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A major control point for skeletal myogenesis revolves around the muscle basic helix-loop-helix gene family
that includes MyoD, Myf-5, myogenin, and MRF4. Myogenin and MRF4 are thought to be essential to terminal
differentiation events, whereas MyoD and Myf-5 are critical to establishing the myogenic cell lineage and
producing committed, undifferentiated myogenic stem cells (myoblasts). Although mouse genetic studies have
revealed the importance of MyoD and Myf-5 for myoblast development, the genetic targets of MyoD and Myf-5
activity in undifferentiated myoblasts remain unknown. In this study, we investigated the function of MyoD as
a transcriptional activator in undifferentiated myoblasts. By using conditional expression of MyoD, in con-
junction with suppression subtractive hybridizations, we show that the Id3 and NPI (neuronal pentraxin 1)
genes become transcriptionally active following MyoD induction in undifferentiated myoblasts. Activation of
Id3 and NPI represents a stable, heritable event that does not rely on continued MyoD activity and is not
subject to negative regulation by an activated H-Ras G12V protein. These results are the first to demonstrate
that MyoD functions as a transcriptional activator in myogenic stem cells and that this key myogenic

regulatory factor exhibits different gene target specificities, depending upon the cellular environment.

The molecular and cellular processes associated with myo-
genesis have served as a paradigm of various schemes that
unfold during development. Myogenesis begins at an early
stage of embryonic development with the patterning of meso-
derm into somites (reviewed in references 4 and 41). The two
main substructures that develop from the somite are the der-
momyotome and the sclerotome. The sclerotome gives rise to
the ribs and accompanying cartilage, while the dermomyotome
contributes to both the epaxial musculature (back and inter-
costal muscles) and the hypaxial musculature (body wall and
limb muscles) (9, 13). The emergence of these distinct lineages
of muscle cells is associated with the expression of the MyoD,
Myf-5, myogenin, and MRF4 transcription factors. These basic
helix-loop-helix (PHLH) proteins are referred to as the muscle
regulatory factors (MRFs) and are acknowledged to be the
driving force behind the specification and differentiation of all
myogenic compartments (reviewed in references 32 and 41).
Although all four MRFs have similar functional properties in
vitro, they exhibit distinct activities during embryogenesis.
MyoD or Myf-5 is essential to specification of the muscle
lineage (5, 21, 44, 45), whereas myogenin and MRF4 have been
implicated in the initial and late stages of differentiation, re-
spectively (17, 38, 40, 52, 54).

The MRFs typically form heterodimers with widely ex-
pressed bHLH factors such as E12, E47, HEB, and ITF-1 (25,
30, 37, 49). The MRF-E-protein heterodimer binds to the
DNA consensus sequence CANNTG, which is found in the
enhancer and promoter regions of most muscle-specific genes.
Binding of the MRF-E-protein heterodimer to target genes
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leads to their transcriptional activation and the subsequent
differentiation of myoblasts into functional myotubes. Specific-
ity in DNA binding is mediated by the unique combinatorial
interactions of the bHLH regions of individual MRF and E-
protein dimers (11, 26, 33, 53), enabling subtle alterations in
the targets, as well as the levels of gene transactivation. In
addition, cooperative interactions with other DNA binding
transcription factors, such as the MEF2 family of transcription
factors, is involved in enhancement of the transcription of
muscle-specific genes by the MRFs (3, 36, 39). To date, most of
the DNA binding and transactivation studies reported for
MRFs have focused on terminal differentiation events. Very
few studies have examined the transcriptional activity of the
MRFs in undifferentiated myoblasts. Most models suggest that
the MRFs exhibit no specific function in myoblasts but exist to
prime cells for differentiation when the environmental condi-
tions become permissive (i.e., cessation of cellular prolifera-
tion signals). The activity of MRFs toward muscle-specific
genes is negatively regulated when conditions remain restric-
tive for differentiation (reviewed in references 32 and 41).
Mechanisms mediating this negative regulation include post-
translational modifications leading to reduced heterodimer
formation and DNA binding capabilities (16, 29), increased
protein turnover (6, 18, 48), and induction of dominant-nega-
tive HLH proteins of the Id protein family (25, 33).

One of the remaining challenges in understanding the mo-
lecular basis of muscle development is the identification of
genes involved in the specification of myogenic stem cells (24).
Fundamental differences must exist between the predeter-
mined cells of the epithelial somite and the specified myogenic
precursors of the dermomyotome. MyoD and Myf-5 are ex-
pressed in myogenic stem cells and thus have long been sus-
pected of specifying these changes. However, no direct target
genes have been identified for these MRFs in committed myo-
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genic stem cells and the most attention has been focused on
the genes activated by MyoD during the initial stages of dif-
ferentiation (1, 2, 15, 19, 28, 53).

To identify MyoD transcriptional targets in undifferentiated
myoblasts, we utilized C3H10T1/2 (10T1/2) mouse fibroblasts
expressing a MyoD protein fused to the estrogen receptor
(ER) (19). 10T1/2-MyoD-ER cells are maintained in an undif-
ferentiated state by providing cells with normal growth me-
dium (GM) containing serum. In the presence of B-estradiol,
the MyoD-ER protein undergoes a conformational change and
becomes available for dimerization with E-proteins. In GM
plus B-estradiol, the cells remain undifferentiated myoblasts.
When cells are switched to differentiation medium (DM) in the
absence of B-estradiol, they remain undifferentiated. However,
when B-estradiol is added to DM, the cells rapidly differentiate
and activate the expression of an entire set of muscle-specific
gene products (19). By establishing tight control over the tim-
ing of B-estradiol addition to the 10T1/2 MyoD-ER cell line, it
is possible to examine the initial events associated with MyoD
activity in proliferating cells.

We utilized suppression subtractive hybridization to com-
pare changes in gene expression associated with the induction
of MyoD in undifferentiated cells. Our studies have identified
two genes, Id3 and NP!I (neuronal pentraxin 1), that are in-
duced in 10T1/2-MyoD-ER cells when the cells are provided
B-estradiol but are not expressed in B-estradiol-treated 10T1/2
fibroblasts or in 10T1/2-MyoD-ER cells grown in the absence
of B-estradiol. Id3 and NPI gene expression is detected in
undifferentiated myoblasts from the C2C12, 23A2, and L6A1
myogenic cell lines and can be induced in control 10T1/2 cells
following transfection with expression plasmids encoding
MyoD or myogenin. Interestingly, MyoD-induced activation of
1d3 and NPI gene expression is not subject to the negative
regulation imposed on terminal differentiation events by an
activated H-Ras G12V protein. Our results reveal the novel
finding that MRFs are transcriptionally active in myogenic
stem cells, prior to overt terminal differentiation, and have
identified two genetic targets for MRF activity that may be
essential to the establishment and maintenance of the myo-
genic stem cell phenotype.

MATERIALS AND METHODS

Mammalian cell culture. The C3H10T1/2 (10T1/2), C2C12, and C2 cell lines
were obtained from the American Type Culture Collection. The 23A2 myogenic
cell line has been described previously (24, 51). 10T1/2 and 23A2 cells were
maintained in basal medium Eagle (Gibco BRL) supplemented with 10 or 15%
fetal bovine serum (FBS; HyClone Laboratories) and 1% penicillin and strep-
tomycin (Gibco BRL), respectively. C2C12 and C2 cells were maintained in
high-glucose Dulbecco’s modified Eagle medium (DMEM; Gibco BRL) supple-
mented with 15% FBS and 1% penicillin and streptomycin. Cells were induced
to differentiate in low-glucose DMEM supplemented with 1% ITS (Sigma)
containing 1 pg of insulin per ml, 1 pg of transferrin per ml, and 1 ng of selenium
per ml plus 1% penicillin and streptomycin. Transient DNA transfections of
10T1/2 cells were performed as previously described (23, 27, 35).

The 10T1/2-MyoD-ER inducible myogenic cell line (9-5) was a generous gift
of Stephen J. Tapscott (Fred Hutchinson Cancer Research Center, Seattle,
Wash.) and has been described previously (19). 10T1/2-MyoD-ER cells were
maintained in high-glucose DMEM supplemented with 10% FBS, 1% penicillin,
and streptomycin plus 250 pg of G418 (Mediatech) per ml. Myogenic differen-
tiation was induced by incubation in low-glucose DMEM supplemented with 1%
ITS, 1% penicillin and streptomycin, and 36.7 nM 17-B-estradiol (Sigma) diluted
in ethanol.
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Immunohistochemistry. Immunohistochemistry was performed on the 10T1/
2-MyoD-ER cell line as described previously (35). Briefly, cells were fixed in 4%
paraformaldehyde for 10 min and then permeabilized in phosphate-buffered
saline containing 0.1% Triton X-100 (PBS-T; Sigma) for 30 min. Cells were
treated with 10% calf serum in PBS-T for 30 min and washed three times for 5
min each time with PBS-T, and then primary antibodies supplemented with 0.1%
bovine serum albumin were incubated with the cells for 1 h at room temperature.
Cells were washed three times for 5 min each time with PBS-T, fluorescently
labeled secondary antibodies were added, and the mixture was incubated for 1 h.
Primary antibodies used in these studies were obtained from the University of
Iowa Developmental Hybridoma Bank and included the antibodies against em-
bryonic myosin heavy chain (MyHC) (MF-20), troponin T (TnT) (CT3), and
tropomyosin (Tm) (CHI).

Western blot analysis. Whole-cell protein extracts were harvested from cells
by aspirating the medium and adding 25 pl of 4X sodium dodecyl sulfate-
Laemmli loading buffer per 60-mm-diameter dish. The crude lysate was soni-
cated for 15 s and then incubated at 95°C for 5 min. Approximately 20 pg of
whole-cell lysate was electrophoresed through a sodium dodecyl sulfate-polyac-
rylamide gel, and the separated proteins were transferred onto Immobilon-P
polyvinylidene difluoride membranes (Bio-Rad) with a semidry transfer appara-
tus. Membranes were blocked for 30 min with 5% BLOTTO (nonfat dry milk in
TBS-T), incubated in primary antibodies for 1 h, rinsed, and incubated for 1 h
with secondary antibodies. The blot was then developed with an ECL kit (Pierce)
and subsequently exposed to film.

PCR-Select suppression subtractive hybridization. Total RNA was harvested
from cell cultures with Trizol (Gibco BRL). Poly(A) mRNA was purified from
total RNA with the PolyATract mRNA isolation system (Promega). The poly(A)
RNA was used as the starting material for the PCR-Select suppression subtrac-
tive hybridization kit (Clontech, Inc.). All reactions were performed exactly as
described in the manufacturer’s instructions. Briefly, 2 pg of poly(A) RNA from
each experimental group (10T1/2-MyoD-ER cells maintained in GM with and
without B-estradiol) was used to generate first- and second-strand cDNA syn-
thesis. The generated cDNA was digested with Rsal, and two different adapters
were ligated to separate tester cDNA pools (plus B-estradiol; groups A and B).
The tester and driver (minus B-estradiol; 100-fold excess) cDNAs were hybrid-
ized overnight, and the remaining single-stranded tester A and B cDNAs were
hybridized to each other. Double-stranded complexes were amplified by PCR
with primers that anneal to the appropriate adapters. Amplified selected cDNAs
were cloned into the pT-Adv plasmid (Clontech, Inc.) for further characteriza-
tion. Inserts were amplified by PCR directly from individual colonies, separated
on agarose gels, transferred to nylon membranes, and hybridized with 32P-
labeled tester and driver cDNA reaction mixtures that were used in the original
subtraction procedure. Potential clones that hybridized specifically to tester
c¢DNAs were characterized further as described in Results.

Expression analysis. RNA blot hybridizations were performed by separating
20 pg of total RNA through a 1% agarose—6.5% formaldehyde gel. The samples
were then transferred to Hybond-N* (Amersham) membranes and hybridized
with [a-*?P]dCTP-labeled cDNA probes at 42°C in 50% formamide by following
standard procedures. RNA expression also was detected with reverse transcrip-
tase (RT)-coupled PCR. Briefly, 2 pg of total RNA was used for each RT
reaction and an aliquot of this material was amplified by PCR with gene-specific
primers. All primers crossed intron junctions, and all products were verified by
DNA sequencing, nucleic acid hybridization, and restriction enzyme digestion.
The DNA primers used in the PCR amplifications are described in Table 1.

RESULTS

To identify potential MyoD target genes in myogenic stem
cells, we utilized a 10T/2 fibroblast cell line expressing a
MyoD-ER fusion protein (19). As previously reported, 10T/2-
MyoD-ER cells maintained in GM in the presence or absence
of B-estradiol remain as undifferentiated fibroblasts and do not
express muscle-specific markers such as MyHC or TnT (Fig. 1).
Cells maintained in DM lacking B-estradiol also fail to differ-
entiate. However, when cells are provided DM containing
B-estradiol, they rapidly fuse into multinucleate myotubes and
coordinately express muscle-specific gene products such as
MyHC, TnT, and Tm (Fig. 1). This expression pattern is iden-
tical to that observed with established myogenic cell lines such
as C2. MyHC and myogenin gene transcripts are detected in
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TABLE 1. Primers used for PCR amplification

Expected cDNA

Primer Sequence (5" — 3') size (bp)
5" MyHC TGGTGGTTAAACCAGAGGACG 290
3" MyHC GGTAGGCGTTGTCAGAGATGG
5" B-Actin GCATCCTGACCCTGAAGTACC 450
3" B-Actin GCTCATAGCTCTTCTCCAGGG

5" GAPDH* ATGGTGAAGGTCGGTGTGAACG 1,049

3" GAPDH CTCTCTCTTGCTCTCAGTATCC

5" MyoD GAGCAAAGTGAATGAGGCCTT 330
3’ MyoD CACTGTAGTAGGCGGTGTCGT

5" Myogenin  AGTGAATGCAACTCCCACAGC 450
3’ Myogenin TCAGAAGAGGATGCTCTCTGC

5" 1d1 ATGAAGGTCGCCAGTGGCAGTG 521
3’ Id1 TCAGCGACACAAGATGCGATCG

5" 1d2 ATGAAAGCCTTCAGTCCGGTG 404
3'1d2 TTAGCCACAGAGTACTTTGCT

5" Id3 ATGAAGGCGCTGAGCCCG 400
3’ 1d3 GTGGCAAAAGCTCCTCTTGTC

5" 1d4 ATGAAGGCGGTGAGCCCGGTGC 277
3’ 1d4 ACCCTGCTTGTTCACGGCGCCG

5" NP1 TTCTCCTCTCCCCTGCGG 1,000
3’ NP1 GCACGTAAGTCCACTGCG

“ GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

differentiated C2 myotubes, but no expression is observed in
control 10T1/2 cells or in proliferating C2 myoblasts (Fig. 2).
Similarly, MyHC and myogenin transcripts are detected in
10T1/2-MyoD-ER cells maintained in DM containing 3-estra-
diol but not in cells maintained in GM with or without B-es-
tradiol (Fig. 2). These results confirm that 10T1/2-MyoD-ER
cells fail to express differentiation-specific genes when main-
tained in GM, regardless of whether the MyoD-ER inducer
(B-estradiol) is included in the culture medium.

Given that the MyoD-ER fusion protein remains inactive in
cells grown in GM, we next examined if other bHLH MRFs
were expressed in these cells. Northern blot analysis of total
RNA revealed the expected constitutive expression of the
MyoD-ER mRNA regardless of the culture medium condi-
tions (Fig. 3A). However, we failed to detect endogenous
Myf-5, myogenin, or MRF4 mRNA in these same samples (Fig.
3A and data not shown). These observations confirm that pro-
liferating 10T/2-MyoD-ER cells express MyoD-ER transcripts
while other members of the endogenous MRF gene family
remain transcriptionally inactive.

Previous reports have shown that MyoD regulates its own
expression (50). To examine if the 10T1/2-MyoD-ER cell line
exhibits this autoregulation phenomenon, the expression of the
MyoD-ER transgene and the endogenous MyoD gene was ex-
amined under different culture conditions. While the
MyoD-ER transcript is present under all culture conditions
(data not shown), transcripts from the endogenous MyoD gene
are detected in 10T1/2-MyoD-ER cells maintained in DM con-
taining B-estradiol but not in cells lacking B-estradiol (Fig. 3B).
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FIG. 1. 10T1/2-MyoD-ER cells express muscle-specific gene prod-
ucts only when induced to differentiate in the presence of B-estradiol.
10T1/2-MyoD-ER cells were maintained in GM or DM for 18 h in the
presence of B-estradiol or ethanol (EtOH) and then subjected to
immunofluorescence staining (A) or immunoblot analysis (B) with
antibodies specific to embryonic myosin (MyHC), TnT, and Tm. Cells
express all three differentiated cell markers only when provided DM
containing B-estradiol. No differentiation occurs in cells maintained in
GM in the presence of B-estradiol.

Importantly, endogenous MyoD gene transcripts are also found
in 10T1/2-MyoD-ER cells maintained in GM in the presence
of B-estradiol (Fig. 3B). These data confirm that the MyoD
protein regulates its own expression, even in cells maintained
in high levels of growth factors, and provide experimental
evidence that the MyoD protein remains transcriptionally ac-
tive in myogenic stem cells.

PCR-Select subtractive hybridization. Precise control of
MyoD-ER activity in the 10T1/2 MyoD-ER cell line provides a
system for investigation of the initial stages of myogenesis.
Previous groups have used this system to identify immediate
targets of MyoD during the first few hours of differentiation (2,
14, 19). However, little information is available regarding the
genetic targets of MyoD activity in cells maintained in GM. To
identify potential MyoD gene targets in proliferating myo-
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FIG. 2. RT-PCR analysis confirms that 10T1/2-MyoD-ER cells dif-
ferentiate only when maintained in DM containing B-estradiol. RNA
was isolated from control 10T1/2 cells, C2 myoblasts, and myotubes
and from 10T1/2-MyoD-ER cells maintained for 18 h in GM or DM
supplemented with ethanol (EtOH) or B-estradiol. RT-PCR reveals
that the differentiation-specific transcripts from the MyHC and myo-
genin genes are detected only in C2 myotube cultures and in 10T1/2-
MyoD-ER cells maintained in DM containing B-estradiol. 3-Actin
transcripts served as internal controls. The asterisk denotes a contam-
inating genomic myogenin fragment found in some samples.

blasts, we compared gene expression profiles of 10T1/2-
MyoD-ER cells cultured for 18 h in GM plus ethanol (driver
RNA) or cultured in GM containing -estradiol (tester RNA).
PCR-generated products that survived the subtractive hybrid-
ization procedure were cloned. The initial procedure yielded
5,352 individual colonies containing inserts, of which 557 were
chosen for further analysis. Inserts were amplified by PCR, and
the DNA fragments were resolved on four duplicate agarose
gels, transferred to Hybond N* nylon membranes, and hybrid-
ized with radiolabeled probes representing each subtraction.
Inserts that displayed specific hybridization to the forward sub-
traction, but not to the reverse subtraction, were chosen as
representing transcripts whose expression was up-regulated as
a result of MyoD-ER transactivation. Of the 30 clones identi-
fied as being up-regulated in the MyoD-ER cells exposed to
B-estradiol, several contained overlapping fragments corre-
sponding to the mouse /d3 and NPI genes. Id3 encodes an
HLH nuclear protein that is known to serve as a negative
regulator of bHLH factors (7, 31, 34), while NP1 encodes a
secreted glycoprotein that previously has been thought to be
expressed primarily in neuronal cells (12, 47).
Characterization of Id3 and NP1 gene expression. In order
to examine and confirm the regulated expression of Id3 and
NPI in 10T1/2-MyoD-ER cells, total RNA isolated from cells
maintained in GM for 18 h in the presence or absence of
B-estradiol was analyzed by RT-PCR. The results demonstrate
that Id3 and NPI transcripts are not detected in 10T1/2-
MyoD-ER cells maintained in GM, even after 33 amplification
cycles, while transcripts from Id3 and NP1 are detected in cells
treated with GM plus B-estradiol (Fig. 4A). Semiquantitative
PCR shows that the expression of these genes is fairly equiv-

MoL. CELL. BIOL.

A.
MyoD Myf-5 Myogenin
B g g
g = g z s 5
o .'a‘ o ?: o 5
Sz & =z g Sz B
= iy = ¢ E 2 9
E O & [‘é O o S d «a
- w -
B.
10TY2 C2 10T1/2-MyoD-ER
= =]
& B oL F
= £ T 7 T
S5 S 8 - Q o (@] 1]
g £ g 8 2 dada
T 2 3 z 2+ + + 4 e
® 8 5 5 > = = =2 =
5 £35350605688 32

FIG. 3. 10T1/2-MyoD-ER cells do not express endogenous MyoD,
myogenin, or Myf-5 transcripts in the absence of B-estradiol. (A) North-
ern hybridization analysis of control 10T1/2 cells and 10T1/2-
MyoD-ER cells maintained in GM containing ethanol (EtOH) or
B-estradiol. The MyoD-ER transgene transcript is constitutively ex-
pressed in 10T1/2-MyoD-ER cells, whereas no Myf-5, myogenin, or
MRF4 (data not shown) transcripts are detected. (B) MyoD-ER is
capable of activating the endogenous MyoD gene in 10T1/2-MyoD-ER
cells maintained in GM containing B-estradiol. RT-PCR analysis con-
firms that the endogenous MyoD gene is transcribed in 10T1/2-
MyoD-ER cells that are provided B-estradiol, suggesting that the
MyoD-ER protein autoregulates expression of the endogenous MyoD
gene locus.

alent since the transcripts are not detected after 18 PCR cycles
but appear by 23 PCR cycles. A similar profile of expression is
observed for the control B-actin-encoding gene. Id3 and NP1
gene expression is specific for cells containing MyoD and is not
an artifact of B-estradiol treatment since control 10T1/2 cells
do not produce Id3 and NPI transcripts (Fig. 4B).

The ability of MyoD to activate transcription of the Id3 and
NPI genes in cells maintained in GM was evaluated further in
cells provided GM or DM and then treated with 3-estradiol for
18 h. As shown in Fig. 5, NP1 and Id3 transcripts are present
in cells treated with GM containing B-estradiol but not in
control cells treated with ethanol. Similarly, both genes are
expressed in cells maintained in DM plus B-estradiol, which is
a treatment that leads to differentiated myotubes (Fig. 1). As
expected, transcripts for the differentiation-specific factor myo-
genin are detected only in fully differentiated cells (Fig. 5).
Although MyoD is known to activate the myogenin promoter
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FIG. 4. The Id3 and NPI genes are expressed in 10T1/2-MyoD-ER
cells maintained in GM containing B-estradiol. 10T1/2-MyoD-ER
(A) and control 10T1/2 (B) cells were grown for 18 h in GM containing
ethanol (EtOH) or B-estradiol, and total RNA was subjected to RT-
PCR analysis for 18 to 33 cycles with sequence-specific primers for the
mouse /d3 and NP1 genes. Id3 and NP transcripts are not detected in
control 10T1/2 cells or in 10T1/2-MyoD-ER cells provided ethanol.
However, both genes are expressed in 10T1/2-MyoD-ER cells that are
provided GM containing B-estradiol, suggesting that the /d3 and NP1
genes are activated by MyoD in undifferentiated myogenic stem cells.
The asterisk denotes PCR primers remaining on the gel.

(14), this activation occurs only when myoblasts are presented
with DM. Cells maintained in GM do not express the myogenin
gene.

In order to examine if activation of the I/d3 gene is unique in
the entire /d gene family, we next examined the expression
patterns of Id1, Id2, and Id4 in 10T1/2-MyoD-ER cells main-
tained in GM in the presence or absence of B-estradiol.
Whereas Id3 gene transcription occurs only in cells exposed to
B-estradiol, expression of the Id1, Id2, and Id4 genes is consti-
tutive in growing cells, regardless of MyoD activity (Fig. 6).
These results demonstrate that Id3 is specifically regulated by
MyoD in myoblasts and provides further support for the idea
that the individual Id family members likely perform distinct
biological functions in myogenesis.

These initial studies suggested that Id3 and NPI gene ex-
pression is a direct result of MyoD activity. To test this hy-
pothesis, cultures were treated with GM containing B-estradiol
in the presence or absence of the protein synthesis inhibitor
cycloheximide. As shown previously, Id3 and NPI transcripts
are found in 10T1/2-MyoD-ER cells treated with B-estradiol
(Fig. 7). However, in cells maintained in GM plus B-estradiol
containing cycloheximide, an increase in Id3 and NPI tran-
script levels is detected, suggesting that expression of these
genes is due to the direct activity of the induced MyoD-ER
protein. These results provide the first evidence, aside from
MyoD autoactivation, to support the hypothesis that MyoD
positively impacts gene expression patterns in undifferentiated
myogenic stem cells.

Id3 and NP1 gene expression represents a stable, heritable
event that is not subject to negative regulation by H-Ras G12V.
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FIG. 5. MyoD activates expression of the /d3 and NPI genes in GM
or DM. 10T1/2-MyoD-ER cells were provided GM or DM with or
without B-estradiol supplementation for 18 h. RT-PCR analysis con-
firms that the NPI and Id3 genes are expressed only in cells supple-
mented with B-estradiol, regardless of whether the cells are maintained
in GM or DM. As expected, the differentiation-specific myogenin gene
is expressed only in differentiated cells (DM plus B-estradiol). -Actin
transcripts served as positive controls for the RT reactions. EtOH,
ethanol.

One possibility regarding the MyoD-induced expression of Id3
and NPI in GM is that the activation of these genes represents
an early event in terminal differentiation and therefore is part
of a single molecular continuum. In order to examine this in
greater detail, we performed a time course experiment in
which 10T1/2-MyoD-ER cells were treated with B-estradiol for
extended times to see if precocious differentiation would take
place. As shown previously, cells maintained in GM and
treated with B-estradiol for 24 h express high levels of /d3 and
NP1 (Fig. 8). Cells treated with B-estradiol for 48, 72, and 96 h
also express Id3 and NPI transcripts. At each of these time
points, there is no evidence of terminal differentiation. Inter-
estingly, cells treated with B-estradiol for 48 h, rinsed exten-
sively, and then maintained in GM without B-estradiol for an
additional 48 h continue to express high levels of Id3 and NP!
(Fig. 8). Since the MyoD-ER protein exhibits a very short
half-life (~15 min) (2), these results suggest that MyoD acti-
vation of the Id3 and NPI genes represents a stable, heritable
change in gene expression patterns that no longer rely on
continued MyoD activity.

Although it is clear that the Id3 and NP1 genes are expressed
following the induction of MyoD in 10T1/2 MyoD-ER cells, it
remains possible that this observation is an aberration of this
cell line and cannot be duplicated with other myogenic cell
model systems. To examine this possibility, we performed RT-
PCR analysis on RNA isolated from control 10T1/2-MyoD-ER
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FIG. 6. MyoD transcriptional activity induces /d3 gene expression
but does not influence IdI, 1d2, and Id4 gene expression. 10T1/2-
MyoD-ER cells were maintained in GM containing ethanol (EtOH) or
B-estradiol for 24 h, and total RNA was subjected to RT-PCR with Id
gene-specific primer sets. Whereas /d3 gene expression is induced in
10T1/2-MyoD-ER cells treated with B-estradiol, the Id1, Id2, and Id4
genes are constitutively active regardless of MyoD activity.

and parental 10T1/2 cells, as well as from the myogenic cell
lines C2C12, 23A2, and L6A1. Once again, /d3 and NP1 tran-
scripts are detected in the 10T1/2-MyoD-ER cells maintained
in GM containing B-estradiol but no expression is observed in
control 10T1/2 cells (Fig. 9A). Id3 and NPI transcripts are also
readily detected in C2C12, 23A2, and L6A1 myoblasts when
the cells are maintained in GM (Fig. 9A). The expression of
NPI and Id3 transcripts in L6A1 cells is of particular interest
since these cells express Myf-5 and not MyoD (unpublished
results). This observation suggests that other MRFs can sub-
stitute for MyoD in activating the NPI and Id3 genes.

In order to determine if NP/ and Id3 transcripts can be
induced by the expression of MRFs in uncommitted cells,
control 10T1/2 cells were transfected with expression plasmids
encoding MyoD or myogenin and RNA was extracted for anal-
ysis by RT-PCR. As expected, 10T1/2 cells transfected with an
empty expression plasmid do not express NPI or Id3 tran-
scripts (Fig. 9B). However, cells expressing MyoD activate
expression of the endogenous NP1 and Id3 genes when main-
tained in GM or when switched to DM. This pattern of gene
expression is identical to that observed in the 10T1/2-
MyoD-ER cell line when the cells are provided B-estradiol
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FIG. 7. Activation of /d3 and NPI gene expression is directly depen-
dent on the MyoD-ER protein in 10T1/2-MyoD-ER cells. 10T1/2-
MyoD-ER cells were maintained in control GM or GM containing (3-es-
tradiol with or without cycloheximide (CHX) to inhibit protein synthesis.
Northern blot hybridizations reveal that Id3 and NPI transcripts are only
detected in 10T1/2-MyoD-ER cells treated with B-estradiol. Cells pro-
vided cycloheximide also accumulate high levels of Id3 and NPI tran-
scripts, even in the absence of new protein synthesis. These results suggest
that MyoD directly activates expression of the /d3 and NPI genes in this
model system. EtOH, ethanol; nt, nucleotides.

(Fig. 5). Interestingly, expression of myogenin produces the
same overall effect in 10T1/2 cells. These results demonstrate
that both MyoD and myogenin activate transcription of NP1
and Id3 in 10T1/2 cells under conditions in which the cells are
blocked from differentiating, thus identifying NPI and Id3 as
representatives of a potential set of genetic targets transcrip-
tionally regulated by MRFs in committed cells.

The identity of committed myoblasts versus terminally dif-
ferentiated muscle cells is an important distinction when de-
fining stem cell populations. Previous studies in our laboratory
have shown that expression of a constitutively active H-Ras
G-protein can block MyoD-induced terminal differentiation
(23, 35), although it was unclear whether H-Ras solely blocks
terminal differentiation events or represses the myoblast com-
mitment stage. In order to examine the effect of H-Ras G12V
expression on Id3 and NPI gene activity, 10T1/2 fibroblasts
were transfected with expression vectors encoding MyoD, or
MyoD plus H-Ras G12V, and then maintained in GM or DM.
As shown in Fig. 10, MyoD cells in GM express Id3 and NP1.
Similarly, MyoD cells in DM activate expression of the Id3 and
NPI genes, as well as the differentiation-specific genes myoge-
nin and myosin. Interestingly, cells expressing H-Ras G12V
continue to express Id3 and NPI even though H-Ras G12V
clearly represses expression of differentiation markers (myoge-
nin and myosin) (Fig. 10), as well as formation of myotubes
(data not shown). These results show, for the first time, that
H-Ras G12V blocks terminal differentiation events but does
not alter the molecular identity of myoblast stem cells.

DISCUSSION

The ability of MyoD, Myf-5, myogenin, and MRF4 to con-
vert fibroblasts to skeletal muscle cells stands as one of the
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FIG. 8. Activation of the /d3 and NPI genes by MyoD represents a
stable, heritable change in gene expression patterns. 10T1/2-MyoD-ER
cells maintained in GM were treated with ethanol (EtOH) for 24 h or
with B-estradiol for 24, 48, 72, or 96 h, and total RNA was subjected to
RT-PCR analysis. Id3 and NP1 expression is not detected in cells
exposed to ethanol. In contrast, cells treated with B-estradiol rapidly
activate expression of the /d3 and NPI genes and expression is main-
tained throughout the course of the experiment. The expression of /d3
and NPI represents a stable change in gene expression patterns since
cells treated with B-estradiol for 48 h and then maintained in the
absence of B-estradiol for an additional 48 h continue to express the
1d3 and NP1 genes. Cells treated with B-estradiol in DM were included
as a control.

most remarkable cellular events described in biology. The con-
cept of a single transcription factor establishing an entirely new
developmental program demonstrates the dominant-acting ca-
pacity of these regulatory gene products. Genetic, biochemical,
and embryological studies have been highly successful in plac-
ing the MRFs in a correct developmental scheme, in identify-
ing target DNA sequences, and in providing clues to how the
MREF proteins themselves are regulated (reviewed in reference
41).

The main targets for the MRFs are the genes involved in the
terminal differentiation process itself, and numerous studies
have revealed that activation of these genes occurs only when
myoblasts are provided the proper environmental conditions,
namely, reduced growth. Myogenic stem cells maintained in a
high concentration of serum remain undifferentiated, whereas
cells switched to a low concentration of serum generate tran-
scriptionally active MRFs and initiate a complex pattern of
gene expression required for sarcomere formation and muscle
contraction (1, 15). The tight control of the MRFs is known to
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FIG. 9. The NPI and Id3 genes are expressed in myogenic stem cell
lines and can be induced by transient expression of MRFs in 10T1/2
fibroblasts. (A) RT-PCR analysis of /d3 and NPI gene expression
reveals that these genes are expressed in undifferentiated myoblasts
derived from the C2C12, 23A2, and L6A1 cell lines. 10T1/2 and 10T1/
2-MyoD-ER cells served as negative and positive controls, respectively.
The asterisk denotes a contaminating genomic /d3 fragment found in
some samples. (B) 10T1/2 fibroblasts were transfected with a control
expression plasmid (pcDNA3) or expression plasmids encoding MyoD
and myogenin gene products. RT-PCR analysis reveals that transient
expression of MyoD or myogenin in 10T1/2 cells leads to activation of
the Id3 and NP1 genes in both undifferentiated and differentiated cells.
EtOH, ethanol.

occur through a variety of intracellular signal transduction
pathways, including regulation of the phosphorylation (16, 29),
acetylation (43, 46), and ubiquitination (6, 18, 48) status of the
proteins. Posttranslational regulation of the MRFs ensures
that myogenic cell differentiation occurs at the correct devel-
opmental time and embryological location. Unregulated mus-
cle differentiation can lead to severe abnormalities within the
developing embryo.
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FIG. 10. Activation of Id3 and NPI gene expression by MyoD is not
subject to negative regulation by H-Ras G12V. 10T1/2 fibroblasts were
transfected with a MyoD or a MyoD plus H-Ras G12V expression
plasmid and maintained in GM or DM. RT-PCR analysis confirms that
1d3 and NP1 gene expression is induced in MyoD cells in GM or DM.
Coexpression of H-Ras G12V has no effect on Id3 and NPI gene
expression. However, H-Ras G12V dramatically inhibits terminal dif-
ferentiation of MyoD expressing cells maintained in DM, leading to
reduced levels of myogenin and myosin gene transcripts, as well as
reduced myotube formation (data not shown).

Given the need to properly control the activity of the MRFs,
it remains unclear why MyoD and Myf-5 are expressed in
undifferentiated myoblasts. Current models contend that these
MREFs are present to allow myoblasts to differentiate rapidly
under appropriate environmental conditions. However, it is
possible that MyoD (for example) exhibits transcriptional ac-
tivity in myogenic stem cells and that the correct gene targets
for MyoD have not been identified. Indeed, Thayer et al. (50)
provided the first evidence that MyoD is transcriptionally ac-
tive in myoblasts when they reported that exogenously ex-
pressed MyoD is capable of activating the endogenous MyoD
gene in undifferentiated myoblasts, even though the obvious
MyoD target genes (myosin, troponin, and M-creatine kinase)
remain transcriptionally silent. The unique activity of MyoD
has also been studied by Gerber et al. (14), who showed that
MyoD is able to mediate transcriptional activation of muscle-
specific genes in repressive chromatin with an efficiency 10-fold
greater than that of myogenin. These results demonstrate that
the MRFs exhibit distinct molecular activities, as well as
unique embryonic expression patterns.

In this study, we have taken advantage of the inducible
10T1/2-MyoD-ER cell line to examine if MyoD is transcrip-
tionally active in myogenic stem cells. Our data demonstrate
that the /d3 and NPI genes are activated by MyoD in undif-
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ferentiated myoblasts, prior to overt terminal differentiation.
Both genes are transcriptionally silent in control 10T1/2 fibro-
blasts, in 10T1/2-MyoD-ER cells maintained in the absence of
B-estradiol in GM, and in 10T1/2-MyoD-ER cells maintained
in the absence of B-estradiol in DM. However, once 3-estra-
diol is provided, effectively activating the constitutively ex-
pressed MyoD-ER fusion protein, /d3 and NP gene transcrip-
tion is induced. Expression of NPI and Id3 is also obtained by
transient expression of MyoD or myogenin in 10T1/2 fibro-
blasts, confirming that the expression of these genes in the
10T1/2-MyoD-ER cell line is not restricted to this experimen-
tal system. Indeed, analysis of undifferentiated myoblasts from
established myogenic cell lines confirms that the Id3 and NP1
genes are expressed in these myogenic stem cells. Although
MyoD is responsible for the initial activation of the Id3 and
NPI genes, continued expression does not require further
MyoD activity. These results suggest that activation of the Id3
and NPI genes represents a stable, heritable event that is
associated with myoblast stem cells.

One of the most interesting results of this study is the ob-
servation that H-Ras G12V does not alter Id3 and NP1 gene
expression although the signaling pathways through which H-
Ras functions are potent inhibitors of terminal differentiation
events (23, 35). This observation implies that the molecular
events by which MyoD activates gene expression programs in
myogenic stem cells versus during terminal differentiation are
subject to distinct regulatory mechanisms. Indeed, it seems
likely that MyoD activity in myoblasts is unaffected by the
negative influences of serum growth factors that block terminal
differentiation. Understanding these distinct intracellular path-
ways through which MyoD functions will be an important next
step in the characterization of the complete phenotype of myo-
genic stem cells.

The isolation of the NPI gene in this study was surprising
since NP1 has been shown to be a neuron- and brain-specific
gene (12, 47). At the same time, recent investigation of the
Myf-5 gene has demonstrated that, in addition to muscle ex-
pression, Myf-5 is also expressed in the brain (10). With this in
mind, it remains possible that MyoD is expressed in these
regions, stimulating NPI gene expression in the brain, as well
as in myogenic stem cells. Since the exact function of NP1 is
not fully understood (12, 22, 47), it seems likely that NP1 also
serves an important role in myogenic stem cell development.
Future studies examining the activity of NP1 should include
analyses of skeletal muscle and neuronal tissues.

The identification of Id3 as a MyoD-regulated gene in un-
differentiated myoblasts is an intriguing finding. Id3 is ex-
pressed in myoblasts and has been reported to function to
block MyoD-induced myogenic differentiation of cultured cells
(7,31). However, there is no direct evidence that Id3 blocks the
activities of MyoD in proliferating myoblasts. Indeed, mem-
bers of the Id family of HLH factors are known to function as
repressors of terminal differentiation events by forming DNA
binding inactive complexes with the normal MyoD bHLH part-
ner proteins E12, E47, ITF-1, and HEB (8, 20, 33). These Id
HLH proteins are also known to enhance cellular prolifera-
tion, possibly ensuring that cells remain undifferentiated (31,
42). The ability of MyoD to simultaneously activate expression
of the Id3 and NPI genes suggests that Id3 does not inhibit
MyoD transcriptional activity in undifferentiated myoblasts
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and that the functional complex(es) for MyoD in undifferen-
tiated myoblasts and in differentiated myotubes may be quite
different. For instance, the preferred complex within differen-
tiated myotubes is a MyoD-E-protein heterodimer (20, 33),
and thus, if Id3 functions to sequester the E-protein partners
from MyoD, differentiation events are blocked. In contrast,
functional MyoD complexes in undifferentiated myoblasts may
be significantly different, possibly existing as MyoD ho-
modimers (20) or as heterodimers with unknown protein part-
ners. These complexes may be resistant to the repressor activ-
ity attributed to Id3 in differentiated myotubes. Each of these
models suggests a mechanism by which MyoD is unaffected by
the signaling events (i.e., H-Ras) that block the ability of
MyoD to transcriptionally activate differentiation-specific
genes. These models also provide a possible mechanism(s) by
which MyoD can specify the myoblast lineage through activa-
tion of myoblast-specific gene products and, at the same time,
ensure that the proper molecular mechanisms are in place to
prevent untimely terminal differentiation events. Further stud-
ies are needed to identify the mechanism by which MyoD
activates expression of the Id3 gene and to understand the
developmental consequences of Id3 gene expression in the
context of myogenic stem cells.

The revelation that MyoD initiates the expression of genes
in proliferating myoblasts is a fundamental step toward under-
standing the complete myogenic program. Further analyses
must be undertaken to identify additional genes that may help
to shape the identity of a proliferating myoblast. More impor-
tantly, the true regulation of I/d3 and NPI gene expression
needs to be investigated and the molecular interactions, cellu-
lar localizations, and functions of these proteins should be
defined to clarify their roles in myoblast determination. Char-
acterization of the myoblast phenotype in its earliest stages
could yield a wealth of information relevant to other types of
cellular determination and differentiation events in which lin-
eage-specific bHLH proteins are involved.
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