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Abstract

In 1987, Robert Davis, Hal Weintraub and | reported the identification of MyoD, a transcription
factor that could reprogram fibroblasts into skeletal muscle cells. In this recollection, | both
summarize the prior work of Helen Blau, Woody Wright, Peter Jones and Charlie Emerson that
inspired my entry into this field, and the subsequent events that led to finding MyoD. Lastly, |
highlight some of the principles in developmental biology that have emerged during the past 30
years, which are particularly relevant to skeletal muscle biology.

Recollection

Inspiration comes from Helen, Woody, Peter, and Charlie

When | was finishing up my graduate work in 1983, one of the mysteries that fascinated me
was how a cell becomes specified to a particular cell fate. At the time, precious little was
known about the molecules that regulated either the determination of a cell to a particular
lineage or the differentiation of that cell, once committed, to a particular cell fate. Although
it was clear that transcription factors would likely play a role in this process, the tools to
identify such putative regulators of cell type specification during vertebrate development
were fairly primitive. However, just as | was finishing up my graduate work in Bob Roeder’s
lab, several papers were published that suggested the path to identify one such regulator that
would control skeletal muscle formation.

In 1983 and 1984, papers were published by both Helen Blau’s group at Stanford and
Woody Wright at the University of Texas, that pointed to the existence of a factor(s) present
in skeletal muscle cells which could activate the expression of muscle genes in non-muscle
cell-types. Both of these groups had made heterokaryons between differentiated skeletal
muscle cells and either amniocytes [1] or neural cells [2], and both had found that the non-
muscle cell nucleus in these heterokaryons had been reprogrammed to express muscle-
specific gene products. These observations got me quite excited because they both suggested
that there must be a trans-acting factor(s) present in muscle cells that could activate
expression of muscle-specific genes in a normally non-myogenic cell type. However,
although these elegant cell fusion experiments had convincingly argued for the existence of a
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trans-acting factor in muscle cells that could activate expression of the muscle differentiation
program, it was not clear if activation of the myogenic program was induced by a single
factor or by an army of muscle regulatory molecules working in a combinatorial fashion.

A logical path to identify such myogenic regulators would have been to study the
transcription factors that bind to the regulatory regions of muscle structural genes. However,
given the technology of the early '80s, this pursuit would have entailed fractionating nuclear
extracts of muscle cells in search of DNA binding activities that recognized these regulatory
regions. During my graduate career, | realized that | had an aversion to cold-room work and
I knew that this approach entailed months if not years of column chromatography at 4°C. In
addition, | was a bit tired of the biochemistry of my graduate school days and wondered if
there was another approach | could take to identifying muscle regulatory molecules. The key
to unraveling this problem came from my recollection of two papers published by Peter
Jones and Shirley Taylor in '79 and '82 [3, 4]. In these studies, Jones and Taylor had made
the striking finding that a brief treatment of a line of embryonic mouse fibroblasts,
C3H10T1/2 (10T1/2) cells, with the DNA demethylating agent, 5-azacytidine, could stably
convert these fibroblasts into either adipogenic, chondrogenic, or myogenic cell lines. At the
time, it was already known that incorporation of 5-azacytidine into cellular DNA would
block the activity of cellular DNA methyltransferases and thereby induce the demethylation
of CpG residues [5]. Because there was evidence that methylated DNA directed its own
assembly into inactive chromatin [6-8], it seemed plausible that a brief treatment with 5-
azacytidine was converting 10T1/2 cells into different cellular phenotypes by inducing
demethylation of transcriptionally silent regulatory genes. The consequent reactivation of
these transcriptional regulators would in turn induce the differing cellular phenotypes.
Subsequent work by Konieczny and Emerson firmly established that the frequency of
myogenic conversion of 5-azacytidine-treated 10T1/2 cells was quite high and was
consistent with the notion that demethylation of only one or a few loci was sufficient to
convert 10T1/2 cells into the myogenic lineage [9].

These observations suggested to me a genetic approach to identify the myogenic regulator
whose expression was induced by 5-azacytidine treatment. | reasoned that this locus would
be demethylated, and therefore expressed in myogenic cell lines; whereas in 10T1/2 cells it
would be methylated and transcriptionally silent. If myogenic conversion of 10T1/2 cells
was due to the demethylation of a single regulatory locus, | reasoned that transfection of this
unmethylated locus into 10T1/2 cells would convert these cells into myocytes in the absence
of any 5-azacytidine treatment. This argument relied upon the prior observations that
methylated genes tend not to be expressed [6-8], and that transfected DNA can propagate its
methylation pattern during subsequent rounds of host cell division [10, 11]. | thought that
this approach could eventually identify the myogenic regulatory locus if the donor
unmethylated DNA was from either human muscle DNA (and linked to Alu sequences) or
from an unmethylated murine cosmid library.

Breakfast at the “The Surrogate Hostess”

I remember being pretty excited about this approach, as it could both keep me out of the cold
room and potentially identify a regulator of cell fate. | had already arranged to do my
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postdoc with Hal Weintraub, whose lab was at the Fred Hutchinson Cancer Research Center
in Seattle. Before finishing up my graduate work in October '83, | sent Hal a postcard asking
him if he would be interested in identifying the myogenic regulators whose existence Helen
Blau had recently documented in her heterokaryon experiments [1]. Upon arriving in Seattle
the following month, | outlined my scheme to Hal at "The Surrogate Hostess", a restaurant
with great cinnamon rolls, which served as Hal's early morning office. Although Hal initially
wanted me to work on transcription factors that regulated globin gene expression, he was
extremely enthusiastic about any new idea to identify regulators of cell fate and immediately
gave me the go ahead to work on the 10T1/2 project in his lab.

One of the first indications that treatment of 10T1/2 cells with 5-azacytidine converted these
cells into skeletal muscle by demethylating a regulatory locus rather than by demethylating
muscle structural genes was a result of a collaboration between myself and Bruce Paterson at
the NIH. Bruce had recently demonstrated that a cloned chicken muscle actin gene was
expressed only in transfected myogenic cell lines [12]. | reasoned that if 5-azacytidine
treatment of 10T1/2 cells activated the expression of a myogenic regulator(s), a transfected
chicken muscle actin gene, which both lacked DNA-methylation and contained its muscle-
specific transcriptional regulatory regions, would be expressed in 5-azacytidine derived
myogenic cell lines, but transcriptionally inert in the parental 10T1/2 cell line. On the other
hand, if 5-azacytidine induced muscle gene expression by demethylating the muscle
structural genes themselves, then the transfected chicken muscle actin gene (which lacked
DNA-methylation) would be expressed in both cellular contexts. We found that the
transfected chicken muscle actin gene was only expressed in the 5-azacytidine derived
myogenic cell lines, indicating that these cells expressed a transcriptional regulator(s) that
was absent from the parental 10T1/2 cell [13]. Similar experiments by Charlie Emerson's lab
had led to the same conclusion [14].

I spent my first three years in Hal's lab deriving myogenic cell lines from 10T1/2 cells and
transfecting the genomic DNA from such myogenic cell lines back into the parental 10T1/2
cells. These transfection experiments were somewhat massive, entailing 50-100 15cm tissue
culture dishes at a shot. | was continually battling mold contamination in these tissue culture
dishes, and it was usually a race to analyze the thousands of 10T1/2 cell colonies for muscle
cells before the mold would do them in. Fortunately for me a veteran muscle biologist, Steve
Hauschka, was in the neighborhood at the University of Washington. I told Steve of my
ambitions and he very generously showed me how to perform an immunodetection
technique to identify myosin heavy chain expressing colonies. After several lack luster
transfection experiments, which failed to display any discernable muscle conversion, |
finally had one experiment that yielded a bona-fide myogenic colony complete with myosin
expressing cells in multinucleate myotubes. | celebrated my first muscle colony by jetting
off to New York to be with my girlfriend over the Thanksgiving holiday.

After returning to Seattle, my elation quickly turned to concern that perhaps my precious
muscle colony was not due to introduction of a demethylated regulatory locus into 10T1/2
cells, but instead reflected a spontaneous conversion of 10T1/2 cells into myocytes. Thus
began a year of control experiments, during which | analyzed the frequency of skeletal
muscle colonies in either non-transfected 10T1/2 cells or in 10T1/2 cells transfected with

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lassar

Page 4

DNA derived from parental 10T1/2 DNA, 5-azacytidine derived myoblasts, or myogenic cell
lines isolated from muscle tissue (C2C12 cells). The bottom line from these transfection
experiments was that 10T1/2 cells can spontaneously convert into muscle cells at a
frequency of about 2.5 X 1078; however when transfected with genomic DNA derived from
either 5-azacytidine derived myoblasts or C2C12 cells this frequency jumps to about 8 X
1075 [13]. In contrast, transformation of 10T1/2 cells with their own DNA did not increase
the frequency of myogenic conversion over the low spontaneous conversion rate. The
conversion rate of 10T1/2 cells into myogenic colonies following transfection with muscle
derived DNA (about 1 in 104 transfected colonies) was consistent with the notion that
introduction of a single regulatory locus had activated the muscle cell program in these cells
(schematic of these results is displayed in Figure 1). | soon learned at a Keystone conference
on Muscle Biology that Steve Konieczny, Al Baldwin, and Charlie Emerson had been
performing similar experiments at the University of Virginia, and had arrived at the same
conclusion [15].

As an initial approach towards identifying the muscle regulatory locus, | investigated if
10T1/2 cells could be converted into muscle cells following transfection with genomic
cosmid libraries. The rationale behind using cosmid libraries was that any locus would be
linked to the cosmid DNA, which contained a selectable marker encoding G418 resistance,
and therefore could potentially be identified by this linkage. The logic was to firstly isolate
G418 resistant myogenic colonies from 10T1/2 cells transfected with a genomic cosmid
library. If the muscle regulatory locus could fit into a cosmid (about 40 kilobases), then the
frequency of myogenic conversion of 10T1/2 cells transfected with cosmid DNA would be
expected to be similar to that following transfection with muscle genomic DNA. Genomic
DNA from such primary myogenic clones was then used to transfect a new round of 10T1/2
cells. If the muscle regulatory locus remained linked to the G418 resistance gene, then the
frequency of myogenic, G418 resistant colonies in this second round of transfection would
be expected to significantly increase. In my hands, this technique was a complete flop.
While | found that transfection of 10T1/2 cells with cosmid DNA could induce myogenic
conversion, | was unable to establish that the myogenic regulatory locus was linked to the
G418 resistance marker. In contrast, Charlie Emerson's group, taking a similar approach,
demonstrated myogenic conversion of 10T1/2 cells following transfection with a cosmid
library and noted an increase in the frequency of myogenic, G418 resistant colonies in the
secondary transfection [16]. The increase in myogenic frequency observed in this secondary
transfection suggested that Charlie and his colleagues had established linkage between a
myogenic regulatory locus, which they termed myd, and the G418 resistance marker [16].

A new approach finally yields success

Faced with my own failure to establish linkage of the G418 resistance marker with the
myogenic regulatory locus, I began to think of other schemes that might enable me to
identify this regulator. | was present at a Gordon Conference listening to Dan Littman
describe how he had identified CD4 when the idea came to me. Dan had transfected NIH
3T3 cells with human genomic DNA and isolated stable cell lines that expressed human
CDA4. Dan and colleagues had ultimately cloned human CD4 by performing the recently
developed subtractive hybridization technique to identify transcripts that were present in the
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CD4 expressing NIH3T3 cells and absent from the parental NIH3T3 cells [17]. While
listening to Dan, | realized that the myogenic cell lines derived from 10T1/2 cells by 5-
azacytidine treatment would similarly contain RNA transcripts that were absent from the
parental 10T1/2 cells, and that one of these transcripts would be the myogenic regulator that
I sought. The problem however was that the myogenic cell lines expressed not only the
putative myogenic regulator but also expressed muscle structural genes, such as muscle
myosins and actins which were activated during the muscle differentiation program. The
problem was to somehow identify the RNA encoding the muscle regulatory factor in a sea of
transcripts encoding more prosaic muscle structural proteins. | realized that the biology of
muscle differentiation might provide me with the means to discriminate between a putative
myogenic regulator and the multitude of muscle structural proteins, whose expression was in
turn activated by this myogenic regulator. It had been appreciated for a number of years that
myogenic cell lines only activate their differentiation program upon mitogen withdrawal [18,
19]. However, the myogenic cell lines that | had derived following 5-azacytidine treatment
of 10T1/2 cells had undergone an epigenetic change that was stably maintained in
proliferating myoblasts prior to their differentiation. Thus, | conjectured that 5-azacytidine
may have activated the expression of a myogenic regulator in proliferating cells and that
expression of this regulator allowed these cells to activate the muscle differentiation program
upon mitogen withdrawal. Indeed, Charlie Emerson's group had already established that
proliferating 5-azacytidine derived myoblasts expressed a new spot on a 2D protein gel in
comparison to the parental 10T1/2 cell line [9], increasing my confidence that there might be
muscle-specific transcripts encoding lineage determinators which were expressed in
proliferating myoblasts, prior to execution of the differentiation program.

At this point, | was very fortunate to be joined in this project by Robert Davis, a “laboratory
dynamo”, who had recently joined Hal’s lab for his graduate work. Armed with the
hypothesis that proliferating myoblasts express a “determination gene” that maintained their
cellular phenotype, Robert and | screened a skeletal muscle cDNA library with subtracted
cDNA probe made from proliferating myoblasts, from which we had removed transcripts
common to proliferating 10T1/2 cells. As soon as | saw that this myoblast—specific probe
was hybridizing with only 1% of the cDNAs in the skeletal muscle cDNA library, | felt a
great relief, as | knew that hidden amongst these spots must be the gene we were after. The
problem then became identifying this candidate regulator out of the hundred or so cDNAs
showing a hybridization signal. Robert and | methodically slogged though the myoblast
cDNAs, characterizing them into hybridization families and analyzing their expression
pattern. While working with the azacytidine-derived myogenic cell lines, | noticed that if |
was not diligent to passage them prior to their reaching confluency, these cells would
differentiate, leaving non-differentiating variants to proliferate. Consequently, it was a fairly
simple task to isolate non-differentiating skeletal muscle cell variants. | made clonal lines
out of these non-differentiating muscle cell variants, with the hope that they would have lost
the expression of the putative muscle determination gene. Indeed, by identifying the
myoblast-specific cDNAs whose expression was specifically lost in the non-differentiating
variants, Robert and | were able to focus our attention on 3 out of the 26 families of
“myoblast-specific” genes we had found.
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Because genomic muscle DNA could convert 10T1/2 cells into skeletal muscle, Robert and |
decided to explore whether transfection of these cells with expression vectors programmed
to encode one of the three myoblast-specific cDNAs might also exhibit this capacity.
Because sequencing DNA at that time was fairly time consuming, this functional assay was
performed prior to even sequencing the three candidate cDNASs! The experiment was to co-
transfect an expression vector encoding each cDNA individually into 10T1/2 cells along
with a selectable marker. | remember carefully monitoring this transfection on a daily basis
for a couple of weeks to allow the drug resistant colonies to develop, and seeing to my great
astonishment that nearly half of the resulting colonies transfected with one of the cDNAs
were fusing into myotubes. When greeted with this news, Hal was of course elated, but we
both realized that this transfection experiment needed to be repeated over and over to make
sure that we were not being misled by some terrible artifact. Happily, this cDNA maintained
its myogenic potency in both 10T1/2 cells and in other fibroblast and adipoblast cells lines,
and thus was named myogenic determination gene number 1 (a.k.a. MyoD) [20]. In
subsequent studies, both Hal and Harold Holtzer’s group demonstrated that MyoD could
elicit the skeletal muscle differentiationprogram not only in fibroblasts but also in other
differentiated cell types [21, 22].

Since these early studies, it is now appreciated that MyoD is part of a larger group of
myogenic basic-helix-loop-helix (bHLH) proteins (including Myf5, MRF4, and myogenin)
which work together to both initiate and execute the myogenic differentiation program in
differing regions of the developing mouse embryo (reviewed in [23, 24]). Activation of
either MyoD, Myf5, or MRF4, is necessary for determination of skeletal muscle progenitor
cells [25, 26]. Myogenin expression is induced by these upstream muscle regulators, and in
turn drives terminal differentiation of myoblasts [27-29]. MyoD works in the context of both
bHLH E protein dimerization partners [30] and the homeobox protein Pbx [31] to bind to
relevant targets in both proliferating myoblasts and in differentiated myotubes. In addition,
MyoD requires interaction with the BAF60c subunit of the Brgl-based SWI/SNF chromatin-
remodeling complex to induce expression of target genes [32]. It is now clear that MyoD
activates the expression of other muscle regulators (i.e., MEF2, myogenin, IncRNAs, and
microRNAs) that work in combination to induce the skeletal muscle differentiation program
(reviewed [23]). While expression of the myogenic bHLH proteins are induced by differing
regulatory pathways in cranial, trunk and limb musculature (reviewed in [23, 24]) their
induction signals a nodal point for commitment to the skeletal muscle lineage.

Cell reprogramming since MyoD, and some of the lessons I'fve learned

along the way

A mechanistic understanding of how cell-type specification is regulated was quite elusive
when | was in graduate school during the late *70s-early ‘80s. Two years prior to the
discovery of MyoD, Walter Gehring and colleagues had found that forced expression of the
transcription factor, Eyeless (i.e., Pax6) in various imaginal disc primordia of Drosophila
induced ectopic eye structures on either the wings, legs, or antennae [33]. Since this early
work on MyoD and Eyeless, a number of outstanding discoveries have led to our current
sophisticated understanding of how cell-type is regulated. Interestingly, the ability of a
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single transcription factor to reprogram cell fate is clearly not a universal theme in cell-
lineage specification. During the past 30 years cellular reprogramming has exploded to
include both several additional somatic cell lineages [34—41] and most notably pluripotent
stem cells [42]. In striking contrast to the MyoD result, reprogramming fibroblast-like cells
into differentiated cell types (other than skeletal muscle) frequently requires a combination
of transcription factors, and speaks to the combinatorial logic of specifying cellular identity.
The stunning finding by Takahashi and Yamanaka that a combination of 4 transcription
factors can reprogram somatic cells into induced pluripotent stem (iPS) cells [42] sparked
the current revolution in cellular reprogramming. Indeed the derivation of human iPS cells
that can be coaxed to differentiate into various somatic cell lineages is now providing
substrates for either disease modeling in vitro or cell therapy in vivo (reviewed in [43]). The
history of these advances in reprogramming cell fate, following ectopic expression of
transcription factors, non-coding RNAs, and even small molecules, has recently been
reviewed by others [44—47]. In addition to the identification of key transcriptional regulators
that control cell identity, a number of important principles have emerged during the past 30
years regarding the regulatory logic that controls cell type specification—many of which are
relevant to the formation of both skeletal muscle and other cell types. Below | discuss some
of these principles, and highlight their relevance to skeletal muscle biology.

Extrinsic signals that induce cell fate activate intrinsic auto-regulatory

loops that maintain cell identity

Expression of the transcription factors that regulate cell-type specification are frequently
induced by transient signaling cues in the embryo, and then subsequently maintained by
positive feedback loops that maintain the expression of these key regulators. Work by Tom
Jessell, James Briscoe, Andy McMahon and their colleagues established that signals (such
as Shh, BMP, and Wnt) which pattern cell identity in the neural tube are transiently
expressed, but induce the stable expression of transcription factors that in turn maintain
neuronal cell identity (reviewed in [48]). Similarly, Wnt signals (secreted by the dorsal
neural tube) can work in combination with Shh (secreted by the notochord and floor plate of
the neural tube) to promote the stable expression of the myogenic bHLH genes, MyoD and
Myf5, in the somite [49]. While the signals that induce MyoD and Myf5 are transient,
because the myogenic bHLH proteins can activate their own expression [50], transient
signaling leads to stable cell type specification. In the case of MyoD, a feed-forward circuit
is activated which induces the expression of myogenin [50], MEF2C [51], microRNAs [52—
55], and IncRNAs [56, 57], which work in combination with MyoD to both maintain MyoD
expression [50] and coordinate the skeletal muscle differentiation program.

Gene duplication allows new functions to evolve in regulatory factors

Another principle that is amply represented in the circuitry that regulates skeletal muscle
specification is that of redundancy. It became evident soon after the identification of MyoD,
that it was a member of a larger family of myogenic bHLH proteins including Myf5, MRF4,
and myogenin. In the case of MyoD, Myf5, and MRF4, these proteins display overlapping
function to regulate determination of skeletal muscle progenitors [25, 26] In contrast,
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myogenin is necessary to promote the terminal differentiation of myoblasts [27-29].
Overlapping roles for members of a transcription factor family seems to be a fairly common
occurrence in vertebrates, and speaks to the path of evolution of new transcription factors,
following duplication and diversification of the ancestral gene(s). This process allows the
evolution of new transcription factors to be expressed in either new temporal or spatial
patterns, while maintaining functional overlap with the ancestral family member. In the case
of Myf5, distinct upstream regulatory elements have been found to drive expression of this
gene at various times of development or in various muscle groups [58-61]; consistent with
the finding that different transcription factors drive Myf5 expression in differing muscle
groups (reviewed in [23]). The seemingly piecemeal acquisition of new upstream regulatory
sequences, which drive Myf5 expression in diverse regions of the embryo, no doubt speaks
to the ability of evolution to “tinker” (to borrow the words of Francois Jacob; [62]) and
evolve new enhancer sequences, which enable new spatial and temporal expression patterns
for Myf5 gene expression.

Pioneer transcription factors and their followers coordinate cell-type
specification and signaling pathways

Stephen Tapscott and colleagues made the important observation that MyoD can remodel
chromatin at binding sites in muscle gene enhancers and activate transcription at previously
silent loci [63]. Since these early studies, it has been established that MyoD recruits both
histone acetyl-transferases [64] and chromatin remodeling complexes [65-67] to make
regions of the genome (proximal to its binding sites) accessible to both other transcription
factors and to the basic transcriptional machinery. Work by Ken Zaret and colleagues has
established that not all transcription factors are equal. Some, which have been termed
“pioneer” transcription factors, are able to access their binding sites in transcriptionally inert
chromatin, while other transcription factors can only access their binding sites in already
transcriptionally active regions of the genome (reviewed in [68, 69]). It seems likely that
transcription factors that are able to reprogram cellular identity, such as MyoD, are able to
achieve this function by acting as pioneer transcription factors. Indeed, recent findings by
Marius Wernig and colleagues, have shown that Ascl1 (which like MyoD is a bHLH protein)
works with other transcription factors, Brn2 and Myt1l, to reprogram fibroblasts into a
neuronal identity by acting as a pioneer transcription factor [70]. In this case, Ascll can
occupy most cognate genomic sites in fibroblasts. In contrast, Brn2 and Myt1l do not access
fibroblast chromatin on their own; but require Ascll to designate their binding sites [70].
The feature that likely distinguishes pioneer transcription factors from “follower”
transcription factors is the ability of pioneer transcription factors to target partial DNA
binding motifs displayed on the nucleosome surface [71]. Interestingly, MyoD also needs
guidance to properly access some of its key transcriptional targets, as Stephen Tapscott and
colleagues noted that interaction of MyoD with the homeobox protein Pbx1 was critical for
initial interaction of MyoD with the myogenin promoter [31].

Importantly, transcription factors that regulate cell fate such as MyoD, Oct, Pu.1, C/EBPa,
and GATAL recruit transcription factors that carry signaling information from the cell
surface, such as R-Smads (which transduce TGFB/BMP signals) and TCF (which transduces
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Whnt signals), to different transcriptional targets in a cell context-dependent manner [72, 73].
It seems likely that these cell lineage regulators direct differential targeting of R-Smads and
TCF to cell-type specific targets, by both direct protein-protein interaction [72] and by
initiating the formation of super-enhancers [74], which in turn establish differential
accessibility of enhancer elements in different cell types. External signals from the cell
surface can also modulate the interaction of lineage determining transcription factors with
essential co-activators. In the case of the skeletal muscle differentiation program, MyoD
provides a platform for p38-kinase induced recruitment of SWI/SNF chromatin remodeling
complexes [32, 75]. In this manner, chromatin remodeling at MyoD binding sites is held in
check until external signals activate p38-kinase, which then enables SWI/SNF complexes to
properly assemble on MyoD-bound enhancers, and finally cue the initiation of skeletal
muscle differentiation.

Mutually antagonistic regulatory pathways are a key aspect of cell lineage

specification

The decision of a multi-potent progenitor cell to choose one cell fate over another often
involves a mutually antagonistic regulatory circuit, that precludes the simultaneous
expression of both daughter fates. This sort of logic has been seen in patterning of the neural
tube, in which a gradient of Shh works as a morphogen to establish expression domains for
differing homeobox transcriptional repressors. Subsequently, the overlapping expression of
these transcription factors is refined by cross-repressive inhibition to generate sharp
mutually exclusive expression domains for these transcriptional repressors [76]. In this
manner, the ventral neural tube progenitor cell is forced to express only one of a pair of
mutually repressive transcription factors, and thus initiate the process of cell fate selection.
The somite also displays mutually exclusive domains of gene expression driven by mutually
repressive transcription factors. In the somite, Pax3 and Nkx3.2 are expressed in the
dermomyotome and sclerotome, respectively. These transcription factors can mutually
repress one another’s expression, and thus promote the exclusive development of either the
dermomyotome/myotome (Pax3) or sclerotome (Nkx3.2) [77]. Furthermore, mutual
repression between Pax3 and Foxc2 in dermomyotomal cells serves to drive cells towards
either a skeletal muscle or an endothelial cell fate, respectively [78].

An aspect of skeletal muscle biology that certainly was not anticipated by the initial MyoD
experiments, was the realization that protein accumulation of this key regulator was limited
to activated satellite cells (i.e., transiently amplifying myoblasts) and differentiated
myotubes, but was absent from the quiescent satellite stem cell. Studies from Margaret
Buckingham’s group, my own lab, and Michael Rudnicki’s group established that Pax3 and
Pax7 act upstream of MyoD [79, 80], and are required for the generation of either skeletal
muscle precursors (in the embryo) [79] or satellite cells (in the adult) [81]. Interestingly,
production of MyoD and Myf5 proteins in quiescent satellite cells is held in check via either
MRNA degradation [82] or microRNA-mediated sequestration into non-translated RNPs
[83], respectively. Thus, evolution has selected for regulatory mechanisms in quiescent
skeletal muscle stem cells that both repress the stability or translation of mMRNASs encoding
MyoD or Myf5, and in addition block the activity of residual levels of these proteins, via
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Pax7-induced expression of the negative HLH regulators 1d2 and 1d3 [84]. | suspect that this
is testimony to the distinct patterns of gene expression necessary to maintain quiescent
satellite cells (which express Pax7) versus that necessary to sustain their more
“differentiated” transient amplify progeny (which express MyoD and Myf5) prior to
terminal differentiation. A regulatory circuitry has evolved, such that gene expression in
satellite cells can switch from that directed by Pax7 to a program directed by MyoD/Myf5
(discussed in [85]). Regulatory mechanisms in quiescent satellite cells both block the
stability and/or translation of MyoD/Myf5 mRNAs [82, 83] and dimerization of their
encoded proteins with E protein partners [84]. Conversely in differentiating skeletal muscle
cells, microRNAs, which are induced by MyoD, block the expression of Pax7 [53]. Thus,
mutually antagonistic regulatory circuits seem to control the balance between satellite cell
quiescence, growth and differentiation. In addition, this delicate balance is also regulated by
exogenous signals, such as BMP [86] and Notch signaling [87], which play a critical role in
both driving the expansion of Pax3/7 expressing cells while blocking the premature
expression of MyoD/Myf5.
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Figure 1. The scheme employed to investigate whether transfection of 10T1/2 cells with genomic
DNA derived from either parental 10T1/2 DNA, 5-azacytidine derived myoblasts, or a myogenic

cell line (C2C12 cells) could convert fibroblasts into myoblasts

Black cells represent myoblasts; white cells represent 10T1/2 cells. Both macroscopic and

microscopic muscle colonies are indicated by blackening. (Figure taken from [13].)
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