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Introduction

The response to DNA damage has been extensively investigated 
in proliferating cells.1-3 In these cells, DNA damage can occur 
by endogenous sources (e.g., stalled replication forks during 
S phase and increased levels of oxygen reactive species) or as a 
consequence of the exposure to exogenous genotoxic stress, such 
as radiations or chemotherapic agents.4,5 DNA damage signaling 
activates a complex cellular response to temporally coordinate 
cell cycle progression and DNA repair.6,7 The transient arrest of 
proliferation in cells exposed to genotoxic cues restricts the repair 
process to discrete boundaries of the cell cycle: prior to and during 
the DNA synthesis (referred as to G

1
- and S phase-checkpoints, 

respectively) or before mitosis (the G
2
-checkpoint).8-15 These dif-

ferent DNA damage-activated cell cycle checkpoints permit the 
monitoring of genomic integrity in proliferating cells and avoid 
the propagation of unrepaired DNA lesions that often prelude to 
neoplastic transformation or cellular senescence.16 In progenitors 
of terminally differentiated tissues, such as skeletal muscles and 
neurons, the DNA damage response is complicated by their com-
mitment toward the differentiation programs, which includes the 
irreversible exit from the cell cycle.17 Previous work identified a 
DNA damage-activated differentiation checkpoint in myoblasts 
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that holds the differentiation program, while DNA lesions are 
repaired.18 Two key effectors of this program are the DNA dam-
age-activated cAbl tyrosine kinase19 and the muscle regulatory 
factor (MRF) MyoD. In the absence of DNA damage MyoD 
typically initiates the differentiation program in myoblasts upon 
the arrest of the cell cycle.20 Upon DNA damage, MyoD becomes 
phosphorylated on tyrosine by c-Abl, leading to the inhibition of 
muscle gene transcription.18 It is speculated that the differentia-
tion checkpoint permits the temporal coordination between cell 
cycle progression, DNA repair and differentiation, thereby pre-
venting the formation of terminally differentiated myotubes with 
unrepaired lesions.17,21 However, the precise relationship between 
DNA damage-activated cell cycle checkpoints, DNA repair and 
the mechanism underlying the inhibition of MyoD-dependent 
transcription has not been elucidated.

In the present work, we show that proliferating myoblasts 
exposed to different types of genotoxic agents activate distinct 
differentiation checkpoints at specific cell cycle boundaries. We 
found that the type of DNA damage and the related timing of 
DNA repair correlate with the length of latency of the differentia-
tion program. Moreover, we show that the cell cycle phase at which 
myoblasts arrest in response to distinct genotoxic insults deter-
mines the mechanism of inhibition of muscle gene transcription.
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checkpoint (see Puri et al.18 and scheme in Fig. 1). The cell cycle 
profile of these cells was monitored by FACS (Fig. 1A), and the 
kinetic of DNA damage repair was determined by alkaline comet 
assay22 at different time points (Fig. 1B and C). All the genotoxic 
agents that we tested activated a DNA damage response, as deter-
mined in primary human skeletal myoblasts (HSMBs) by the 
re-distribution of Nbs1 into discrete nuclear foci (Sup. Fig. 1), 
and inhibited the formation of MyHC-positive myotubes 
(Table 1 and Sup.  Fig.  1). Importantly, the same inhibition 
was observed in primary cultures of mouse satellite muscle cells 

Results

Cell cycle phase-specific differentiation checkpoints in pro-
liferating myoblasts. To investigate the relationship between 
cell cycle arrest in proliferating myoblasts, DNA repair and 
transcription of muscle genes, we exposed C2C7 skeletal myo-
blasts to distinct genotoxic agents while proliferating in growth 
medium (GM). These cells were then transferred in culture con-
ditions permissive for differentiation (differentiation medium-
DM), in the absence of genotoxins to activate the differentiation 

Figure 1. Diverse genotoxic agents induce cell cycle arrest at different boundaries and display different kinetics of DNA repair. C2C7 mouse myoblasts 
were exposed to Methylmethanesulfonate (MMS) 75 μM, Doxorubicin (Dox) 0.4 μM and Etoposide (Eto) 0.5 μM before incubation in differentiation 
medium (DM) for 24 h. See scheme on top. (A) The cell cycle profile was analyzed by cytofluorimetric analysis in the conditions described above or in 
control (untreated) cells cultured in GM or shifted in DM for 18 h. (B) The kinetic of repair of the DNA lesions caused by the different genotoxins was 
monitored by comet assay at different time points (T) after shifting the cells in DM. Representative fields of no-treated cells (NT) MMS-, Eto- and Dox-
treated cells at different time points. (C) Quantification of the repair in the same experiment shown in (B) by plotting the average of the tail moment 
(calculated using Tritek CometScoreTM) of at least 100 cells per experimental point. This experiment is representative of multiple, independent experi-
ments, which consistently show the same pattern of repair for each genotoxic agent, despite of the variability of the values that is intrinsic to each 
comet assay. (D) Human myoblasts were treated as described above and the expression levels of myogenin at different time points after DNA damage 
were assessed by real time PCR.
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damage-binding protein 2 (DDB2) and proliferating cell nuclear 
antigen (PCNA). Among Dox-upregulated genes were also 
annotated genes involved in the activin A signaling and contain-
ing, among the others, follistatin, p300 and the TGFβ receptor 
type 3. We validated the Dox-induced upregulation of the inhibi-
tor of cyclin kinases p21 (Sup. Fig. 3A). p21 expression normally 
increases after regular differentiation and was further augmented 
by Dox treatment. Two other genes—XPC and DDB2—associ-
ated to the repair machinery activated by Dox treatment were 
validated (Sup. Fig. 3B and C). Among them, XPC is involved 
in the recognition of bulky DNA adducts in nucleotide excision 
repair,23 and DDB2 is a small subunit of a heterodimeric protein 
complex that participates in nucleotide excision repair, mediating 
the ubiquitylation of histones H3 and H4, which facilitates the 
cellular response to DNA damage.24

Collectively, data from the microarray analysis indicate a tight 
relationship between the inhibition of the myogenic program, the 
activation of the cell cycle arrest and the DNA repair in myo-
blasts exposed to DNA damage.

Different mechanism of MyoD inhibition by G
1
- vs. 

G
2
-associated differentiation checkpoint. We next determined 

the molecular link between DNA repair and activation of cell 
cycle-specific differentiation checkpoints by monitoring MyoD 
recruitment to target genes in myoblasts exposed to distinct 
genotoxic agents.

Previous work demonstrated that in G
1
-arrested myoblasts, 

MyoD is phosphorylated at tyrosine 30 by the DNA damage-
activated cAbl tyrosine kinase. The cAbl-mediated phosphoryla-
tion inactivates MyoD, thereby holding the activation of muscle 
gene expression.18 We used chromatin immunoprecipitation 
(ChIP) to monitor MyoD binding to regulatory sequences at 
muscle-specific loci after treatment with MMS, which induces 
G

1
 arrest (Fig. 1A). We found that MMS did not alter MyoD 

(Sup. Fig.  2A), as was also previously shown with other myo-
genic cell lines.18 However, while some genotoxic agents (meth-
ylmethane sulfonate-MMS-, hydrogen peroxide and cisplatin) 
did not alter significantly the cell cycle profile of differentiating 
myoblasts, which typically arrest in G

1
 upon culture in DM, oth-

ers (Doxorubicin-Dox-, Etoposide-Eto-, bleomycin, mitomycin) 
caused a significant accumulation of myoblasts into the G

2
/M 

phase (Table 1 and Fig. 1A). These differences did not correlate 
with different kinetics of repair, since the DNA lesions caused by 
MMS and etoposide were repaired within the same time frame 
(Fig. 1B and C), although these agents induced G

1
 and G

2
/M 

arrest, respectively. By contrast, Dox-induced DNA damage was 
repaired within a more extended time frame (Fig.  1B and C), 
with some cells being unable to repair the DNA damage even 
after 48 h. Interestingly, the different kinetics of DNA repair 
after exposure to distinct agents correlated with differences in the 
temporal windows of inhibition of the differentiation program 
(Fig. 1D). Indeed, we previously showed that myoblasts treated 
with MMS and etoposide showed a delay in the activation of the 
early markers of differentiation (e.g., myogenin) ranging between 
12–18 h of DM culture as compared with control cells.18 In Dox-
treated myoblasts, the latency of the differentiation program 
extended over the first 30 h of incubation in DM (Sup. Fig. 2B), 
with a variable percentage of cells being permanently unable to 
resume the differentiation program. This is consistent with the 
complex nature of the DNA lesions induced by Dox, which can 
complicate the efficiency of the repair. Thus, distinct genotoxic 
agents elicit different types of differentiation checkpoints whose 
duration correlates with the specific kinetic of the DNA repair 
machinery, regardless of the cell cycle boundary at which cells 
arrest. This notion is consistent with the putative function of the 
differentiation checkpoint to coordinate the temporal sequence 
of DNA repair and activation of the differentiation program to 
avoid the accumulation of unrepaired lesions in terminally dif-
ferentiated muscles.

To further analyze the relationship between cell cycle and 
the differentiation checkpoint, we performed a microarray in 
HSMBs induced to differentiate after being exposed to Dox. 
A comparison between the Dox-treated and control myoblasts 
revealed functional categories of Dox-modulated genes (≥ 2-fold 
changes). The complete list of genes upregulated and down-
regualted is provided in Supplemental Table 1. Among the genes 
downregulated by Dox (Fig. 2, right panel), muscle-specific 
genes scored in the top categories and included genes involved 
in the activation of the myogenic program—myogenin—and 
contractile activity—myosin binding protein H (MYBPH), 
myosin light chain 4 (MYL4) and troponin T type 1 (TNNT1). 
In addition, cell cycle-related categories displayed high ranking 
in the GeneGO Process Networks due to the downregulation of 
genes such as cell division cycle protein 20 homolog (CDC20) 
and DNA topoisomerase 2-α (TOP2A). Among the upregulated 
genes (Fig. 2, left part), the top scoring categories were enriched 
in DNA remodeling process due to the upregulation of several 
histone proteins (HIST1H2AC, HIST1H2BC, HIST1H4C) and 
the DNA damage-response genes p21 (CDKN1A), xeroderma 
pigmentosum complementation group C protein (XPC), DNA 

Table 1. Analysis of cell cycle and inhibition of myogenic differentiation 
by DNA damaging agents

C2C7 cells G1 S G2

% nuclei 
in MyHC-

positive cells

Untr (GM) 54.55% 15.50% 25.41% 0%

Untr (DM) 64.34% 2.75% 10.78% 63.7%

MMS (75 μM) 53.29% 3.25% 12.32% 14.8%

H2O2 (100 μM) 59.04% 3.92% 9.68% 9.1%

Cisplatin (1 μM) 79.31% 4.45% 6.32% 15.3%

Doxorubicin (0.4 μM) 33.49% 1.91% 58.89% 6.2%

Etoposide (0.5 μM) 33.87% 9.1% 54.39% 20.9%

Bleomycin (20 μM) 38.91% 3.76% 55.21% 13.3%

Mitomycin (1 μM) 18.49% 5.43% 45.87% 10.3%

C2C7 myoblasts were cultured for 18 h in GM in the presence of the 
indicated genotoxic drugs. The medium was replaced with DM (2% HS) 
for an additional 48 h. C2C7 cells were collected and processed for cy-
tofluorimetric analysis to assess the cell cycle profile. The same setting 
was stained with DAPI and anti-MyHC, and the number of total nuclei 
and nuclei in MyHC-positive cells was counted in randomly chosen 
fields.
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G
2
 arrest, did not replicate the effect of caffeine (Simonatto MS 

and Puri PL, unpublished data).
We used insulin-like growth factor 1 (IGF-1) to bypass the 

G
1
 arrest induced by MMS damage. It has been shown that IGF1 

extends the replicative life span of skeletal muscle satellite cells by 
promoting cell cycle progression into S phase.28,29 IGF1 bypassed 
the G

1
-associated differentiation checkpoint imposed by MMS 

treatment in HSMBs (Fig. 4A and B) and C2C12 myoblasts 
(data not shown) but did not interfere with the G

2
-differentiation 

checkpoint induced by Dox (Fig. 4A and B). ChIP analysis of 
the MCK enhancer in C2C12 myoblasts shows that IGF1 rescues 
muscle differentiation upon treatment with MMS, but not Dox, 
and this correlates with restoration of H3K4me3 (Fig. 4C), a reli-
able indication of the transition from inactive to active chromatin 
conformation.30

Overall, these data indicate that the inhibition of muscle gene 
expression induced by DNA damage occurs through a mecha-
nism that is specific to the phase of the cell cycle at which myo-
blasts are arrested in response to different genotoxic drugs. This 
evidence supports the conclusion that distinct cell cycle-intrinsic 
mechanisms mediate two differentiation checkpoints induced 
by different genotoxic agents. The G

1
-associated differentiation 

checkpoint relies on the inactivation of MyoD-mediated tran-
scription by cAbl-mediated phosphorylation of tyrosine 30 in the 
activation domain of MyoD, as previously reported, whereas the 
G

2
-associated differentiation checkpoint relies on the inability of 

MyoD to bind the chromatin at the G
2
/M phase of the cell cycle.25

Discussion

The maintenance of the genomic integrity in post-mitotic tis-
sues, such as skeletal muscles, is important to warrant their cor-
rect function during life span. The premature aging observed in 
mice deficient for key effectors of the DNA damage signaling31,32 
supports the relationship between genomic instability and the 
functional decline of organs and tissues that is typically observed 
in aged organisms.33 However, it is still unclear how organs and 
tissues safeguard their genome from the genotoxic insults present 
during development and throughout the adult life.

We have previously described a “differentiation checkpoint” 
that inhibits the activation of the myogenic program in undif-
ferentiated myoblasts exposed to genotoxic stress by holding the 
transcription of muscle genes while the DNA is repaired.18 In the 
present work, we have investigated the impact of different types 
of genotoxic agents on muscle gene expression and DNA repair 
in growing myoblasts.

In proliferating myoblasts, the DNA damage is resolved by 
the repair of the lesions; hence, the block of the differentiation 
program is transient, with the expression of muscle genes being 
resumed in coincidence with the resolution of the DNA lesions18 
(see also Fig. 1 and Sup. Fig. 1). Our data indicate an intimate 
relationship between the cell cycle boundary at which the cells 
arrest to repair the DNA lesion and the mechanism that inhibits 
the activation of the myogenic program. The arrest at the G

2
/M 

checkpoint precludes MyoD binding to the chromatin of tar-
get genes,25 thereby providing a cell cycle-intrinsic inhibition of 

binding and local H3 acetylation on myogenin promoter and 
MCK enhancer (Fig. 3A). However, MMS reduced H3K4 tri-
methylation (H3K43m) levels (see Fig. 4C), suggesting that DNA 
damage-mediated inactivation of MyoD in G

1
 phase occurs 

through selective inhibition of recruitment or activity of H3K4 
methyltransferases. In contrast, in myoblasts arrested at the 
G

2
‑phase upon Dox treatment, MyoD showed reduced occu-

pancy on the regulatory elements of myogenin and MCK in asso-
ciation with decreased levels of H3 acetylation (Fig. 3B). This 
is in agreement with a previous work indicating that during the 
G

2
/M phase, the chromatin is condensed and is not permissive 

for MyoD binding to its target DNA sequences.25 Thus, MyoD 
inhibition upon treatment with drugs that induce G

2
 arrest is 

achieved by the intrinsic failure of MyoD to bind the chromatin 
of target genes and promote local hyperacetylation at the G

2
/M 

phase of the cell cycle.
The execution of the G

1
 and G

2
 differentiation checkpoints 

is dependent on the cell cycle boundary at which the cells arrest 
to repair DNA. To gain further insight into the relationship 
between cell cycle arrest and the execution of the differentiation 
checkpoint, we used agents that bypass either the G

1
 or the G

2
 

block of the cell cycle, and we monitored the ability of cells to 
perform the specific differentiation checkpoint.

Caffeine, which specifically resumes the cell cycle in G
2
/M-

arrested cells,26 did not significantly alter the cell cycle profile 
in myoblasts entering the differentiation program in normal 
conditions or after treatment with MMS (Fig. 3C, top and 
middle panels) but dramatically reduced the percentage of 
myoblasts accumulated in the G

2
/M phase after Dox treatment 

(Fig. 3C, bottom panel). In cells exposed to either treatment, 
caffeine prevented the phosphorylation of p53 on serine 15 in 
response to DNA damage (Fig. 3D). The ability of caffeine 
to reverse the G

2
/M arrest correlated with its ability to bypass 

the G
2
-differentiation checkpoint and to allow the expres-

sion of muscle-specific genes in Dox-treated myoblasts but not 
the G

1
-differentiation checkpoint induced by MMS (Fig. 3E). 

Consistently, caffeine treatment restored both MyoD chromatin-
recruitment and hyperacetylation at the myogenin and MCK 
regulatory regions in Dox-treated, but not in MMS-treated, myo-
blasts (Fig. 3A and B).

The same results were also replicated in HSMBs, in which 
caffeine specifically rescued the inhibition of myotube formation 
from the G

2
-arresting drugs, Etoposide and Dox (Sup. Fig. 4). 

It is presumed that the population of myoblasts that escaped the 
G

2
/M cell cycle arrest in response to Dox or Etoposide progresses 

through the cell cycle and eventually differentiates once arrested 
in the G

1
 phase. By contrast, caffeine did not rescue the inhibi-

tion of myotube formation in MMS-treated myoblasts that were 
already confined in the G

1
 phase of the cell cycle (Sup. Fig. 4). 

Caffeine is a non-specific inhibitor of the DNA damage-acti-
vated Ataxia Teleangectasia Mutant (ATM) kinase;27 however, 
its ability to rescue the G

2
-mediated inhibition of muscle gene 

expression appears to rely on its effect on the cell cycle, because 
selective inhibition of ATM by shRNA or by a soluble inhibitor 
(KU-55933), which blocks ATM, but does not interfere with the 
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Figure 2. Transcription profile of myoblasts exposed to Doxorubicin treatment. Primary Human Skeletal Muscle Myoblasts (HSMBs) were exposed 
for 18 h to Doxorubicin 0.4 μM while growing in GM and then shifted in DM for additional 24 h. Total RNA was extracted with Trizol® as described in 
the data sheet (Invitrogen). A microarray was performed using Sentrix Human Ref-8 BeadChip (Illumina). In the panel is shown the analysis of the 
differentially expressed transcripts divided in upregulated (left) and downregulated (right). Bar charts represent the functional categories statistically 
more significant (≥ 2-fold change) in our groups of genes that include GO Biological Process, GeneGo Process Network and GeneGo Pathway Maps. 
Analyzed using MetaCoreTM software from GeneGo Inc.
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During development, muscle progenitors are exposed to 
intrinsic sources of DNA damage (e.g., oxidative stress, S-phase 
intrinsic DNA damage) generated by their high mitotic activity, 
and MyoD plays a unique role among the muscle bHLH pro-
teins as a target of DNA damage-activated signaling.34 In this 
context, the coordination between cell cycle, DNA repair and 
activation of the differentiation program is essential to prevent 
the formation of genetically unstable myofibers carrying unre-
paired DNA lesions, which could not otherwise be repaired in 
terminally differentiated nuclei.35 We therefore speculate that the 
failure to execute this program might lead to an accumulation of 

muscle gene transcription that can be reversed by agents such as 
caffeine, which bypass the G

2
 checkpoint. In contrast, myoblasts 

arrested at the G
1
 checkpoint are permissive for the recruitment 

of MyoD to the chromatin of target genes, but transcription is 
inhibited by cAbl-mediated tyrosine phosphorylation.18 The 
G

1
 checkpoint is reversed by IGF-1, which bypasses the DNA 

damage-induced G
1
 arrest in myoblasts.29 Thus, the activation 

of differentiation checkpoints that are superimposed at cell cycle 
checkpoints appears an “economic” strategy for the cells to coor-
dinate multiple tasks, such as DNA repair and gene expression, 
within restricted windows along the cell cycle progression.

Figure 3. Different mechanisms are responsible for the differentiation checkpoint induced by genotoxic agents that activate the G1 or G2 checkpoints. 
C2C12 cells were untreated or treated with Doxorubicin and MMS, as shown in Figure 1. When indicated, 5 mM caffeine was added 30 min before drug 
exposure. After genotoxic treatments cells, were shifted to differentiation medium for an additional 24 h. (A) ChIP analysis was performed to monitor 
MyoD binding and the H3K9/14 acetylation status (AcH3) to the chromatin of myogenin promoter or muscle creatin kinase (MCK) enhancer after 
MMS treatment. (B) ChIP analysis was performed as in (A) after Dox treatment. (C) The effect of caffeine treatment on the cell cycle was monitored by 
cytofluorimetric analysis. (D) The phosphorylation of p53 on Serine15 was assessed by protein gel blot on cells collected after genotoxins exposure. 
Tubulin was used as a loading control. (E) Expression levels of muscle-specific proteins (Myogenin and Myosin Heavy Chain-MyHC) were monitored by 
protein gel blot. Tubulin was used as a loading control.
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Total RNA was extracted with Trizol,® as described in the data 
sheet (Invitrogen).

RNA (500 ng) was reverse-transcribed by M-MLV reverse 
transcriptase. The transcripts were labeled with biotin using an 
RNA amplification kit (Ambion). The cDNA samples were mixed 
with a Hyb E1 hybridization buffer containing 37.5% (w/w) for-
mamide. The hybridization mix was dispensed on the Sentrix 
Human Ref-8 BeadChip (Illumina) containing 24,000 tran-
scripts of the 22,000 genes represented in the consensus Reference 
Sequence (RefSeq) human genome database. Hybridization was 
performed for 18 h at 55°C. Array chips were then washed with 
an E1BC solution, then with 100% ethanol and, lastly, with the 
E1BC solution again. The chips were blocked with an E1 block-
ing buffer followed by staining with streptavidin-Cy3, washing 
with the E1BC solution and drying. Array chips were scanned 
using a BeadArray Reader (Illumina). The resulting images 
were analyzed using the BeadStudio image processing software 
(Illumina). The chip contained 30 to 40 beads with the attached 
oligonucleotide DNA corresponding to an individual gene of the 
RefSeq database. Differentially expressed transcripts resulting 

unrepaired DNA lesions. The resulting genomic instabil-
ity could predispose to “accelerated” aging phenotypes of 
skeletal muscle and might reveal a previously unappreci-
ated developmental origin of sarcopenia. Likewise, during 
post-natal life, the differentiation checkpoint triggered in 
activated satellite cells can control the genomic integrity 
of myofibers during muscle repair or physiological myo-
nuclear turnover and can therefore be implicated in the 
maintenance of muscle homeostasis along the life span.

Materials and Methods

Cell culture and treatments. The murine C2C12 and 
C2C7 skeletal muscle cell lines were cultured in growth 
medium (GM; Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, 2 mM glutamine). 
Normal Human Skeletal Muscle Myoblasts (HSMBs) was 
purchased from Clonetics® and cultured in Basal Medium 
with SingleQuots® as described in the data sheet (Lonza). 
Muscle differentiation was induced, exposing cells to dif-
ferentiation medium (DM; Dulbecco’s modified Eagle’s 
medium supplemented with 2% horse serum).

Single muscle fibers with associated satellite cells were 
isolated as described in reference 36. Briefly, the hind limb 
muscles were digested with collagenase, and single myofi-
bers were plated on matrigel (Sigma, 1 mg/ml ECM gel) 
coated dishes in GM1 (DMEM supplemented with 
10%  horse serum (Gibco), 0.5% chick embryo extract 
(MP biomedicals) and penicillin-streptomycin (Gibco) 
at 37°C). Three days later the medium was replaced with 
proliferation medium (GM2-20% FBS, 10% horse serum, 
1% chick embryo extract in DMEM) to promote prolif-
eration of detached cells (delaminated satellite cells). After 
4–5 d, the cells were allowed to differentiate, replacing the 
medium with differentiation medium (DM-2% HS and 
0.5% chick embryo extract in DMEM).

Genotoxic treatments were carried by incubating cells in GM 
for 12–16 h to the following DNA damaging agents: 0.4 μM 
Doxorubicin, 0.5 μM Etoposide, 75 μM MMS; when indicated, 
cells were pretreated 30 min with 5 mM caffeine or 1 μg/ml 
IGF-1 before drug exposure. The acute treatments were carried 
for 1 h with the following dosage: 3 μM Doxorubicin, 10 μM 
Etoposide, 250 μM MMS. After drug exposure, cells were incu-
bated in DM for 24 up to 72 h.

Alkaline comet analysis. C2C12 cells were treated with 
250 μM MMS, 10 μM Etoposide and 3 μM Doxorubicin for 1 
h then shifted in differentiation medium and harvested at differ-
ent time points. DNA breaks and repair kinetics were measured 
as previously described in reference 37 with minor modifications. 
Single cells were analyzed with “TriTek CometScore version 1.5” 
software. The tail moment was used as measure of DNA damage. 
One hundred cells for each experimental point were scored.

Isolation of total RNA and microarray analysis. HSMBs were 
cultured in Basal Medium with SingleQuots,® as described in  
the data sheet (Lonza), and then treated for 18 h with Doxorubicin 
0.4 μM prior exposure to differentiation medium (DM) for 24 h. 

Figure 4. IGF-1 bypass the G1-differentiation checkpoint imposed by MMS 
treatment. Human Skeletal Muscle Myoblasts (HSMBs) were exposed to Dox 
and MMS in the presence or in the absence of 5 mM caffeine and 1ug/ml IGF-1 
then shifted to DM. Cells were immunostained for MyHC and DAPI (A).The 
expression of myogenin was assessed by protein gel blot. Tubulin was used 
as a loading control (B). (C) C2C12 cells were treated as in (B), and ChIP analysis 
was performed to monitor the H3 tri-methylation in lysine 4 (MetK4) to the 
chromatin of muscle creatin kinase (MCK) enhancer.
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Human mck:
Fwd: GGC ACA ATG ACA ACA AGA GC
Rev: GAA AAG AAG AGG ACC CTG CC
Human myogenin:
Fwd: GCC ACA GAT GCC ACT ACT TC
Rev: CAA CTT CAG CAC AGG AGA CC
GAPDH:
Fwd: CAC CAT CTT CCA GGA GCG AG
Rev: CCT TCT CCA TGG TGG TGA AGA C.
Chromatin inmunoprecipitation (ChIP). ChIP assay on 

C2C12 was performed using the following antibodies: anti-
acetylated histone 3 (Upstate), MyoD (Santa Cruz SC-760), 
H3-K4 tri-methylation (Millipore). Normal rabbit IgG (Santa 
Cruz, SC-2027) antibody was used as a control. Real-time PCR 
was performed on input samples and equivalent amounts of 
inmunoprecipitated material using the SYBR Green Master Mix 
(Applied Biosystems). Relative recruitment is calculated as the 
amount of amplified DNA normalized to input and relative to 
values obtained after normal rabbit IgG inmunoprecipitation, 
which were set as the background (one unit).

Primers used were as follows:
Mouse myogenin promoter:
Fwd: TGG CTA TAT TTA TCT CTG GGT TCA TG
Rev: GCT CCC GCA GCC CCT
Mouse mck enhancer:
Fwd: AGG GAT GAG AGC AGC CAC TA
Rev: CAG CCA CAT GTC TGG GTT AAT
Human myogenin promoter:
Fwd: GCC ATG CGG GAG AAA GAA G
Rev: AGC CAA CGC CAC AGA AAC C
Human mck enhancer:
Fwd: CCT TGC CCT GAG TTT GAA TCT C
Rev: GGC AGT CTA ACC CCA GAA ACC.
Cytofluorimetric analysis. For cell cycle analysis, C2C7 skel-

etal muscle cells were treated 16 h with different DNA damaging 
agents and then shifted in DM for 24 h. Cells were collected 
and than stained for 30 min at 37°C with a solution contain-
ing propidium iodide at 100 mg/ml, RNase at 200 mg/ml and 
0.2% Triton X-100 and analyzed with an EPICS XL cytofluo-
rimeter (Coulter).
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Note

Supplemental materials can be found at:
www.landesbioscience.com/journals/cc/article/15948

from the comparison between the Doxorubicin-treated sample 
and the control sample (≥ 2-fold) were divided into upregulated 
and downregulated. Both subsets of genes were then analyzed 
for the presence of overrepresented GO categories (Biological 
Process), GeneGo process Networks and GeneGo Pathway Maps 
using MetaCoreTM software from GeneGo Inc. Gene expression 
of XPC DDB2 and p21 was validated by RT-PCR using the fol-
lowing primers.

Human p21:
FWD: TGT CAC TGT CTT GTA CCC TTG
REV: GGC GTT TGG AGT GGT AGA A
Human XPC:
FWD: GTC TCT ACA GCC AAT TCC TCT G
REV: CCT TTG CTG GTC TTT GGT TTG
Human DDB2:
FWD: GGC TGC AAG ACT TTA AAG GC
REV: ACA TCC AGG CTA CAA AAC CAG.
Protein gel blot and immunofluorescence. C2C12 mouse cell 

line were treated with 0.4 μM Doxorubicin and MMS 75 μM for 
16 h; when indicated, cells were pretreated with 5 mM caffeine 
and IGF-1 before genotoxic agents exposure. After drug treat-
ments, cells were shifted in DM for 48 h. Proteins were extracted 
with Ripa buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% 
Np40, 1 mM EDTA), separated on polyacrilamyde gel and trans-
ferred to nitrocellulose filters. The following primary antibod-
ies were used to detect endogenous protein level: MF20 mouse 
monoclonal antibody to detect Myosin Heavy Chain (MyHC), 
monoclonal antibodies against Myogenin (F5D), MyoD anti-
body (M-318 rabbit polyclonal Santa Cruz), phospho-p53 Ser15 
(Cell Signaling), Tubulin (Ab4 from NeoMarkers). Primary 
antibodies were visualized with the ECL (Amersham) chemiolu-
minescent kit following the manufacture’s instruction.

For immunostaining, HSMBs and satellite cells were plated 
on glass coverslips; when indicated, cells were treated with geno-
toxic agents as described above. After DNA damage exposure, 
cells were shifted in DM. After 4 days, cells were fixed with 
3.7% formaldehyde and permeabilized 10 min with PBS supple-
mented with 0.2% Triton. Single or double fluorescence were 
performed with the following primary antibodies (Ab): MoAb 
MF20 for Myosin Heavy Chain (MyHC), rabbit polyclonal anti 
total NbsI (Novus), rabbit polyclonal anti phospho 139 H2AX 
(Upstate). We used rodamine-conjugated goat anti-mouse IgG 
and fluoresceine-conjugated goat anti-rabbit IgG secondary 
antibodies (Jackson Immunoreserch) to detect the primary Ab, 
according to manufacture’s instructions. Nuclei were visualized 
by 4',6'-diamino-2-phenylindole (DAPI).

RNA extraction and RT-PCR. Total RNA was extracted 
with Trizol (Invitrogen) according manufacturer instructions. 
0.5–1 μg of RNA was retrotranscribed using the Taqman reverse 
transcription kit (Applied Biosystems). Real-time quantitative 
PCR was performed to analyze relative gene expression levels 
using SYBR Green Master mix (Applied Biosystems) and follow-
ing manufacturer indications. Primers sequences are as follows:
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