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A CTG repeat amplification is responsible for the
dominantly inherited neuromuscular disorder, myo-
tonic dystrophy type 1 (DM1), which is characterized
by progressive muscle wasting and weakness. The
expanded (CTG)n tract not only alters the myogenic
differentiation of the DM1 muscle precursor cells but
also reduces their proliferative capacity. In this re-
port, we show that these muscle precursor cells con-
taining large CTG expansion sequences have not ex-
hausted their proliferative capacity, but have entered
into premature senescence. We demonstrate that an
abnormal accumulation of p16 is responsible for this
defect because the abolition of p16 activity overcomes
early growth arrest and restores an extended prolif-
erative capacity. Our results suggest that the acceler-
ated telomere shortening measured in DM1 cells does
not contribute to the aberrant induction of p16. We
propose that a cellular stress related to the amplified
CTG repeat promotes premature senescence mediated
by a p16-dependent pathway in DM1 muscle precursor
cells. This mechanism is responsible for the reduced
proliferative capacity of the DM1 muscle precursor cells
and could participate in both the impaired regeneration
and atrophy observed in the DM1 muscles containing
large CTG expansions. (Am J Pathol 2009, 174:1435–1442;
DOI: 10.2353/ajpath.2009.080560)

Myotonic dystrophy type 1 (DM1) is the most prevalent
form of adult neuromuscular disorder, characterized by
myotonia, muscle wasting, and weakness as well as other
multisystemic defects.1 DM1 is an autosomal dominant

disease caused by the expansion of a CTG repeat in the
3� untranslated region (3�UTR) of the DMPK gene.2–5

Unaffected individuals have fewer than 38 CTG repeats
whereas DM1 patients have from 100 to several thousand
repeats in the most severe cases. In general, the size of
the expansion correlates with the age of onset and the
severity of the disease.6,7 An increasing amount of evi-
dence supports a RNA gain-of-function mechanism in
DM1 disease. The mutant transcripts containing the CUG
expansion fold into RNA hairpins that are not exported to
the cytoplasm but accumulate in the nuclei as discrete
foci. These mutant RNAs interfere with the activities of
proteins involved in RNA processing such as MBNL,
CUG-BP1, hnRNP H, leading to specific misregulated
splicing events.8 As an example, the misregulation of
alternative splicing of the chloride channel ClC-1 mRNAs
found in DM1 patients has been directly linked to myoto-
nia, a characteristic feature of the disease.9

The CTG mutation is very unstable and its amplification
occurs both over generations and in somatic tissues.
Intergenerational instability of the expanded microsatel-
lite provides the molecular basis for the anticipation phe-
nomenon described in DM1 disease: the size of the CTG
expansion progressively increases in successive gener-
ations of DM1 families, and correlates with the severity of
the disease.1 After several generations, the patients often
develop the severe DM1 congenital form associated with
a large CTG expansion (�1000) and characterized by
delayed muscle maturation and atrophy. Somatic insta-
bility is also measured throughout the life of a DM1 pa-
tient with a gradual increase in the average repeat size.
Moreover, variable repeat sizes are detected in different
tissues of the same patient with the largest size being
found in the skeletal muscle.10,11 In a previous study, we
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have shown that the size of the CTG expansion increases
progressively at each cellular division during the prolifer-
ative lifespan of DM1 muscle precursor cells, also called
satellite cells in vivo or myoblasts in culture, indicating a
replication-dependent somatic instability of the ex-
panded microsatellite.12 In addition to myogenic differ-
entiation defects, we showed that the proliferative capac-
ity of the satellite cells isolated from congenital DM1
patients with large CTG repeats was significantly re-
duced as compared with age-matched controls.

The proliferative capacity of human satellite cells, like
the majority of human diploid somatic cells, is limited by
cellular senescence. One major mechanism implicated in
the replicative senescence of human cells is the progres-
sive erosion of their telomeres at each cell division. Once
a critically short telomere length is reached, replicative
senescence is triggered through a p53-dependent path-
way.13 The introduction of the catalytic subunit of the
telomerase (hTERT) gene into human fibroblasts is suffi-
cient to block telomere shortening and prevent replicative
senescence in these cells, and lead to their immortaliza-
tion.14 However, expression of hTERT is not sufficient to
confer immortality to several types of human cells includ-
ing satellite cells, indicating the existence of cell-type-
specific differences in the regulation of the proliferative
capacity.15 The p16-dependent pathway has been
shown to provoke proliferative arrest before telomeres
reach their critical value, and inhibition of p16 in addition
to hTERT activity results in the immortalization of keratin-
ocytes, epithelial cells, and satellite cells.16,17 p16 is
up-regulated in response to several telomere-indepen-
dent stress mechanisms including DNA damage, onco-
genic signals, and oxidative stress,18 but has also been
proposed to be involved in response to telomere dam-
age.19 Recently several reports have indicated that an
increase in p16 expression in the brain, bone marrow,
and pancreas progenitor cells during aging contributes
to stem cell decline, senescence, and aging.20

In this report, we have analyzed the premature growth
arrest of DM1 satellite cells carrying large CTG expan-
sions. Our results indicate that a mechanism of prema-
ture senescence limits the proliferative capacity of the
DM1 satellite cells. We demonstrate that the p16 pathway
is responsible for this premature growth arrest in re-
sponse to a CTG-related stress. In addition our results
indicate that the accelerated telomere shortening mea-
sured in DM1 cells is not involved in the early accumu-
lation of p16 but is rather a consequence of the cellular
stress induced by the CTG mutation.

Materials and Methods

Materials and Cell Culture

The human satellite cells were isolated from muscle bi-
opsies obtained from the Bank of Tissues for Research (a
partner in the European Union network EuroBioBank) in
accordance with European recommendations and
French legislation. Three DM1 fetuses (28-, 34-, and 37-
weeks old) showing clinical symptoms of the congenital

form with varus feet, arthrogryposis, muscular hypotro-
phy, and carrying more than 2000 CTG were included in
this study. Three individuals (2 fetuses of 29 and 37
weeks of age, and one 5-day-old infant) showing no sign
of neuromuscular disease were used as controls. The
muscle biopsies were finely minced and explants were
plated onto noncoated Petri dishes in drops of fetal calf
serum (Invitrogen, Carlsbad, CA). The cells were culti-
vated at 37°C in a humid atmosphere containing 5% CO2.
Once mononucleated cells had migrated out from the
explants, growth medium consisting of Ham’s F10 me-
dium (Invitrogen) supplemented with 20% fetal calf se-
rum and 5 �g/ml gentamicin was added. At the time of
cell isolation, all cell populations were considered to be at
1 mean population doubling. Cell populations were
trypsinized when they reached 80% of confluence. At
each passage, the number of divisions was calculated
according to the formula: log (N/n)/log 2 where N is the
number of cells counted and n is the number of cells
initially plated. The cultures were considered to be in an
irreversible growth arrest when they failed to divide during 3
weeks in proliferative conditions. Viability was controlled by
trypan blue (Sigma, St. Louis, MO) exclusion. The myogenic
purity of the populations was monitored by immunocyto-
chemistry using desmin as a marker because it is only
expressed in myogenic cells. All cell populations used in
this study had a myogenic purity greater than 75%. For
5-aza-2�deoxycytidine experiment, cells were treated with
3 �mol/L 5-aza-2�deoxycytidine (Sigma) for 7 days as de-
scribed by Darbro and colleagues.21

Cell Transduction

hTERT and Cdk4 cDNA were cloned into distinct pBABE
retroviral vectors containing, respectively, the puromycin
selection marker and a neomycin resistance gene. Trans-
duced cell cultures were submitted to selection in the
presence of puromycin (0.5 �g/ml) and/or neomycin (0.3
mg/ml) for 10 days.

Immunocytochemistry

For bromodeoxyuridine (BrdU) labeling, cell cultures
were grown for 72 hours in the presence of 10 �g/ml
BrdU and then fixed for 10 minutes with ethanol. Cells
that had incorporated BrdU were detected using the
monoclonal antibody Bu20a (DAKO, Glostrup, Denmark),
revealed by a specific secondary antibody directly cou-
pled to Alexa Fluor 488 (Molecular Probes, Eugene, OR).
DAPI (Calbiochem, San Diego, CA) was used to visualize
the nuclei. All images were digitalized using the Meta-
View image analysis system (Universal Imaging Corp.,
Downington, PA). To determine the percentage of posi-
tive cells, at least 500 cells were counted. The expression
of desmin was revealed using the antibody D33 (1/50,
DAKO) and specific antibody binding was revealed
with peroxidase (Vectastain; Vector Laboratories, Bur-
lingame, CA). SA-ß-galactosidase activity was re-
vealed as described by Dimri and colleagues.22
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Telomere Length Analysis

Two �g of genomic DNA were digested with Hinf1 (Bio-
labs, Santa Ana, CA) to generate telomere restriction
fragments. The samples were resolved by electrophore-
sis in a 0.7% agarose gel that was hybridized to a 32P-
(TTAGGG)4 probe. The signal responses were revealed
using the Personal-Molecular-Imager (Bio-Rad, Hercules,
CA) and analyzed by a computer-assisted system using
National Institutes of Health (Bethesda, MD) Image 1.62
and ProFit software. The mean of telomere lengths was
determined from three independent gels.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Two �g of total RNA isolated using Trizol (Invitrogen)
were reverse-transcribed into cDNA according to the
manufacturer’s instructions. Equal amounts of the reverse
transcription products were subjected to PCR amplifica-
tion (ABGene, Rochester, NY). Amplification was initiated
by 4 minutes of denaturation at 94°C, followed by 20
(GAPDH) or 35 cycles (p16) of amplification. Each cycle
consists of 60 seconds at 94°C, 60 seconds at 55°C
(GAPDH), or 62°C (p16) and 60 seconds at 72°C. A final
step of extension was performed for 10 minutes at 72°C.
After amplification, 15 �l of each PCR reaction product were
separated on a 1% agarose gel containing ethidium bro-
mide. The following primers, synthesized by Sigma-Proligo
were used: GAPDH, forward, 5�-GATGACAAGCTTC-
CCGTTCTCAGCC-3�; GAPDH, reverse, 5�TGAAG-
GTCGGAGTCAACGGATTTGGT-3�; p16, forward, 5�-
TGGAGCCTTCGGCTGACTGGCTGGC-3�; and p16,
reverse, 5�-CTACGAAAGCGGGGTGGGTTGT-3�.

Western Blotting

Thirty �g of total protein extracts were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Proteins were transferred to nitrocellulose mem-
branes and incubated with different antibodies directed
against Rb (Pharmingen, San Diego, CA), p16 (Santa
Cruz Biotechnology, Santa Cruz, CA), p53 (Santa Cruz
Biotechnology), cyclin D (Cell Signaling, Beverly, MA)
and Emerin (Novocastra, Newcastle, UK). Secondary an-
tibodies coupled to horseradish peroxidase were re-
vealed using the ECL kit (Pierce, Rockford, IL). The signal
was detected on film (Fuji Film, Fuji, Tokyo, Japan) and
quantified by densitometry.

Statistical Analysis

Prism software was used to calculate the statistical sig-
nificance and the SEM. Significance was tested by Stu-
dent’s unpaired t-test or Mann-Whitney test. For all
tests, the groups were considered statistically different
for P value �0.05 (*P � 0.05, **P � 0.01, ***P � 0.001).

Results

Premature Senescence of DM1 Satellite Cells

The proliferative capacity of satellite cells isolated from
muscles of three congenital DM1 patients with large CTG
repeats (�2000) was compared in vitro to that of satellite
cells isolated from three age-matched and nonaffected
individuals. The cells were grown under identical culture
conditions until they ceased to respond to mitogenic
stimuli for 3 weeks and entered into an irreversible cell-
cycle arrest. As shown in Figure 1A, the average prolif-
erative lifespan of the DM1 satellite cells was significantly
reduced by 40% as compared with that of control cells.
When they stopped dividing both DM1 and control sat-
ellite cells displayed a flattened and enlarged morphol-
ogy characteristic of senescent cells (Figure 1B). Senes-
cent-associated �-galactosidase activity was detected in
growth-arrested DM1 cells, as well as high levels of cyclin
D1, which is a reliable marker of replicative senescence
and was detected in both DM1 and control cells at the
end of their lifespan (Figure 1C). Analysis of the phos-
phorylation status of Rb showed that arrested DM1 and
control satellite cells contained only the hypophosphory-
lated form, in contrast to the proliferating cells at earlier
passages, which expressed in addition the hyperphos-
phorylated form essential to overcome the G1 checkpoint
(Figure 1D). Cell-cycle fluorescence-activated cell sorting
analysis confirmed that the majority of DM1 and control cells
were arrested in G1 (data not shown). These results indicate
that a mechanism similar to senescence is responsible for
the early proliferative growth arrest of DM1 satellite cells
because these cells expressed biomarkers usually ob-
served in senescent cells, although much earlier in their
replicative lifespan as compared with control cultures.

To evaluate if the premature growth arrest observed in
satellite cells isolated from DM1 patients was attributable
to an excessive proliferation in vivo before their isolation,
we measured the size of the telomeres in these cells.
Telomere length represents a predictive marker of the
regenerative capacity of the human satellite cells as
shown in Duchenne muscular dystrophy in which the
extensive proliferation of the satellite cells after continu-
ous cycles of degeneration and regeneration leads to
reduced telomere length.23 As shown in Figure 1E, DM1
satellite cells stop dividing with telomeres significantly
longer than those of control cells (respectively, 8.7 kb
versus 7.4 kb), indicating that telomeres of DM1 cells had
not reached their critical size and consequently that
these cells had not exhausted their proliferative capacity.
This confirms that a mechanism of premature senes-
cence alters and limits in vitro the replicative lifespan of
DM1 satellite cells carrying large CTG expansions.

p16 Triggers Premature Senescence in DM1 Cells

As demonstrated recently, the p16 cyclin-dependent ki-
nase inhibitor is a key regulator of the replicative senes-
cence of human satellite cells.17 To determine whether
the p16/Rb pathway is involved in the premature senes-
cence of DM1 cells in vitro, we have measured the ex-
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pression of p16 protein at the end of their lifespan. In
these experiments we found that a similar level of p16
was detected in both DM1 and control cultures once they
had entered proliferative arrest (Figure 2A). Moreover, it

should be noted that DM1 cells made significantly fewer
divisions than control cells (Figure 2B). The accumulated
p16 will bind Cdk4 thus inhibiting its activity and block
cell-cycle progression. To assess the role of p16 in DM1
premature senescence, we stably overexpressed Cdk4
to neutralize p16 activity. As seen in Figure 2B, DM1-
Cdk4 cells were able to bypass the premature growth
arrest observed in DM1 cells. Their lifespan was ex-
tended by 59% to 51 divisions, which is very close to the
52 divisions observed in control cells. In addition, over-
expression of p16 in young control cells resulted in a
premature proliferative arrest, as evidenced by absence
of BrdU incorporation after incubation for 72 hours (data
not shown). These results demonstrate that p16 is re-
sponsible for triggering in vitro the premature senescence
of DM1 satellite cells.

However, we also abolished p16 activity by overex-
pression of Cdk4 in control cells and observed that the
DM1-Cdk4 cells still make fewer divisions than the con-
trol-Cdk4 age-matched cells (51 versus 70 divisions, re-
spectively) before entering into replicative senescence
(Figure 2B). To assess if a residual activity of p16 could
be responsible for the proliferative arrest of the Cdk4-
overexpressing cells, RNA interference directed to p16
was induced in these cells, but no further expansion of
their lifespan was observed (data not shown). Measure-
ments of telomere lengths showed that DM1-Cdk4 and
control-Cdk4 satellite cells both stop growing with telo-

Figure 1. DM1 satellite cells stop dividing by a premature senescence pathway.
A: Mean of the population doubling level of DM1 and control satellite cells
isolated from muscles of three DM1 patients with large CTG repeats (�2000) and
three age-matched and nonaffected individuals, respectively. B: Immunocyto-
chemistry using anti-desmin antibody and revealed by peroxidase was per-
formed on senescent control and premature growth-arrested DM1 cells. Flat-
tened and enlarged morphologies are present in both arrested DM1 cells and
control senescent cells. Senescent-associated ß-galactosidase activity (SA-ß-Gal)
was observed on arrested DM1 cells. C: Western blot analyses of cyclin D in the
early (Y) and late (S) stages of their proliferative lifespan. The results were
normalized to the expression of the nuclear protein Emerin. Levels of cyclin D
were increased in both DM1- and control-arrested cells. D: Western blot analyses
of Rb in the early (Y) and late (S) stages of their proliferative lifespan. The
hyperphosphorylated form of Rb is absent in both controls and DM1-arrested
cells. E: Mean length of telomeric restriction fragments (TRFs) measured on DM1
and control satellite cells at proliferative arrest. DM1 satellite cells stop dividing
with longer telomeres than controls. (**P � 0.01, ***P � 0.001).

Figure 2. Premature growth arrest of DM1 satellite cells is dependent on the
p16 pathway. A: p16 levels in control and DM1 satellite cells at early (Y) and
late (S) stages in their proliferative lifespan were determined by Western blot.
Means of the p16/Emerin ratio in control and DM1 senescent cells were
presented on the histogram. Control- and DM1-arrested cells present the
same level of expression of p16, ns: not significant. B: Lifespan plots of
control and DM1 populations transduced with or without Cdk4. Transduction
of Cdk4 gene allows to bypass the arrest observed in nontransduced cells.
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mere lengths of 6.2 kb and 6.1 kb, respectively. These
values are almost identical to the 6 kb measured in se-
nescent human fibroblasts in which a telomere-depen-
dent senescence is induced by short telomeres. Both the
DM1- and control Cdk4-transduced cells stopped grow-
ing with short telomeres but the DM1-Cdk4 cells reached
this minimum value after fewer divisions than the control-
Cdk4 cells, suggesting that large CTG expansions may
interfere with the telomere homeostasis machinery in
DM1 cells.

CTG Repeat Expansion Alters Telomere
Homeostasis in DM1 Cells Independently from
p16 Induction

Telomere loss per division was calculated from measure-
ments made at several time points during the lifespan of
DM1 and control cells, and a significant 59% increase in
the amount of telomeric DNA lost per division was mea-
sured in DM1 satellite cell cultures (171.9 � 17 bp) as
compared with control cultures (108.1 � 10 bp) (Figure
3A). To determine whether or not the increase in the
amount of telomeric DNA lost per division in DM1 satellite
cells was a consequence of an increased cell death in
DM1 cultures, which would result in an increase in the
number of divisions made by the surviving cells and thus
in an increase in mean telomere shortening, we assessed
both cell death and proliferation in control and DM1 pop-
ulations. No significant difference was observed in the
number of proliferating cells, as demonstrated by BrdU
incorporation in the middle of their lifespan: 77 � 3% cells
in control populations versus 75 � 4% cells in DM1

populations were BrdU-positive, indicating that both pop-
ulations have similar growth rates. Viability of the cells
was assessed by trypan blue exclusion, and only very
low levels of cell death were detected in both cultures
(3.7 � 0.8% in control and 4.6 � 1% in DM1 cultures),
with no significant difference being observed between
them. These results confirm that the higher rate of telo-
mere loss in DM1 cells is not a consequence of an
increased cell death, which would result in an increase
number of divisions made by the surviving cells. To de-
termine whether a higher rate of telomere shortening may
induce elevated levels of p53 and thus participate to the
premature proliferative arrest, p53 protein levels were
measured by Western blot in DM1 cells presenting a
higher rate of telomere loss and control cells, both at the
end of their lifespan. A similar level of p53 was detected
in both cultures (Figure 3B), indicating that an elevation in
the level of expression of p53 is not triggered by in-
creased telomere loss.

The increased loss of telomeric DNA per division will
reduce the number of divisions that DM1 cells can make
before reaching telomere-driven senescence and ex-
plains why the critical telomere size of 6 kb is reached by
the DM1-Cdk4 cells after having made fewer divisions
than control-Cdk4 cells. To determine whether such an
accelerated telomere loss could act as a signal or could
be responsible for the premature senescence of the DM1
cells, we expressed the catalytic subunit of telomerase
hTERT because the activity of this enzyme should com-
pensate for the increased telomere erosion. As seen in
Figure 4A, DM1 cells expressing hTERT were not able to
make more divisions than DM1 cells before entering into
premature growth arrest suggesting that the higher rate
of telomere erosion may not contribute to the process of
premature senescence observed in vitro in DM1 satellite
cells. However, among these arrested cells, a clone of
proliferating cells emerged after 2 months of culture (Fig-
ure 4B), which overcame the arrested population (Figure
4B, lane S) and presented an abolition of p16 expression,
as demonstrated by the decline in the level of p16 de-
tected at two successive time points (Figure 4, B and C,
lanes 1 and 2) in culture. The promoter region of the p16
gene contains a 5�CpG island that has been found to
exhibit increased levels of methylation in various tumors
as well as in telomerase immortalized human keratino-
cytes.21 The abolition of p16 expression in this clone was
confirmed at the RNA level and a re-expression of p16
was measured when these cells were treated with
5-aza-2� deoxycytidine (Figure 4D, lane 2*). This result
indicates that methylation of the p16 promoter had oc-
curred in this DM1-hTERT clone, leading to its immortal-
ization because these cells have now made more than
200 divisions. Immortalization of the DM1 satellite cells
was also obtained by the dual overexpression of hTERT
and Cdk4, and these cells have been maintained for
more than 150 divisions (Figure 4E). Measurement of the
telomere lengths showed that the expression of hTERT in
DM1-Cdk4 satellite cells stabilized the telomere length to
�10 kb, a value similar to that observed in control hTERT/
Cdk4-cells (Figure 4E, inset). We conclude that blocking

Figure 3. Deregulation of the telomere homeostasis in DM1 satellite cells.
A: Mean length of telomeric DNA in bp lost per division in cultures of
control and DM1 satellite cells. DM1 cells lost more bp per division than
control cells. B: Western blot analyses of the level of p53 in control and
DM1 satellite cells at the end of their lifespan. Means of the p53/Emerin
ratio in control- and DM1-arrested cells are presented on the histogram.
*P � 0.05, ns: not significant.
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both the p16 and the telomere pathways leads to the
immortalization of DM1 satellite cells.

Discussion

In this report, we provide new evidence that large CTG
expansions trigger in vitro a mechanism of premature
senescence through a p16-dependent pathway, which

reduces significantly the proliferative capacity of DM1
muscle precursor cells. Measurements of telomere
lengths at the end of their lifespan indicate that DM1 cells
had not exhausted their proliferative capacity confirming
that a premature growth arrest, independent from an
excessive in vivo turnover, occurred in satellite cells iso-
lated from DM1 biopsies. Analysis of several biomarkers
suggests that a mechanism similar to cellular senes-
cence is responsible for the premature and irreversible
cell-cycle arrest of DM1 muscle precursor cells contain-
ing large CTG expansions. Our data demonstrated that
the Rb regulator p16 triggers in vitro this premature se-
nescence because abolition of p16 activity in DM1 sat-
ellite cells reverses their precocious growth arrest and
restores their proliferative capacity.

The Rb regulator p16, appears to be an important cellular
sensor of stasis in response to various stresses such as
DNA damage, oxidative stress, and telomere dysfunc-
tion.18,24 Even if an alteration of the telomere homeosta-
sis, reflected by the accelerated telomere shortening, is
measured in DM1 cells, the re-introduction of telomerase
activity in these cells fails to extend their proliferative
lifespan. Although the higher rate of telomere loss in DM1
cells may not participate to the triggering of the signal for
p16 activation, as suggested by the absence of effect of
the transduction by telomerase, we cannot exclude that
other elements involved in telomere dysfunction could
interfere with the p16 pathway. The signaling involved in
the premature senescence of DM1 cells appears to be
independent from the telomere-driven senescence path-
way because i) the DM1 satellite cells stop dividing with
telomeres significantly longer than those of control cells;
ii) abolition of the dominant and irreversible p16 barrier in
DM1 satellite cells prevents their premature senescence
and extends their lifespan; and iii) the DM1 cells with
inactive p16 stop dividing and enter into senescence with
critically short telomeres of 6 kb through a telomere-
dependent mechanism, like the human fibroblasts.

However, the question as to how the CTG mutation
interferes with telomere homeostasis remains to be
solved. The expanded CTG repeat is unstable and we
have shown, in a previous study, that the size of the CTG
repeat increases during the lifespan of the DM1 satellite
cells.12 The amplified CTG expansion adopts several
unusual structures that disturb DNA metabolism and re-
quire the involvement of the DNA repair machinery.25

Because proteins involved in the regulation of telomere
homeostasis could also participate to the DNA damage
response,26 the possibility that the large CTG expanded
repeats may participate to accelerated telomere shorten-
ing in DM1 cells, eg, by modifying activities or by titrating
such dual proteins, is still open. It should also be noted
that accelerated telomere shortening has been associ-
ated with higher oxidative stress.27,28 Interestingly, in-
creased levels of free radicals and lipid peroxidation
have also been measured in DM1 patients suggesting
that oxidative stress could be involved in the disease
progression of DM1.29 In addition, the cellular suscepti-
bility to oxidative stress was positively correlated with the
number of CTG repeats.30 In the present study, a 59%
increase in the amount of telomeric DNA lost per division

Figure 4. Immortalization of DM1 satellite cells. A: Lifespan plots of DM1
satellite cells transduced with or without hTERT. hTERT-transduced cells
were not able to bypass the premature arrest observed in DM1 satellite cells.
B: Lifespan plot of a clone of cells (DM1�) that emerged from a DM1 satellite
cell population transduced with hTERT. DM1� cells were immortalized. C:
Western blot analyses of p16 in senescent DM1 cells (lane S), in the senes-
cent population with emerging DM1� cells (lane 1), and in the DM1� after
several divisions (lane 2). The two points (1 and 2) are also indicated on the
DM1� lifespan curve shown above. D: Expression of p16 and GAPDH mRNA
analyzed by RT-PCR: negative control (lane �), senescent DM1 satellite cells
(lane S), DM1� (lane 2), DM1� treated with 5-aza-2�deoxycytidine (lane
2*). E: Lifespan plots of DM1 satellite cells transduced with or without Cdk4
and hTERT. Cdk4- and hTERT-transduced DM1 cells were immortalized.
Effect of hTERT on the telomere length is presented in the inset. hTERT
stabilized the telomere length of the cells �10 kb.
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was measured in vitro in DM1 cells when compared with
control cells, although both control and DM1 cells were
grown under identical culture conditions. Although re-
sults observed in vitro cannot be directly applied to the in
vivo situation in adult DM1 patients, an increased suscep-
tibility to reactive oxygen species of DM1 cells carrying
large CTG as well as the potential implication of oxidative
stress in the increased telomere loss measured in DM1
cells deserve further investigation.

Our study has revealed a new and novel feature of the
DM1 mutation: the large CTG and/or CUG expansions
trigger in vitro stress-signaling events, which are respon-
sible for the early activation of p16 and subsequently, the
premature senescence of DM1 satellite cells. Numerous
noxious stresses including reactive oxygen species and
DNA-damaging stimuli have been reported to induce p16
both in vitro and in vivo, and the induction of p16 in
response to various stresses is a slow process that takes
several weeks.18 Interestingly, an inappropriate activa-
tion of PKCs by a large CUG repeat RNA that causes
hyperphosphorylation and stabilization of CUGBP1 was
demonstrated in DM1.31 PKCs are stress-sensing ki-
nases that can also be activated by several types of
physiological and oxidative stresses32,33 suggesting a
potential role for the nuclear aggregates of mutant mRNA
with CUG expansions as a primary event in this stress-
signaling cascade. The pathway involved in the abnormal
activation of p16 in DM1 satellite cells has not yet been
defined, however the consequences for these muscle
precursors cells result in vitro in their premature senes-
cence and replicative arrest. Recently, p16 was shown to
contribute to the decline in the number of stem cells
during aging and consequently, to the reduced tissue
regenerative capacities.34–36 We propose that expanded
CTG repeats may also interfere and activate the p16
senescence pathway in muscle precursor cells in vivo.
Interestingly, a premature senescence has also been
observed in satellite cells isolated from severely DM1-
affected adults (unpublished data). The physiological
role of the myogenic precursor cells is to maintain the
muscle mass and repair skeletal muscle. After injury or
damage, the quiescent satellite cells located under the
basal lamina of muscle fibers are activated, proliferate,
differentiate, and fuse to form newly regenerated fibers or
be incorporated into growing fibers. A proliferation step is
required to amplify the number of myogenic precursor
cells that will regenerate the damaged fibers and a de-
crease in their number attributable to a reduced prolifer-
ative capacity could limit both the regenerative capacity
and the nuclear turnover of muscle fibers in DM1. If
confirmed in vivo, the premature senescence of the DM1
satellite cells would most probably result in the slowing
down or alteration of the regenerative process or the
maintenance of muscle mass because the differentiation
program of senescent myogenic precursor cells is defec-
tive as characterized by impaired myogenesis and down-
regulation of the myogenic regulatory factors.37 Interest-
ingly, it was suggested that abnormal regeneration could
be involved in the myopathic appearance of the muscle
fibers in DM1.38 More recently, a report suggests that in
DM1 muscle fibers containing sarcoplasmic masses, a

characteristic feature of DM1 disease, the myogenic dif-
ferentiation program is interrupted at a late stage leading
to incomplete maturation of these fibers.39 p16 as well as
other cell-cycle regulators have been detected in the
DM1 fibers containing these sarcoplasmic masses sup-
porting the implication of the p16 pathway in the lack of
regeneration observed in DM1. Altogether our results
suggest that the large CTG mutation induces in vitro a
p16-dependent premature senescence of the DM1 sat-
ellite cells resulting in an important reduction in their
proliferative capacity when compared with the entire pro-
liferative lifespan of normal satellite cells. The premature
senescence of the DM1 myogenic precursor cells
caused by the CTG expansion, if confirmed in vivo,
could alter the mechanism of muscle mass mainte-
nance and participate to the muscular atrophy that
takes place in DM1.
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