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Control of Differentiation in BC;H1

Muscle Cells

by Luis Glaser*" and Burton Wice”

BC,H1 is a cell line that undergoes a musclelike pattern of differentiation under the appropriate conditions.
We have examined the control of the synthesis of proteins characteristic of differentiated musele in these cells
as a function of their position in the cell cycle. We define two positions in the cell cycle where BC;H1 cells
can remain stably quiescent. Giq is a restriction point early in the G, portion of the cell cycle that permits
the synthesis of muscle-specific proteins and is probably identical o Ge. The second restriction point, Giq,
occurs approximately 4 hr later in the G, portion of the cell cycle and does not permit the synthesis of muscle-
specific proteins. Movement of the cells from G4 to G4 occurs when fibroblast growth factor is added to the
cells and is reversed when this growth factor is removed, Repression of the synthesis of muscle-specific pro-
teins occurs when fibroblast growth factor is added to cells in G . In the case of the muscle form of creatine
phosphokinase (M-CPK), the decline in the rate synthesis of this protein is a consequence of a decreased level
of its mRNA. By contrast, the repression of a-actin synthesis, a protein synthesized only in differentiated cells,
appears to be controlled at the translational level. The effect of fibroblast growth factor and other mitogens
in these cells require activation of tyrosine kinase(s), but the intracellular targets of these kinases are not
known. Studies by others suggest that activation of the ras oncogene can mimic the action of mitogenie poly-
peptides on these and other muscle cells. However, these ohservations do not prove that activation of the ras

protooncogene is directly responsible for the effect of mitogenic polypeptides on these cells,

Introduction

The control of cell differentiation is one of the central
problems of modern biology. Studies of muscle differen-
tiation have been at the forefront of this field because of
the availability of defined (often cloned) cells that can be
induced to differentiate under controlled conditions in the
laboratory.

It is frequently true that the study of slightly abnormal
cells, in which the pathway of differentiation has been par-
tially altered, provides unique insights into the normal se-
quence of events. The BC;H1 cell line (2) is a nonfusing
muscle cell line that has been particularly useful in this
regard. These cells do not fuse, but under appropriate
conditions, differentiate. Differentiation is defined here as
a large increase in the rate of synthesis of proteins charac-
teristic of mature musele such as M-CPK (1-4), vascular
smooth muscle a-actin (a-actin) (5,6), and the nicotinic
acetylcholine receptor (AChR)(1,7,8) (Fig. 1). The advan-
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tage of the BC;H1 cell line is that the differentiation pro-
cess can be reversed by the addition of serum or
well-characterized mitogenic polypeptides such as fibro-
blast growth factor (FGF) (4,6,9-17) (Fig. 1). We summa-
rize here our current knowledge derived from work in a
number of laboratories in addition to our own of this pro-
cess and speculate on the broader implications of this
work for our understanding of musele differentiation.

Differentiation of BC;H1 Cells

Figure 2 provides a graphic description of our current
knowledge of differentiation in BC3HI cells. The ex-
perimental observations on which this is based are found
in the original publications (4,6,9) and will only be men-
tioned briefly. In Figure 2 we show the cell eyele of eu-
karyotic cells, and we identify two restriction points at
which cells ean remain quiescent and viable, both in the
G portion of the cell cycle. Gia is equivalent to Go (12) and
represents a restriction point permissive for cell differen-
tiation, while Giq, 4 to 6 hr further in the G, phase of the
cell eycle, is nonpermissive for cell differentiation (6,9).

When exponentially growing BC;H1 cells that are at a
cell density high enough to allow extensive cell-cell con-
tact are transferred from a medium containing high con-
centrations of serum to a medium containing low levels
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FiGurs 1. Relationship between cell growth and differentiation in BCsH1 cells. Logarithmically growing BCsH1 cells in 35-mm dishes were trans-
ferred from D-MEM containing 20% FCS to D-MEM containing 1% FCS on day 0. Cells were harvested at times indicated. (@) Cells in 1% FCS;
(O) cells to which 20% FCS was added on day 3; (A) eells to which FGF was added on day 3. Cell number was determined using a Coulter counter.
The rate of M-CPK synthesis (B) was measured essentially as described (4,9). Briefly, cells were labeled for 1.5 hr with **S-methionine and CPK
was iImmunoprecipitated from cell homogenates. The muscle and brain isozymes were separated by SDS-gel electrophoresis. After ﬂuomgraphv
of the gels, the amount of **S-CPK was quantitated by densitometry and normalized to the rate of total protein synthesis. The rate of isoactin syn-
thesis (C-E) was determined as described (63 Briefly, cells were labeled for 1 hr with *S-methionine and the actins were purified from cell
homogenates using DNase I affinity chromatography. The *°S-actins were then subjected to lbOeleCtnC focusmg to separate the a-, [F, and y-isoforms
or to SDS-gel electrophoresis to determine the amount of total **S-actin, The amount of **S-actin in the gels was quantitated as for M-CPK.

of serum, they arrest in Gq and initiate a differentiation
program that results in the accumulation of high levels of
M-CPK (1-4), AChR (1,7,9,13), and a-actin (6), while the
rate of synthesis of nonmuscle f- and y-actin is decreased
(6) (Fig. 1). In the case of M-CPK and a-actin, it is known
that their expression in differentiated cells requires the
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F . B -actin(-)
{ +=c~fos-synthesis ¥ ~actin(-)
M-CPK(-)
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G1q B -actin(-)
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AChR(?)
M-CPK(-)
Logarithmically AChR!-)
Growing cells a-actin(-)
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y -actin{+)

F1cUre 2. Differentiation and position in the cell cyele in BC3HI eells.
The figure illustrates in diagramatic fashion the control of diffentia-
tion in BC3H1 cells and the induction of c-fos. Celts arrested early in
the G, portion of the cell eycle (G4 or Go} differentiate while cells ar-
rested later in Gy at Giq are quiescent but cannot differentiate. Move-
ment from Giq to Giq can be induced by addition of FGF and is
reversed upon removal of FGF. Transit from Ga to Giq is accompa-
nied by induction of a number of proteins characteristic of early por-
tion of Gy, the figure illustrates the induction of c-fos. Synthesis (+)
or lack of synthesis (~) of the indieated protein. AChR (7) indicates
that the effects of FGF on the synthesis of AChR has not heen
reported for BCyH1 cells, although 8-TGF has been reported to in-
hibit the cell surface expression of AChR in these cells (23).

synthesis of mRNAs absent in logarithmically growing
cells (5,14); hence, induction of differentiation involves
transcriptional eontrol of these genes. The difference in
the level of these proteins between growing and differen-
tiating cells can be several hundredfold (Fig. 1).

When high concentrations of serum are added to differ-
entiated BCsH1 cells, the cells reinitiate growth (3-11).
Concomitantly, the synthesis of muscle-specific proteins
ceases (8-11), and the cells initiate the synthesis of pro-
teins characteristic of growing cells, for example  and y
actin (5,6) (Fig. 1). Serum is a complex mixture of
molecules, and it is impossible to ascertain whether the
effects of serum on the differentiated phenotype are due
to a single effector molecule or whether multiple compo-
nents are involved. As will be shown, the multiple com-
ponents are probably involved.

Since the inhibition of the differentiation program oc-
curs when cell growth resumes, it is tempting to examine
known mitogenic polypeptides for their ability to in-
fluence growth and differentiation in BC;H1 eells.
Lathrop et al. could show that either highly purified acidic
FGF (aF'GF) or relatively erude basic FGF (bFGF) when
added to differentiated BC3sH1 cells blocked expression
of M-CPK (4). However, the addition of these polypeptides
to cells initially in Giq was not sufficient to initiate cell
growth (6,9). The p-transforming growth factor (3-TGF)
affects differentiation of BC;H1 cells similarly to FGF
(18). More recent observations suggest that in some sub-
populations or clone(s) of BC3H1 cells, epidermal growth
factor (EGF) has a similar effect on the differentiation pro-
gram as FGF but EGF allows differentiated BC;H1 cells
to reinitiate growth (15).

A variety of observations indicate that addition of FGE
to BC3H1 cells in G4 results in movement of these cells
from Giq4 to a new restriction point Giq about 4 hr closer
to the Gi-8 boundary than Gi4. These observations can
be summarized as follows: a) when stimulated to divide
by addition of serum, ceils in G4 enter the S phase of the
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cell eycle 4 to 6 hr before cells in G4 (6,9); b) addition of
FGF to cells in Gyq results in a rapid and transient induc-
tion of the synthesis of the c-fos proteoncogene charac-
teristic of cells progressing from G,a (Go) to G, (6); ¢) ad-
dition of FGF to cells in G4 results in significant
induction of the synthesis of ornithine decarboxylase (9),
which is characteristic of cells transiting through early
parts of G, (16); and d) the transit of cells from G4 to Giq
requires 4 to 6 hr of exposure to FGF (9), although it
seems likely that as soon as cells exit Gia they are no
longer permissive for the synthesis of differentiated pro-
teins.

The levels of control of the synthesis of various proteins
associated with the differentiated phenotype appears to
be different (Table 1), When cells exit from G,q4, synthe-
sis of M-CPK mRNA ceases (6,10) (Fig. 3), the message
decays with a half-time of about 8 hr (independent of
whether cells are in Giq or not, (10), and there is a cor-
responding decline in the rate of M-CPK synthesis (9).
The rate of a-actin synthesis also declines when cells exit
(314 (5,6); however, this rate of synthesis is not a reflection
of levels of a-actin mRNA, which remain relatively high
(6) (Fig. 3, Table 1}. This is true whether the exit from Gq
is induced by addition of FGF, which brings cells to Giq
(6), or by addition of EGF or serum, which, in appropri-
ate EGF regponsive clones, allows eells to continue
through the cell cycle (15). These observations suggest
that tranglational control of a-actin synthesis is possible
under physiological eonditions.

Translational control of the synthesis of muscle specific
proteins has also been noted in other systems. In the ab-
sence of Ca*~, rat muscle cells fail to synthesize muscle-
specific proteins in spite of the presence of appropriate
mRNAs (17), but Ca®*-deprived avian or calf skeletal
muscle myoblasts accumulate normal levels of musele-
specific proteins (17-21).

BC;H1 cells arrested in Giq4 show decreased rates of
synthesis of # and y-actin relative to growing cells (5,8),
and the addition of FGF to such cells does not increase
the rate of # and y actin synthesis (6). In fact, the rate of
f# and y actin synthesis in FGF-treated cells continues to
decrease at the same rate as in differentiating cells which

Tahle 1. Control of synthesis of muscle proteins by mitogens.*

Hour after
addition Rate of a-actin  Relative level of Relative level of
of mitogen synthesis, % a-actin mENA, % M-CPK mRNA, %
0 100 100 100
4 86 — 80
8 it 127 55
12 26 — 40
24 29 105 —

“The table summarizes data on a-actin synthesis from Wice, Milbrandt,
and Glaser (6) and of M-CPK synthesis from Spizz et al. (16). Note that
after addition of FGF to differentiated BC;H1 cells the rate of e-actin
synthesis, measured by incorporation of **S-methionine, decreases while
no corresponding decrease oceurs in the level of a-actin mENA meas-
ured by Northern analyses. Conversely, addition of serum to BC;H1 cells
results in a steady decline of the mRNA for M-CPK, This decline in M-
CPK mRNA fully accounts for the decrease in the rate of M-CPK syn-
thesis in these cells [compare (4) and (76)].

remain in G4 (6) (Fig. 1). Addition of serum to cells in Giq
does result, as expected, in a rapid increase in the rate of
synthesis of § and y actins. However, as discussed in Wice
et al. (6), factors in serum affect the rate of synthesis of
these proteins independent of position in the cell cycle.

Removal of FGF from the media of cells arrested in Giq
allows the cells to return to G;q without going through the
full cell eycle (9). Thus, transit from G4 to Giq is fully re-
versible, and, at least for these cells, induction of the
differentiation program does not require a terminal cycle
of DNA synthesis (22).

Intraceliular Signals that Control
Differentiation of BC:H1 Cells

The receptor for a number of mitogenic polypeptides
are tyrosine-specific protein kinases, and the FGF recep-
tor appears to fall into this category as well (23). To as-
sess whether the phosphorylation of proteins on tyrosine
residues was important for the control of ecell differentia-
tion, we examined the effects of vanadate, an inhibitor of
tyrosine-specific protein phosphatagses (24-27) on differen-
tiated BC;H1 cells. The effects of vanadate on cells are
complex and results obtained with this compound can
only be suggestive but not conclusive of an involvement
of tyrosine phosphorylation (8). The experimental obger-
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F1GURE 3. Northern analysis of M-CPK and actin mRNA levels. BC:H1
cells were plated in 150-mm tissue culture dishes (1.1 % 10° cellg/dish)
and were switched to DMEM containing 1% FCS 48 hr later (day 0}
Total eellular RNA was prepared on day 3 or 4 as indicated. Some
dishes received 20% FCS, FGF, or vanadate (VAN) for the final 24
hr. The a- and - plus y-actin mENAs are 1500 and 2100 nucleotides
in length, respectively. CPK mRNA is ~1500 nucleotides in length.
Each lane represent 6 ug of total cell RNA. Reprinted in part with
pernission (6),
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vations are that vanadate fully mimics the action of FGF
on BC3H1 cells and blocks their differentiation program
{6) (Figs. 1 and 3). By inference, we conclude that FGF
reverses the differentiation program by activation of
tyrosine-specifie protein kinase of its receptor and that
this activation is sufficient to result in movement of cells
from Gia to Gig. It seems unlikely that 8-TGF, which also
inhibits BC3H1 cell differentiation (13), initially uses the
same pathway ag FGF, since activation of tyrosine kinases
by A-TGF have not been reported. Multiple pathways may
exist for the control of myogenic differentiation which ul-
timately must come together and affect a few or one cen-
tral target molecule.

We do not know the targets of this tyrosine kinase and
can only speculate on the nature of the molecules involved
in the repression of the muscle phenotype in BC;H1 cells.
Some of this speculation is by analogy to other muscle
cells studied in a number of laboratories and implicitly as-
sume that the fundamental processes that contrel mus-
cle differentiation will be the same in all cells.

‘When FGF is added to BC3H1 cells, the cells move from
Gid to Gig, and we estimate that this represents a move-
ment, of the cells about 4 to 6 hr closer to the G;-S bound-
ary in the cell cycle. We can then ask at which time does
repression or dedifferentiation take place. Does it follow
immediately upon addition of mitogen, does it require 4
or 5 hr of exposure to the mitogen, or does it require even
longer exposure to the mitogen? Important as these ques-
tions are, precise answers have not been fortheoming in
part because of technical problems associated with mea-
suring small changes over large backgrounds and in part
because most investigators have been interested in the
end point of the experiment rather than the kinetics.

Experiments in which the rate of e-actin synthesis was
measured after addition of FGF to cells could be inter-
preted to indicate that repression occurs without signifi-
cant lag (2 hr) (), but the complexity of the system re-
quires that this interpretation be made with caution.
Maximum repression of actin synthesis requires up to 12
hr of exposure to FGF and occurs in the absence of a large
decrease in a-actin mRNA levels (6). Typical results are
presented in Table 1. If these data are taken at face value,
the intracellular signal responsible for repression of
a-actin gynthesis is generated rapidly after addition of
FGF and before the cells reach G,q.

The decrease in the rate of synthesis of M-CPK follow-
ing addition of FGF to BC3H1 cells also oceurs without
a significant lag (9). Measurements of the level of M-CPK
mRNA in BC;H1 cells following addition of FGF again
indicates very little, if any, lag in the decay of the level of
this mRNA, which is dependent on new protein synthe-
sis (10). These results suggest that the mitogenic polypep-
tide, FGF, induces the synthesis of one or more proteins
that repress the muscle-specific differentiation program
of BC;H1 cells.

FGF treatment of quiescent 8T3 fibroblasts results in
their reentering and progressing through the cell cycle.
Concomitantly, these cells transiently express several pro-
tooncogenes such as c-fos and ¢c-myc in a sequential fash-
ion (28,29), suggesting that these gene products are im-

portant for movement from Gy into Gi. It is therefore
interesting to speculate that these gene products are in-
volved in the inhibition of the muscle-specific phenotype
since quiescent, differentiated BC;H1 cells express these
proteins in a similar fashion following their treatment
with FGF or serum (6). Two laboratories (80,31) have ex-
amined the effect of increasing levels of c-myc expression
on myogenic differentiation. In one case (31), transfection
of BCaH1 cells with the c-myc gene was only able to par-
tially inhibit the expression of the muscle specifie pheno-
type. In the second case (30), Lso-B cells, which were bio-
chemically differentiated but nonfused (fusion was
blocked by chelating Ca?* with EGTA), responded to se-
rum treatment by transiently expressing c-mye mRNA
and reentering the cell eycle. However, the levels of
muscle-specific mRNAs were not greatly affected by this
freatment, even 96 hr after serum addition. These results
suggest that c-myc expression can, at best, only partially
block the differentiation of muscle cells. Conversely, the
oncogenic forms of N-ras and H-ras have been shown to
completely block myoblast differentiation (32). Transfec-
tion of the C-2 myoblast cell line with the N-ras oncogene
under the control of a steroid-inducible promoter only
blocked cellular differentiation when the cells are in-
cubated with dexamethasone (33).

Can we conclude from these experiments that the ex-
pression of c-ras following addition of mitogen controls
muscle differentiation? The answer is no. Induction of
c-ras by mitogens (when observed) is a relatively late
event after mitogen addition to cells (> 8 hr) (84). How-
ever, repression of the expression of muscle-specific pro-
teins is initiated within 1 and maximally 2 hr after addi-
tion of mitogen to cells, Mereover, transfection of
myoblasts with c-ras did not repress the muscle pheno-
type ($2). Additionally, ¢c-ras expression usually changes
very little, if at all, as a function of position in the cell cy-
cle (28).

In order to show that c-res directly participates in the
repression of muscle-specific differentiation, it would be
necessary to demenstrate that the inhibition of e-ras ex-
pression blocks mitogen-induced repression of the muscle-
specific phenotype. This could be accomplished by micro-
injecting antibodies directed against e-ras into differenti-
ated BC3H1 cells. Such experiments have been suceess-
fully used to inhibit the NGF-induced differentiation of
PC12 cells (95) and the serum-induced growth of guieseent
3T3 cells (26). Alternatively, antisense oligonucleoside
methylphosphonates {oligo MP) (87) could potentially
block the expression of endogenous c-ras by preventing
the synthesis of new c-ras protein. Ideally, an antisense
oligo (MP) directed against the 5' cap region of the mRNA
would have the preatest chance of completely blocking the
translation of e-ras mRENA (38). However, even if these ex-
periments confirm that by blocking c-ras activity you
were able to prevent FGF-induced repression of the mus-
cle phenotype, it would not be possible to determine if this
correlation was casual or causal. For example, blocking
ras expression might prevent movement from Giq to Gi,
and might not be directly involved as a repressor of the
muscle phenotype. Clearly, additional experiments using
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different approaches to the problem will be required.

One powerful technique for potentially identifying a
muscle-specific repressor is reverse genetics. However,
this technique has met with mixed success. For example,
growth-related genes are identified by screening for cog-
nate RNAs whose levels are increased following serum
or growth factor stimulation of quiescent, cells. However,
this approach has identified a human ADP/ATP translo-
case (39) and actin (40) as a growth-regulated gene. Other
experiments have demonstrated that actin synthesis in-
creases following serum stimutation of quiescent cells (40).
Although these RN As are certainly expressed at differ-
ent levels in quiescent and mitogen-stimulated cells, their
role as regulatory proteins would seem to be doubtful at
best. Therefore, in order to identify FGF-induced muscle
specific repressor proteins, a more restrictive screening
protocol will have to be devised. For example, this repres-
sor{s) should be expressed in BC;H1 cells that are in Gyq
and also in quiescent C2 cells that are expressing H-ras.
Since quiescent, differentiated BC3H1 or C2 cells should
not be expressing this repressor(s), a plus/minus DNA
screening with RNA derived from these different cells
and cell conditions might be useful in identifying this
repressor(s).

The regulation of the expression of muscle-specific pro-
teins is complex, at least four different control mecha-
nisms have been identified (17): transecriptional control,
differential splicing of certain gene products associated
with differentiation process, translational control, which
in rat cells can be controlled by Ca’* levels (low Ca®* pre-
vents translation of muscle-specific mRNA), but which
does not apply to avian cells where muscle-specific pro-
teins are synthesized in low Ca®* media in the absence
of fusion and finally mRNA stability. Mitogens have been
shown to influence at least two of these regulator steps
of transcriptional and translational control and may affect
all of them (4,6,9,10,13). 1t is not clear, however, whether
these four points of regulation ¢an be controlled indepen-
dently by mitogens or whether control is coordinate un-
der all eircumstances.

Myoblasts, unlike BC1H1 cells, fuse and irreversibly
withdraw from the cell eyele and simultaneously become
refractory to the repression by mitogens, but we do not
understand the molecular basis of this phenomenon.
Several laboratories have suggested that mitogens cease
to be effectors because the cells lose mitogen receptors.
This is an attractive idea but one for which the evidence
is conflicting. For example, in LgEs cells induction of
e-myc by mitogens can oceur in differentiated cells, sug-
gesting the presence of mitogenic receptors (30). Simi-
larly, the ability of 8-transforming growth factor (3-TGF)
to block myoblast differentiation is not due to the disap-
pearance of 8-TGF receptors from these cells (41). By con-
trast, experiments with C-2 muscle cells suggest that fu-
sion but not withdrawal from the cell cycle and
differentiation results in downregulation of 3-TGF and
EGF receptors (41). Clearly the cause of the unrespon-
siveness of myotubes to mitogenic signals remains to be
established.

While the intracellular signals that control differentia-

tion either in BC3H1 or other muscle cells remain to be
established, the importance for stem cells to have a choice
of quiescent states that are either permissive or nonper-
missive for differentiation is the most important conclu-
sion to be drawn from experiments with BC3;H1 eells. In
the context of a complex multicellular organism, muscle
or other cells must be able to become gquiescent with and
without becoming differentiated. For several years many
investigators have noted that some cells respond to
specific mitogenic polypeptides by partial transit through
G; portion of the cell eycle and have designated such mito-
gens as competence factors versus progression factors
that allow cells to continue through the cell cycle (48-45).

We hypothesize that competence factors in general
serve the function ascribed to FGF for BC;H1 cells, they
control the movement of cells between G4 and G4 and
therefore allow differentiation and quiescence to be un-
coupled.
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