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Abstract

The regenerative capacity of skeletal muscle will depend on the number of

available satellite cells and their proliferative capacity. We have measured

both parameters in ageing, and have shown that although the proliferative

capacity of satellite cells is decreasing during muscle growth, it then stabilizes

in the adult, whereas the number of satellite cells decreases during ageing. We

have also developed a model to evaluate the regenerative capacity of human

satellite cells by implantation into regenerating muscles of immunodeficient

mice. Using telomere measurements, we have shown that the proliferative

capacity of satellite cells is dramatically decreased in muscle dystrophies,

thus hampering the possibilities of autologous cell therapy. Immortalization

by telomerase was unsuccessful, and we currently investigate the factors

involved in cell cycle exits in human myoblasts. We have also observed that

insulin-like growth factor-1 (IGF-1), a factor known to provoke hypertrophy,

does not increase the proliferative potential of satellite cells, which suggests

that hypertrophy is provoked by increasing the number of satellite cells

engaged in differentiation, thus possibly decreasing the compartment of

reserve cells. We conclude that autologous cell therapy can be applied to

specific targets when there is a source of satellite cells which is not yet

exhausted. This is the case of Oculo–Pharyngeal Muscular Dystrophy

(OPMD), a late onset muscular dystrophy, andwe participate to a clinical trial

using autologous satellite cells isolated from muscles spared by the disease.

Keywords insulin-like growth factor-1, muscle regeneration, myoblast

transplantation, telomerase, telomeres.

Mammalian skeletal muscles are composed of multinu-

cleated myofibres, elements that arise from the fusion of

myoblasts during development. Four distinct myoblast

populations have been reported to participate in the

formation of human skeletal muscle (Hauschka 1974,

Edom-Vovard et al. 1999). These myoblasts can be

identified by their expression of different muscle specific

proteins, such as desmin, myogenin and myosin heavy

chains. In humans, all four populations of myoblasts are

present as soon as the first primary myotubes are

formed and it is only the proportion of each of the

different classes of myoblasts that varies during devel-

opment. This is different from what has been described

previously in birds and rodents where there is a

sequential appearance of different classes of myoblasts

(embryonic, fetal and adult) during skeletal muscle

development (White et al. 1975, Stockdale & Miller

1987, Mouly et al. 1993). In skeletal muscle, the

capacity to generate new myonuclei for either fibre

growth or repair resides in one of these populations of
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mononucleated precursor cells: the satellite cells. These

cells lie sequestered between the basal lamina and the

plasma membrane of the myofibres (Mauro 1961). In

immature growing muscles, many satellite cells are

dividing and will contribute myonuclei to the growing

muscle fibres (Moss & Leblond 1971, Schultz 1996). In

mature adult muscle, the satellite cells are in general

mitotically quiescent, but can be activated in response

to injury or disease (Schmalbruch 1991, Bischoff 1994).

Satellite cells can be identified by the expression of

several protein markers such as m-cadherin (Irintchev

et al. 1994), myocyte nuclear factor MNF (Garry et al.

1997), CD34 and myf5 (Beauchamp et al. 2000). After

activation, the satellite cells will proliferate, some of

these cells will differentiate and participate to the

process of regeneration whereas a minor population of

these cells will reconstitute the reserve of satellite cells in

the muscle.

Satellite cells have been proposed as an ideal vector

for cell-mediated gene therapy since through their

participation to fibre regeneration, they can produce a

protein which is genetically deficient or truncated, such

as dystrophin in Duchenne Muscular Dystrophy

(DMD) or Becker Muscular Dystrophy (BMD). After

injection, normal or genetically modified myoblasts

will fuse with existing muscle fibres or form new

multinucleated muscle fibres producing a normal copy

of the deficient gene in the fibre. Moreover, they are

able to participate to the pool of satellite cells and thus

ensure further cycles of regeneration (Yao & Kurachi

1993). In contrast to direct gene transfer, the newly

introduced gene will be in the correct chromatin

context with its regulatory sequences. The fact that

exogeneous satellite cells can be incorporated into

growing or regenerating muscle has been extensively

demonstrated in the mouse (Morgan et al. 1987,

Irintchev et al. 1991, Tremblay et al. 1991), but

frequently in conditions that are not directly applicable

to clinical applications, as well as in primates (Skuk

et al. 2000). However, the efficiency of human myo-

blast transplantation has been limited in DMD (Gus-

soni et al. 1992, Huard et al. 1992, Karpati et al.

1993, Tremblay et al. 1993, Mendell et al. 1995) and

BMD patients (Neumeyer et al. 1998). The only

clinical trials which were reported as beneficial (Law

et al. 1997a,b), have to be re-examined in view of the

analysis of a biopsy from the same trial where the

dystrophin positive fibres proved to have been pro-

duced by natural reversion of the phenotype (revertant

fibres), and not by the transplanted myoblasts (Part-

ridge et al. 1998). One should note that myoblast

transplantation has not only been suggested as a means

of correcting muscle structural defects. Several experi-

ments have been successfully conducted in the mouse

to produce circulating factors from muscle fibres which

integrated modified satellite cells through regeneration

(e.g. growth hormone, Dhawan et al. 1991). Dissem-

ination of these factors is enhanced by the high level of

vascularization of muscle tissue.

In this report, we will discuss some of the possible

problems that resulted in the poor success which has

been encountered in the myoblast cell transplantation

trials in human subjects.

Isolation in vitro and proliferative capacity

of human satellite cells

Human somatic cells in culture display a limited

capacity to divide and, after an initial period of

growth, division time increases regularly until cells

eventually reach proliferative arrest, also known as

cellular senescence. Such a phenomenon had already

been hypothesized by August Weisman in 1881 when

he said: ‘Death takes place because a worn out tissue

cannot renew itself and because a capacity for

increase by means of cell division is not ever lasting

but finite’. A model of cellular senescence was finally

established by the pioneering experiments of Moor-

head and Hayflick (Hayflick 1965) who demonstrated

that normal human fibroblasts had a limited life span

in vitro. Consequently, this limit in proliferation is

frequently referred to as ‘Hayflick’s Limit’. In his

experiments, Hayflick described that human cell

culture can be divided into three distinct phases.

Phase I was described as the primary culture when

cells become acclimatized to the culture conditions.

Cells then enter a phase of exponential growth (phase

II) which is followed by phase III when growth

becomes progressively slower until the cells eventually

stop dividing and enter what has been called replica-

tive senescence (Shay et al. 1991, Hayflick 2000,

Kirkwood & Austad 2000). At replicative senescence

or ‘Hayflick’s limit’, the cells remain metabolically

active but are resistant to apoptosis and can therefore

be maintained in culture for many months (Wang

et al. 1994). They are, however, unresponsive to

growth factors and therefore replicative senescence,

also known as M1 for mortality stage 1, is irrevers-

ible (Campisi 2000).

This decline in proliferative capacity seems to be an

inherent property of most mammalian diploid cells and

previous studies have demonstrated that the prolifer-

ative capacity of human fibroblasts is inversely pro-

portional to donor age (Martin et al. 1970). The

existence of a cellular counting mechanism was dem-

onstrated by two of Hayflick’s observations. First

human fetal cells could only undergo a limited number

of population doublings and second cryogenically

preserved cells can remember how many times they

had divided prior to freezing. It was also evident that it
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was not the time that the cells spent in culture that

was important but the number of times the cells

divided. Following these observations, Olovnikov

(1973) suggested that the cause of cellular senescence

is the gradual loss of telomeric DNA at each cell

division due to the inability of the DNA polymerase to

completely replicate the 3¢ end of the linear duplex

DNA. This was subsequently confirmed by the obser-

vation that there is a regular shortening of the

telomeric DNA as normal human fibroblasts divide

in culture and that there is a tight correlation between

telomere length and replicative capacity. It is generally

accepted that once telomere length becomes too short,

a signal of DNA breakage is generated, thus triggering

the expression of p53 and proliferative senescence

(Vaziri & Benchimol 1996).

The aim of our first set of experiments was to

measure the regular decline in the proliferative

potential of human satellite cells with donor age and

secondly to see if the telomere length was predictive of

the proliferative capacity of the satellite cells. This

would represent an essential tool, both for tissue

reconstruction and for cell-mediated gene therapy. The

regenerative capacity of human satellite cells depends

on the number of available satellite cells at the time of

degeneration, and the number of divisions these cells

can make, since satellite cells must proliferate before

differentiating to repair damaged fibres or to replace

necrotic ones. The environment cannot only modulate

the different phases of regeneration, but also the

cellular fate of activated satellite cells (e.g. Csete et al.

2001). It would be very informative to know the

regenerative potential of a muscle before doing heavy

surgery, particularly in elderly people, as well as for

patients suffering from muscular dystrophy. Concern-

ing cell-mediated gene therapy, one factor that limits

this approach is the massive cell death that injected

myoblasts have to encounter in the first hours post-

injection, as demonstrated by Beauchamp et al. (1999),

and confirmed by others (e.g. Qu et al. 1998, Hodgetts

et al. 2000). The few remaining cells, whether they

represent a distinct sub-population or not (Beauchamp

et al. 1999, Zammit & Beauchamp 2001) have to

proliferate to compensate for that cell death. It should

be noted that this high proliferation has been described

only after irradiation of the muscle, which is again not

applicable to clinical trials. The massive loss of

myoblasts after transplantation probably occurred in

the human clinical trials, and this would partly explain

the poor success observed by many investigators. If

this cell death cannot be avoided, then the proliferative

capacity of the injected cells becomes even more

critical.

Two new approaches have recently emerged to solve

this problem. The first is to use stem cells with a very

large proliferative potential. However, these have not

yet been identified in human muscles, and their

efficiency as demonstrated by recent trials in the

mouse (Ferrari et al. 1998, Gussoni et al. 1999) is still

very poor, although it has been shown to vary

depending upon the muscle (Corbel et al. 2003). The

low rate of conversion of stem cells towards the

muscle phenotype could result from the stochastic

incorporation of these stem cells into myofibres, as

proposed for circulating stem cells by the group of

M. Goodell (Camargo et al. 2003). Another approach

is to extend the proliferative capacity of the satellite

cells by genetic modification. Large T antigen, from

SV40, has been used by several groups, including ours,

but its expression only extends the lifespan by 20–25

divisions (Mouly et al. 1996, Deschênes et al. 1997),

and in addition it has deleterious effects on muscle

specific gene expression of human satellite cells (Mouly

et al. 1996). An alternative approach is provided by

the recent cloning of the human gene coding for

telomerase, an enzyme that functions to elongate

telomeres and thus extend proliferative capacity. Hu-

man fibroblasts have been immortalized by the intro-

duction and expression of the telomerase gene, and

these did not seem to be tumorigenic (Bodnar et al.

1998). We have recently introduced telomerase into

human myoblasts, and these results will be discussed at

the end of this paper.

Isolation in vitro of human satellite cells

In vitro, satellite cells can be isolated from muscle

biopsies by two different primary culture techniques.

The first involves the enzymatic dissociation of the

muscle and the second, which we have used in this

study, is the explant technique, which uses the intrinsic

property of satellite cells to become activated and

migrate to a site of lesion. Satellite cells are allowed to

progressively migrate out from muscle explants in F10

medium (Life Tech) supplemented with 20% fetal calf

serum (Biomedia) as illustrated in Figure 1. Once the

cells have migrated out of the explants, they are then

referred to as myoblasts. To compare the proliferative

capacity of myoblasts isolated from donors of different

ages, cell populations were serially passaged and the

number of divisions carefully counted until the cells

senesced. After cell isolation and at different population

doublings the myogenic purity of the cultures was

monitored by counting the number of cells which were

immunoreactive for desmin, a cytoskeletal protein

which is expressed in both the proliferating myoblasts

and the differentiated myotubes (Kaufman & Foster

1988), as illustrated in Figure 2a. All cell populations

used in this study had a myogenic purity of 80–95%. As

shown in Figure 2b, as the myoblasts senesced they
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became larger and flatter and the intermediate filament

network became more abundant.

Proliferative potential of human myoblasts as a function

of donor’s age

All myoblast populations analysed first underwent a

period of rapid proliferation, followed by a phase when

they gradually slowed down their growth rate until they

finally stopped dividing and entered proliferative senes-

cence (Fig. 3; Decary et al. 1997). The growth rate of

cells in culture is in fact a balance between cell

proliferation and cell death. We have checked that the

rate of cell death of human myoblasts in our conditions

was always below 5% (data not shown), and that

therefore it did not introduce a significant error between

young and pre-senescent myoblasts (data not shown).

Myoblasts isolated from young subjects had a greater

proliferative capacity than those isolated from older

donors. Human myoblasts isolated at birth could divide

about 60 times, at 5 months they made 43 divisions and

Figure 1 Primary culture technique by muscle explant: one

piece of muscle explant isolated from a 79 years old donor was

cultured in Ham’s F10 medium supplemented by 20% fetal calf

serum (FCS) until satellite cells migrate out of the explant,

situated at the top right of the picture (magnification ·100).

Figure 2 Effect of in vitro ageing on satellite cell phenotype:

satellite cells isolated from a 79 years old donor were stained

with an antibody directed against desmin (green) at (a) early

state (proliferating) and (b) end of their proliferative lifespan

(senescence, as evidenced by a total lack of cell replication

during 3 weeks of culture in proliferating conditions) (magni-

fication ·600).
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Figure 3 Proliferative lifespan of human satellite cells: cell

populations provided from donors of different ages were cul-

tured in Ham’s F10 medium supplemented by 20% FCS were

serially passaged until the cells senesced. The number of divi-

sions achieved was determined at each passage by counting the

number of cells, as explained in the text.
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at all ages after 20 years their proliferative capacity was

15–25 cell divisions (Fig. 3). Therefore, although there

is a decrease in the proliferative potential of the

myoblasts during childhood and adolescence, once the

muscles have stopped growing, their proliferative

potential remains relatively stable.

Many studies on human fibroblasts have demonstra-

ted an inverse correlation between proliferative lifespan

and donor age (Macieira-Coelho & Ponten 1969,

Martin et al. 1970, Schneider & Mitsui 1976, Röhme

1981) and in these studies the decline in proliferative

lifespan continued throughout adult life. Similar results

have been described using human epidermal keratino-

cytes, liver cells and arterial smooth muscle (Le Guilly

et al. 1973, Rheinwald & Green 1975, Bierman 1978).

We observed a decrease in proliferative capacity during

childhood, but populations isolated in adults do not

show significant differences in their proliferative life-

span (Decary et al. 1997). This discrepancy can be

explained by the status of the myonuclei contained in

muscle fibres, which are all post-mitotic. Our interpret-

ation of the results is that in vivo, satellite cells, which

are involved in muscle growth, will proliferate to

provide enough myonuclei to ensure muscle fibre

transcription during fibre growth. Once muscles have

reached their adult size, fibre growth stops, and the

myonuclei will be added either following injury or fibre

hypertrophy (myonuclei turnover being probably not

frequent enough to be detected by our approach).

Therefore, the proliferative potential of satellite cells

will remain roughly constant during adult life, unless

major injury occurs, whether this is following trauma or

due to muscle disease. However, it should be pointed

out that the regenerative capacity of human skeletal

muscle does not rely only on the proliferative capacity

of satellite cells, and that other factors, such as

environment, oxidative stress and the number of satel-

lite cells available at the time of degeneration, are also

key factors which determine the regenerative potential

(Renault et al. 2002a). The reports concerning myoblast

cultures in low oxygen have constantly demonstrated an

enhanced proliferation in these conditions (e.g. Csete

et al. 2001), even when isolated from old rats (Chakra-

varthy et al. 2001). However, one should be aware of

the many differences between rodents and humans,

particularly concerning the regulation of proliferation

through a mitotic clock (Smogorzewska & de Lange

2003), which is active in human cells whereas in

rodents, and particularly in mice, cell proliferation

seems to be regulated by the environment (Kipling

1997).

We have shown that in human skeletal muscle, the

number of satellite cells detected decreases with age,

which represents a reduction in the regenerative

potential of the muscle, even though these satellite

cells maintain a rather constant proliferative potential

and telomere length (Renault et al. 2002b). Our method

of detection may have missed some satellite cells

in vivo, but our observation is in accordance with the

general loss of regenerative capacity of human muscle

with age.

We have also measured the proliferative potential of

two populations of myoblasts isolated from the quad-

riceps of infants suffering from DMD, aged 7 and

11 year old. We observed a decrease in the proliferative

capacity of these two populations as compared with an

age-matched control: the myoblasts isolated from the

7 year old patient made 19 divisions while those from

the 11 year old made only 14 divisions (the age matched

control population made 30 divisions before reaching

proliferative arrest). The reduction in proliferative

potential was even more important when measured on

paravertebral muscles, since it was never higher than

five divisions on four different populations isolated

from DMD patients aged between 9 and 13 years. We

speculate that the divisions used during repeated cycles

of degeneration/regeneration to repair damage in these

muscles is responsible for the decrease in proliferative

potential that we have observed in myoblasts isolated

from DMD patients. This speculation is supported by

the lengths of the telomeric restriction fragments

observed in biopsies from DMD patients (vide infra

and Decary et al. 2000).

Accumulation of senescent cells following

extensive proliferation and increasing donor

age

As described above, during prolonged periods in culture

there is a progressive increase in the time that myoblasts

take to divide. This increase in division time is corre-

lated with an accumulation of non-dividing myoblasts.

This has been demonstrated by labelling the myoblast

cultures with Bromodesoxyuridine (BrdU), as shown in

the insert of Figure 4. Myoblasts were cultured for 72 h

in a medium containing BrdU (10 lg mL)1), and the

results are presented in Figure 4. Actively dividing cells

will incorporate the BrdU as demonstrated by the

labelled nuclei in the insert. Only 2% of the cells were

unable to divide in the early passages during the 72 h

labelling period in myoblast cultures isolated from the

young donor. As the cells were serially passaged the

number of non-dividing cells increased. It is interesting

to note that there is an increase in the number of non-

dividing cells that is related to donor age (16% at

52 years and 42% at 79 years in the early passaged

cells). Similarly, just before reaching replicative senes-

cence, the myoblast cultures from the old donor had a

much larger number of non-dividing cells (77 and 98%

respectively for cultures of myoblasts isolated from 52
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and 79 years donors) than cells isolated from the

newborn infant (62%).

Insulin-like growth factor-1 can extend

proliferation and cause hypertrophy of human

myoblasts in vitro

Muscle atrophy with age can be at least partly explained

by a general decrease in circulating hormonal levels

such as growth hormone and insulin-like growth factor-

1 (IGF-1). For instance, a 25% decrease in the level of

IGF-I has been observed in aged muscles as compared

with adult (Welle et al. 2002). IGF-I is particularly

interesting since it has been shown to have a dual effect

on both myoblast proliferation and differentiation. This

dual effect could be mediated by two different pathways

(Pi3K/Akt/mTOR and Ras/Raf-1/MEK/ERK), and regu-

lation between these two pathways probably involves

IGF binding proteins (Haugk et al. 2000) as well as the

levels of IGF-I available (Rosenthal & Cheng 1995).

IGF-I is able to provoke muscle hypertrophy in rodent

muscles, as shown either by local injection in the rat

(Adams & McCue 1998) or by over expression of the

muscle isoform in the mouse (Barton-Davis et al. 1998).

Moreover, in this last model, IGF-I over expression

prevents muscular atrophy with age. Myoblasts isolated

in vitro from a murine model over expressing the

circulating isoform of IGF-I present an extended prolif-

erative capacity, with a lifespan of 10 divisions as

opposed to five divisions in controls (Chakravarthy

et al. 2000).

We have investigated the effect of IGF-I on the

proliferative capacity of human myoblasts, and our

results indicate that it is extended by only a few

divisions when cells were treated with exogenous IGF-I

at a concentration of 50 ng mL)1 every 3 days, as

shown on Figure 5. It should be noted that a similar

limited extension was also observed after transfection

of constructs expressing IGF-1 (Jacquemin et al. 2004).

Interestingly, IGF-1 provoked an increase in the

percentage of dividing cells in the late phase of culture

(e.g. at a stage where most of the control cells are

pre-senescent and only 20% are still incorporating

BrdU, 60% are still mitotically active in IGF-I treated

cultures, data not shown). IGF-1 could therefore

maintain cell proliferation for a longer time, thus delay-

ing cellular senescence and cell cycle exit (Jacquemin

et al. 2004). Significant hypertrophy of the myotubes

was also observed when differentiated cells were treated

in conditions where cellular proliferation was no longer

observed. These results suggest that the hypertrophic

effect of IGF-I in humans does not necessarily involve

cell proliferation, which could simply reflect an increase

in the cytoplasmic volume without addition of new

nuclei, and thus a change in the nuclear/cytoplasmic

ratio. Alternatively, it could involve recruitment of

reserve cells, i.e. myogenic cells which do not fuse

in culture in differentiation conditions. This second

hypothesis is reinforced by the fact that the number of

non fused myogenic cells is decreased in the presence

of IGF-I (Jacquemin et al. 2004). Whether a treat-

ment by IGF-I may deplete in vivo the compartment

of cells that do not fuse, i.e. satellite cells, thus

decreasing the regenerative capacity of muscle, needs

to be confirmed.

Effect of extensive proliferation on

differentiation

Once the myoblasts have been allowed to reach

subconfluency they can be induced to differentiate by

shifting them to a serum-free medium supplemented

with insulin (10 lg mL)1) and transferin

(100 lg mL)1). Under these conditions, the mononu-

cleated cells align and then fuse to form multinucleated
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Figure 4 Increase in number of non-dividing satellite cells

with increased donor age: DNA synthesis absence was fol-

lowed in cultures from different donors ages 5 days, 52 years

and 79 years at different states of theirs proliferative lifespans

by non-incorporation of bromodeoxyuridine (BrdU). Insert of

figure shows satellite cells nuclei with ( ) or not ( )
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Figure 5 Effect of’IGF-1 (50 ng mL)1) on the proliferative

capacity of human myoblasts in vitro.
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myotubes (Delaporte et al. 1986, Edom et al. 1994).

We wanted to check if there was any modification in the

capacity of the myoblasts to fuse and to form multinu-

cleated myotubes as they reached the end of their

proliferative life span since this procedure of serial

passaging provides a way to artificially age the myo-

blasts in vitro. Myoblasts isolated from young and old

donors were serially passaged until they reached senes-

cence. At different stages during their proliferative life

span some of the cells were induced to differentiate. The

morphology of the myotubes which subsequently

formed is illustrated in Figure 6. The myotubes have

been specifically labelled with an antibody directed

against desmin. This result clearly shows that senescent

myoblasts are able to fuse and to form myotubes,

although they appear thinner than the ones formed by

the young myoblasts. A first set of experiments showed

that there was a decrease in fusion as cells approach

proliferative senescence when they are seeded at the

same density as young myoblasts. In addition to their

progressive exit from the cell cycle, one should remem-

ber that as cells approach senescence they become

flatter, more adherent and less mobile (Campisi 2000).

In our experiments to eliminate the bias of the reduction

in mobility and motility of the myoblasts, once the cells

approached replicative senescence they were seeded at a

higher density (Renault et al. 2000). The fusion index

(number of nuclei in myotubes/number of myogenic

nuclei) of myoblasts isolated from aged donors was then

measured at different times during their proliferative life

span (early and late passage) and is presented in

Figure 7. Cells were put into differentiation medium

either one division before senescence (pre-senescence,

52 year old donor) or when cells were already senescent

(79 year old donor). The fusion index for myoblast

populations from the same donor is not significantly

different between early and late passage cells, and,

although the number of nuclei per myotube is decreased

in the late passage culture, the fusion index of myoblasts

from the 79 year old donor (83–85%) is almost

equivalent to that measured in the population isolated

from the 52 year old donor (88–93%). This similarity

reflects a similar potential to fuse, and the thinner aspect

of the myotubes illustrated in Figure 6 is probably

because of a lower mobility of the cells, which then

form thinner and eventually shorter myotubes contain-

ing less nuclei per myotube. The total number of nuclei

involved in fusion is the same, as reflected by the similar

percentage of fusion. However, we cannot exclude the

fact that the synthesis of myofibrillar proteins and

consequently the cytoplasmic volume in not reduced in

these cultures.

Early state

Senescence

(a)

(b)

Figure 6 Effect of in vitro ageing on satellite cell phenotype:

myotubes formed by satellite cells isolated from the 52 years

old donor were stained with an antibody against desmin

(green) at (a) early state (proliferating) and (b) end of their

proliferative lifespan (senescence) (magnification ·600).
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Figure 7 Myogenic differentiation at early and late stages of

proliferative lifespan: fusion of satellite cells into myotubes was

carried out in early and late state passage cells isolated from

52 and 79 years old donor.
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Telomere length: a predictive tool of

proliferative capacity?

The mechanisms of replicative senescence have still not

been totally elucidated. One mechanism suggested by

Olovnikov (1973) is the gradual loss of telomeres

because of the inability of DNA polymerase to com-

pletely replicate upstream of the last 3¢ Okasaki

fragment during the DNA replication. Telomeres play

an important role in chromosome function and struc-

ture. Telomeres prevent aberrant recombination (Orr-

Weaver et al. 1981, Haber & Thorburn 1984), end-

chromosome degradation and are composed entirely of

repetitive DNA. In mammals, this repeated sequence is

(TTAGGG)n. The length of the telomeric DNA

decreases during proliferation in vitro (Harley et al.

1990, Allsopp et al. 1995) and in vivo in different types

of human tissues (Hastie et al. 1990, Allsopp et al.

1995). Thus, telomere length has been proposed to

predict the proliferative capacity of human somatic cells

(Allsopp et al. 1995). To determine if telomere length

can be used to predict proliferative capacity of human

satellite cells, their telomere length were measured

in vivo and in vitro (Decary et al. 1997, 2000). Genomic

DNA (5 lg) was digested with restriction enzyme HinfI

and generated telomeric restriction fragments (TRF)

which were separated on 0.7% agarose gels (Fig. 8a).

After drying, denaturation and neutralization, gels were

hybridized with a probe specific for the telomeric repeats

(Fig. 8b). Autoradiograms were analysed by a computer-

assisted system using NIH Image 1.62 software. We

observed (Decary et al. 1997) that the initial telomere

length of myoblasts isolated from young donors are

longer than those found in myoblasts obtained from old

donors. In addition, the initial telomere length is directly

related to the growth capacity of satellite cells and

remains relatively constant in adult muscles. In a

subsequent study, it was demonstrated that there is a

large decrease in the minimal telomeric length in

myonuclei from children suffering from different types

of muscular dystrophies (Decary et al. 2000). This value

is an indicator of the past replicative history of the

muscles and reflects the extensive regeneration that had

already occurred during childhood (7–11 years of age in

this study). In conclusion, telomere length is a good

predictive marker for the proliferative capacity of

satellite cells in degenerative muscle diseases.

Telomerase expression in human satellite

cells

Telomeric erosion represents a mitotic clock that keeps

track of the number of divisions accomplished by the

cells. However, this clock has to be reset at each

generation. This logical approach led to the detection

of telomerase activity, which elongates telomere

sequences, long before the actual gene coding for it

was cloned. This activity has been demonstrated in the

germ line, where it is supposed to reset the clock at each

generation, and during early stages of development

(Lundblad & Wright 1996, Wright et al. 1996). Inter-

estingly, it has also been detected in some tissues which

have a rapid turn-over, such as cells in the basal layer of

the skin (Wright et al. 1996). The gene coding for

telomerase, called hTERT, was then cloned and reintro-

duced by the group of W. Wright into human fibro-

blasts, resulting in their immortalization (Bodnar et al.

1998). In collaboration with this group, we have

transferred the gene coding for hTERT into human

myoblasts. A first analysis showed that the expression of

hTERT, detected by its activity, does not modify their

programme of differentiation in vitro nor the fusion

between differentiating myoblasts. Developmental as

well as adult isoforms of myosin heavy chains are

expressed in differentiated myotubes (DiDonna et al.

2003). However, we have not yet succeeded in isolating

an immortalized clone. Telomerase expression alone has

been unable to immortalize other cellular types (e.g.

Kiyono et al. 1998, Dickson et al. 2000). It was

subsequently shown that culture conditions could

influence immortalization by telomerase by provoking

a telomere independent proliferative arrest, often des-

cribed as Stress Induced Premature Senescence (SIPS),

and that optimized culture conditions allowed the

immortalization of such cell types (Ramirez et al.

2001). However, these optimized culture conditions

have not yet been sufficient to obtain human myoblast

immortalization. Whether the activity of hTERT

needs to be tightly controlled, or whether there are other

factors which can drive myoblasts out of the cell cycle

are still the objects of current research in our laboratory.
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Figure 8 (a) Principle of telomere length analysis. Restriction

of genomic DNA by Hinf1 generates Telomeric Restriction

Fragments (TRFs) containing a constant subtelomeric sequence

and variable telomeric ones. (b) Hybridization of the TRFs

separated on an agarose gel with a probe specific for telomeric

repeats. The migration of molecular weight markers are indi-

cated in kbp.
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Immunodeficient mice: a tool to test

regenerative capacity in vivo

Although the in vitro approach presented above can

provide much information about the regenerative

capacity of human myoblasts, this information is still

indirect and only allows us to predict more than to

measure. In order to solve this problem, we have

injected human myoblasts into immunodeficient mouse

muscles in which regeneration was provoked. This

approach, developed together with the group of J. Di

Santo in the Pasteur Institute in Paris, in collaboration

with the groups of T. Partridge (London) and A. Wernig

(Bonn), relies on a good immunodeficient animal model

that can regenerate correctly and can tolerate the

implantation of human cells without any immune

rejection. Although SCID mice have been extensively

used as recipients for human cells, we have also tested

the RAG-2)/) cc) strain developed by J. Di Santo.

Table 1 shows the result of experiments where we

compared both SCID/NOD and RAG-2)/) cc) strains

for their susceptibility to accept human cells, as revealed

by the expression of human dystrophin revealed by a

monoclonal antibody specific for the human protein

(Dys3). Table 1 indicates the number of human dystro-

phin positive profiles present 8 weeks post implantation

in tibialis anterior muscles of both strains. One should

note that, although the weight of the injected muscles

analysed was not significantly different between the two

strains (data not shown), and the number of injected

cells was exactly identical, there were significantly more

fibres expressing human dystrophin in RAG-2)/) cc)

than in SCID (Cooper et al. 2001). One possible cause

for this discrepancy is the quality of regeneration,

induced by freeze injury, which varies a lot in SCID

animals. Another factor to take into account is the

immune rejection often observed in SCID animals after

long periods of exposure to human determinants.

Finally, it should be stated that the survival rate of

injected myoblasts was not compared between both

strains in these experiments, and that an increased cell

death in SCID mice could easily explain the difference

in efficiency. However, these results point out that

RAG-2)/) cc) strain is an excellent candidate to test

in vivo the regenerative capacity of human satellite cells.

Human nuclei can be visualized either by in situ

hybridization using human specific Alu sequences as a

probe or antibodies specific for human lamin A/C, and

human fibres containing human nuclei (with or without

host’s nuclei) are detected using antibodies specific for

human muscle specific proteins such as dystrophin, as

illustrated in Figure 9. The RAG-2)/) cc) model was

further used to test the regenerative capacity of human

myoblasts at various proliferative age, and/or isolated

from donors of different ages. The results from this

study showed that although the efficiency of injected

human myoblasts to participate to host’s regeneration

decreased with donor age, it also decreased with the

increased time the cells had been maintained in culture

prior to implantation (Cooper et al. 2003).

Discussion

The regenerative capacity of human skeletal muscle is

dependant upon the number of satellite cells available,

their proliferative capacity, as well as on other factors

usually referred to as environment (e.g. growth factors,

Table 1 Number of human dystrophin positive profiles

present 8 weeks post-implantation in tibialis anterior muscles

of both RAG2/cc and SCID/NOD strains

Muscle number

Mean SE1 2 3 4 5

RAG2/cc 53 108 73 89 119 88.4 11.86

Scid/NOD 50 15 4 0 8 13.8 9.46

Injected human cells were isolated from the quadriceps of a

newborn infant, and human dystrophin was revealed using the

monoclonal antibody Dys3 (Novocastra).

Figure 9 Detection of human cells injected into regenerating

muscles of immunodeficient RAG-2)/) gc) mice using species

specific antibodies. (a) Detection of human nuclei by anti lamin

A/C. (b) Detection of human dystrophin by Dys3.
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circulating hormones, etc.). The results presented in this

report emphasize the crucial role of proliferation in the

regenerative capacity of human skeletal muscle, and the

limits imposed by the mitotic clock to cell mediated gene

therapy. It should be noted that the characteristics of

proliferation described here are not easily evidenced in

the laboratory mouse, since most tissues in the adult

express constitutively telomerase. This probably explain

why the frequency of isolation of spontaneous mouse cell

lines is so high, but also means that this model cannot be

used to study the mechanisms regulating cellular senes-

cence. Hayflick’s pioneering results obtained in vitro

have opened a new field of research leading to a better

understanding of the mitotic clock, and is represented

today by the numerous reports on telomeres and telom-

erase. Analyses of skeletal muscle telomeres, such as the

one we described, provide new predictive tools for

clinicians. Based upon in vitro results, and being aware

of the limitations of the in vitro studies, we can assume

that satellite cells of elderly people have enough divisions

and the necessary telomere length to maintain regener-

ation. However, since we have shown that the number of

satellite cells declines in the elderly person one could ask

the question as to whether these divisions will be efficient

enough in cases of serious traumas in the older indi-

vidual? Reasonable training, which has been shown to

increase the number of available satellite cells, could be

considered to maintain the regenerative capacity in the

elderly subjects (Thornell et al. 2003). However, it

would be of importance to have a simple way to evaluate

the regenerative potential of skeletal muscle before

operating elderly patients, since although the surgery

might be technically perfect, skeletal muscle healing,

along with successful innervation in the absence of

fibrosis, will finally provide the autonomy of movement.

Hayflick’s limit defines not only the mitotic frame for

regeneration for human cells, but also its pace. Cell

divisions become slower and slower as the cells approach

proliferative senescence. If these results observed in vitro

can be extrapolated to the behaviour of satellite cells

in situ, they would imply that the efficiency of recovery

after injury will be slowed down not only by the number

of dividing cells, but also by the increasing division time.

The limit in the number of divisions that human

satellite cells are able to make is at least partly

responsible for the repeated failures of clinical trials

using myoblast transplantation into children suffering

from Duchenne Muscular Dystrophy. This is enhanced

by the massive cell death following implantation, which

seems to be the major cause for exhaustion of prolifer-

ative capacity. The campaigns launched by careless

scientists proposing myoblast transfer as a solution to

Duchenne Muscular Dystrophy without considering the

problems raised by the limited proliferation of human

myoblasts (Law et al. 1997a,b) must be considered as

not scientifically based, to say the least. They raise hopes

in helpless parents and children, with no solid ground to

expect any beneficial effect. More attention has to be

focused on the cells that will be used for future trials.

One could consider using embryonic or fetal myoblasts

on the basis that they are ‘younger’. However, no solid

data are in favour of this hypothesis. The fact that cells

with properties similar to those of satellite cells are

already present at early stages of human development

(Edom-Vovard et al. 1999) shows that either they are

not the remnants of the fetal cells, but probably

represent a totally distinct population, and/or that a

specific compartimentalization prevents them from

fusing together. This is reinforced by the recent hypo-

thesis that satellite cells have, at least for a proportion of

them, an embryologic origin distinct from the other

populations (De Angelis et al. 1999). Therefore, there is

no reason to think that embryonic myoblasts, whose fate

is to produce a limited mass of muscle fibres, might have

an extended proliferative capacity as compared with

satellite cells, although they could have a better survival

rate, which still needs to be demonstrated. Moreover,

many ethical issues have to be considered before using

embryonic cells. What is needed is cells with both a

myogenic potential and an extended proliferative capa-

city, so that autologous myogenic cells can be isolated

from the patient and implanted back into affected

muscles. Whether the extended proliferation is because

of stem-like properties of the injected cells, or to an

eventual manipulation of the mitotic clock needs to be

established. But both approaches will involve severe

safety controls before being used in clinical trials.
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