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Gain- and loss-of-function experiments have illustrated
that the family of myogenic regulatory factors is necessary
and sufficient for the formation of skeletal muscle. Further-
more, MyoD required cellular aggregation to induce myo-
genesis in P19 embryonal carcinoma stem cells. To deter-
mine the mechanism by which stem cells can be directed
into skeletal muscle, a time course of P19 cell differentia-
tion was examined in the presence and absence of exoge-
nous MyoD. By quantitative PCR, the first MyoD up-regu-
lated transcripts were the premyogenic mesoderm factors
Meox1, Pax7, Six1, and Eya2 on day 4 of differentiation.
Subsequently, the myoblast markers myogenin, MEF2C, and
Myf5 were up-regulated, leading to skeletal myogenesis.
These results were corroborated by Western blot analysis,
showing up-regulation of Pax3, Six1, and MEF2C proteins,
prior to myogenin protein expression. To determine at what
stage a dominant-negative MyoD/EnR mutant could inhibit
myogenesis, stable cell lines were created and examined.
Interestingly, the premyogenic mesoderm factors, Meox1,
Pax3/7, Six1, Eya2, and Foxcl, were down-regulated, and as
expected, skeletal myogenesis was abolished. Finally, to
identify direct targets of MyoD in this system, chromatin
immunoprecipitation experiments were performed. MyoD
was observed associated with regulatory regions of Meox1,
Pax3/7, Six1, Eya2, and myogenin genes. Taken together,
MyoD directs stem cells into the skeletal muscle lineage by
binding and activating the expression of premyogenic meso-
derm genes, prior to activating myoblast genes.

Myogenesis has become a paradigm for studying how one
factor can reproducibly regulate several genetic subprograms
required to drive cell differentiation, exemplified by the myo-
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genic regulatory factors (MRFs).” This highly related gene
family consists of four members termed MyoD, Myf-5,
MREF-4, and myogenin. MRF family members are sufficient to
trans-differentiate a variety of mesodermal and ectodermal
cell types into skeletal muscle (1-7). The MRFs contain a
highly conserved basic helix-loop-helix domain that is
important for DNA binding and dimerization, respectively (8,
9). The MRFs form heterodimers with members of the ubiq-
uitous E-protein basic helix-loop-helix subfamily, which on
their own cannot turn on the myogenic program, and bind to
E-box motifs (DNA sequence CANNTG). These E-boxes are
found in the regulatory regions of many muscle-specific genes
(2,9-14).

The transcriptional activation domain of MyoD (1-54
amino acids) (15) is important for maximal interaction with
the histone acetyltransferases P300/CBP and PCAF in vitro
(16), and this interaction is required for the activation of mus-
cle-specific gene expression (17). Furthermore, studies illus-
trate that two amino acids in the basic domain of MyoD, an
alanine and threonine, are essential to activate the transcrip-
tion of target genes (18, 19). Finally, it was shown that the
histidine/cysteine-rich and the amphipathic a-helix (helix IIT)
domains of MyoD can regulate a subset of genes, distinct
from the genes regulated by the classical N-terminal activa-
tion domain, through an interaction with the Pbx and Meis
homeodomain proteins located adjacent to the myogenin pro-
moter (20, 21).

The MyoD and E protein heterodimer was shown to favor a
VCASCTGT consensus site (where V'is anything but T, and S
represents G or C) (22). Another group has identified
CASKTG as the MyoD E-box consensus sequence, where K
represents T or G (23). Recently, Cao et al. (24) have con-
firmed that there is a preference for E-boxes with internal CC
or GC sequences. Furthermore, MyoD binding does not al-
ways correlate with transcriptional activation (9, 15). MyoD,
with the help of other transcription factors and/or cofactors,
can bind to E-box sites prior to transcriptional activation (25,
26). Recently, it was shown that MyoD binds to many of the

> The abbreviations used are: MRF, myogenic regulatory factor; MyoD/EnR,
replacement of the MyoD activation domain with the engrailed repressor
domain; P19(MyoD/EnR), P19 cells overexpressing MyoD/EnR;
P19(MyoD), P19 cells overexpressing MyoD; MyHC, myosin heavy chain;
MRF, myogenic regulatory factor; EnR, N-terminal En-2 repression do-
main; BisTris, 2-[bis(2-hydroxyethyl)aminol-2-(hydroxymethyl)propane-
1,3-diol; Q-PCR, quantitative PCR.
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skeletal muscle-specific genes during the course of differenti-

ation (24). However, MyoD can also bind to thousands of ad-

ditional sites genome-wide and induce regional histone acety-
lation (24).

There are several other transcription factor gene families
that are expressed prior to MRFs in the premyogenic meso-
derm and regulate myogenesis, including Pax, Gli, Six, Eya,
Meox, and Foxc families. They are expressed in the somite
and dermomyotome (27-31) and found to play indirect
and/or direct roles in the activation of the MRFs (32-38). In-
terpreting the function of Gli, Pax, Six, Meox, Eya, and Fox
proteins in skeletal myogenesis utilizing knock-out methods
has been complicated because at least two isoforms for each
gene family are present in developing somites. Therefore, to
alleviate this obstacle, several groups have published double
knock-outs of Gli2/3, Pax3/7, Six1/2, Meox1/2, Eyal/2, and
Foxcl1/2. All six studies revealed a phenotype of more pro-
nounced muscle deficiencies than the single knock-out phe-
notypes alone (32, 38 —43).

Knock-out experiments have elucidated many genetic tar-
gets of the MRFs, albeit mostly structural proteins, involved in
muscle fiber contraction. Moreover, they have shown that the
MREFs have overlapping functional roles in myogenesis. For
instance, homozygous deletion of either Myf-5 or MyoD in
mice does not result in a muscle-deficient animal (44, 45) but
MyoD ™'~ ;Myf-5~'";MRF4~'~ neonatal mice are born with
no detectable skeletal muscle and no myoblasts (46, 47). On
the other hand, a homozygous deletion mutant of MRF-4
and/or myogenin does not affect myoblast formation but does
affect the formation of muscle fibers (48, 49). Altogether, this
indicates early and late functionally redundant roles for the
MREFs in regulating skeletal myogenesis.

Several studies have isolated additional genetic targets of
the MRFs using C2C12 cells or fibroblast myogenic conver-
sion assays on null MRF backgrounds (50 —52). These studies
have revealed novel information on the complex hierarchy of
MREF transcriptional networks in myogenesis. The in vitro cell
culture systems used in the former studies are models of satel-
lite cell proliferation and differentiation and thus cannot ex-
amine the initial specification and commitment of skeletal
muscle that is required prior to the formation of myoblasts.

P19 cells (53) are used as a model to study in vitro embry-
onic development, including cardiac and skeletal myogenesis
as well as neurogenesis. P19 cells are embryonal carcinoma
stem cells derived from the inner cell mass of a mouse em-
bryo. In the presence of DMSO, aggregated P19 cells develop
into beating cardiomyocytes and bipolar skeletal myocytes,
which fuse into myotubes, that are physiologically and bio-
chemically analogous to their embryonic counterparts (54).
P19-derived cardiac and skeletal muscle show similar cell
morphologies to embryonic muscle being mono- and
multinucleated, respectively, and express embryo-specific
isoforms of several genes. Previously, using dominant-nega-
tive and overexpression assays in P19 cells, we have uncov-
ered a regulatory loop between Pax3, Gli2, and Meoxl1 in acti-
vating skeletal myogenesis (36, 37), which is initiated by Wnt
signaling via B-catenin (55).
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Although ectopic expression of MyoD is sufficient to force
nonmuscle cells to complete the myogenic program (7), the
pathway by which MyoD converts stem cells into skeletal
muscle is unknown. Here, using the P19 cell culture system,
we have elucidated novel targets of MyoD. We show that
MyoD directly regulates the expression of premyogenic meso-
derm factors and that a dominant-negative MyoD is sufficient
to prevent their up-regulation in differentiating stem cells.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The MyoD/EnR construct was created
by removal of the transcriptional activation domain (1-54
amino acids) of MyoD (15), by PCR of murine MyoD ¢cDNA
utilizing the oligonucleotides 5'-GGATCCATGGCCCTCCT-
GAAACCGGAG and 3'-CTCGAGGTCGATCTCTCAAAG-
CACC. The 5'- and 3'-oligonucleotides contained BamHI and
Xhol sites (boldface), respectively, to facilitate cloning. The
A(1-54 amino acids) MyoD cDNA was then cloned into the
PGK-1 vector that contains the phosphoglycerate kinase-1
promoter (56). Subsequently, the 198-amino acid N-terminal
repression domain (EnR) of the mouse En-2 protein was iso-
lated from En-2 cDNA by PCR utilizing the oligonucleotides
5'-AAGGATCCATGGAGGAGAAGGATTCCAAG and 3'-
AAGGATCCCCCAGAGTGGCGCTGGCT and subcloned
into the pGEM-T Easy™ (Promega) vector. The 5'- and 3'-
oligonucleotides contained BamHI sites (boldface) to facilitate
subcloning. The EnR was excised with BamHI and blunt end
ligated to the BamHI site of PGK-A(1-54 amino acids)MyoD.
PGK-MyoD, PGK-Puro, and PGK-LacZ constructs were cre-
ated as described previously (6, 57).

Cell Culture and Transfections—P19 cells were cultured as
described previously (58). Stable PGK-MyoD cell lines,
termed P19(MyoD) cells, were described previously, and the
PGK-MyoD/EnR cells were prepared using a similar protocol
(6). Briefly, a mixture of 2.04 ug of PGK-MyoD/EnR or PGK
vector alone, 0.09 ug of PGK-puro, 0.17 ug of PGK-LacZ, and
0.77 ug of B17 was transfected into P19 cells by adding a mix-
ture of DNA and FuGENE™ 6 to 2.5 X 10° cells in 35-mm
tissue culture plates.

P19(Control) and P19(MyoD/EnR) cells were differentiated
in the presence of 0.8% DMSO or 1 uM retinoic acid as de-
scribed previously (36, 59, 60). P19(Control) and P19(MyoD)
cells were differentiated in the absence of DMSO.
P19(MyoD), P19(MyoD/EnR), and P19(Control) cells were
aggregated in Petri dishes for 4 days and then plated onto tis-
sue culture dishes. Drugs were added only during cellular
aggregation.

Immunofluorescence—Myosin heavy chain (MyHC), neuro-
filament 68 (61), and nuclei were detected as described previ-
ously (36, 60) utilizing monoclonal MF20 antibody superna-
tant, monoclonal anti-neurofilament 68 clone NR4 antibodies
(Sigma), and Hoechst dye, respectively. Immunofluorescence
was visualized with an Olympus BX50 microscope. Images
were captured on a Roger Scientific Cool Snap camera and
processed utilizing Image Pro-Plus 5.1 (Media Cybernetics)
and Canvas 9 and 11 software.

Reverse Transcription and Q-PCR—Total RNA was isolated
using the RNeasy kit (Qiagen, Missisauga, Ontario, Canada)
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following the protocol described by the manufacturer. 1 ug of
purified RNA was used as a template for the first strand DNA
synthesis reaction using the QuantiTect reverse transcription
kit (Qiagen, Missisauga, Ontario, Canada) following the pro-
tocol described by the manufacturers. Real time quantitative
PCRs (Q-PCR) were performed as described previously (62),
using the FastStart SYBR Green master mix (Roche Applied
Sciences). Primer pairs used for quantitative detection of gene
expression were selected from Primer Bank (accessed Sep-
tember 2008; Primer 3 input, version 0.4.0, available on line)
and are listed in supplemental Table S1. Primer pairs for the
ChIP experiments were designed based on ChIP sequencing
results provided by the laboratory of Dr. Stephen Tapscott
(Seattle) (24). Primer pairs used for quantitative detection of
binding were selected from Primer Bank (accessed September
2008; Primer 3, available on line) and are listed in supplemen-
tal Table S2. All primers were verified for optimal efficiency.
All reactions and data analysis were performed on the ABI
7300 system (Applied Biosystems) using SDS software. All
reactions were performed in duplicate, unless otherwise
stated, and the results shown are the means = S.E. of three
independent experiments, unless otherwise stated. mRNA
levels for each treatment was normalized to B-actin levels for
the corresponding day and treatment.

Chromatin Immunoprecipitation—Chromatin Immunopre-
cipitation (ChIP) assays were performed as described previ-
ously (62) with minor modifications. P19(Control) and
P19(MyoD) cell lines were aggregated for 4 days in the ab-
sence of DMSO, and cells were harvested for ChIP analysis on
days 0, 4, or 6. The cells were cross-linked with 1% formalde-
hyde for 1 h. Relative enrichment of binding sites was com-
pared with the IgG negative control. Immunoprecipitation
was analyzed from 30 to 60 ug of chromatin using Q-PCR, as
described above, with 5 ug of MyoD antibody (catalog no.
sc760X, Santa Cruz Biotechnology) or 5 ug of rabbit IgG anti-
body (catalog no. PP64, Millipore).

Northern Blot, Southern Blot, and Reverse Transcription-
PCR—Protocols and DNA probes utilized, with the exception
of Pax3, have been described previously (36, 37, 58, 65— 67).
Densitometry was carried out using Image] software (Na-
tional Institutes of Health). Histograms were plotted for each
lane of the respective Northern blot, and base lines were man-
ually inserted, and the area under the curve was taken. All
values were normalized to 18 S. N values indicate how many
differentiations were performed in total. Standard error was
calculated using Microsoft Excel software.

Oligonucleotides to amplify Pax3 were 5'-CTGCACT-
CAAGGGACTCCTC and 3'-GTGAAGGCGAGAC-
GAAAAAG at an annealing temperature of 60 °C. First strand
reactions were tested for linearity with each set of oligonu-
cleotides, and negative controls included RT experiments in
the absence of RNA or reverse transcriptase enzyme and PCR
in the absence of a first strand reaction.

Western Blot Analysis—P19(MyoD/EnR), P19(MyoD), or
P19(Control) cells were grown in monolayers or differentiated
for 4 -6 days, as indicated. For P19(MyoD/EnR), Western
blots were performed as described previously (68). For
P19(MyoD) cells, total protein was harvested with modified
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RIPA buffer (50 mm Tris-HCI (pH 7.4), 1% Nonidet P-40,
0.25% sodium deoxycholate, 150 mm NaCl, 1 mm EDTA, 1
mMm PMSF, and 1X final concentration of protein inhibitor
mixture, Roche Applied Science). Protein (25 or 50 ug, for
Pax3 detection) was separated using the NuPAGE 4-12% Bis-
Tris gel (Invitrogen) in a 1X NuPAGE MOPS Running Buffer
prepared from a 20X stock (50 mm MOPS, 50 mm Tris, 0.1%
SDS, 1 mm EDTA (pH 7.7)). Proteins were transferred to an
immunoblot PVDF membrane (Bio-Rad). MyoD/EnR and
B-actin proteins were detected with anti-MyoD (1:300 dilu-
tion; Santa Cruz Biotechnology) and anti-B-actin (1:12,000
dilution; Sigma) antibodies and visualized with HRP-conju-
gated secondary antibodies (Chemicon). Pax3, Six1, MEF2C,
myogenin, MyoD, and a-tubulin proteins were detected with
anti-Pax3 (1:300 dilution; catalog no. MAB2457, R&D Sys-
tems), anti-Six1 (1:125 dilution) (69), anti-MEF2C (1:500 dilu-
tion; catalog no. sc-13266X, Santa Cruz Biotechnology), anti-
myogenin (1:500 dilution; F5D hybridoma), anti-MyoD (1:300
dilution; catalog no. 554130, Pharmingen), and anti-a-tubulin
(1:1000 dilution; catalog no. T6199, Sigma) antibodies and
visualized with HRP-conjugated secondary antibodies. Note
that the signal for Pax3-specific antibodies was enhanced us-
ing Western blot signal enhancer (catalog no. 21050, Qentix)
before blocking with 5% milk in TBST), as per the manufac-
turer’s instructions.

Statistical Analysis—Statistical differences between means
were calculated using the Student’s ¢ test. P values of p < 0.05
were considered significant.

RESULTS

MyoD Was Sufficient to Induce the Expression of Premyo-
genic Mesoderm Factors—To identify the putative targets of
MyoD in a stem cell system, we examined P19 cells overex-
pressing MyoD, termed P19(MyoD), and P19(Control) cells.
P19(MyoD) cells have been characterized in the past and
shown to undergo myogenesis and up-regulate Pax3 tran-
script levels (60, 67). P19(Control) and P19(MyoD) cells were
aggregated in the absence of DMSO and fixed on day 6 for
staining with MF20 antibodies specific for MyHC. In agree-
ment with previous results (6, 60), P19(Control) cells did not
differentiate into skeletal muscle (Fig. 11, panel B), although
P19(MyoD) cells showed robust differentiation (Fig. 17,
panel D).

To determine which premyogenic mesoderm transcripts
were up-regulated by MyoD, Q-PCR was conducted with
total RNA collected on days 0 and 4— 6. As expected,
MyoD transcripts were overexpressed in P19(MyoD) cells
and not in P19(Control) cells (Fig. 1111, bottom right). In-
terestingly, transcripts initially expressed in the paraxial
mesoderm and developing somite of the embryo, such as
Meox1, Pax7, Six1, and Eya2, termed premyogenic meso-
derm factors, displayed enhanced levels in P19(MyoD) cells
compared with P19(Control) cells on day 4 (Fig. 1/II). Sub-
sequently, in agreement with previous results, the myoblast
markers, myogenin, MEF2C, and Myf-5, were found to be
up-regulated by days 5 or 6. Pax3 was up-regulated by
MyoD at all time points but not significantly until day 6.
Gli2 and Foxcl/2 were not appreciably up-regulated over

JOURNAL OF BIOLOGICAL CHEMISTRY 2519


http://www.jbc.org/cgi/content/full/M110.163709/DC1
http://www.jbc.org/cgi/content/full/M110.163709/DC1
http://www.jbc.org/cgi/content/full/M110.163709/DC1

MyoD Regulates Premyogenic Mesoderm Factors

I Hoechst Dye

100

I
80 Pax3 : 100
60 | 80
40 : 60
i 40
20 | 20
0.

0 4 5 6 0 4 5 6

Meox1

120

1 I
50{ Gli2 ! 100
401 | 80
307 ! 60
201 ! 40
104 | 20
4 0

0 4 5 6 0 4 5 6
120

Foxc1 :
80 | 100
60 } 80
40 ‘ 60
i 40
20 | 20
0 04

0 4 5 6 0 4 5 6

Relative percent mRNA expression

12
0 Foxc2

:
|
80
|
|
|

20

0
Day04560456

0 4 5 6 0 4 5 6

Anti-MyHC Antibody || P19(Control)  P19(MyoD)
0 4 5 6 0 4 5 6 Day
& e B Pax3
e v Six1
W MEF2C
w = Myogenin
o o o e MyoD
F 5 s e o= op sp» "Saw o-tubulin
1 2 3 4 5 6 7 8 Lane
P19 (Control)  P19( MyoD) P19 (Control) P19(MyoD) P19 (Control)  P19(MyoD)
120 * 120 *

I I
} * 100 !
| * 80 |
! 60 !
I

‘ 40 }
| 20 |
‘ o ‘

* 120

1 ! *
i % 100 i
| * 80 |
! 60 ! *
l 40 l
I 20 I
. 04 :
6

* 120

0.
0 4 5 6 0 4 5 6

FIGURE 1. Overexpression of MyoD in aggregated P19 cells induced the expression of the premyogenic mesoderm genes and MRFs. P19(Control)
and P19(MyoD) cells were differentiated in the absence of DMSO. Cultures were either fixed on day 6 forimmunofluorescence or harvested for RNA or pro-
tein on days 0 and 4-6. /, cells were stained with Hoechst dye to visualize the nuclei (panels A and C) and with anti-MyHC antibody to visualize muscle (pan-
els B and D). Magnification X400. /I, Western blots with 25 ug (50 wg for Pax3) of total protein were probed with antibodies of factors indicated on the right.
Il gene expression was analyzed using Q-PCR for the genes indicated. The data were normalized to the expression of B-actin and are expressed relative to
day 0 P19(Control) cells, with the maximum expression normalized to 100%. Error bars represent the average * S.E. (n = 3;*, p < 0.05).

control cells. Thus, in aggregated P19 cells, MyoD up-regu-
lated premyogenic mesoderm factors prior to up-regulat-
ing myoblast marker gene expression.

To verify whether the protein expression levels mirrored
the changes seen at the RNA level, a Western blot analysis
was performed with anti-Pax3, -Six1, -MEF2C, -myogenin,
and -MyoD antibodies on total protein collected on days 0
and 4 -6 of differentiation. As expected, MyoD protein was
expressed throughout the time course in P19(MyoD) cells
and not in P19(Control) cells (Fig. 111, panel E, lanes 5-8).
Pax3, Six1, and MEF2C protein levels were detected by day
4 (Fig. 11I, A-C, lanes 6 - 8), followed by the detection of
the myogenin protein by day 5 (Fig. 111, D, lanes 7 and 8).
Thus, there was no evidence of post-transcriptional control
of protein expression in this system. Taken together, MyoD
up-regulated the expression of the premyogenic mesoderm
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factors prior to the up-regulation of myogenin during the
induction of myogenesis in aggregated P19 stem cells.
Dominant-negative MyoD Inhibited Skeletal Myogenesis
and Expression of Premyogenic Mesoderm Factors—To iden-
tify putative targets of the MRF family of transcription factors,
we created a dominant-negative MyoD mutant by replacing
the transcriptional activation domain of MyoD (15) with the
mouse engrailed-2 (En-2) repression domain. The En-2 re-
pression domain works through histone acetyltransferase-de-
pendent and -independent mechanisms to actively repress
transcription, preventing rescue from other MRF family
members (70). This construct was then transfected and stably
integrated into the P19 cell genome, and 12 clones were iso-
lated, termed P19(MyoD/EnR) cells. Western blot analysis
was performed with anti-MyoD antibodies on cells grown in
monolayer to ensure that the MyoD/EnR construct was ex-
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FIGURE 2. Overexpression of MyoD/EnR inhibited the formation of skeletal myocytes but not neurons in aggregated P19 cells. /, P19(Control) (lane 1)
and P19(MyoD/EnR) cells (lanes 2-4) were grown in monolayers, and total protein was harvested. Western blots with 30 ug of total protein were probed
with antibodies indicated on the right. I, P19(Control) cells (panels A and B) and P19(MyoD/EnR) cells (panels C and D) were differentiated in the presence of
0.8% DMSO. On day 9 of the differentiation, cells were fixed and stained with Hoechst dye to detect nuclei (panels A and C) and anti-MyHC antibody (panels
Band D). lll and IV, P19(Control) and P19(MyoD/EnR) cells were differentiated in the presence of 1 um retinoic acid. /l/, on day 6 of the differentiation, cells
were fixed and stained with Hoechst dye to detect nuclei (panels A and C) and anti-NF68 antibody (panels B and D). IV, Northern blots with 4 .g of RNA were
probed with the factors indicated on the right. Lanes are indicated at the bottom of | and IV. Magnification X400 for /I and /Il.

pressed appropriately (Fig. 2/, lanes 2—4). The MyoD/EnR
protein appeared as a doublet indicating possible alterna-
tive post-translational modification, such as acetylation or
phosphorylation (71, 72).

P19(MyoD/EnR) and P19(Control) cells were differentiated
in the presence of DMSO, an inducer of myogenesis, and im-
munofluorescence was performed on day 9 with anti-MyHC
antibodies. As expected, all 12 P19(MyoD/EnR) clones did not
differentiate into skeletal myocytes compared with the
P19(Control) cells, which differentiated into skeletal myocytes
(Fig. 211, panel D compared with panel B, one representative
clone). Moreover, 6 of 12 (50%) P19(MyoD/EnR) clones did
not differentiate into cardiomyocytes (data not shown).
Therefore, the overexpression of MyoD/EnR in P19 cells in-
hibits skeletal myogenesis, and to a variable degree can re-
press cardiomyogenesis.

To ensure that the overexpression of MyoD/EnR in P19
cells was not inhibitory for all differentiation processes, we
tested whether MyoD/EnR affected the formation of neurons.
We aggregated P19(MyoD/EnR) and P19(Control) cells in the
presence of 1 uM retinoic acid, an inducer of neurogenesis.
On day 6, cells were fixed and visualized for immunofluores-
cence utilizing anti-NF68 antibodies, which are specific for
the neuronal intermediate filament protein, neurofilament 68.
Abundant NF68 staining was observed in the presence and
absence of MyoD/EnR (Fig. 211, panels B and D). Further-
more, by Northern blot analysis, neuronal 8-1II tubulin ex-
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pression was up-regulated during neurogenesis to similar lev-
els in P19(Control) and P19(MyoD/EnR) cells (Fig. 21V, panel
A). Therefore, MyoD/EnR did not appreciably inhibit
neurogenesis.

To identify genes inhibited by MyoD/EnR, cells were differ-
entiated in the presence of DMSO, and total RNA was har-
vested on days 0, 6, and 9, as indicated. By Northern blot anal-
ysis, there were high levels of MyoD/EnR in P19(MyoD/EnR)
cell lines and undetectable levels in P19(Control) cells, shown
both by EnR- and MyoD-specific probes (Fig. 31, panels A and
B). MyoD expression was not seen in control cells on day 9
due to the short exposure time (Fig. 31, panel B). However,
endogenous MyoD expression was ablated in all P19(MyoD/
EnR) cells when longer exposures were examined (data not
shown). In P19(Control) cells, there was strong expression on
day 9 of the premyogenic mesoderm transcription factors
Eya2, Six1, and Meox1 that was not detectable in P19(MyoD/
EnR) clones (Fig. 31, panels C-E, respectively). The mRNA
transcript levels of Gli2 were moderately affected by the pres-
ence of the MyoD/EnR protein. On day 9, Gli2 was down-
regulated in the majority of P19(MyoD/EnR) clones compared
with P19(Control) cells (Fig. 31, panel F) by 46 * 12% (S.E.;

n = 15). The extent of down-regulation of expression across
several clones was analyzed by densitometry and is summa-
rized in Table 1.

Utilizing Q-PCR analysis, we examined the mRNA expres-

sion of Pax3/7, Foxc1/2, MEF2C, myogenin, and Myf-5. Inter-
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FIGURE 3. Overexpression of MyoD/EnR in P19 cells inhibited the expression of premyogenic mesoderm factors. P19(Control) and P19(MyoD/EnR)
cells were differentiated in the presence of 0.8% DMSO. Total RNA was harvested on day 0 and 6 or 9./, Northern blots with 12 g of RNA were probed with
the factors indicated on the right. I, RNA was analyzed using Q-PCR. The data have been normalized to the expression of B-actin and are expressed relative
to day 0 P19(Control) cells. Error bars represent the average = S.E. of two independent differentiations of two independent clones.

TABLE 1

The extent of down-regulation of genes (%) in P19(MyoD/EnR)

compared with P19(Control) cultures was quantified from Northern

blot analysis by densitometry

Gene Down regulation +S.E. n value
% %
Eya2 99 1 15
Six1 97 3 16
Meox1 92 7 13
Gata-4 64 22 10
Pax3 63 14 16
Gli2 46 12 15

estingly, the expression of all of these factors was severely
down-regulated (Fig. 31I). Altogether, in differentiating cell
lines, the presence of MyoD/EnR protein ablated the expres-
sion of premyogenic mesoderm factors as well as that of myo-
blast markers.

Because cardiomyogenesis was down-regulated in half of
P19(MyoD/EnR) clones (data not shown) by immunofluores-
cence analysis, the mRNA transcript levels of GATA-4 was
examined by Northern blot analysis. In P19(MyoD/EnR)
clones, with no detectable cardiomyocyte formation via im-
munohistochemistry, mRNA transcripts of GATA-4 were not
detectable on day 9 of differentiation when compared with
P19(Control) cells (Fig. 3, panel G). Clones capable of car-
diomyogenesis exhibited normal levels of GATA-4 (data not
shown). Densitometry of GATA-4 transcript levels on day 9
of differentiation for all of the clones revealed that GATA-4
was down-regulated 64 = 22% (S.E.; n = 10) in P19(MyoD/
EnR) cells relative to P19(Control) cells. Therefore, GATA-4
was down-regulated in approximately half of the clones re-
sulting in the loss of cardiomyogenesis.
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To determine at what time point MyoD/EnR disrupts the
expression of the transcription factors assayed above, North-
ern blots and RT-PCR were performed with RNA from a time
course of differentiation. The presence of MyoD/EnR inhib-
ited the premyogenic mesoderm factors, Eya2, meox1, Pax3,
and Six1 throughout the time course (supplemental Fig. S1).
In summary, the expression of a dominant-negative MyoD
mutant disrupted the proper expression of premyogenic mes-
oderm factors and subsequent skeletal myogenesis.

MyoD Binds Directly to the Regulatory Regions of the Pre-
myogenic Mesoderm Genes—To determine whether the ob-
served changes in gene expression were due to direct or indi-
rect effects of MyoD, ChIP experiments were performed.
Primers were designed based on previous ChIP sequencing
results (24) showing regions of genes bound by MyoD in
C2C12 myoblasts. Using P19(MyoD) cells, ChIP experiments
illustrated that MyoD bound significantly to the regulatory
regions of Pax3, Eya2, Pax7, Six1, myogenin, and Meox1
when compared with the IgG control, at all time points exam-
ined (Fig. 4). The genes with the highest % input bound by
MyoD were Pax3 and Eya2, followed by Pax7, myogenin, and
finally Meox1. In contrast, MyoD binding to the regulatory
regions of Foxc1/2 and Gli2 was not significant, in agreement
with their lack of up-regulation by MyoD (Fig. 1). Therefore,
MyoD binds directly to the regulatory regions of the majority
of premyogenic mesoderm genes.

DISCUSSION

In this study, we have discovered a novel activity for MyoD
in regulating the expression of premyogenic mesoderm fac-
tors, including Meox1, Six1, Eya2, and Pax3/7. Furthermore,
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FIGURE 4. MyoD binds directly to premyogenic mesoderm transcription
factors. P19(Control) and P19(MyoD) stable cell lines were differentiated in
the absence of DMSO, and ChlIP was performed using an anti-MyoD anti-
body to identify enriched MyoD targets in P19(MyoD) cells on day 0, 4, and
6 of differentiation. Q-PCR was used to analyze the chromatin isolated for
the genes indicated. Error bars represent the average = S.E. (n = 3;*,p <
0.05). Statistical analysis was performed using the Student’s t test versus IgG.

TABLE 2

Summary of premyogenic mesoderm genes regulated directly or
indirectly by MyoD

Up-regulated by = Down-regulated by = Bound directly by
Gene MyoD* MyoD/EnR® MyoD in ChIP¢
Foxcl - + -
Foxc2 - + -
Gli2 - +/— -
Pax3 + + +
Pax7 + + +
Eya2 + + +
Meox1 + + +
Six1 + + +

“+ indicates up-regulated; — indicates not up-regulated.
? + indicates down-regulated; +/— indicates partially down-regulated.
¢+ indicates bound; — indicates not bound.

by ChIP assay, MyoD was observed associated with regulatory
regions of Meox1, Six1, Eya2, Pax3/7, as well as myogenin
(summarized in Table 2). Altogether, from this study we can
formulate a model in which exogenous MyoD can transform
multipotent stem cells into skeletal muscle, by first binding
and activating the expression of a subset of premyogenic mes-
oderm genes (Fig. 5).

Previous results have shown that Wnt signaling via B-cate-
nin up-regulates premyogenic mesoderm factors Gli2, Pax3,
Six1, Meox1, Eya2, and Foxc1/2 (73-77). Eya2 acts genetically
upstream of Pax3 in the formation of the hypaxial lip of the
dermomyotome, and it is a cofactor of Six for the activation of
Pax3 expression and migration (42). Pax3 and Meox1 regulate
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Exogenous MyoD

Gli2 Pax3/7

Wnt/
B-catenin

MRFs Muscle
Meox1

FIGURE 5. Simplified model showing how exogenous MyoD can enter
into the regulatory network controlling P19 cell myogenesis, directly
up-regulating a subset of premyogenic mesoderm factors. Gray arrows
indicate regulatory pathways identified in previous studies (32-37, 55, 73,
76, 77). The black arrows represent the direct regulation of Pax3/7, Six1,
Eya2, and Meox1 by MyoD identified in this study. The MRFs once ex-
pressed may also feedback onto the premyogenic mesoderm genes. MyoD/
EnR would presumably function similar to MyoD but would also have fur-
ther reaching dominant-negative effects.

their own expression, although Pax3 can also regulate the ac-
tivity of Meox1 and Six1 but not Gli2 (36, 37). On the other
hand, Meox1 can regulate the expression of Pax3, Six1, and
Gli2 (32, 37). Meoxl1, Pax3, Six1, and Gli2 have all been shown
via direct or indirect mechanisms to positively regulate the
MRFs (32-35). In addition, we have recently demonstrated
that Foxc1/2 transcripts are detected early, and in an overlap-
ping pattern with Wnt3a, prior to Pax3 expression during P19
cell differentiation into skeletal muscle. The expression of
Foxcl is regulated by Shh and Wnt signaling in this system
(76).

The new data added to this model from this study (Fig. 5,
black arrows) illustrate that MyoD enters this regulatory net-
work to direct stem cells into the skeletal muscle lineage by
first binding and activating the expression of premyogenic
mesoderm genes, leading to myogenin and Myf-5 up-regula-
tion and subsequent myogenesis. No evidence for post-tran-
scriptional control was found when comparing changes in
mRNA and protein expression levels. Although this paper
focused on MyoD, it is possible that the other MRFs could
also redirect stem cells into skeletal muscle through a similar
mechanism.

The transcription factors Six1, Meox1, Eya2, Gli2, Foxc1/2,
and Pax3/7 are expressed in the early somite and in the der-
momyotome (27-31, 39, 78) prior to the epithelial mesenchy-
mal transition and migration of cells into the myotome. Ini-
tially, several factors found to be expressed in the somite were
thought be restricted to the dermomyotome, but studies have
shown that they are also found in the myotome. Six1 is local-
ized to the myotome in developing mice, chicken, and hu-
mans (40, 79—81). Eya2 is expressed in the myotome in hu-
man and chick (80, 81), and Meox1 is expressed in mouse
myotome (31). In quail and mouse, Gli2 becomes restricted to
the myotome and ventral dermomyotome (39, 82). Pax3/7 is
found in mouse and human myotome (41, 80). In mouse,
Foxc1/2 are expressed only in the paraxial mesoderm and
somites (83, 84). Thus, it is possible that a feedback loop be-
tween MyoD and the premyogenic mesoderm factors is im-
portant for the amplification and maintenance of their ex-
pression. It is possible that other MRFs may possess a similar
activity.

A role for MRFs in the maintenance of premyogenic meso-
derm expression is supported by the activation of Six1 by
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forced expression of MyoD or Myf-5 into MyoD '~ ;Myf-5~'~
fibroblasts (51) and by the loss of MRF expression in Six1/
Six4 null mice (40). Furthermore, in proliferating C212 cells
Eyal, which is also expressed in somites (30), was shown to be
a direct target of MyoD (52). Finally, our finding that myoge-
nin is not up-regulated by MyoD until premyogenic meso-
derm genes, including Six1, are expressed is consistent with
the recent finding that Six1 can regulate MyoD function in
C2C12 cells (69).

It was originally thought that satellite cells were derived
from cells that mark the fetal myoblasts in the chick and
mouse (85, 86). But more recent studies have implicated a
primitive satellite cell progenitor population that expresses
Pax3 and Pax7 (41, 87, 88). Furthermore, it was shown that
essentially all satellite cells in an adult originate from MyoD-
positive progenitors (89). This suggests a potential role for
MyoD in maintaining premyogenic mesoderm expression.
Finally, Zammit ez al. (90) illustrated that activated satellite
cells initially coexpress Pax7 and MyoD. A subset of cells lose
MyoD and can return to a quiescent Pax7-positive state.
Thus, a role for MyoD in maintaining the expression of pre-
myogenic mesoderm genes may potentially be important at
various stages of embryogenesis and/or satellite cell
regeneration.

The loss of skeletal myogenesis in P19(MyoD/EnR) cells is
likely due to the dominant-negative function of MyoD/EnR,
capable of inhibiting the other MRFs. We would predict that
knockdown of MyoD alone would not result in a loss of skele-
tal myogenesis, in agreement with results in the embryo (47).

MEF2C mRNA expression was found to be down-regulated
in several P19(MyoD/EnR) cell lines (Fig. 21, panel E, and
data not shown). This is in agreement with the literature
demonstrating the following: 1) MEF2C is expressed in the
myotome (91); 2) MEF2C is a genetic target for the MRFs (6,
52, 92); and 3) the promoter of MEF2C contains an essential
E-box that, if mutated, severely down-regulates its expression
in somites (92). As MEF2C also plays a critical role in car-
diomyogenesis (93) and in the positive regulation of Nkx2.5
and GATA-4 (66, 94, 95), the absence of MEF2C (Fig. 31I)
may explain the inhibition of cardiomyogenesis and the
down-regulation of GATA-4 and Nkx2.5 observed (Fig. 3 and
data not shown). Furthermore, Meox1 and Gli2 were suffi-
cient to induce cardiomyogenesis in P19 cells (65), and regu-
lators of Gli activation could modulate Nkx2.5 expression (96,
97). Therefore, the loss of a combination of these factors
could negatively affect cardiac muscle development in our
system.

The finding that neurogenesis was unaffected in
P19(MyoD/EnR) cells indicates a specificity of MyoD/EnR for
E-boxes associated with myogenesis and not neurogenesis.
For example, NeuroD and Mash1/2 are basic helix-loop-helix
factors that regulate neurogenesis (59, 63, 63). Because neuro-
genesis still occurred in P19(MyoD/EnR) cells, it is unlikely
that MyoD/EnR bound to the neuron-specific E boxes.

In summary, MyoD directs stem cells into the myogenic
lineage via an embryonic pathway, by first directly up-regulat-
ing premyogenic mesoderm factor expression. This regulatory
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network may be important for the maintenance of premyo-
genic mesoderm factor expression during myogenesis.
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