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Abstract

The muscle regulatory transcription factor MyoD is a master regulator of skeletal myoblast 

differentiation. We have previously reported that MyoD is also necessary for the elevated 

expression of the pro-apoptotic Bcl2 family member PUMA, and the ensuing apoptosis, that 

occurs in a subset of myoblasts induced to differentiate. Herein, we report the identification of a 

functional MyoD binding site within the extended PUMA promoter. In silico analysis of the 

murine PUMA extended promoter revealed three potential MyoD binding sites within 2kb of the 

transcription start site. Expression from a luciferase reporter construct containing this 2kb 

fragment was enhanced by activation of MyoD in both myoblasts and fibroblasts and diminished 

by silencing of MyoD in myoblasts. Experiments utilizing truncated versions of this promoter 

region revealed that the potential binding site at position −857 was necessary for expression. 

Chromatin immunoprecipitation (ChIP) analysis confirmed binding of MyoD to the DNA region 

encompassing position −857. The increase in MyoD binding to the PUMA promoter as a 

consequence of culture in differentiation media (DM) was comparable to the increase in MyoD 

binding at the myogenin promoter and was diminished in myoblasts silenced for MyoD 

expression. Finally, ChIP analysis using an antibody specific for the transcription factor p53 

demonstrated that, in myoblasts silenced for MyoD expression, p53 binding to the PUMA 

promoter was diminished in response to culture in DM. These data indicate that MyoD plays a 

direct role in regulating PUMA expression and reveal functional consequences of MyoD 

expression on p53 mediated transcription of PUMA.
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Introduction

Treatment options relevant to the amelioration of muscle trauma or disease states associated 

with muscle degeneration include maximizing the regenerative potential of adult muscle 

stem cells as well as improving the efficacy of protocols utilizing skeletal myoblast transfer 
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or skeletal muscle tissue engineering. For each option, a better understanding of the 

molecular events controlling skeletal myogenesis could identify additional targets for better 

therapeutic manipulation [1–8]. In many cell types, including skeletal myoblasts, apoptosis 

and differentiation are coordinately regulated. In skeletal myoblasts, these two processes 

result in mutually exclusive physiologically important endpoints. Upon induction of skeletal 

myoblast differentiation, apoptosis has been documented in the vertebrate models and in 

cultures of primary myoblasts and established muscle cell lines [9–13]. However, the 

molecular coordination of these two processes is not well understood [13,14].

We have previously reported that differentiation and apoptosis in response to culture in 

differentiation media (DM) are separable events in skeletal myoblasts, thus indicating the 

requirement for distinct signaling molecules [11]. We further determined that increased 

expression of the pro-apoptotic Bcl2 family member PUMA was required for, and distinct to, 

the process of apoptosis in skeletal myoblasts [15]. In contrast to later signaling events 

which are evidently unique to either apoptosis or differentiation, initial signaling events will 

have a commonality in that both differentiation and apoptosis are induced by culture in DM 

and abrogated by signaling events such as those initiated by oncogenic Ras [9, 11,12]. To 

this point, we have reported that shRNAi-mediated silencing of the muscle regulatory 

transcription factor MyoD in myoblasts abrogated apoptosis, as well as differentiation, in 

response to culture in DM. Further, ectopic expression and activation of MyoD in fibroblasts 

conferred the ability to undergo apoptosis, as well as differentiation. Under each condition, 

we determined that this apoptotic role for MyoD correlated with the induction of the pro-

apoptotic Bcl2 family member PUMA. Moreover, this increase in PUMA expression was 

detected withing three hours of culture in DM. Thus, we identified MyoD as a molecule in 

common to both the induction of differentiation and apoptosis [16]. A direct role for MyoD 

in transcriptional regulation of a plethora of genes is well established. As genome-wide 

studies were aimed at understanding MyoD activity in proliferating or differentiating cells, 

the earliest time point investigated following culture in DM was six hours [17–20].

Herein, we report a direct role for MyoD in the elevated transcription of PUMA following 

only three hours of culture in DM. Using luciferase reporter analysis and chromatin 

immunoprecipitation (ChIP) analysis, we confirm recruitment of MyoD to the DNA region 

encompassing position −857 of the extended PUMA promoter in response to culture in DM. 

This recruitment of MyoD to the PUMA promoter is comparable to the recruitment of 

MyoD to the differentiation-associated myogenin promoter in response to culture in DM. 

Finally, in response to culture in DM, we report that the transcription factor p53 is also 

recruited to its well-established binding site in the PUMA promoter. However, in myoblasts 

silenced for MyoD expression, p53 is no longer recruited to the PUMA promoter. These data 

confirm a direct role for MyoD in regulating PUMA transcription and reveal functional 

consequences of MyoD expression on p53 mediated transcription of PUMA in skeletal 

myoblasts.
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Methods

Cells and cell culture

The growth of 10T1/2 fibroblasts and ER-MyoD:10T1/2 fibroblasts, as well as the growth 

and differentiation properties 23A2 myoblasts and 23A2 myoblasts silenced for MyoD 

expression, have been reported previously [11, 16, 21].

Quantitative RT-PCR and PCR

Myoblasts were plated at equal density and the next day cultured as indicated in the figure 

and/or figure legend. For quantitative RT-PCR, total RNA was prepared using 1 mL of Trizol 

(Invitrogen) reagent per 100 mm plate for lysis and following the manufacturer’s 

instructions. Five hundred μg of RNA was then used for a 20 L SuperScript III RT 

(Invitrogen) reverse transcription reaction. Quantitative PCR (qPCR) was performed using a 

Bio-Rad DNA Engine Opticon 3 Real-Time PCR System using SYBR® Green Master PCR 

Mix according to the manufacturer’s instructions (Qiagen). qPCR for PUMA was performed 

as described [15]. Following chromatin immunoprecipitation and DNA purification, qPCR 

was performed for PUMA, myogenin and GAPDH using the indicated promoter-specific 

primers (given below) under the following conditions: 1 cycle at 95 for 15 min, 40 cycles of 

94 1 min, 58 1 min, 72 1 min; and a final extension step at 72 for 5 minutes followed by 

analysis of the melting curve.

PUMA (−2000/−1643) forward 5′-GGGTCCCTGAACCCCGAGGA-3′

reverse 5′-CCAAGCCCATTTTTGAGCACAGCA-3′,

PUMA (−1170/−856) forward 5′-TGACACCCTTTCACAGCGGGC-3′

reverse 5′GGCCCGCCTGGCGTAATACC-3′,

PUMA (−936/−557) forward 5′-CGGGCATGTCTGTGCCAGA-3′

reverse 5′-ACGCACAAACCCGTGTCCCC-3′

PUMA (−558/+225) forward 5′-TGGGGACACGGGTTTGTGCG-3′

reverse 5′-CACCCCGGGGGCATGAACAC-3′

myogenin promoter forward 5′-GAATCACATGTAATCCACTGGA-3′

reverse 5′-ACGCCAACTGCTGGGTGCCA-3′

GAPDH forward 5′-GGGGGTTTGGTGCCCTCTGGT-3′

reverse 5′-TCCTTGGAGGCCATGTAGGCCAT-3′

Reporter construct creation

The 5′ promoter region of the PUMA gene (−2000/+225) was amplified by PCR using the 

primers noted below from fosmid (WI1-216 M21 from CHORI) containing a partial murine 

chromosome 7 including the PUMA gene. The PCR products were inserted into the TOPO 

TA gateway vector pCR2.1 TOPO per manufacturer’s instructions (Invitrogen Life 

Technologies). TOPO vectors containing inserted fragments, as determined by visualization 
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following agarose gel electrophoresis, and the luciferase reporter vector pGL4.11 were 

digested using EcoRV and Hind III or KpnI, depending on the orientation of the insert into 

the TOPO vector as determined by digestion and visualization following agarose gel 

electrophoresis. Digested products from pCR2.1 TOPO and linearized pGL4.11 were 

resolved by agarose gel electrophoresis, and bands were gel purified (5 PRIME) followed by 

ligation using T4 DNA ligase (New England Biolabs). All vectors were sequenced to 

confirm the fidelity of all inserts. Plasmid pPUMA −2000/+225 was constructed by 

amplifying genomic region of the PUMA promoter corresponding to −2000 to +225 base 

pairs from the transcriptional start site using forward 5′-

GGGTCCCTGAACCCCGAGGA-3′ primer and reverse 5′-

CACCCCGGGGGCATGAACAC-3′ primer. Plasmid pPUMA −1170/+225 was constructed 

by amplifying genomic region of the PUMA promoter corresponding to −1170 to +225 base 

pairs from the transcriptional start site using forward primer 5′-

TGACACCCTTTCACAGCGGGC-3′ and reverse primer 5′-

CACCCCGGGGGCATGAACAC-3′. Plasmid pPUMA −558/+225 was constructed by 

amplifying a genomic region of the PUMA promoter corresponding to −558 to +225 base 

pairs from the transcriptional start site using forward primer 5′-

TGGGGACACGGGTTTGTGCG-3′ and reverse primer 

5′CACCCCGGGGGCATGAACAC-3′. Plasmid pPUMA −2000/−557 was constructed by 

amplifying genomic region of the PUMA promoter corresponding to −2000 to −557 base 

pairs from the transcriptional start site using forward primer 5′ - 
GGGTCCCTGAACCCCGAGGA-3′ and reverse primer 5′ - 
ACGCACAAACCCGTGTCCCC-3′.

Transient transfection and Luciferase reporter assays

An equal number of cells were plated on gelatin-coated 6 well plates 24 hours prior to 

transfection. PUMA promoter-luciferase reporter plasmids or empty pGL4.11 plasmid, as 

well as pcMyoD or empty vector were co-transfected with a pRK-TK plasmid (Promega 

10ng/sample) using Lipofectamine and PLUS reagent (Invitrogen). Dual luciferase assays 

were performed using the Dual-Luciferase Assay Kit (E1910, Promega) according to 

manufacturers instructions. Experiments were performed within the linear range of the 

assay, and a background (no lysate) measurement was taken and subtracted from each 

experiment. The activity of Photinus pyralis luciferase encoded by the reporter plasmid was 

normalized in each transfection to the activity of Renilla reniformus luciferase. All 

experiments were performed at least two times and each in triplicate.

Chromatin immunoprecipitation

ChIP was performed following the protocol provided in the EZ-ChIP™ kit (Millipore/

Upstate) and as described in [22]. Cells were plated on 150mm plates and next day cultured 

in GM or DM for 3 or 8 hours as indicated. Cells were fixed in 0.5%formaldehyde for 10 

minutes at room temperature. Formaldehyde was inactivated by the addition of .125M 

glycine to the cells for 5 minutes at room temperature. Cells were then washed with ice-cold 

PBS containing 5mM Na Butyrate and 0.5mM PMSF and pelleted by centrifugation at 1500 

rpm for 5 minutes and then resuspended in 5ml cold Cell Lysis Buffer (CLB: 60 mM KCl, 

15 mM NaCl, 5mM MgCl, 10 mM Tris pH 7.4, 300mM sucrose, 0.1 mM EGTA, 0.1% 
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NP-40, 5 mM Na Butyrate, 0.5 mM PMSF). Cells were sonicated once for 10 sec to ensure 

lysis of the plasma membrane. Isolated nuclei were washed once in 30 ml of CLB and once 

in 1 ml of cold Nuclei Digestion Buffer (Cell Lysis Buffer without NP-40 and PMSF). For 

MNase digestion, intact nuclei were resuspended in 125 μl of Nuclei Lysis Buffer 

(prewarmed to 37° C), digested with MNase (50 units/ml) at 37° C for 5 minutes, and 

terminated by 5 mM EDTA. An aliquot from each sample was assessed for sufficient 

chromatin fragmentation (500–1000bp) by gel electrophoresis. Samples were sonicated 

twice to ensure lysis of the nuclei prior to immunoprecipitation. The remaining steps of the 

immunoprecipitation were performed using the EZ ChIP™ Chromatin Immunoprecipitation 

Kit (Upstate) per manufacturer’s instructions. Subsequently, anti-MyoD (M-318: sc-760 

Santa Cruz Biotechnology), anti-p53 (OP03: Calbiochem) or appropriate IgG control 

(Sigma-Aldrich) were added for immunoprecipitation. For each immunoprecipitation, 5 g of 

the appropriate antibody was incubated with a precleared chromatin aliquot overnight at 4 C 

with rotation. The next day, protein A/G sepharose beads were added and incubated for 1 

hour at 4 with rotation. The immunoprecipitates were pelleted, washed and the antibody-

protein-DNA complex was eluted from bead by incubation in 100mM NaHCO3 and 

1%SDS. Following immunoprecipitation and elution, the eluent was treated with RNase A 

followed by reverse crosslinking by incubation at 65 C overnight. Protein was removed by 

addition of proteinase K and incubation at 45 for 2 hours. DNA was purified using mini 

columns provided in the kit. qPCR was performed as described in the “Quantitative RT-PCR 

and PCR” section. Data was normalized to the signal detected from the input of each 

sample. The fold enrichment of each target site was calculated as 2 to the power of the cycle 

threshold (cT) difference between input chromatin and ChIP samples.

Western Analysis

Lysates were prepared and 50 g were denatured and electrophoresed through denaturing 

polyacrylamide gels (10%) followed by electrophoretic transfer as previously described 

(16,22). Membranes were blocked for one hour in 1× TBS/0.1%NP40 with 10% newborn 

calf serum and 5% dry milk and incubated at 4C overnight with anti-p53 (Oncogene:OP03, 

diluted 1:1000) or anti-MyoD or anti-hsp70 for loading and transfer control of each Western 

analysis (BD Biosciences, each diluted 1:1000). Appropriate HRP-conjugated secondary 

antibodies, diluted 1:10,000, were incubated with the membranes for one hour. After each 

incubation with antibody and prior to the addition of chemiluminescent substrate, 

membranes were washed five times in 1xTBS (Tris- buffered saline pH 7.4) with 1% Tween 

20. Membranes were then incubated with (SuperSignal West Pico Chemiluminescent 

Substrate: Thermo Scientific: #34078) for 60 seconds and bands were visualized using (Li-

Cor Phospho-imager: Image Studio Ver. 2.1).

Results

Identification of a MyoD responsive element in the PUMA extended promoter

We have previously reported that increased levels of PUMA were required for a subset of 

myoblasts to undergo apoptosis rather than differentiation in response to culture in 

differentiation media (DM) [15]. Further, we reported that activation of MyoD correlated 

with increased PUMA mRNA and protein levels following three hours of culture in DM 
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[16]. Since MyoD is a transcription factor, this effect could be either as a consequence of 

direct binding to a responsive element in the PUMA gene or the increased expression of 

another factor. As a preliminary experiment to assess the possibility that MyoD might be 

directly responsible for driving the increase in PUMA mRNA levels as a consequence of 

culture in DM, we cultured either 23A2 or C2C12 myoblasts in DM supplemented with 

cycloheximide (CHX) sufficient to block new protein synthesis. Doing so did not prevent the 

increase in PUMA mRNA (Figure 1A). To demonstrate further the specificity of this 

increase in PUMA mRNA to the expression and activation of MyoD, we analyzed the effect 

of CHX on the increase in PUMA mRNA in 10T1/2 fibroblasts stably expressing an 

estrogen receptor:MyoD fusion (ER-MyoD:10T1/2) and in 10T1/2 fibroblasts transiently 

transfected with MyoD [21]. In neither case, either in response to MyoD expression or 

activation by estradiol, did CHX diminish the increase in PUMA mRNA (Figure 1B and C).

To search for a MyoD responsive element in the PUMA extended promoter, we created a 

luciferase reporter construct containing −2000/+225 of the PUMA gene. In silico analysis 

using Mat Inspector revealed three canonical E-boxes within this region (E1 at position 

−1987, E2 at position −857 and E3 at position −320). Both the E2 and E3 box motifs 

(CAGGTG) were specific for MyoD [23]. Transfection of this reporter construct (Figure 2A) 

into 23A2 myoblasts followed by luciferase activity analysis to measure promoter activity 

revealed induction of luciferase expression in a dose responsive manner, ranging from 130 

fold induction when 125 ng of the reporter construct was transfected to 1,300 fold induction 

when 1 g of the reporter construct was transfected (Figure 2B). To determine the 

contribution of MyoD to this induction, we utilized several approaches. Firstly, we utilized 

cell lines that we had previously created to demonstrate a role for MyoD in PUMA mRNA 

and protein induction, and the ensuing apoptosis, in response to culture in DM [16]. 23A2 

parental myoblasts, 23A2 myoblasts mock silenced for MyoD expression (A2:mock), or 

23A2 myoblasts silenced for MyoD expression (clones A2:13 and A2:15) were transfected 

with the luciferase reporter construct containing −2000/+225 of the PUMA gene followed 

by luciferase analysis to measure promoter activity. Again (see Figure 2B), transfection of 

500ng of the reporter construct yielded a nearly 500 fold induction of luciferase and this was 

significantly reduced in the myoblast cell lines silenced for MyoD expression (Figure 2C; 

p=0.015 for A2:13 and p=0.001 for A2:15). Next, we transfected the luciferase reporter 

construct with and without MyoD into 10T1/2 fibroblasts. The expression of MyoD 

increased the induction of luciferase from roughly 200 fold to roughly 500 fold (p=0.02) 

when cells were cultured in DM (Figure 2D). Finally, we utilized 10T1/2 fibroblasts which 

stably express an estrogen receptor (ER):MyoD fusion protein [21]. We have previously 

reported that treatment of ER-MyoD:10T1/2 cells with estradiol in DM is sufficient to 

induce differentiation, or PUMA mRNA and protein expression and the ensuing apoptosis, 

similar to that observed in 23A2 myoblasts and that estradiol has no effect on these 

parameters in parental 10T/12 fibroblasts [16]. We now report that estradiol-mediated 

activation of the ER:MyoD fusion protein also induces an increase in the induction of 

luciferase driven by the extended PUMA promoter similar to that observed following 

transfection of MyoD in 10T1/2 fibroblasts, from roughly 200 fold to roughly 500 fold 

(p=0.03) and that estradiol has no such effect in parental 10T1/2 fibroblasts (Figure 2E). To 

localize the MyoD responsive element, we created reporter contracts with various deletions 
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in the PUMA extended promoter. Following transfection into 23A2 myoblasts and 

subsequent culture in DM for three hours, luciferase activity measurements revealed that E1 

was not required for MyoD responsiveness (Figure 2F). However, a deletion mutant also 

lacking E2 resulted in a significant decrease in luciferase activity (Figure 2E, p=0.008). This 

result indicated that E2 was required for MyoD responsiveness. Consistent with these 

results, sequence alignment indicated that only E2 is conserved between humans and mice. 

Western analysis confirmed elevation of endogenous MyoD levels indicative of ER-MyoD 

activation (Figure 3A and (21)). We also performed Western analysis to confirm expression 

of transiently transfected MyoD (Figure 3B) and to confirm silencing of MyoD in 23A2 

myoblasts (Figure 3C and (16)).

Binding of MyoD to a region in the extended PUMA promoter containing E2

Having used transactivation assays to confirm the transcriptional activity of MyoD on the 

PUMA extended promoter, we next sought to measure MyoD recruitment using chromatin 

immunoprecipitation analysis. We first assayed for MyoD recruitment over the entire 2.5 kb 

region in response to culture in DM. Confirming the results of our experiments utilizing the 

deletion mutant reporter construct, we determined a roughly four-fold increase in MyoD 

recruitment to the region encompassing the E2 site after three hours of culture in DM, 

relative to that detected in GM. Further, after eight hours of culture in DM, the level of 

MyoD recruited to this region had returned to the level detected in GM (Figure 4A). We 

confirmed the specificity of this recruitment of MyoD to the region encompassing the E2 

site by comparing the 23A2 parental myoblasts and 23A2 myoblasts mock silenced for 

MyoD expression (A2:mock) to the 23A2 myoblasts silenced for MyoD expression (clones 

A2:13 and A2:15). Again, in both the 23A2 parental myoblasts and 23A2 myoblasts mock 

silenced for MyoD expression (A2:mock), we detected a roughly four-fold increase in 

MyoD recruitment after three hours of culture in DM and that returned to GM levels after 

eight hours of culture in DM. We detected no recruitment above GM levels in either of the 

clones silenced for MyoD expression (clones A2:13 and A2:15) (Figure 4B). To assess the 

significance of a four-fold recruitment of MyoD to the PUMA promoter, we compared the 

level of recruitment of MyoD to the differentiation-associated myogenin promoter [17–20]. 

After three hours of culture in DM, we also detected a roughly four-fold increase in MyoD 

recruitment relative to GM in both 23A2 parental myoblasts and 23A2 myoblasts mock 

silenced for MyoD expression (A2:mock). However, a three-fold increase in MyoD could 

still be detected at the myogenin promoter in both of these cell lines after eight hours of 

culture in GM (Figure 4C). As predicted, we detected no recruitment of MyoD to the 

myogenin promoter above GM levels in either of the clones silenced for MyoD expression 

(clones A2:13 and A2:15) (Figure 4C).

Effect of MyoD silencing on recruitment of p53 to its binding site in the PUMA promoter

Transcription driven by MyoD typically requires two E-boxes or an E-box and a cooperative 

co-activator [24]. PUMA (p53 upregulated modulator of apoptosis) was originally identified 

as a transcriptional target of the tumor suppressor p53 [25, 26]. Thus, we next assessed the 

recruitment of p53 to its binding site in the PUMA promoter. Similar to that determined for 

MyoD binding, the recruitment of p53 to its site was increased four-fold after 3 hours of 

culture in DM when compared to GM (Figure 5A) in both parental 23A2 and 23A2 
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myoblasts mock silenced for MyoD expression (A2:mock). Again similar to MyoD binding, 

this recruitment returned to levels detected in GM after eight hours of culture in DM (Figure 

5A). Surprisingly, p53 was not recruited to the PUMA promoter in either of the clones 

silenced for MyoD expression (clones A2:13 and A2:15) (Figure 5A). Since the expression 

of a dominant negative (dn) p53, as well as shRNA-mediated knockdown of p53, has been 

reported to decrease the expression of MyoD [27, 28], we next assessed the effect of 

silencing MyoD on the expression of p53. Consistent with previous reports, p53 expression 

is increased in response to culture in DM [29]. However, silencing MyoD did not affect the 

expression of p53 in either GM or DM (Figure 5B).

Discussion

Improving the efficacy of protocols utilizing skeletal myoblast transfer or skeletal muscle 

tissue engineering, as well as maximizing the regenerative potential of adult muscle stem 

cells, requires a thorough understanding of myogenesis. Since the discovery of the MyoD 

family of basic-helix-loop-helix (bHLH) muscle regulatory transcription factors, skeletal 

myogenesis has served as the paradigm for understanding lineage specification and 

differentiation [30, 31]. Further, the MyoD family is capable of activating the myogenic 

program in lieu of other cell fates initiating the concept of transdifferentiation, a major 

emphasis of the stem cell field of regenerative medicine. MyoD is uniquely responsible for 

the differentiation of the adult myoblast stem cells [30]. Thus, a thorough understanding of 

the varied and extensive ability of MyoD to regulate gene expression is critical to our 

understanding of muscle regeneration, skeletal myoblast transfer, skeletal muscle tissue 

engineering as well as cell transdifferentiation.

The mutually exclusive biological endpoints of differentiation and apoptosis are coordinately 

induced in skeletal myoblasts by culture in differentiation media (DM). The fact that these 

events are mutually induced by culture in DM necessitates signaling events in common, 

while the fact that these events are mutually exclusive necessitates a bifurcation in that 

signaling pathway. We have previously reported that silencing of MyoD impairs both 

differentiation and apoptosis of skeletal myoblasts, implicating MyoD as a signaling 

molecule in common to both pathways, while we have identified PUMA as a signaling 

molecule unique to the apoptotic pathway [15, 16]. We also correlated the role for MyoD in 

the apoptotic pathway with the expression of PUMA [16] and herein identify the MyoD 

responsive element in the PUMA promoter and confirm MyoD binding to a canonical E-box 

at position −857. Since MyoD is clearly a master regulator of genes required for skeletal 

myoblast differentiation, our data indicates that a distinction in the MyoD molecules (such 

as a unique post-translational modification) and/or binding partner(s) must exist in cells 

where MyoD induces PUMA and apoptosis rather than differentiation (Figure 6). Our 

discovery of the MyoD responsive element in the PUMA gene will facilitate future studies to 

test this hypothesis and to elucidate the mechanism whereby MyoD drives PUMA 

expression and apoptosis rather than differentiation.

MyoD mediated transcription requires binding to two E-boxes or one E-box and a 

cooperative co-activator [24]. Since only the E-box at position 857 is conserved among 

species and we detected binding only to this E-box, we speculated that the transcription 
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factor p53 might also be involved [25, 26]. The timing and fold recruitment of MyoD to the 

PUMA promoter was similar to that observed for p53 in that the level of each was four-fold 

that detected in GM after three hours of culture in DM but equal to that detected in GM after 

eight hours of culture in DM. The fold recruitment of MyoD to the PUMA promoter was 

comparable to the fold recruitment of MyoD to the differentiation-associated myogenin 

promoter in response to culture in DM. However, unlike recruitment of MyoD to the PUMA 

promoter, the recruitment of MyoD to the myogenin promoter was still three-fold after eight 

hours of culture in DM. Thus, the persistence of MyoD at the PUMA promoter mimics the 

persistence of p53 at the PUMA promoter, and both are distinct from the persistence of 

MyoD at the myogenin promoter in response to culture in DM. A role for p53 in the 

induction of PUMA and apoptosis presents a similar situation to that of MyoD in that p53 

has likewise been shown to be required for differentiation, for example by virtue of the 

participation of both MyoD and p53 in the induction of pRb as well as other differentiation 

associated genes [27, 29, 32]. Thus, we again hypothesize that a distinction in the p53 

molecules (such as a unique post-translational modification) must exist in cells where p53 

participates in the induction of PUMA and apoptosis rather than the induction of pRb and 

differentiation (Figure 5). Many studies have documented molecular distinctions in signaling 

in response to DNA damage that allows p53 to either induce genes responsible for growth 

arrest or genes responsible for apoptosis [33] and we speculate that the scenario in skeletal 

myoblasts in response to culture in DM may be analogous. We acknowledge that solid data 

has been published suggesting that p53 is not required for the differentiation associated 

apoptosis of skeletal myoblasts [34]. These studies were performed using reporter constructs 

to assess p53 mediated transcription. However, expression from these reporter constructs did 

not mimic the expression of endogenous Rb known to be p53-dependent in skeletal 

myoblasts [27, 34]. Further, these studies were performed in myoblasts isolated from p53 

null mice or in established myoblasts expressing dnp53. For the former, we speculate that 

compensatory mechanisms could have evolved to substitute for p53 and for the latter we 

speculate that the level of dnp53 expression may not have been sufficient to block apoptosis. 

This study pre-dated our discovery of the importance of PUMA expression in skeletal 

myoblast apoptosis and did not assess the level of PUMA. Moreover, we published that the 

p53 pharmacological inhibitor Pifithrin, at a concentration sufficient to block differentiation, 

did not impair PUMA induction [16]. We have since repeated those experiments with a 

higher concentration of Pifithrin and detected inhibition of PUMA induction (data not 

shown).

We also report herein that increased binding of p53 to the PUMA promoter in response to 

culture in DM does not occur in the absence of MyoD. Since MyoD is known to extensively 

modify the epigenome by binding to thousands of sites in addition to those responsible for 

driving the expression of muscle-specific genes [18], myoblasts silenced for MyoD 

expression are not the equivalent of cells that have never expressed MyoD. For instance, 

non-myoblasts do not elevate the level of p21WAF1 in response to culture in DM, but 

myoblasts lacking MyoD do elevate the level of p21WAF1 in response to culture in DM 

[35–37]. Moreover, the ability of p53 to directly regulate Rb expression is unique to 

myoblasts and perhaps unique to the presence of MyoD [38]. Thus, this MyoD-dependent 

binding of p53 to the PUMA promoter in response to culture in DM may be myoblast 
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specific and could be a consequence of either direct MyoD binding, MyoD induced genes, 

and/or MyoD induced changes to the epigenome [18]. In non-muscle cell types like 10T1/2 

fibroblasts, serum withdrawal (culture in DM) results in cell cycle exit rather than apoptosis, 

despite a modest increase in PUMA induction [16]. Nonetheless, p53 binding to its promoter 

site in the PUMA gene and the subsequent induction of PUMA transcription in non-muscle 

cell types in response to DNA damage is clearly sufficient to elicit an apoptotic response 

[37]. It remains to be determined if p53 binding to the PUMA promoter requires MyoD in 

myoblasts in response to DNA damage. Experiments are underway to determine if this 

MyoD-dependent binding of p53 to the PUMA promoter is stimuli specific or if p53 binding 

to the Rb promoter requires MyoD.
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Figure 1. 
New protein synthesis is not required for increased PUMA mRNA in response to serum 

withdrawal. In (A) equal cell numbers of 23A2 or C2C12 myoblasts were plated and the 

next day switched to fresh GM or DM with or without 10 g/ml cycloheximide (CHX) for 

three hours. In (B) equal cell numbers of ER-MyoD:10T1/2 fibroblasts were plated and the 

next day pretreated with estradiol (1 M) before switching to fresh GM or DM with or 

without CHX with or without estradiol as indicated for three hours. In (C), equal cell 

numbers of 10T1/2 fibroblasts were plated and the next day transfected with 1 g pcMyoD. 

Two days later, cultures were switched to fresh GM or DM with or without CHX for three 

hours. Quantitative RT-PCR was performed as described in Methods. Shown is an average of 

3 experiments (mean +/− SEM).
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Figure 2. 
Localization of MyoD responsive element in the 5′ extended promoter of PUMA. (A) 

Schematic representation of construct used in (B–E). In (B), equal cell numbers of 23A2 

myoblasts were plated and the next day transfected with the indicated amount of a luciferase 

reporter construct containing −2000/+225 of the PUMA gene. The next day, cells were 

switched to DM for three hours prior to the determination of luciferase activity as described 

in Methods. In (C), equal cell numbers of 23A2 myoblasts, 23A2 myoblasts mock silenced 

for MyoD expression (A2:mock), or 23A2 myoblasts silenced for MyoD expression (clones 

A2:13 and A2:15) were plated and the next day transfected with 500ng of the luciferase 

reporter construct containing −2000/+225 of the PUMA gene. The next day, cells were 

switched to DM for three hours prior to the determination of luciferase activity as described 

in Methods. In (D), equal cell numbers of 10T1/2 fibroblasts were plated and the next day 

transfected as described in Methods with 500 ng of the luciferase reporter construct 

containing −2000/+225 of the PUMA gene with or without pcMyoD. The next day, cultures 

were switched to DM for three hours prior to the determination of luciferase activity as 

described in Methods. In (E), equal cell numbers of ER-MyoD:10T1/2 fibroblasts or 10T/12 

fibroblasts were plated and the next day transfected as described in Methods with 500 ng of 

the luciferase reporter construct containing −2000/+225 of the PUMA gene. The next day, 

cultures were pretreated with estradiol (1 M) as indicated before switching to DM with or 

without estradiol as indicated for three hours prior to the determination of luciferase activity 

as described in Methods. In (F), equal cell numbers of 23A2 myoblasts were plated and the 

next day transfected with the luciferase reporter construct containing −2000/+225 of the 
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PUMA gene or the indicated deletion mutant (500 ng). The next day, cells were switched to 

DM for three hours prior to the determination of luciferase activity as described in Methods. 

Shown for each (B–F) is an average of at least 2 experiments (mean +/− SEM).
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Figure 3. 
Confirmation of elevated or silenced MyoD levels. For (A), equal cell numbers of ER-

MyoD:10T1/2 cells were plated and the next day cultured with or without estradiol (1 M) as 

indicated. In (B), equal cell numbers of 10T1/2 cells were plated and the next day 

transfected as described in Figure legend 1. In (C), equal cell numbers of 23A2 myoblasts, 

23A2 myoblasts mock silenced for MyoD expression (A2:mock), or 23A2 myoblasts 

silenced for MyoD expression (clones A2:13 and A2:15) were plated. In (A–C), after 

treatment or transfection as indicated, lysates were prepared and Western analysis to 

measure MyoD levels was performed as described in Methods.
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Figure 4. 
Binding of MyoD to a region in the extended PUMA promoter containing E2. For (A–C), 

equal cell numbers were plated and the next day cultured as indicated. Chromatin 

Immunoprecipitation was performed on each cell sample using EZ ChIP™ Chromatin 

Immunoprecipitation Kit (Upstate) per manufacturer’s instructions using 5 g anti-MyoD 

(M-318) (sc-760 Santa Cruz Biotechnology) or IgG control (Sigma-Aldrich). Quantitative 

PCR was used to assay for the relative levels of the indicated DNA as described in Methods. 

Data was normalized to the signal detected from the input of each sample. Error bars 

represent mean +/− SEM of triplicates.
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Figure 5. 
Increased binding of p53 to the extended PUMA promoter in response to culture in DM does 

not occur in the absence of MyoD binding. For all, equal cell numbers were plated and the 

next day cultured as indicated. In (A) Chromatin Immunoprecipitation was performed on 

each cell sample using EZ ChIP™ Chromatin Immunoprecipitation Kit (Upstate) per 

manufacturer’s instructions using 5 g anti-p53 (OP03-Calbiochem) or IgG control (Sigma-

Aldrich). Quantitative PCR was used to assay for the relative levels of the PUMA 

(−936/−556). Data was normalized to the signal detected from the input of each sample. 

Error bars represent mean +/− SEM of triplicates. In (B) Western analysis to measure p53 

levels was performed as described in Methods. Shown are results from one experiment that 

are representative of three independent experiments.
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Figure 6. 
Proposed model for the coordinated regulation of differentiation and apoptosis by MyoD and 

p53. MyoD is well known as a pioneer transcription factor responsible for the differentiation 

of skeletal myoblasts. MyoD drives transcription necessary for differentiation through both 

direct (A) and indirect (B) binding to DNA. p53 is well known for its role in tumor 

suppression as a pivotal transcription factor responsible for interpreting the extent of DNA 

damage into either cell cycle arrest or apoptosis (C). Shown are two examples where both 

p53 and MyoD sites have been confirmed. We propose that post-translational 

modification(s) or distinct binding partners, portrayed herein as shape changes, could 

explain the mutually exclusive, dual, biological roles in differentiation or apoptosis for both 

of these key transcription factors.
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