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INTRODUCTION

Proliferation and differentiation of LgEg myoblasts appear as mutually exclusive
processes in myoblasts. Myoblast proliferation has to halt in GI of the proliferative cycle in
order to allow activation of the terminal differentiation program (1-3). This switch from a
proliferative state to growth arrest with terminal differentiation is in part the result of a
suppression of growth-promoting signals either by a decline in supply of mitogens or by the
action of antimitogens such as transforming growth factor P (TGF-p) (4).

TGF-P belongs to a family of secreted growth factors that inhibit cell proliferation,
regulate cell differentiation and promote extracellular matrix formation among other effects
(8). All their actions are mediated through specific cell surface receptors present on cells of
many lineages including myoblasts and differentiated myocytes (10). By lengthening the
GI phase, TGF-P restricts cell growth rate and, in some cases, induces a complete growth
arrest (5-7). In various cell types, this growth inhibitory effect is reversible and ceases
upon removal of TGF-P from the medium (8,9). However, growth inhibition by TGF-p
can become permanent if it is coupled to commitment towards terminal differentiation, as in
certain myoblasts (4).

TGF-P has opposite effects on myoblast differentiation in vitro; on the one hand, it can
promote myogenic differentiation of cardiac fibroblasts (13) and L($E9 rat skeletal muscle
myoblasts (4), and on the other it can act as a potent inhibitor of differentiation of several
myoblast cell lines (10-12). In addition to these effects, the presence of TGF-p during
myogenesis in vivo (14-16) suggests that it may participate in the regulation of this process.
This paper focuses on the dual character of TGF-P on muscle differentiation and the
possible ways to reconcile these apparently contradictory observations.
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TGF-p DURING MYOGENESIS IN VIVO

TGF-P related factors may act as potent inducers of mesoderm formation in explants of
early developmental stages ofXenopus, which respond with expression of muscle specific
a—actin (18). During embryonic development of the mouse, TGF-P is expressed in

differentiating somites and other mesenchymal tissues (14-16). TGF-P is also expressed in
recovering myocardial tissue following experimentally induced myocardial infarction (19),
and participates in the development of avian myocardium (20).

The interaction between cells and their environment seams to play an important role
during myogenic differentiation in vivo, although the mechanisms involved remain ill
defined. Cell-cell interactions, extracellular matrix composition, and growth factors are
some of the extracellular signals that converge in promoting or repressing myoblast
differentiation. Mitogenic factors, such as fibroblast growth factors (FGF), are present in
limb buds at concentrations sufficient to prevent myogenic differentiation (2). In this
context, a counteracting factor such as TGF-p that delays GI phase progression, may be
envisioned as a potentially important promoter of myogenic differentiation.

TGF-p EFFECTS ON MYOGENESIS IN VITRO

INHIBITION OF MYOGENESIS BY TGF-p

TGF-P can act as a potent inhibitor of differentiation of various myoblast cell lines (10-
12). Differentiation is experimentally induced by shifting myoblasts cultures from mitogen-
rich medium to mitogen-poor medium (1, 21). The antimyogenic effect of TGF-P in these
systems becomes apparent when the factor is added at the time of the shift from high to low
mitogen levels (10-12). However, if the time of addition is delayed past the point at which
the myogenic program is activated, TGF-p can no longer prevent differentiation (8). The

action of TGF-p prevents the increased expression of the muscle determining genes MyoDl
and myogenin (3, 24,25), thereby preventing the subsequent expression of muscle specific
genes, cell fusion and myotube formation. Although TGF-P may affect directly the
expression of muscle-determining genes, this is not the only mechanism involved in its
antimyogenic action since the constitutive expression of MyoDl or myogenin in myoblasts
or L6EQ myoblasts, respectively, does not prevent the antimyogenic affect of TGF-P in

these cells (3,49). These results suggest that TGF-P blocks myogenesis by interfering

with, the activity of MyoD 1, or other components of the differentiation
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Figure 1. Myogenic effect of TGF-(3 on different myoblast cell lines in the presence of high

mitogen levels. Myoblasts grown in DMEM with 20 % fetal bovine serum (FBS) were plated at a

cell density of 5 x 10̂  cells per cm^ in medium rich in mitogens (20 % FBS) or in medium poor in

mitogens (5 % horse serum) containing media. Some cultures received 100 pMTGF-pl. Muscle

creatine kinase (MCK) enzymatic activity was measured 72 h after plating (4). The results are the

average +/- SD of triplicate determinations.

mechanism. Cell density, cell-cell interaction leading to fusion and the composition of the
extracellular matrix are other variables that could be affected by TGF-p resulting in an
adverse effect on differentiation. In substantiation, TGF-P elevates expression of several
components of the extracellular matrix, particularly collagen type I, which in turn can block
myoblasts differentiation (3, 8).

INDUCTION OF MYOGENESIS BY TGF-p

Myogenic differentiation in vitro can be induced by shifting myoblast cultures from
high to low mitogen conditions (1,19), and it is under these conditions that TGF-P has
been shown to inhibit differentiation (10-12). In contrast, myogenesis in developing
embryos occurs in an environment that is presumably rich in mitogens. TGF-6 treatment of
cardiac fibroblasts in vitro leads to the expression of muscle specific actin, and the formation
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of muscle-specific actin filaments (13). When the ability of various TGF-(3 isoforms to
affect differentiation in an environment high in mitogens was tested, it was found that both
TGF-pl and TGF-p2 induced L^Bg myoblast differentiation. This process presented all the
typical morphological and biochemical traits of myogenesis, including cell fusion with
formation of numerous myotubes, and expression of muscle specific creatine kinase (MCK)
and myosin heavy chain (4).

An early event necessary for differentiation is the accumulation of transcription factors
that bind to the specific enhancer elements of muscle specific genes such as the MCK gene
and increase their expression (21,23,26-28). TGF-p induced accumulation of nuclear
factors that bind to the specific MCK-gene enhancer element (4, 33). Thus, TGF-P
treatment in the presence of mitogens activates a differentiation process similar to that
activated by shifting myoblasts from high to low mitogen-containing media (4). TGF-p did
not induce terminal differentiation in P2 rat myoblasts nor in C2Ci2 murine myoblasts
(Figure 1). Cell specific differences in responsiveness to growth factors are thought to be
determined by the nature of a cell and that of its environment (29). The reason why LgE9
myoblasts but not other myoblasts differentiate in response to TGF-P is unknown. In
several myoblast cell lines and primary myoblasts, myogenic differentiation involves
MyoDl as well as myogenin (2, 36). The low level of expression of MyoDl in L6E9 cells
may be one of the particular properties determining their susceptibility to differentiate in
response to TGF-P. It is also possible that the combined effect of TGF-P and high
mitogens on the expression of extracellular matrix components contribute to a favorable
differentiation context.

TGF-P INDUCED MYOGENESIS IS PRECEDED BY A LOSS OF C-MYC
AND ID EXPRESSION AND ACCUMULATION OF CELLS IN GI PHASE

Proliferating myoblasts contain basal levels of myogenic-determining transcription factors
(e.g. myogenin and/or MyoDl), but are prevented from differentiating by the presence of
antagonizing factors such as c-myc and Id (2,26-28, 30-34). The levels of these two
factors are high in proliferating undifferentiated myoblasts and decline after removal of
mitogens from the medium, contributing to the initiation of differentiation (33, 35). Both
factors interfere with myogenesis induced by myogenin or MyoDl (33, 36-38). c-myc
promotes progression through the GI phase of the cell cycle and opposes the action of
MyoDl (39-41), Id binds to E12/E47, proteins preventing the formation of active
myogenic complexes and the consequent expression of muscle specific genes (33). The
combined effect of these two myogenic antagonists results, at least in part, from the positive
stimulation of mitogens to progress through the cell cycle.
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Figure 2. Northern blot analysis c-myc and Id during TGF-P mediated myogenic differentiation.
LgEg cells were grown and plated as described in Figure 1. TGF-pl (100 pM) was added 24 h later.

Poly(A)+ RNA at the indicated time points was probed with c-myc and Id cDNA probes in Northern

blot assays. Hybridization signals were normalized against the signal obtained with a

glyceraldehyde phosphate dehydrogenase probe (4), and are expressed relative to the levels in cells

that did not receive TGF-p.

TGF-p treatment results in a rapid and marked reduction of c-myc expression in
different cellular systems (8,9, 41, 42), and a similar response in c-myc mRNA levels
occurs during the early stages of the TGF-P response in LfjEq cells (Figure 2). These
downregulation of c-myc occurs despite the presence of high mitogen content in the medium
(4). In parallel with this effect, Id mRNA levels also decline (Figure 2), and these events
precede the appearance of nuclear activity able to bind to enhancer sequences from the MCK
gene (4). The down-regulation of c-myc expression by TGF-p is also associated with an
accumulation of cells in the Gl phase of the cell cycle (4) and inhibition of DNA synthesis
(4,17). Thus, the removal of two antimyogenic nuclear factors, (c-myc and Id), appears to
contribute to the myogenic effect of TGF-P by slowing cell growth and allowing the
formation of active myogenic nuclear complexes (Figure 3).
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Figure 3. TGF-P induced myogenesis involves the down regulation of both c-myc and Id.

Proliferating myoblasts have high levels of c-myc induce cell cycle progression and in addition may

have a negative influence over the MyoDl/myogenin related proteins. High levels of Id keep

E12/E47 related proteins from complex formation with MyoDl/myogenin. Differentiating

myoblasts loss c-myc and Id expression allowing the formation of active myogenic complexes

between myogenin/MyoDl andE12/E47 nucleoproteins.

TGF-P EFFECTS ON RB DURING MYOGENESIS

The growth inhibitory effect of TGF-P in various cell types correlates with a retention of
the retmoblastoma gene product (Rb) in its hypophosphorylated, growth suppressive state
(7-9, 42). In cycling cells, Rb is phosphorylated before the end of GI. TGF-P treatment
prevents this event and consequently the growth suppressive form of Rb is retained and
cells remain in GI (7-9). However, the effect of TGF-P on Rb in L6E9 is more complex.
We observed a decrease in all phosphorylated forms of the Rb protein as cultures
differentiated. The levels of hypo- and hyperphosphorylated forms decrease after 48 hours
of placing cells in differentiation-inducing conditions (Figure 4). While Rb may participate
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Figure 4. Western blot analysis showing the disappearance of Rb during myogenesis. Cells plated

under similar conditions as figure 1 were shifted to either mitogen-rich (20% FBS) or mitogen-poor

(5% HS) medium. Nuclear extracts from control cells (-) or cells treated with TGF-P1 (100 pM)

were prepared at the indicated times and subjected to western analysis using anti-Rb antibodies (7).

in the early stages of TGF-(3 induced growth arrest, the later elimination of both forms of
Rb suggests that its growth inhibitory function is no longer required, and retention in G1 is
achieved through other means. Myogenic determination factors such as MyoDl have a
growth inhibitory effect of their own since transfection of MyoDl into NIH 3T3 cells
inhibits cell proliferation without causing differentiation (43). The specific interactions of
Rb with other nuclear factors (44-48) and their functional significance require better
understanding before a role, if any, can be assigned to Rb as a direct initiator of commitment
to differentiation. We note that the main consequence of knocking out the Rb locus by
homologous recombination in mice are defects in differentiation processes (50-52).

TGF-P : A MYOGENIC PROMOTER AND INHIBITOR

The rate of cell progression through the Gl phase of the proloferative cycle, the relative
levels of nuclear myogenic factors, the composition of growth factors in the media, and the
structure and abundance of extracellular matrix all participate on defining the differentiation
context. Our recent observations suggest that the opposite effects of TGF-P on myogenic
differentiation in vitro are due, at least in part, to the differences in the mitogenic
environment of the cell.
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Figure 5. TGF-J3 action during late Gl phase of the cell cycle is proposed to counteract mitogenic

stimulation delaying progression through Gl and, depending on the particular cellular context,

inciting different states of growth arrest or differentiation.

A summary of the relationships between cell proliferation and differentiation and their
control by TGF-J3 is presented in Figure 5. In the absence of TGF-p, mitogenic stimulation
prevails and cells transit easily from GI into S phase. TGF-P inhibits myoblast
proliferation by lengthening progression through Gl cell cycle . In the appropriate context,
such as that present in LfrEg myoblasts, the TGF-p-mediated delay in late GI may become
permanent by activation of a terminal differentiation program.
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Discussion - TGF-p AND MYOGENESIS: INTERFERENCE WITH CELL CYCLE G1

PHASE PROGRESSION MAY LEAD TO DIFFERENTIATION

S.H, Friend

Is it possible to probe the model that you presented in terms of a switch from

the active to the inactive Rb form by looking at cells in which TGF-p instead of being

inhibitory is stimulatory and asking what is going on in terms of that cyclin -

independent phosphorylation.

J. Massague

Evidently we have to do this is. These are, as you know, very new data. As far

as we know, TGF-p does not prevent Rb phosphorylation in cells that are not growth-

inhibited by this factor. We have not done cyclin E:CDK 2 experiments in these cells

yet. There are two general possibilities. One is that the difference between cell types

might lay upstream of cyclin E and CDK2. The other possibility is based on

redundancy of cyclins and CDKs. Cyclin E:CDK 2 is not the only G1 cyclin, and it

could be that other G1 cyclins are refractory to TGF-p. Thus cells might escape the

growth inhibitory action of TGF-p by having cyclin-dependant kinases in G1 that are

insensitive to inhibition by TGF-p. These issues are in the list of questions that lay in

our research plan.

M. Oren

Do you know if in the myoblast system, the down-regulation of Myc and of Id

by TGF-p is mediated by any factor that may be a direct target of Rb activity?

J. Massague

TGF-p will down regulate Myc and Id profoundly in these cells. This happens

very rapidly, within thirty minutes to one hour for Myc and slightly slower for Id. We

have not looked at whether the Rb 2F complex in any way relates to these effects in

myoblasts, but Rb has been shown to be involved in the down-regulation of cMyc by

TGF-p in keratinocytes.
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I.E. Weinstein

I guess the obvious thing would be to look at cell lines that are negative for Rb.

J. Massague

Right. We have looked in the human prostate carcinoma D 145 cell line, These

cells have a deletion of exon 21 in the Rb gene that inactivates Rb. These cells are

not growth-inhibited by TGF-p in our hands, but there is a report in which the same

cells were somewhat growth-inhibited by TGF-p. Interestingly they still down regulate

Myc. So, I think we have to go back to the notion of redundancy. TGF-p may down

regulate the cell cycle and/or myc through Rb in some cells. However, there are

various Rb analogues: p107, p130, p300. If any of these relate functionally to Rb, it

might be that in certain cells it is one of them rather than, or in addition to, Rb that

mediates certain growth inhibitory responses.

I.B. Weinstein

Do you know whether in your system early addition of TGF-p to mitogen-

stimulated cells inhibits early response genes?

J. Massague

Myc is an early response gene and it will be blocked by TGF-p, no matter at

what time in the cell cycle you add TGF-p. If you add TGF-p together with mitogens,

their Myc response will be inhibited. If you add it once the Myc response has reached

its peak. TGF-p will down regulate Myc expression.

I.B. Weinstein

So in any case you have to postulate a dual mechanism, an early set of events

and a late set of events. You have to invoke both early G1 and late G1 events.

J. Massague

Except that the TGF-p does not have to inhibit early G1 events in order to arrest

the cell cycle. TGF-p added in mid G1 will prevent entry into S phase.
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I.B. Weinstein

Sure, but the cells that are not in cycle in a tissue exposed to TGF-p will have

an opportunity to be hit at either time.

K. Nasmyth

Concerning whether Rb might be the target with regard to cell cycle control, the

analogy with yeast would suggest probably not, because you are seeing a direct effect

on a CDK 2 cyclin E kinase, which by analogy with yeast you would imagine would be

necessary for further progression. There is no need to invoke an effect on Rb. Rb

doesn't seem to be very conserved, I mean as far as I know flies don't have it, but

they have a very controlled cell cycle. I think Rb is much more likely to be involved in

differentiation than it is a key cell cycle regulator.

With regard to the effect of TGF-p on cyclin E - associated CDK 2 kinase, you

find that when you add TGF-p six hours after the mitogen you prevent activation. At

what stage do the cyclin E transcripts appear in these cells? Presumably they have

appeared at six hours because if you add actinomycin D at that stage you don't any

longer produce a blockade.

J. Massague

Unfortunately we have not been able to measure transcripts because the probe

being heterologous. We can see cyclin E protein appearing by three to four hours.

K. Nasmyth

So that would all fit in with that acting post-transcriptionally.

J. Massague

Yes, and I may add that the association of CDK2 and kinase activity with cyclin

E are not reversed by TGF-p. Once the cyclin E:CDK 2 complex has appeared in the

cells, TGF-p will not inhibit it. TGF-p is acting clearly upstream on the activator of this

complex. We don't know how many steps upstream, of course.
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K. Nasmyth

You and others must be now very interested in the FAR 1 protein from yeast.

Perhaps I should explain that this is a protein which is required for the G1 arrest

mediated by pheromones, and there are some indications that FAR-1 may bind to

CDC 28 which is the yeast equivalent to CDC 2 in response to pheromones.

J. Massague

I don't know whether mammalian homologues have been found. We looked with

yeast probes and found nothing in the cells we study. However, it should be pointed

out that these are clear differences between the upstream events in the yeast and

mammalian growth inhibitory systems. At the receptor level they are totally different.

In yeast, it is a receptor with seven membrane-spanning domains coupled to G

proteins, whereas the TGF-p receptor in mammalian cells is a protein kinase.

K. Nasmyth

I think it is also probably worth pointing out that cyclin E looks like the best

analogue of a G1 cyclin from yeast, and was indeed isolated by virtue of it being able

to rescue a yeast mutant that arrested in G1 due to a G1 cyclin deficiency, but it

doesn't actually look very much like a yeast G1 cyclin. G1 cyclins don't seem very

conserved in comparison to B type cyclin and so called mitotic cyclins. This might

have something to do with the fact that they are very important for regulation and that

is the first thing that changes as organisms evolve. They are called G1 cyclins, but I

don't think one can say there is a class of cyclins that is upon protein sequence level

a G1 cyclin. They are G1 cyclins purely at a functional level.

J. Massague

So maybe there are one or two differences between yeast and us after all!




