

















































































































































































































Figure 7. MLC 1 expression. Region C from autoradiograms
obtained as in Figure 7 are shown for BC;H1 cells in the
absence (control) or presence (TPA) of 0.1uM TPA in reduced
serum. The arrowhead in each panel indicates the migration
of MLC 1. An unidentified protein at the right was used as
a marker and whose expression was unaffected by the

differentiation state or TPA.
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Figure 8. Tm isoform switching. Region B from
autoradiograms obtained as in Figure 7 are shown. The five
Tm isoforms are numbered 1 to 5. BC;H1l cells in the absence
(control) and presence (TPA) of 0.1uM TPA in media

containing 0.5% FCS are shown.
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Figure 9. Actin isoform message switching. RNA was
extracted from BC;H1 cells grown in reduced serum on the
indicated days post-plating and analyzed by Northern
hybridization using the full length a-actin cDNA, pMHaA-1,
as probe. The position of the migration of the non-muscle
- and y-actin mRNAs which run as a single band (2100 bp)
and the muscle-specific e-actin mRNA (1500 bp) are indicated
to the left. (A) Actin isoform mRNA expression in BC3H1
cells. (B) Actin isoform mRNA expression in the presence of
CAMP. Cells were treated with 500uM 8-Br-cAMP in serum
containing 0.5% FCS on day 3 post-plating. (C) Actin

isoform mRNA expression in BC;E7 cells.
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B. TPA HAS NO EFFECT ON BC;H]1 CELIL, DIFFERENTIATION.

The phorbol ester, TPA, was added to the cells as an
activator of pk C in order to assess the role of pk C-
dependent signal transduction in regulating BC;H1 myogenic
differentiation. The drug was added at day 3 post-plating
at various concentrations (0.01uM, 0.05uM, 0.1uM, 0.25uM,
0.5uM). These concentrations are consistent with those used
by other researchers to activate pk C (Mufson, 1985; Cossu
et al., 1982; Chida et al., 1986; Adamo et al., 1989). The
results presented here are for a TPA concentration of 0.1uM,
although similar results were obtained for all

concentrations tested.

B.1. NO EFFECT OF TPA ON MORPHOIOGICAIL, DIFFERENTIATION.

As can be seen in Figure 10, BC;H1l cell cultures
treated with TPA in media containing 0.5% FCS appeared no
different under phase contrast optics morphologically than
the untreated cells. TPA treated cells (day 10) exhibited
the characteristic elongation and alignment into parallel

streams of differentiated BC;H1 cells (day 10).
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B.2. NO EFFECT OF TPA ON BIOCHEMICAL DIFFERENTIATION.
TPA treated BC;H1 cells in low serum media were
[**S]-methionine labelled and the labelled proteins

extracted and analyzed by 2-dimensional gel electrophoresis.

B.2.1. ACTIN ISOFORM SWITCHING.

By day 10 post-plating in starvation media in the
presence of TPA, muscle-specific o-actin was produced while
B- and y-actin isoforms were down-regulated, typical of
untreated cells (Figure 6).

B.2.2. MYOSIN LIGHT CHAIN 1 PROTEIN PROFILE.

MLC 1 expression could be detected by day 6 in TPA
treated BC;H1 cells with kinetics similar to untreated cells
(Figure 7).

B.2.3. TROPOMYOSTN ISOFORM SWITCHING.

Tropomyosin expression was also unaltered by TPA
treatment (Figuré 8). By day 10 post-plating, TPA treated
cells in 0.5% FCS containing media exhibited the
characteristic Tm shift as revealed by 2D gel
electrophoresis of [®*S]-methionine labelled proteins: Tml
expression decreased while Tm 2, 3, and 4 increased.

B.2.4. ACTIN ISOFORM mRNA SWITCHING.
Northern analysis, using as probe the plasmid pMHaA-

1, of actin messages from TPA treated BC;H1l cells revealed
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no deviation from the characteristic shift in actin isoform
expression: c-actin mRNA levels increased with a concomitant
decrease in g- and y-actin mRNA levels by day 10 post-

plating (Figure 11).



Figure 10. Effect of TPA on the morphology of BC;H1l cells.
BC;H1 cells were switched to low serum media and treated
with 0.1xM TPA 3 days post-plating and maintained in the
presence of TPA up to day 10 post-plating. (A) untreated
BC;H1 cells, day 10 post-plating. (B) BC;H1 cells plus TP3,
day 10 post-plating. Cells were plated at a density of 10°
cells per plate. The micrographs were taken using phase

contrast optics. Magnification: 1000X.






Figure 11. Effect of TPA on actin isoform mRNA switching.
RNA from BC;H1 cells treated at day 3 post-plating with
0.1uM TPA in low serum media was analyzed as outlined in

Figure 9. (A) Control no drug. (B) TPA addition.
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C. cAMP ANALOGUES DISRUPTED BC.H]1 CELL DIFFERENTIATION.

The cAMP analogues dibutyryl cAMP and 8-bromo-cAMP
were added separately to BC;H1 cells at day 3 post-plating
at various concentrations (1mM, 500uM, 250uM, 100uM, 10uM)
in the presence of 0.5% FCS containing media as activators
of pk A, in order to assess the role of the pk A-dependent
signal transduction pathway on BC;H1 cell myogenic
differentiation. The 500uM concentfation is consistent with
that used in other labs to study pk A activation and cAMP
effects (Hu and Olson, 1988; Narindrasorasak et. al., 1986;
Blosser and Appel, 1980). Both db-cAMP and 8-br-cAMP
addition resulted in similar effects, however only 8-br-cAMP
results at a 500uM concentration are presented here.

C.1. cAMP ADDITION ALTERED MORPHOIOGICAL DIFFERENTIATION.

CAMP treatment resulted in a drastic alteration in
the morphology of BC;H1 cells 10 days post-plating as
revealed by phase contrast optics (Figure 12). Treated
cells (12 C,D) did not show the characteristic alignment
into parallel streams of differentiated cells (123A,B) as
seen at day 10. Instead, cAMP treated cells were less
refractile and had thin processes extending between cells,
somewhat resembling neurite-like processes. In order to

fully visualize the effect of cAMP on impairing the
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alignment into parallel streams of cells, cells were left in
media containing 20% FCS and allowed to reach confluency and
establish extensive cell to cell contacts in the

absence/presence of cAMP (12B, D).

C.2. cAMP ADDITION DISRUPTS BIOCHEMICAL DIFFERENTIATION.
C.2.1. ACTIN ISOFORM SWITCHING.

Two dimensional gel electrophoresis revealed that
CAMP treated BC;H1l cells were unable to up-regulate «-actin
expression at the protein level, as can be seen in Figure
13. A delay in the synthesis of a=-actin could be seen in
treated cells at day 6 post-plating. Also apparent was a
decreased down-regulation of g- and y-actin protein
synthesis in cAMP treated cells as compared to untreated.
Both g- and y-actin remain as prominent isoforms even at day
10 post-plating in treated cells.

C.2.2. MYOSIN LIGHT CHATIN 1 EXPRESSION.

An inhibition of MLC1l protein expression in cAMP-
treated cells was also indicated by two dimensional (2D) gel
electrophoresis (Figure 14). MLC 1 which was normally
present by day 6 post-plating in untreated cells was not

detectable and only faintly seen at day 10.
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C.2.3. TROPOMYOSIN ISOFORM SWITCHING.

Tropomyosin expression was also disrupted by cAMP
addition in BC;H1 cells (Figure 15). During the period in
which untreated cells differentiated and down-regulated Tml
and up-regulated Tm2, 3, and 4, 2D analysis indicated an
inhibition in the upregulation of Tm2, 3, and 4 in cAMP
treated cells.

Various [%°S]-methionine labelling times were used
(2 -14 hours). All labelling periods resulted in similar 2D
profiles of the labelled proteins (data not shown).

C.2.4. ACTIN ISOFORM mRNA SWITCHING.

Northern analysis of actin messages revealed results
which proved unexpected, as seen in Figure 9B. Although a-
actin expression was altered at the protein level, no
appafent effect was observed at the message level; a-actin
mRNA levels increased in cAMP treated cells, Eypical'of
untreated cells. However, in accordance with the effect
observed at the protein level for g- and y-actins in cAMP
treated cells, their message levels also showed no down-

regulation through to day 10.



Figure 12. Effect.of cAMP on the morphology of BC;H1 cells.
Cells were serum starved on day 3 post-plating and
maintained in culture up to 10 days post=-plating in the
absence (A) or presence (C) of 500uM 8-Br-cAMP. As well,
BC;H1 cells were maintained in culture up to 10 days post-
plating in media containing 20% FCS in the absence (B) or
presence (D) of 500uM 8-Br-cAMP added on day 3 post-plating.
Cells were plated at a density of 10° cells per 60mm dish.

Phase contrast optics were used. Magnification: 1000X.
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Figure 13. Effect of cAMP on actin isoform switching.
Cells were treated with 500uM 8-Br-cAMP on day 3 post-
plating in serum containing 0.5% FCS. Region A from
autoradiograms obtained as described in Figure 6 is shown.

Autoradiograms from untreated BC;H1 cells are shown as

control.
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Figure 14. MLC 1 expression: effect of cAMP. Region C from
autoradiograms obtained as described in Figure 6 is shown.
MLC 1 expression in BC;H1 cells was examined in the absence
(control) and presence (cAMP) of 500uM 8-Br-cAMP in low

serum media.
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Figure 15. Effect of cAMP on Tm isoform switching. BC;H1
cells were treated with 500uM 8-Br-cAMP in low serum media
on day 3 post-plating. Region B from autoradiograms
obtained as described in Figure 6 is shown. Untreated BC;H1

cells served as control.
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D. EFFECTS OF ADENOVIRUS 5 EARLY REGION 1A GENE TRANSFECTION

ON BC;H1 CELL DIFFERENTIATION.

The BC,E7 cell line represents a clone of adenovirus
5 early region 1A (Ad5 E1lA) transfected BC;H1 cells
developed in this lab by Dr.R.W.H. Lee (Mymryk et al.,

submitted).

D.1. BC,E7 CELLS DO NOT MORPHOILOGICALLY DIFFERENTIATE.

At subconfluency, day 4, (Figure 16D), BC;E7 cells
were indistinguishable from subconfluent BC,H1 cells, day 3
(Figure 18A). The differences in days serve to compensate
for the decreased growth rate of BC,E7 cells (Mymryk et al.,
submitted). BC;E7 cells upon reaching confluency became
contact inhibited and did not elongate as did BC;H1 cells
(Figure 16C) but rather appeared flattened (Figure 16F) when
viewed by phase contrast microscopy. In an attempt to
induce differentiation, BC;E7 cells were serum starved in
media containing 0.5% FCS at day 4 post-plating. The cells
similarly failed to show the characteristic alignment and

elongation at day 11 post-plating (Figure 16E).
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D.2. BC;E7 CE EXHIBIT ALTERED BIO ICAL

DIFFERENTIATION.

D.2.1. De Novo PROTEIN SYNTHESIS IN BC,E7 CELLS.

De novo protein synthesis in BC;E7 was examined
cells by 2D gel electrophoresis of [?*°S]-methionine labelled
proteins as seen in Figure 17. The protein pattern obtained
from BC,E7 cells 11 days post-plating was compared with that
of BC;H1 cells 10 days post-plating (Figure 4). Both
induction and repression of cellular proteins could be
observed but were not studied further. Again, the areas
outlined A, B, and C indicate regions in which the
cytoskeletal proteins actin, tropémyosin and myosin light
chain 1 migrate respectively, and were further investigated.
D.2.2. ACTIN ISOFORM SWITCHING IN BC,E7 CELLS.

Two dimensional analysis of [3®°S]-methionine
labelled BC;E7 proteins indicated that a-actin was expressed
in proliferating (day 4) cells (Figure 18) and persisted
through all days examined. Also, there was no down-
regulation of the non-muscle g- and y- actin isoforms once
the cells reached confluency, through to day 11 post-
plating.

D.2.3. MYOSIN LIGHT CHATIN 1 EXPRESSION IN BC,E7 CELIS.

Examination of the MLC 1 regions of 2D gels of

[®°*S]-methionine labelled proteins from BC,;E7 cells revealed



81
that MLC 1 was induced in these cells upon confluency,
however its appearance was delayed until day 9 at which
point synthesis was detected but at lower levels (Figure
19).

D.2.4. TROPOMYOSIN ISOFORM SWITCHING IN BC,E7 CELIS.

As seen in Figure 20, unlike Tm regulation in BC;H1
cells, Tm 1 down-regulation was inhibited in BC,E7 cells,
its presence detected even at day 11. No effect however was
observed on the regulation of the other Tm isoforms in BC,E7
. cells, which followed the shift in pattern characteristic of

differentiated BC,H1 cells.

D.2.5. ACTIN ISOFORM mRNA SWITCHING IN BC,E7 CELLS.

Northern analysis was performed as decribed to
examine actin transcript levels in subconfluent and post-
confluent BC,E7 cells (Figure 9C). In accordance with the
protein results, a-actin message was present at high levels
even in proliferating cells (day 4) and persisted through
all days in culture examined (days 4-11). In addition, no
down-regulation of the non-muscle g- and y-actin isform
messages was observed following confluency through to day

11.



Figure 16. BC3E7 cell morphology. BC;H1l cells (A, B, C)
and BC;E7 cells (D, E, F) were plated at a density of 10°
cells per 60mm dish. Subconfluent proliferating cells were
similar in appearance (A, D). Post-confluent, day 10 BC;E7
cells in serum containing 20% FCS (F) did not elongate
typical of day 10 BC;H1l cells (C). In reduced serum, BC;E7
cells at day 10 (E) also failed to show the characteristic
elongation observed in BC;H1 cells in low serum media at day
10 (B). The micrographs were taken using phase contrast

optics. Magnification: 1000X.






Figure 17. De novo protein synthesis in BC;E7 cells.
Proteins from BC;E7 cells were analyzed as outlined in
Figure 4. Again, the regions A, B and C indicate the areas

to which actin, Tm and MLC1 migrate, respectively.
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Figure 18. Actin expression in BGE7 cells. Region A from
autoradiograms obtained as described in Figure 6 is shown
here for both BC;H1 and BC;E7 cells. The difference in days

between BC;H1 and BC;E7 cells serves to compensate for the

decreased growth rate of BC;E7 cells.
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Figure 19. MIC 1 expression in BC;E7 cells. Proteins from
both BC;H1 cells and BC;E7 cells were analyzed as outlined

in Figure 6 and region C from the autoradiograms is shown.
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Figure 20. Tm expression in BC;E7 cells. Region B from
autoradiograms obtained as described in Figure 6 is shown

here for both BC;Hl1 cells and BC,E7 cells.
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IV. DISCUSSION.

The intent of this study was to elucidate the
molecular links between signal transduction and protein
synthesis leading to the transition to the differentiated
state in the mouse muscle cell line, BC;Hl. The involvement
of both pk C- and pk A-dependent signal transduction
pathways was examined. As well, given the similarity
between adenovirus E1A and cAMP-dependent transcription
involving CREBs and ATFs, the effect of Ad5 ElA transfection
on BC;H1 cell myogenic differentiation was also examined.

A. EXPRESSION OF MYOSIN LIGHT CHAIN 1 IN BC;H1 CELIS: A
NOVEL FINDING.

The end-point of myogenic differentiation in BCzH1
cells has been indicated to be 6 days after the initial
exposure to serum-free medium. At this point changes in
cell morphology were visually complete and a-actin protein
and mRNA levels had reached final steady state levels of
expression (Strauch et al., 1986). It was for this reason
that differentiation in this study was taken to day 10 post-
plating which represents 6 days after serum starvation.
Although there has been extensive work on actin expression

in BC;H1 cells, little is known about Tm isoform expression

92



93
patterns. The identification of five Tm isoforms by two-
dimensional IEF analysis (Figures 5 and 8) as well as their
developmentally regulated expression in BC;H1 cells
presented in this report is novel. The identity of these
five proteins as Tm should be further verified by a lack of
[**S]-proline or tryptophan incorporation, as all
tropomyosins lack these amino acids (Garrels, 1979 and
references within).

Taubman et al. (1989) failed to detect MLC 1
expression at the level of the message as revealed by
Northern analysis using a rat skeletal muscle MLC 1 cDNA
probe even by day 11 post-plating. Similarly, Kelvin et al.
(1989a) did not detect MLC 1 expression using immunoblot
techniques with a monoclonal antibody directed against
skeletal muscle myosin. In contrast, results from two
dimensional analysis of [?°S]-methionine labelled cellular
proteins presented here clearly indicate the presence of a
protein with molecular weight and pI values similar to MILC 1
which is developmentally regulated (Figure 7) and which
comigrates with commercially available rabbit muscle MLCs
(Figure 5). It was concluded from these results that this
protein was MLC 1. The identification of such in BC;H1
cells is novel. It is unlikely that this protein is an

artefact due to the high reproducibility of these results.
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Western analysis using a monoclonal antibody directed
towards MLC 1 is required to further identify this as MLC 1.
Such a discrepancy between this report and the previous ones
(Taubman et al., 1989; Kelvin et al., 1989) in the finding
of MLC 1 may simply be explained by the use of different
clonal BC3H1 cell lines. In the clone studied by Kelvin et
al. (1989a) the MLC 1 gene is present and can be activated
by treatment with pertussis toxin, an inducer of
differentiation. Since the BC;H1 cell line does not fuse,
representing incomplete myogenic differentiation, it is
possible that the clone used here is one which can progress
further to the differentiated state than those used
elsewhere without the need for extra inducers of
differentiation.
B. TPA HAD NO EFFECT ON BC,H1 CELI, MYOGENIC DIFFERENTIATION.

In this study, the tumour promoter phorbol ester,
TPA, was used as aﬁ activator of pk C in order to assess the
role played by pk C-dependent signalling pathways in the
regulation of BC;H1 cell myogenesis. It was observed that
treatment of BC,H1 cells at 3 days post-plating in the
presence of reduced serum (0.5%) with TPA, in the
concentration range of 0.01-0.5uM, had no inhibitory effect
on myogenic differentiation. A summary of the effects of

TPA can be found in Table 1. TPA-treated cells were



Table 1. Summary of the effects of TPA and cAMP analogque
addition to BC;H1 cells and BC;E7 cell characteristics.
* Day 10 post-plating in BC;H1l cells corresponds to day 11

post-plating in BC;E7 cells.
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morphologically indistinguishable from untreated
cells(Figure 10). Biochemical differentiation as indicated
by the cytoskeletal proteins studied, was also unaffected by
TPA addition. Hu and Olson (1988) indicated that TPA
addition to BC;H1l cells up-regulated the expression of

growth factor induced early genes (c-fos, c-myc and

ornithine decarboxylase). This, together with unpublished
results from this lab which indicate that addition of TPA
inhibits the expression of surface acetylcholine receptors,
suggests that it is unlikely that the lack of an effect of
TPA addition seen in the results presented here was due to
an unresponsiveness to TPA. To further verify that pk C is
responsive to TPA addition, it would be beneficial to assess
pPK C activation in the presence of TPA.

If one considers the fact that TPA activates pk C
(Nishizuka, 1984), it could be concluded that pk C
activation failed to have an inhibitory effect on myogenic
differentiation in BC;H1 cells and thus signal transduction
via the pk C-dependent pathway is not directly involved in
negative regulation of muscle-specific gene expression.
Results presented here are in accordance with those of Hu
and Olson (1988) which demonstrated that TPA at a
concentration of 3.2uM had no effect on BC;H1l cell

differentiation as revealed by MCK activity and AChR levels.
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However, Cossu et al. in 1980 found that TPA (0.16uM) had an
inhibitory effect on surface AChRs and MCK activity in chick
embryo skeletal muscle cells. Also, as indicated
previously, similar results have been obtained in this lab
which have indicated that TPA inhibits the expression of
surface AChR. We believe that TPA exerts its negative
effect on surface AChRs at a level other than muscle-
specific transcription or translation since no inhibitory
effect was seen on proteins of the contractile apparatus.
One such level of regulation currently under investigation
is cell surface transport.

Other researchers have indicated that while TPA
specifically blocked myoblast fusion, it had no effect on
the expression of muscle-specific MHC and MLCs (Cohen et
al., 1977). These results are not inconsistent with those
presented in this study and lend support to the suggestion
that TPA, and hence pk C, operates distal to muscle-specific
gene transcription in the myogenic regulatory pathway to
prevent complete myogenesis. The developmental regulation
of the contractile proteins examined here likely lies
external to a pk C-dependent pathway. However, one must be
careful in making conclusions such as this. If pk C was
invovled in initiating differentiation, it would be
difficult to detect an induction in the presence of TPA

since pk C may be active prior to addition.
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Important in evaluating an effect of a drug is the

concentration used, TPA being no exception. Although the
concentrations used in this study were within the range used
by others to activate pk C (Mufson, 1985; Cossu et al.,
1982; Chida et al., 1986; Adamo et al., 1989) a problem
which must be considered is that TPA is not degraded as
rapidly as DAG (Nishizuka, 1986). Persistent exposure to
high concentrations of TPA can prolong the association of pk
C with the membrane, leading to the degradation of pk C and
hence to its decrease in activity (Nishizuka, 1988). It has
been demonstrated that TPA concentrations of 0.2uM and
greater partially decreased both cytosolic and membrane-
bound pk C activities in rat skeletal myoblasts
(Narindrasorak et al., 1987). Hu and Olson (1988), using
3.2uM TPA may have in fact inhibited pk C activity rather
than activate it. This could lead to false conclusions
regarding the role of pk C-dependent signalling pathways.
Since the concentrations used in this study were within a
range known to activate pk C, it is presently suggested that
a pk C-dependent signal transduction pathway is not directly
involved in regulation of muscle-specific gene expression.
In light of what is known regarding sensitivity towards TPA,
it remains to be determined whether the duration of exposure
and the associated pk C activity is important in evaluating

the effect of TPA on myogenic differentiation.
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C. cAMP ANATOGUES DISRUPT BC.H1 CELIL, MYOGENIC

DIFFERENTIATION.

In an attempt to determine whether BC;H1 cell
differentiation was subject to regulation by pk A-dependent
signalling pathways, cAMP analogues were added to the cells
in culture as activators of pk A. Although only results of
8-br-cAMP addition were presented, both 8-br-cAMP and db-
cAMP produced similar effects of disrupting myogenic
differentiation. When 500uM 8-br-cAMP was added to BC;H1
cells in the presence of reduced serum at day 3 post-
plating, the characteristic morphological differentiation
was disrupted, with the cells showing neuron-like processes
(Figure 12). As well, two dimensional analysis of
cytoskeletal proteins indicated that biochemical
differentiation was disrupted (Figures 14, 15). The effects
of cAMP analogues are summarized in Table 1. Unpublished
results from this lab also indicated that surface AChR
expression was inhibited by cAMP analogues. The appearance
of neuronal-like processes upon cAMP addition has been
previously documented. Smith (1984) found that agents which
increased intracellular cAMP induced cytoplasmic arboration
in cultured arterial muscle cells, with the cytoplasm
becoming concentrated into the perinuclear area leaving thin

dendrite-like processes (Smith, 1984). The question remains
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here as to whether this altered morphology is a result of a
disturbed cytoskeleton, given the fact that biochemical
differentiation was also disrupted. The precise functional
significance of the various cyotskeletal protein isoforms
remains vague at present and thus cAMP-treated BC;H1l cells
may aid in this pursuit.

It is interesting to speculate, given the fact that
BC;H1 cells originated from a brain tumour (Schubert et al.,
1974), cAMP may divert these cells into a neuronal pathway
of differentiation. Dibutyryl cAMP has been reported fo
cause embryonal carcinoma cells to express neuron-specific
markers such as neuron-specific enolase and the medium
neurofilament (MW 150 kDa) as well as take on a neuron-like
ultrastructure (Sharma et al., 1990). Preliminary results
from this lab of Western analysis to detect the presence of
neurofilaments in cAMP-treated BC;H1 cells have been
inconclusive.

Hu and Olson (1988) presented results which
demonstrated that cAMP inhibited the expression of the genes
encoding muscle specific MCK and TnT. The results of Hu and
Olson (1988) also suggested that cAMP inhibited the
expression of a-actin at the level of transcription.
However, the results of this study suggest otherwise.

Although cAMP addition lead to an inhibition of a-actin
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expression at the level of protein synthesis (Figure 13), it
did not prevent expression of the gene at the message level
(Figure 9B). In the presence of cAMP analogues, a-actin
message was detected at a level similar to untreated cells
by day 6 post-plating. This suggests that cAMP is exerting
its effect on a—actin expression at a level other than
transcription. The delay in the appearance of a=-actin
protein (Figure 13) in the presence of cAMP seen at day 6
post-plating may indicate that cAMP affects translational
efficiency of e-actin messages.

Recent results from this lab indicated that cAMP
does affect a-actin expression. Cells treated with cAMP at
an early stage prior to the establishment of cell-to-cell
contacts showed complete inhibition of a-actin expression.
Those treated on days 3 or 4 post-plating showed only a
delay in the onset of a=-actin expression. It has previously
been demonstrated that a-skeletal actin requires both cell-
to-cell contact and serum withdrawal for maximum induction
(Strauch and Reeser, 1989). These findings suggest that the
two differentiation signals may be independently regulated
by cAMP with only serum starvation being sensitive to
increased cAMP levels.

It has been shown that FCS- or FGF-induced
repression of e-actin synthesis occured at the level of

translational efficiency of a-actin mRNA rather than at the
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level of transcription (Wice et al., 1987). Hu and Olson
(1988) indicated that neither FGF nor B-TGF increased cAMP
levels in BC;H1 cells and thus it was concluded fhat they
affected differentiation through a cAMP-independent
mechanism. Both these growth factors are speculated to
operate through tyrosine-specific kinase activation;
addition of an inhibitor of tyrosine-specific phosphatase,
vanadate, resulted in similar effects on BC;H1l cell actin
expression as FGF and B-TGF (Wice et al., 1987). However,
vanadate has been shown to increase intracellular cAMP
levels (Schwabe, et al., 1979). This result is consistent
with those presented here in which cAMP addition appeared to
be affecting the translational efficiency of a-actin mRNA.
Either vanadate operates through a cAMP-dependent pathway to
affect differentiation or the increase in cAMP is only
secondary to a direct effect of tyrosine phosphorylation on
differentiation. Apparently a cAMP-dependent and
independent pathway converge to regulate o-actin mRNA
translation.

Cyclic AMP treatment also interfered with the down-
regulation of g- and y-actin expression, both at the protein
and message level (Figures 13 and 9B). This cAMP effect may
operate at either a transcriptional or post-transcriptional

level, such.as message stability. Results from this lab
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suggest the latter possibility is operational: cAMP
analogues appeared to increase the half-lives of both g- and
y-actin messages.

Differentiation and proliferation are mutually
exclusive thus one could inhibit differentiation by
preventing cell cycle withdrawal. The inhibitory effects of
CAMP analogues on myogenic differentiation observed should
not be attributed to continued cell proliferation and DNA
synthesis, since Hu and Olson (1988) indicated that neither
the doubling time nor the rate of cell cycle withdrawal were
affected by cAMP in BC;H1l cells. Nor should the cAMP effect
observed be attributed to a cytotoxic effect of the cAMP
analogues used since Hu and Olson also indicated that the
rate of totallprotein synthesis and degradation were
unaffected by cAMP (Hu and Olson, 1988). In this study,
cell numbers in cAMP-treated and untreated cells were
comparable therefore it is unlikely that cAMP had a
cytotoxic effect. Since both 8-br-cAMP and db-cAMP addition
to BC;H1 cells produced similar effects of disrupting
myogenic differentiation, it is unlikely that the effects
observed were due to the 8-bromo or dibutyryl groups rather
than cAMP itself. Thus, given that cAMP activates pk A,
BC;H1 myogenic differentiation is subject to a pk A-

dependent signalling pathway which negatively regulates
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muscle-specific gene expression at multiple levels including
transcriptional, post-transcriptional and translational.

D. INTERACTION BETWEEN PK C- AND PK A-DEPENDENT PATHWAYS?

In BC;H1 cells, it has recently been demonstrated
that insulin addition (an inducer of differentiation) led to
a decrease in cytosolic pk C activity and a corresponding
increase in membrane-bound pk C activity (Cooper et al.,
1990) . If pk C was normally active in BC;H1 cells during
differentiation, further activation by TPA would likely fail
to show an effect on differentiation. With respect to this,
it remains to be determined whether cAMP affects pk C
activity. It has been shown that cAMP had an inhibitory
effect on phosphatidyl inositol turnover. Pk C activity
decreased when rat skeletal muscle cells or a neurotumor
cell line, NCB-20, were exposed to agents that increase cAMP
(Narindrasorasak et al., 1987; McAtee and Dawson, 1989).
This decrease was dependent on pk A activation and required
ATP, thus phosphorylation is likely involved
(Narindrasorasak et al., 1987). Second messenger generation
was inhibited through a cAMP-mediated inhibition of DAG
release. This was due to an inhibition of phospholipase C
(McAtee and Dawson, 1989). Perhaps pk A-dependent
phosphorylation regulates phospholipase C. Pk C activity in

the presence of cAMP must be determined to assess the
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possibility that pk C inactivation may be ultimately
inhibiting differentiation. As well, it should be
interesting to determine if TPA in the presence of cAMP
could bypass the cAMP-induced block to BC;H1 cell
differentiation. 1In evaluating a role of pk A-dependent
signal transduction, one may indirectly be evaluating pk C-
dependent signal transduction.

E. ADENOVIRUS S EARTY REGION 1A DISRUPTS BC;H1 CELL
DIFFERENTIATION.

It is generally accepted that transformation and
differentiation are mutually exclusive. Oncogenes are known
to operate within signal transduction pathways, affecting
transcription factor activity or acting as transcription
factors themselves. Although the cellular oncogenes c-ras
and c-myc have been implicated in growth factor-mediated
inhibition of myogenesis (Schneider et al., 1987; Payne et
al., 1987; Kelvin et al., 1989b), these oncogenes are
closely linked to cell cycle withdrawal and thus may operate
at the level of terminal commitment rather than further down
the differentiation pathway such as muscle-specific gene
activation which results in terminal differentiation.
Results of cAMP addition to BC;H1 cells presented here
suggest that the block to differentiation observed operates

at the level of muscle-specific gene expression rather than
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cell cycle withdrawal. It was thus of interest to
investigate the role of potential transcription factors.

Given the fact that adenovirus E1A mediated
transactivation of viral and cellular genes is believed to
occur through a mechanism which shares similarity to the
mechanism by which cAMP mediates cellular gene activation,
we wanted to examine the effect of E1A on BC;H1l cell
differentiation. It was necessary to examine E1A
transactivation in the absence of other consequences of
viral infection and thus stable Ad5 E1A transfected BC,H1
cell lines were developed.

One such Ad5 ElA-transfected BC,H1l cell line which
was further characterized was called BC;E7. Results from
this lab suggested that is was unlikely that this cell line
resulted from spontaneous mutation and that the disruption
of differentiation observed was due to growth stimulation by
El1A (Mymryk et al., submitted). It is likely that the
effects observed were due to E1lA since the BC;P7 cell line
which was transfected with a plasmid containing only the
neomycin resistance gene was morphologically and
biochemically similar to BC;H1l cells (data not shown). The
presence of E1lA was verified at the levels of message,
protein, and biological activity (Mymryk et al., submitted).

Ad5 E1A transfection resulted in the disruption of
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the coordinate regulation of muscle-specific gene activation
in BC;H1 cells. Multiple effects on muscle-specific markers
were observed. Refer to Table 1 for a summary of these
effects. Earlier reports demonstrated a block to myogenesis
in L6, C2, and 23A2 cells transfected with the Ad 5 E1A gene
(Webster et al., 1988; Enkemann et al., 1990). Presented
here are results which indicate a lack of down-regulation of
non-muscle markers g- and y-actins upon confluency, both at
the protein and message levels (Figures 18, 9C) and the
failure to morphologically differentiate (Figure 16). This
ElA-induced block to myogenesis is in accordance with the
earlier studies. Results from this lab also revealed a
repression of muscle-specific expression of MCK activity and
surface AChR (Mymryk et al., submitted).

But, in contrast to those earlier reports by Webster
et al. (1988) and Enkemann et al. (1990) in which E1lA
transfection led to inhibition of all muscle-specific genes
studied, not all muscle-specific markers were repressed in
BC;E7 cells. E1lA transfection had no effect on the
expression of Tm isoforms 2-5 (Figure 20) nor MLC 1 (Figure
19). As well, unexpectedly, E1A transfection of BC;Hl1l cells
led to an activation of muscle-specific a=-actin in
proliferating and presumably undifferentiated BC,E7 cells at

both message and protein levels (Figures 18, 9C).
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These results, as well as the fact that both
induction and repression of cellular proteins were observed,
suggests that E1A did not cause a general non-specific
inhibition of transcription. A general non-specific
repression of transcription by Ad E1A could not be ruled
out, however, for the results presented by Webster et al.
(1988) and Enkemann et al. (1990). The results presented in
this thesis thus suggest that E1A is exerting an effect

specific to myogenesis in BC,H1 cells.

F. COORDINATE REGULATION OF MUSCLE-SPECIFIC GENES: AN
INCREASINGLY COMPLICATED STORY.

The coordinate regulation of such a vast array of
proteins encoded by unlinked genes raises the question of
whether there is a common underlying regulatory mechanism.
It has been suggested that trans-acting factor(s), both
positive and negative, interact with cis-acting elements
associated with each gene. Common cis-acting sequences have
been identified in several muscle-specific genes including
MCK (Buskin, and Hauschka, 1989; Jaynes et al., 1988;
Sternberg et al., 1988), MLC 1/3 (Donoghue et al., 1988),
cardiac actin (Minty and Kedes, 1986), cardiac Tn T (Mar et
al., 1988) and Qsubunit of AChR (Baldwin and Burden, 1988),

however no universal mechanism for gene activation has been
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identified. It is becoming increasingly difficult to
explain the coordinate regulation of muscle-specific genes.
As has been suggested in this study and by other
researchers, levels of control may vary. When BCzH1 cells
were induced to de-differentiate and re-enter the cell
cycle, MCK mRNA synthesis decreased and messages decayed,
producing a corresponding decrease in the level of protein
(Glaser and Wice, 1989). However, the decrease in a-actin
seen at the protein level did not reflect the message level
which remained high (Glaser and Wice, 1989). ' Similar
results which suggest multiple levels of regulation were
obtained here in the presence of cAMP analogues. Here, cAMP
appears to operate at a translational level to regulate o-
actin expression while g- and y-actin expression appears to
be regulated by cAMP at a post-transcriptional.level. Also,
distinct regulatory mechanisms are speculated to exist for
muscle-specific gene expression given the fact that human
cardiac and skeletal a-actin genes were expressed
constitutively when introduced into C2Cl12 cells (Minty et
al., 1986; Muscat and Kedes, 1987) while the expression'of a
MCK-CAT fusion gene was growth factor mediated, only
detected after serum withdrawal (Johnson et al., 1989).
Human cardiac and skeletal o-actin genes are thus regulated

by a common transcription factor present in undifferentiated
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C2C12 cells (Muscat et al., 1988). However, the MCK gene
must be regulated by a different transcription factor not
present or active until after mitogen withdrawal. The’
precise tissue and developmental-specific regulation of
cardiac and skeletal a=-actin likely involves cell-specific
accessory factors and/or chromosomal mechanisms which govern
promoter accessibility (Muscat et al., 1988). In BC,H1
cells, the expression of cardiac c=-actin precedes that of
skeletal a—-actin (Strauch and Reeser, 1989). As well, the
expression of cardiac a-actin mRNA precedes that of MHC and
MLC 2 by four hours in cultured chick myoblasts (Lawrence et
al., 1989). This sequential expression of muscle-specific
genes does not lend support to a "master"™ gene which
directly activates all muscle-specific genes. It is
possible though that one may indirectly act on muscle-
specific genes via a cascade mechanism.

While investigating myogenic regulation, researchers
identified several "master" myogenic regulators , including
MyoDl, myd, and myogenin (Davis et al., 1987; Pinney et al.,
1988; Wright et al., 1989), which had the ability to convert
nonmyogenic cell lines into myogenic ones. It was
speculated that these proteins function as transcriptional
activators of muscle-specific genes. It appears that myd

fuctions distal to both MyoD1l and myogenin (Pinney et al.,
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1988), yet it remains unclear where MyoDl1l and myogenin
function with respect to each other in the temporal sequence
of myogenic regulation. Myogenin is expressed
embryologically prior to MyoDl. Yet, although myogenin is
expressed in the fusing myogenic cell line, L6, and in BC;H1
cells, MyoDl is not (Wright et al., 1989).

Dispite these incongruencies, it is generally
believed that the expression of a "master" regulatory
molecule is necessary for the subsequent expression of
muscle-specific genes and the attainment of the
differentiated phenotype. In support of this, Enkemann et
al. indicated that E1A transfection led to an inhibition of
myogenin expression. Accordingly, if E1A, operating
direétly on myogenin and not on muscle-specific genes,
inhibited the expression of myogenin, then this would lead
necessarily to the repression of other muscle-specific
genes, provided myogenin was "master" over all muscle-
specific genes. However, in light of results presented here
in which E1A prevented morphological differentiation yet
did not completely block biochemical differentiation, the
myogenic regulatory pathway no longer seems so linear and
myogenin no longer the "master" regulatory molecule. -
Several branches may exist leading to distinct parameters of

differentiation. These may have unique members of the MyoD
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family of regulators operating on the individual branches.
Since cAMP addition to BC;H1 cells resulted in a more
synchronous inhibition of differentiation than E1lA, it is
suggested that cAMP operates further upstream in the pathway
of myogenesis than E1lA.

G. FUTURE RESEARCH.

It is now necessary to investigate the expression of
myogenin in BC,;E7 cells. Its presence or absence in this
cell line should prove equally intriguing. If, in
accordance with the previous studies, myogenin expression is
inhibited in BC;H1l cells by ElA transfection, then the fact
that morphological differentiation was prevented even in the
presence of some biochemical differentiation weakens the
theory of myogenin as a "master" regulatory molecule. It
may, rather, be operating further down the regulatory
pathway or only on one branch, many of which together allow
for stable and complete myogenesis. If present in BCE7
cells, E1A should be funcﬁioning more distal to myogenin
than Enkemann et al. suggest, perhaps either directly on
some muscle-specific genes or on a lower level regulatory
protein(s). It will also be interesting to determine how
El1A mediated an up-regulation of a-actin. Also to be
addressed is whether cAMP affects the level of myogenin

expression or its activation, perhaps through a pK A-
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dependent phosphorylation. The BC;H1 cell line in the
presence of cAMP, as well as the BC;E7 cell line, should
prove useful in the identification of a novel set of
myogenic regulators involved in the increasingly complicated
myogenic pathway. cAMP-treated BC;H1 cells should also
prove to useful in determining the functional significance
of cytoskeletal proteins as well as in elucidating the
regulatory mechanisms governing a-, g- and y-actin
expression. Further work needs to be conducted in order to
confidently determine the role of pk A- and pk C-dependent
pathways in BC;H1 cell myogenesis. The effect of cAMP on pk
c activity needs to be addressed before any conclusion is
drawn regarding the ultimate involvement of these two

pathways.
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