two fields of not less than 100 cells each were
counted independently by two investigators without prior knowledge of
the sample identity.

Apoptosis assays

TUNEL assay: DNA fragmentation is a commonly used marker for
apoptotis. Cells were plated on gridded 35 mm culture dishes and the
next day switched to fresh GM or DM for various times prior to being
rinsed in PBS. In situ DNA fragmentation was visualized using
apoTACSTM from R&D Systems per manufacturer's instructions.
Floating cells were treated as suspension cells per manufacturer's
instructions. Briefly, floating cells were collected by centrifugation at
5006g for 5 min, washed and resuspended in 3.7% buffered
formaldehyde for 10 min. After centrifugation, floating cells were
resuspended in 80% ethanol and spotted onto new gridded 35 mm
culture dishes. After drying for 2 h, cells were immersed in 70%
ethanol for 10 min and then allowed to dry. After washing, attached
cells were fixed in 3.7% buffered formaldehyde for 10 min, washed,
and dehydrated through incubation in increasing concentration of
ethanol (70%, 80%, 95% and 100%) for 5 min intervals separated by
10 min intervals of drying. Both dehydrated floating cells and attached
cells were rehydrated by immersing for 5 min each in 100%, 95% then
70% ethanol. Cells were then incubated in 16PBS for 5 min and
permeabilized with proteinase K. After washing, cells were incubated
for 5 min in terminal deoxynucleotidyl transferase enzyme (TdT)
labeling buffer followed by incubation with labeling reaction mix (TDT
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plus B-dNTPs in labeling buffer) for 1 h in a humidity chamber. Cells
were then incubated with TdT stop buffer and washed prior to
incubation in detection mix (anti-BrdU antibody and streptavidin-HRP)
for 1 h. After washing, cells were incubated with TACS blue label and
washed prior to final viewing. For each condition, at least two fields of
not less than 100 cells each were counted independently by two
investigators without prior knowledge of the sample identity. Total cell
numbers were also determined for both attached and corresponding
floating cells from parallel plates. The total per cent of apoptotic cells
for each plate was calculated as follows:

{[(total floating cells6per cent stained) +
(total attached cells6per cent stained)] divided by

(total floating cells + total attached cells)}6100

Cytosolic nucleosome ELISAs: DNA fragmentation and nuclear
membrane disruption, as monitored by the presence of cytosolic
nucleosomes, was also used as a marker for apoptosis. Cytosolic
nucleosomes were measured using the Cell Death Detection ELISA
Plus Kit (Roche Diagnostics) per manufacturer's instructions. Cells
were plated on 35 mm dishes and the next day switched to fresh
GM or DM for various times. Attached cells were rinsed in PBS and
then lysed by incubation in 300 ml cell lysis buffer from the kit on a
rocker for 30 min at room temperature. Samples were diluted
fourfold and 20 ml of each sample was transferred to a 96-well, flat-
bottomed, streptavidin-coated microtiter plate. Seventy-two micro-
liters of 16 incubation buffer from the kit, and 4 ml each of biotin
conjugated anti-histone antibody and peroxidase conjugated anti-
DNA antibody was added to the lysate in the microtiter plate and
incubated at 48C overnight. Following three washes with 300 ml of
incubation buffer, the presence of cytosolic nucleosomes was
measured by adding 100 ml of the substrate, ABTS. This was
incubated in the microtiter plates for 5 ± 20 min at room temperature
and then the color reaction was quantitated on a spectrophotometer
at 405 nm. Experiments were performed within the linear range of
the assay. Attached cells from parallel plates were counted and
absorbance was normalized to cell number. A background (no
lysate) measurement was taken and subtracted for each experiment.

Phosphatidylserine asymmetry: Another commonly used marker for
apoptosis is loss of membrane phospholipid asymmetry. Normally,
phosphatidylserine (PS) is located in the inner leaflet but during
apoptosis PS appears in the outer leaflet. Labeled annexin V binds
to PS. Propidium iodide is used to eliminate cells that have been
labeled with annexin V due to membrane rupture rather than loss of
membrane phospholipid assymetry. Equal cell numbers were plated
and the next day switched to DM for 12 h. Cells were trypsinized,
pelleted and washed twice in phosphate-buffered saline (PBS).
Samples were taken to the Cleveland Clinic Foundation Flow
Cytometry Core for labeling and analysis. Cells were labeled with
fluorscein-conjugated annexin V using an Apoptosis Detection Kit
from R&D Systems per manufacturer's instructions. Briefly, washed
cells were resuspended in binding buffer at a concentration of
16106 cells/ml. To 100 ml of this, 10 ml of fluorscein-conjugated
annexin V and 10 ml of propidium iodide reagent were added. After
15 min at room temperature, 400 ml of binding buffer was added and
samples were analyzed immediately.

Caspase 3 assays

Caspase 3 colorimetric assays were performed using the Caspase 3
Colorimetric Assay Kit from R&D Systems per manufacturer's

instructions. Cells were plated and the next day switched to fresh
GM or DM for various times prior to being rinsed in PBS. Attached cells
were lysed in 50 ml of lysis buffer. Following sedimentation, 50 ml of
lysate was incubated with 50 ml of 26 reaction buffer supplemented
with 0.5 ml DTT and 5 ml of the caspase 3 colorimetric substrate,
DEVD-pNA. Following 1 ± 2 h of incubation at 378C, caspase-3
protease activity was measured on a spectrophotometer at 405 nm.
Experiments were performed within the linear range of the assay and
absorbance was normalized by the protein concentration of each
lysate as determined using Coomassie Protein Assay Reagent from
Pierce. Fold increase in caspase 3 activity in DM was calculated
relative to the absorbance value obtained from the lysate of cells
incubated in fresh GM for 1 h.
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