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Summary

Cultured human myoblasts fail to immortalize following
the introduction of telomerase. The availability of an
immortalization protocol for normal human myoblasts
would allow one to isolate cellular models from various
neuromuscular diseases, thus opening the possibility
to develop and test novel therapeutic strategies. The
parameters limiting the efficacy of myoblast transfer
therapy (MTT) could be assessed in such models. Finally,
the presence of an unlimited number of cell divisions,
and thus the ability to clone cells after experimental
manipulations, reduces the risks of insertional muta-
genesis by many orders of magnitude. This opportunity
for genetic modification provides an approach for creating
a universal donor that has been altered to be more ther-
apeutically useful than its normal counterpart. It can be
engineered to function under conditions of chronic dam-
age (which are very different than the massive regen-
eration conditions that recapitulate normal development),
and to overcome the biological problems such as cell
death and failure to proliferate and migrate that limit
current MTT strategies. We describe here the production
and characterization of a human myogenic cell line, LHCN-
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M2, that has overcome replicative aging due to the
expression of telomerase and cyclin-dependent kinase 4.
We demonstrate that it functions as well as young
myoblasts in xenotransplant experiments in immuno-
compromized mice under conditions of regeneration
following muscle damage.
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Introduction

Aging muscle is characterized by progressive muscle weakness
and atrophy (Shavlakadze & Grounds, 2006) as well as by a
slower regenerative capacity (Mouly et al., 2005a). At least two
factors may be linked to the regenerative capacity of skeletal
muscle: (i) the number of progenitor cells, for example satellite
cells, which decreases with age in both rodents and humans,
and (i) their proliferative potential, which is limited in humans
by cellular senescence, triggered by excessive telomere shortening
(Renault et al., 2002; Wright & Shay, 2002). The proliferative
potential of human satellite cells decreases during postnatal
muscle growth and then is stabilized in adults (Decary etal.,
1997), unless degenerative diseases provoke extensive replication
of these cells (Decary et al., 2000). The muscular dystrophies
are a heterogeneous group of heritable disorders in which
progressive muscle degeneration provokes an eventual decrease
in muscle mass and extensive fibrosis. Muscle degeneration
results in turnover of myonuclei, thus continuously mobilizing
satellite cells. Muscle regenerative capacity eventually declines
due to the replicative senescence of the satellite cells that
proliferate during muscle repair (Decary et al., 2000).

Aging in skeletal muscle can be counteracted by exercise,
which increases the number of satellite cells available on muscle
fibres (Thornell et al., 2003). However, the consequences of this
increase on the future regenerative capacity of skeletal muscle
in the elderly population needs further investigation, as it may
decrease their proliferative potential (Renault etal., 2002).
Numerous mouse models bearing mutations similar to those
described in human muscular dystrophies have been employed
to develop myoblast transfer therapy (MTT), using satellite cell
replacement by either autologous modified myoblasts or
allogenic nonmutant myoblasts. Since the pioneering studies of
Partridge and co-workers in the mouse, many improvements
have been achieved in MTT, thus raising the hopes of patients
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suffering from muscular dystrophies (Partridge etal., 1989;
Quenneville & Tremblay, 2006). However, clinical trials based
on successful animal studies were ineffective, showing little, if
any, therapeutic benefit (Karpati et al., 1993; Tremblay et al.,
1993; Mendell et al., 1995). In addition to obstacles such as
the immune response that limit the success of myoblast
transplantation, an important aspect that needs to be considered
is the fundamental difference in behavior between mouse and
human satellite cells with respect to the proliferative limits of
replicative aging.

In the mouse, only a small minority of myoblasts survive
following injection (Beauchamp et al., 1999), which then have
to proliferate extensively in order to participate in host
regeneration. If these results are confirmed with human cells,
the limited proliferative capacity of human satellite cells will be
an obstacle to their use in MTT. This is particularly important
in light of results demonstrating an inverse relationship between
the replicative potential in vitro of human satellite cells and
donor age (Decary et al., 1997). Furthermore, we have recently
shown that prolonged amplification of satellite cells in culture
and the resulting approach of these cells to the stage of
replicative senescence are important factors that may reduce
the success of myoblast transplantation (Cooper et al., 2003).
Finally, limitation of the proliferative capacity of satellite cells
by cellular senescence restricts the development of in vitro
models to study disease processes and to develop therapeutic
strategies. Much effort has been invested into extending the
proliferative potential of human satellite cells by overcoming cell
senescence in order to (i) increase the success of myoblast
transplantation protocols, and (i) develop in vitro models of
neuromuscular diseases to test new therapeutic strategies.

Telomeres are specialized structures at the ends of linear
eukaryotic chromosomes that help maintain chromosomal
integrity (Blackburn, 1990). Progressive telomere shortening,
a consequence of the ‘end-replication problem’, leads to
replicative senescence. The regulation or maintenance of
telomere length in the germline, in stem cells as well as in
immortal cells, involves the action of telomerase. Telomerase is
a ribonucleoprotein enzyme complex composed of an RNA
component that provides the template for telomere repeat
synthesis and a human telomerase reverse transcriptase (hTERT)
catalytic subunit (Shay & Wright, 2004). The introduction of
the cDNA coding for hTERT leads to telomere elongation and
extended lifespan in a number of cell types including fibroblasts,
retinal pigment cells and endothelial cells (Bodnar et al., 1998;
Vaziri & Benchinol, 1998). Telomerase is not sufficient to
immortalize cells that stop dividing due to reasons unrelated
to telomere shortening, such as growth conditions that for one
reason or another are insufficient to support long-term prolif-
eration (Ramirez et al., 2001), and human myoblasts cultured
under current protocols fall into this category (Di Donna et al.,
2003). Use of the Simian vacuolating virus 40 (SV40) large T
antigen (TAg) can result in myoblasts bypassing some of the
checkpoint activities induced by inadequate growth conditions.
The introduction of the telomerase gene in Duchenne muscular

dystrophy (DMD) myoblasts previously transformed by SV40
large TAg considerably extends their lifespan (Seigneurin-Venin
etal., 2000) but still does not lead to immortalization. The
expression of TAg from SV40 produces chromosomal rearrange-
ments, delays and reduces cellular fusion and interferes with
expression of the adult myogenic program (Mouly et al., 1996).
Recently, it has been demonstrated that human bronchial epi-
thelial cells can be successfully and reproducibly immortalized
by the expression of two genes, hTERT and cyclin-dependent
kinase 4 (cdk4) (Ramirez et al., 2004). These results indicate that
there is another pathway leading to proliferative arrest, which
is linked to cellular stress, such as that represented by inadequate
culture conditions. The overexpression of cdk4 overcomes the
p16-mediated stress response, thereby preventing this premature
growth arrest. A similar approach, using a combination of hTERT
and Bmi-1 expression, has resulted in the immortalization of
human satellite cells (Cudré-Mauroux et al., 2003). However,
although this approach resulted in the isolation of an immor-
talized clone from a DMD biopsy that was able to form myo-
tubes in vitro, the immortalized clones isolated from a control
biopsy never showed any potential to differentiate, suggesting
that immortalization of human myoblasts might still require
secondary changes in these conditions.

The aim of this study was to create a reliable model of immor-
talized normal human myoblasts that exhibit normal differen-
tiation. Such a cell line has never been isolated without the use
of oncogenes (Hashimoto et al., 2006), and the possibility of
immortalizing human myoblasts would represent a powerful
tool to test new therapeutic strategies for a number of skeletal
muscle defects. In order to achieve this, we both optimized
culture conditions and expressed hTERT in combination with
cdk4, avoiding the use of oncoproteins. The isolation of such
a cell line, a human equivalent of lines that exist for mouse (C2)
and rat (L6), should open new avenues of research in fields as
varied as aging, development and diseases, and facilitate the
development of therapeutic strategies for skeletal muscle.
We describe in this report the characterization of these immor-
talized cells in vitro and their regenerative capacity in vivo fol-
lowing injection into an immunocompromized mouse model.

Results

Immortalization of human skeletal myoblasts

The expression of the telomerase catalytic subunit hTERT in
normal human myoblasts was sufficient to yield telomerase
activity and elongate telomeres, but it failed to produce immor-
talization (Di Donna et al., 2003). This behaviour is characteristic
of cells grown under conditions inadequate for their long-term
proliferation, where stress/damage checkpoints are induced
before telomere shortening becomes limiting (Sherr & DePinho,
2000; Wright & Shay, 2000; Ramirez et al., 2001; Forsyth et al.,
2003). A large number of conditions were examined for their
ability to increase growth rates or to extend the lifespan of
adult human satellite cells. Negative results were obtained using
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myotube-conditioned medium (from either C2C12 mouse
cultures or PD6 human myoblasts) (Mezzogiorno et al., 1993),
erythropoietin (Ogilvie et al., 2000), leukemia inhibitory factor
(LIF) (Kurek et al., 1996; Schoser et al., 1998), nerve growth
factor (Seidl et al., 1998), insulin/insulin-like growth factor 1
(Quinn & Haugk, 1996; Barton-Davis et al., 1998; Jacquemin
etal., 2004), or media such as Ham'’s F10 (Blau et al., 1983),
MCDB 110 or MCDB 201. Only dexamethasone (Giorgino &
Smith, 1995) and hepatocyte growth factor (HGF) (Anastasi
etal., 1997; Gal-Levi et al., 1998) gave positive results. A com-
bination of dexamethasone and HGF extended proliferative
capacity by about 70% (Fig. 1a).

We have previously shown that expressing wild-type cdk4 to
sequester the increased p16 that often accompanies inadequate
growth conditions can permit hTERT to immortalize a variety
of cell types (Ramirez et al., 2003, 2004). Expression of hTERT
produced a modest extension of lifespan in adult human myo-
blasts, which was further extended in cells also infected with a
retrovirus expressing cdk4 (Fig. 1b). The transduction of cdk4
alone increased the lifespan of the cells by 50%. Telomere
length in these cells shortened until they reached 6.1 kb, a value
very similar to that usually observed in senescent fibroblasts, while
the telomere length in control myoblasts after they stopped
dividing was 7.7 kb (Fig. 1d). We did not find significantly
increased p16 levels in control myoblasts, while cdk4 expression
produced a compensatory increase in p16 as observed previously
(Ramirez et al., 2003, 2004) (Fig. 1e, normalized to the expression
of the nuclear protein emerin). The increase in lifespan caused by
the expression of both hTERT and cdk4 was found to be variable
in other strains of human myoblasts, and clones isolated under
these conditions displayed little, if any, myogenic differentiation
(data not shown). These results are consistent with the failure
of hTERT plus Bmi-1 (which represses p16 expression) to immor-
talize normal myogenic cells (Cudré-Mauroux et al., 2003).
However, combining the expression of hTERT and cdk4 with
optimized culture conditions (dexamethasone and HGF) resulted
in cell proliferation for at least 200 population doublings (PD)
(Fig. 1¢). Analysis of 20 metaphase spreads at PD 108 showed
that the cells maintained a normal 46 XY diploid karyotype (data
not shown). No tumors were ever found after injection of these
immortalized cells into nude mice (4-month observation).

These adult human myoblasts were designated HSKM5
(Human Skeletal Muscle isolate no. 5). The immortalized cells
were renamed LHCN in order to keep track of the factors and
selectable markers they contained (lox-hTERT hygromycin +
cdk4-neo). They were plated at low density at PD 52, and a clone
exhibiting good myotube formation after exposure to differen-
tiating conditions was isolated (‘LHCN-M2’ for LHCN + myogenic
clone no. 2). This clone also exhibited a normal diploid karyotype.

In vitro characterization of immortalized cells

The myogenicity of the mortal parental population, the immor-
talized population and the immortalized clone as monitored by
desmin expression was 47, 53 and 83%, respectively (Fig. 2a,g,m).
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Fig. 1 Proliferative potential, telomere length and p16 expression.
(a—c) Lifespan plots of the parental population (a) with or without HGF
and dexamethasone, (b) transduced with human telomerase reverse
transcriptase (hTERT) and/or cyclin-dependent kinase 4 (cdk4), and

(c) transduced with both hTERT and cdk4 with or without HGF
and dexamethasone. Immortalization was only obtained by the
combination of hTERT, cdk4, HGF and dexamethasone.

(d) Mean length of telomere restriction fragments (TRF) measured on
cultures at proliferative arrest with or without transduction with cdk4.
(e) Western blot analyses of the level of expression of p16 and cdk4
in the parental population (HSKM5, Human Skeletal Muscle isolate
no. 5), cells immortalized by transduction with both hTERT and cdk4

(LHCN), and in the immortalized clone selected from LHCN
(LHCN-M2). The results are compared to the expression of the
nuclear protein emerin.
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The myogenic lineage markers MyoD and Pax7 were expressed
equivalently in all three groups (data not shown). In order to
establish whether the expression of telomerase affected
the myogenic differentiation program, as was observed for
TAg, we stained differentiated cultures with antibodies specific
for different myosin heavy chain (MyHC) isoforms. MF20, an
antibody recognizing all skeletal muscle MyHCs, showed that
all myotubes express MyHCs (Fig. 2f,l,r). Embryonic, neonatal,
fast and slow isoforms were all expressed in the differentiated
myotubes of immortalized cells (Fig. 2h—-k,n—q). The pattern of
expression was very similar to that found in the mortal parental
population (Fig. 2b—e). Although the pattern of expression was
identical in all cell groups, myotubes from the immortalized
clone specifically selected for efficient differentiation were
bigger and contained more nuclei than the parental or
immortalized populations.

Immortalized

clone

Fig. 2 In vitro characterization of parental and
immortalized cells. Immunofluorescence of the
parental population (a—f; PD 12), the immortalized
population (g—I; PD 62) and the immortalized clone
(m-r; PD 127) with an antibody directed against
desmin (a, g, and m) and antibodies specific for
embryonic, neonatal, fast, slow and all skeletal
muscle MyHCs (b-r). Specific antibody labeling was
revealed using Alexa fluor 488 green
fluorochrome; nuclei were visualized with Hoechst
(blue). Expression was evaluated on Day 7 of
differentiation. Scale bar = 15 um.

In vivo muscle formation using immortalized cells

To determine the in vivo regenerative capacity of these immor-
talized cells, they were injected into cryodamaged tibialis anterior
(TA) muscles of RAG2™/AC7/C5™ mice as described previously
(Cooper et al., 2001, 2003). Transplanted cells were identified
by antibodies specific for human lamin A/C (expressed in all
human nuclei) and human spectrin (expressed in differentiated
fibers). Figure 3 shows the presence of large mature muscle
fibers containing human spectrin in grafts from both the immor-
talized population and the immortalized clone (Fig. 3a). The
total number and distribution of fibers positive for human
spectrin was determined as a function of the distance from the
proximal end of the injected TA. The mortal population produced
significantly (30 £9, P<0.01) fewer fibers expressing
human spectrin than the immortalized cells at 6 weeks post-

© 2007 The Authors

Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007



a
c
=] HSKM5
i)
=
=1
Q
[ =1
£
<]
€
E
[
(=)
=
=
i=]
&
-
o
2
©
=
o
E
E
LHCN-M2
[15]
=
=}
[5]
g
a
E
E
b 200 ; c 5
Immartal population 250 - E
- frnrl'nortal\; w 2
€] N g201 2 g g
b T E
= / < 150 1 5 |8 3
£ 8 4 Non- = E 2 E
2 ‘immortal 2 4004 i E S
@ 40 / population @ = E
* _ N * ala =
0 : . = E
0 2000 00 2 i
Distance in microns 0-

Fig. 3 /n vivo muscle formation using immortalized cells. Tibialis anterior (TA)
muscles containing implanted myoblasts (the parental population HSKM5 was
injected at PD 14, the immortal population LHCN at PD 63 and the
immortalized clone LHCN-M2 at PD 114) were dissected at 6 weeks post-
implantation. Double immunofluorescence labeling with human-specific
antibodies against spectrin and lamin A/C was performed on 5 um transverse
sections. These are both mouse monoclonal antibodies but because of their
different cellular localization they could both be revealed using the same
Alexa fluor 488 green fluorochrome. Pictures in the right-hand column
represent higher magnifications of the outlined areas in pictures from the
left hand column. Scale bars = 30 um (left column) and 10 um (right
column).The graph (b) demonstrates the distribution of injected cells in the
host muscles 6 weeks after injection. The histogram (c) shows the number
of spectrin-positive fibers 6 weeks after myoblast transplantation. Values
represent the mean + SEM. n = 6 for each cell type. **P < 0.01.

transplantation, with no significant difference between the
immortalized population and the immortalized clone (239.8 +
46.40 and 245.7 + 59.13, respectively) (Fig. 3b,c). The number
of fibers obtained with either the immortalized population
LHCN or the clone LHCN-M2 is similar to that obtained previ-
ously in separate experiments with myoblasts isolated from a

© 2007 The Authors

Immortal human myoblasts, C.-H. Zhu et al. 5

newborn control subject (Cooper etal.,, 2003). Again, no
tumors were ever observed in this immunodeficient environ-
ment. The ability of the immortalized cells to proliferate and fuse
efficiently to regenerate mature muscle in an in vivo environ-
ment without forming tumors suggests that they represent an
excellent model system for the study of human muscle cells.

Discussion

Rodent muscle cell lines, such as C2 or L6, have an unlimited
proliferative potential and have been a useful tool for the study
of the cellular and molecular mechanisms involved in myo-
genesis. Mouse models have also been used to assess various
therapeutic strategies, including MTT. However, the encouraging
results obtained by grafting murine cells into the mdx mutant
mouse (Partridge et al., 1989), which carries a mutation in the
dystrophin gene and is employed as a model for DMD, led
to several unsuccessful MTT clinical trials in children with DMD
(Karpatiet al., 1993; Tremblay et al., 1993; Mendell et al., 1995).
One reason for this difference is that most muscles in the mdx
mouse undergo only a limited number of cycles of degeneration
and regeneration that do not lead to extensive fibrosis as
in the human disease. In addition, most of the mouse studies
have tested the ability of myoblasts to participate in muscle
regeneration following the induction of massive damage to the
host muscle. This destruction provokes a regenerative response
that recapitulates normal development, and it is not surprising
that cells that have been evolutionarily selected to function
during development perform well under these conditions.
However, it is extremely unlikely that a therapeutic strategy
in dystrophic patients would involve the deliberate destruction
of the surviving muscle fibers, and it is also unclear whether
such destruction in the context of a fibrotic muscle would
produce the conditions that recapitulate a developmental
regenerative response. The success achieved with injections every
1-2 mm suggests that some regeneration can occur in fibrotic
muscle following extensive local damage from multiple needle
tracks (Skuk et al., 2006, 2004, 2007).

This report describes the production and characterization of
an immortal human myoblast cell line. We demonstrate that it
functions as well as the best human primary cultures in the
standard assay following the induction of muscle damage in the
mouse model. This will prove to be a valuable reagent that can
be shared between laboratories, and this approach can be
applied to the production of immortal lines from a variety of
different human myopathies. However, we believe that the
most important implications of immortalizing human myoblasts
that retain a normal karyotype and differentiate normally
will lie in the ability to genetically engineer them to function
therapeutically in a human disease setting.

Insertional mutagenesis is a major concern following the use
of retroviral or lentiviral vectors. Even if the frequency of adverse
events is low, for example one in a million, risks are significant
if one infects 100 million cells. An underappreciated fact,
however, is that the simple isolation of a single clone following
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infection suffices to reduce the number of insertions to one,
thus reducing the risk by a factor of 10°-10%. An immortalized
normal muscle cell strain with an unlimited proliferative capacity
provides enough divisions to isolate such a clone. Furthermore,
polymerase chain reaction can be used to isolate short sequences
flanking the insertion site to verify an innocuous location, and
the clone can be thoroughly characterized prior to therapeutic
use. The immortal nature of the cells also allows a series of
engineering events to be layered together, as the risks from
even ten insertion sites are low and the cells can be cloned
successively or cloned after the manipulations have been carried
out and characterized. Conditional proliferation-dependent
suicide agents like herpes virus thymidine kinase can also be
introduced as an additional safety factor in the unlikely event
that adverse oncogenic events occur.

Many challenges have already been identified in MTT, including
the poor survival of the implanted cells within the first few days
of injection and their failure to migrate from the site of the
injection. Although they can participate in the initial myogenesis
provoked by damage produced by the needle track, they largely
fail to proliferate thereafter (Skuk & Tremblay, 2003; Mouly
et al., 2005b). These issues can be addressed in immortalized cells
in order to create a cellular reagent that is more therapeutically
useful for the effective treatment of human disease than its
normal primary culture counterpart.

Another important consequence of immortalized normal
human myoblasts is the potential for producing a universal
donor. Current cell therapy approaches involve the isolation of
autologous myogenic precursors such as mesoangioblasts
(Sampaolesi et al., 2003, 2006) from each patient or a histo-
compatible donor, expanding them briefly in culture to avoid
senescence and then giving them back to the patient. These
approaches may produce dramatic therapeutic responses
without immortalized cells. However, a realistic assessment of
the expense of doing this for each patient strongly suggests that
this will never become a widespread therapy. Techniques for
producing somatic cell knockouts of genes in human cells have
been advancing rapidly (Porteus & Baltimore, 2003). Although
one would need to verify that major and minor histocompatibility
antigens do not participate in myogenesis, there is no evidence
to date suggesting their involvement. As discussed above,
immortalized normal human myoblasts have a sufficient number
of divisions to enable the successive elimination of the major
transplantation antigens, and the inclusion of a variety of safety
control mechanisms should largely avoid problems of the
immune system’s failure to recognize these cells if they malfunction.
Nonclassical class | molecules such as human leucocyte antigen
(HLA) E or G can be expressed that block natural killer cell action
and induce tolerance (Carosella etal.,, 2001; Wiend! etal.,
2003). We believe that the most profound consequence of the
present study lies in the creation of a normal human myoblast
for the development of a universal donor engineered to function
therapeutically in human patients.

Isolating an immortal human myoblast cell line with as few
perturbations as possible has been the goal of many research

programs. T antigen, an oncogene encoded by the SV40
virus, has been extensively used under the control of various
promoters, including those downregulated by differentiation
such as the vimentin promoter (Mouly et al., 1996). However,
TAG has been shown to profoundly perturb muscle differentiation,
for example by inhibiting the expression of adult MyHC. Thus,
even though TAg can block the checkpoint responses induced
by inadequate culture conditions, immortalizing such cells by
the addition of telomerase would not produce a cell with normal
function.

In this report, we show that the transduction of cdk4 to
overcome inadequate culture conditions results in an increase
in lifespan and a decrease in telomere length from 7.7 t0 6.1 kb.
This strongly suggests that human myoblasts cultivated in vitro
stop dividing prematurely, that is before reaching critical telomere
shortening. However, it is clear that not all adverse aspects of
the initial culture conditions were overcome by cdk4, as telo-
merase still failed to immortalize these cells. Immortalization was
only observed when telomerase and cdk4 expression was
combined with HGF and dexamethasone.

The double transduction of cells in the absence of dexame-
thasone and HGF produced rare clones that were immortalized,
did express myogenic lineage markers such as desmin, but
rarely exhibited complete differentiation (unpublished data).
We believe that the inadequate culture conditions that caused
an eventual growth arrest in the parental cells led to the
selection of variant clones that are usually unable to differentiate.
This may reflect the heterogeneity of myoblasts isolated from
human skeletal muscle. The heterogeneity of muscle satellite
cells has been widely studied, and recent reports describe
functional heterogeneity of satellite cells regarding their
potential to differentiate and generate myofibers (e.g. Rouger
et al., 2004; Collins et al., 2005). Trono and co-workers have
reported the immortalization of myoblasts isolated from normal
and DMD subjects after transduction with both Bmi-1, which
represses p16 expression, and hTERT (Cudré-Mauroux et al.,
2003). However, myoblasts immortalized from control subjects
failed to differentiate, while clones of myoblasts retaining the
capacity to differentiate could be isolated from transduced
DMD cell populations. The results from Cudré-Mauroux et al.
(2003) could be explained either by chance or if cells prone to
proliferate regardless of their potential to differentiate are less
frequent in DMD cultures. This might result from the extensive
proliferation of precursors that occurs during the evolution of
the disease, as shown by their excessive telomere erosion (Decary
etal., 2000). The exhaustion of myogenic cells with a ‘stem-
cell-like’ potential has been described in the mdx mice, a model
for DMD (Heslop et al., 2000). We propose that the more
adequate culture conditions described in this report combined
with cdk4 and telomerase allow the maintenance of cells that
retain a high potential to differentiate while being expanded
and amplified.

The ability to immortalize human myoblasts using a combi-
nation of optimized culture conditions and the transduction of
both hTERT and cdk4 raises the possibility of creating human
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cellular models of various neuromuscular diseases. The rarity
of biopsies and the limited proliferation of human myoblasts,
particularly when isolated from muscular dystrophies (Decary
et al., 2000), has made it difficult to create such models. Immor-
tal cell lines from control subjects of various ages and different
neuromuscular disorders are currently being established in our
laboratory, and will be made available to the scientific community
as soon as they are characterized.

Significant telomere shortening has been observed in a variety
of age-related diseases (Meeker et al., 2002; O'Sullivan etal.,
2002; Finley et al., 2006) and may contribute to other pathologies.
The principles developed here for the muscular dystrophies
should be directly applicable to the development of immortal-
ized cells for the study and therapy of a variety of age-related
pathologies.

The immortalized myoblasts we describe in this report provide
the immediate advantage of a well-characterized cell line that
can be shared between different laboratories. However, we
believe that the most important implications of this work will
be the ability to employ them as the starting material for
genetically engineering myoblasts that can overcome the many
obstacles of cell therapy thus becoming more therapeutically
useful than their normal unmodified counterparts.

Experimental procedures

Cell culture

Human satellite cells were derived from the pectoralis major
muscle of a 41-year-old male Caucasian heart-transplant donor,
in accordance with ethical legislation. Minced muscle fragments
were incubated in a 100-mm dish containing 4 mL of medium,
sufficient to cover the bottom but preventing floating of the
fragments thus removing their contact with the dish. Cultures
were initiated in medium [four parts Dulbecco’s modified
Eagle’s medium (4.5 mg mL™" glucose) to one part medium
199] supplemented with 20% fetal bovine serum, 30 mm
HEPES and 5ngmL™ HGF (R&D systems, Minneapolis, MN,
USA), on dishes coated with 0.1% pigskin gelatin (Sigma-
Aldrich, St. Louis, MO, USA). Outgrowth of satellite cells was
more robust when cultured in a 2% oxygen chamber than in
room oxygen (20%). Medium was increased to 15 mL after 4
days. The initial confluent culture was designated as PD 0. Cells
were subcultivated at 125 000 cells per T25 flask (3125 cells
cm™) when just confluent (7-10 days). The final culture conditions
(see Results) consisted of the above basal medium supple-
mented with 1 um dexamethasone, 1.4 mg L™ zinc sulphate
(ZnS0O,) and 0.03 mg L' vitamin B,,. Strains were designated
as HSKM5 (the parental myoblasts), LHCN (the immortalized
population of HSKM5) and LHCN-M2 (a selected clone of LHCN).

Retroviruses

A variety of cDNAs were subcloned into the pBabe retroviral
backbones (Morgenstern & Land, 1990) containing different
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modifications or selectable markers. The telomerase (hTERT)
cDNA containing the endogenous 5’ UTR but lacking the 3'UTR
was cloned into pBabeHygro in which lox sites had been placed
internal to both 5" and 3’ LTRs. Expression of Cre recombinase
can then excise the entire cassette leaving just the LTRs behind
(Steinert et al., 2000). Following infection, myoblasts were selected
in 40 pg mL™" hygromycin for 14 days. Cdk4 was cloned into
pBABENneo (Ramirez et al., 2003).

Assay for telomere length

Mean telomere lengths were determined by telomeric restric-
tion fragment length analysis using the restriction enzyme Hinfl
as described (Di Donna et al., 2003).

In vitro characterization

The myogenic purity of cell preparations was determined by
counting the number of desmin-positive cells as a percentage
of the total number of nuclei. Immunocytochemistry was
performed using an antibody specific for desmin diluted at
1:50 (clone D33; DAKO, Trappes, France). The myogenic
program expressed by the cultures after 7 days of differen-
tiation was revealed by immunofluorescence analyses using
specific antibodies directed against embryonic (clone 2B6; pure,
a gift from J. A. Kelly), neonatal (1/5, NCL-MHCn; Novacastra,
Newcastle upon Tyne, UK), adult fast (1/5, NCL-MHCf; Novacas-
tra), adult slow (1/5, NCL-MHCs; Novacastra) and MF20 (pure,
detects all sarcomeric myosins, ATCC) myosin heavy chains.
Specific antibody binding was revealed with Alexa Fluor 488
coupled secondary antibody (Molecular Probes, Montlucon,
France). To visualize nuclei, cells were mounted in medium (Mowiol,
Calbiochem-Novabiochem, San Diego, CA, USA) containing bis-
benzimide (0.0001% w/v, Hoechst, no. 33258; Sigma-Aldrich).
All images were digitized using a Photometrics and MetaView
image analysis system.

In vivo muscle formation

Cells (5 x 10°) were injected into the TA muscle of RAG2™ /47
C57 mice. Prior to myoblast implantation, TA muscles were
subjected to freezing lesions in order to provoke regeneration.
The three different cell types (the parental strain HSKM5, the
immortalized derivative LHCN and the immortalized clone
LHCN-M2) were injected into a total of 12 mice. In the TA of
six mice, HSKM5 was injected into one hindlimb whereas the
other hindlimb received no cells. Six other mice were injected
with LHCN-M2 in one hindlimb and LHCN in the contralateral
limb. The injection protocol employed was as previously
described (Cooper et al., 2003) except that a single injection
was performed in the mid belly of the TA. Mice were sacrificed
6 weeks postimplantation and the muscles analyzed for the
presence of human fibers. Four mice were evaluated 12
weeks postimplantation to verify the absence of long-term
tumors.
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Double immunofluorescence analyses were performed using
human-specific mouse monoclonal antibodies against spectrin
(1/50, NCL-Spec1; Novacastra) and lamin A/C (1/400, NCL-Lam-
A/C; Novacastra) as described (Cooper et al., 2003). All images
were digitized as described.

Analysis of injections in vivo

Five micrometers sections were cut along the entire length of
the muscle. At distances corresponding to the distal, mid belly
and proximal levels, sections were collected and stained for
human lamin and spectrin. The number of positive profiles in
a total of 300 sections per cell type was counted and compared.
Significance between population means was tested using the
unpaired t-test with Welch’s correction. In all histograms, the
columns represent the mean + standard error of the mean. Sta-
tistical analysis was performed using GraphPad Prism software
(version 4.0b, GraphPad Software Inc., San Diego, CA, USA)
with P < 0.05 being considered significant.

Acknowledgments

The authors wish to acknowledge their financial support: AFM
(Association Francaise contre les Myopathies), INSERM, Université
Pierre et Marie Curie, CNRS, the MYORES Network of Excellence
— contract 511978 and the MYOAMP STREP, both from the
European Commission 6th Framework Programme, and AG07992
from the National Institute on Aging. Woodring E. Wright is an
Ellison Medical Foundation Senior Scholar. The authors wish to
thank Ingo Riederer and Elisa Negroni for technical help with
the injections, and Denis Furling for fruitful discussions.

References

Anastasi S, Giordano S, Sthandier O, Gambarotta G, Maione R,
Comoglio P, Amati P (1997) A natural hepatocyte growth factor/scatter
factor autocrine loop in myoblast cells and the effect of the constitutive
Met kinase activation on myogenic differentiation. J. Cell Biol. 137,
1057-1068.

Barton-Davis ER, Shoturma DI, Musaro A, Rosenthal N, Sweeney HL
(1998) Viral mediated expression of insulin-like growth factor | blocks
the aging-related loss of skeletal muscle function. Proc. Nat/ Acad.
Sci. USA 95, 15603-15607.

Beauchamp J, Morgan J, Pagel C, Partridge T (1999) Dynamics of
myoblast transplantation reveal a discrete minority of precursors with
stem cell-like properties as the myogenic source. J. Cell Biol. 144,
1113-1122.

Blackburn EH (1990) Telomeres and their synthesis. Science 249, 489—
490.

Blau HM, Webster C, Chiu CP, Guttman S, Chandler F (1983) Differen-
tiation properties of pure populations of human dystrophic muscle
cells. Exp. Cell Res. 144, 495-503.

Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu C-P, Morin GB, Harley
CB, Shay JW, Lichtsteiner S, Wright WE (1998) Extension of lifespan
in normal human cells by telomerase. Science 279, 349-352.

Carosella ED, Moreau P, Aractingi S, Rouas-Freiss N (2001) HLA-G: a
shield against inflammatory aggression. Trends Immunol. 22, 553-555.

Collins CA, Olsen |, Zammit PS, Heslop L, Petrie A, Partridge TA, Morgan

JE (2005) Stem cell function, self-renewal, and behavioral heterogeneity
of cells from the adult muscle satellite cell niche. Cell 122, 289-301.

Cooper RN, Irintchev A, Di Santo JP, Zweyer M, Morgan JE, Partridge
TA, Butler-Browne GS, Mouly V, Wernig A (2001) A new immuno-
deficient mouse model for human myoblast transplantation. Hum.
Gene Ther. 12, 823-831.

Cooper RN, Thiesson D, Furling D, Di Santo JP, Butler-Browne GS, Mouly
V (2003) Extended amplification in vitro and replicative senescence:
key factors implicated in the success of human myoblast transplantation.
Hum. Gene Ther. 14, 1169-1179.

Cudré-Mauroux C, Occhiodoro T, Kénig S, Salmon P, Bernheim L, Trono
D (2003) Lentivector-mediated transfer of Bmi-1 and telomerase in
muscle satellite cells yields a Duchenne myoblast cell line with long-
term genotypic and phenotypic stability. Hum. Gene Ther. 14, 1525-
1533.

Decary S, Ben Hamida C, Mouly V, Barbet JP, Hentati F, Butler-Browne
GS (2000) Shorter telomeres in dystrophic musle consistent with
excessive regeneration in young children. Neurom. Dis. 10, 113-120.

Decary S, Mouly V, Ben Hamida C, Sautet A, Barbet JP, Butler-Browne
GS (1997) Replicative potential and telomere length in human skeletal
muscle: implicatons for satellite cell-mediated gene therapy. Hum.
Gene Ther. 8, 1429-1438.

Di Donna S, Mamchaoui K, Cooper RN, Seigneurin-Venin S, Tremblay
J, Butler-Browne GS, Mouly V (2003) Telomerase can extend the
proliferative capacity of human myoblasts, but does not lead to their
immortalization. Mol Cancer Res. 1, 643-653.

Finley JC, Reid BJ, Odze RD, Sanchez CA, Galipeau P, Li X, Self SG,
Gollahon KA, Blount PL, Rabinovitch PS (2006) Chromosomal
instability in Barrett's esophagus is related to telomere shortening.
Cancer Epidemiol. Biomarkers Prev. 15, 1451-1457.

Forsyth NR, Evans AP, Shay JW, Wright WE (2003) Developmental
differences in the immortalization of lung fibroblasts by telomerase.
Aging Cell 2, 235-243.

Gal-Levi R, Leshem Y, Aoki S, Nakamura T, Halevy O (1998) Hepatocyte
growth factor plays a dual role in regulating skeletal muscle satellite
cell proliferation and differentiation. Biochim. Biophys. Acta 1402,
39-51.

Giorgino F, Smith RJ (1995) Dexamethasone enhances insulin-like
growth factor-I effects on skeletal muscle cell proliferation. Role of
specific intracellular signaling pathways. J. Clin. Invest. 96, 1473—
1483.

Hashimoto N, Kiyono T, Wada MR, Shimizu S, Yasumoto S, Inagawa M
(2006) Immortalization of human myogenic progenitor cell clone
retaining multipotentiality. Biochem. Biophys. Res. Commun. 348,
1383-1388.

Heslop L, Morgan JE, Partridge TA (2000) Evidence for a myogenic stem
cell that is exhausted in dystrophic muscle. J. Cell Sci. 113, 2299-
2306.

Jacquemin V, Furling D, Bigot A, Butler-Browne GS, Mouly V (2004) IGF-
1 induces human myotube hypertrophy by increasing cell recruitment.
Exp. Cell Res. 299, 148-158.

Karpati G, Ajdukovic D, Arnold D, Gledhill RB, Guttmann R, Holland P,
Koch PA, Shoubridge E, Spence D, Vanasse M, Watters GV, Abra-
hamowicz M, Duff C, Worton RG (1993) Myoblast transfer in Duch-
enne muscular dystrophy. Ann. Neurol. 34, 8-17.

Kurek J, Bower J, Romanella M, Austin L (1996) Leukaemia inhibitory
factor treatment stimulates muscle regeneration in the mdx mouse.
Neurosci. Lett. 212, 167-170.

Meeker AK, Hicks JL, Platz EA, March GE, Bennett CJ, Delannoy MJ, De
Marzo AM (2002) Telomere shortening is an early somatic DNA
alteration in human prostate tumorigenesis. Cancer Res. 62, 6405-6409.

Mendell JR, Kissel JT, Amato AA, King W, Signore L, Prior TW, Sahenk
Z, Benson S, McAndrew PE, Rice R, Nagaraja H, Stephens R, Lantry

© 2007 The Authors

Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007



L, Morris GE, Burghes AHM (1995) Myoblast transfer in the treatment
of Duchenne’s muscular dystrophy. N. Engl. J. Med. 333, 832-838.

Mezzogiorno A, Coletta M, Zani BM, Cossu G, Molinaro M (1993) Para-
crine stimulation of senescent satellite cell proliferation by factors released
by muscle or myotubes from young mice. Mech. Ageing Dev. 70, 35-44.

Morgenstern JP, Land H (1990) A series of mammalian expression vectors
and characterisation of their expression of a reporter gene in stably
and transiently transfected cells. Nucleic Acids Res. 18, 1068.

Mouly V, Edom F, Decary S, Vicart P, Barbet JP, Butler-Browne GS (1996)
SV40 large T antigen interferes with adult myosin heavy chain expres-
sion, but not with differentiation of human satellite cells. Exp. Cell
Res. 225, 268-276.

Mouly V, Aamiri A, Bigot A, Cooper RN, Di Donna S, Furling D, Gidaro
T, Jacquemin V, Mamchaoui K, Negroni E, Perie S, Renault V, Silva-
Barbosa SD, Butler-Browne GS (2005a) The mitotic clock in skeletal
muscle regeneration, disease and cell mediated gene therapy. Acta
Physiol. Scand. 184, 3-15.

Mouly V, Aamiri A, Perie S, Mamchaoui K, Barani A, Bigot A, Bouazza
B, Francois V, Furling D, Jacquemin V, Negroni E, Riederer |, Vignaud
A, St Guily JL, Butler-Browne GS (2005b) Myoblast transfer therapy:
is there any light at the end of the tunnel? Acta Myol 24, 128-133.

O’Sullivan JN, Bronner MP, Brentnall TA, Finley JC, Shen WT, Emerson
S, Emond MJ, Gollahon KA, Moskovitz AH, Crispin DA, Potter JD,
Rabinovitch PS (2002) Chromosomal instability in ulcerative colitis is
related to telomere shortening. Nat. Genet. 32, 280-284.

Ogilvie M, Yu X, Nicolas-Metral V, Pulido SM, Liu C, Ruegg UT, Noguchi
CT (2000) Erythropoietin stimulates proliferation and interferes with
differentiation of myoblasts. J. Biol. Chem. 275, 39754-39761.

Partridge TA, Morgan JE, Coulton GR, Hoffman EP, Kunkel LM (1989)
Conversion of mdx myofibres from dystrophin-negative to positive by
injection of normal myoblasts. Nature 337, 176-179.

Porteus MH, Baltimore D (2003) Chimeric nucleases stimulate gene
targeting in human cells. Science 300, 763.

Quenneville SP, Tremblay JP (2006) Ex vivo modification of cells to induce
a muscle-based expression. Curr. Gene Ther. 6, 625-632.

Quinn LS, Haugk KL (1996) Overexpression of the type-1 insulin-like growth
factor receptor increases ligand-dependent proliferation and differentia-
tion in bovine skeletal myogenic cultures. J. Cell Physiol. 168, 34—41.

Ramirez RD, Herbert BS, Vaughan MB, Zou Y, Gandia K, Morales CP,
Wright WE, Shay JW (2003) Bypass of telomere-dependent replicative
senescence (M1) upon overexpression of Cdk4 in normal human
epithelial cells. Oncogene 22, 433-444.

Ramirez RD, Morales CP, Herbert B-S, Passons C, Shay JW, Wright WE
(2001) Putative telomere-independant mechanisms of replicative aging
reflect inadequate growth conditions. Genes Dev. 15, 398-403.

Ramirez RD, Sheridan S, Girard L, Sato M, Kim Y, Pollack J, Peyton M,
You Y, Kurie JM, DiMaio JM, Milchgrub S, Smith AL, Souza RF, Gilbey
L, Zhang X, Gandia K, Vaughan MB, Wright WE, Gazdar AF, Shay
JW, Minna JD (2004) Immortalization of human brochial epithelial
cells in the absence of viral oncoproteins. Cancer Res. 64, 9027-9034.

Renault V, Thornell LE, Eriksson PO, Butler-Browne G, Mouly V (2002)
Regenerative potential of human skeletal muscle during aging.
Aging Cell 1, 132-139.

Rouger K, Brault M, Daval N, Leroux |, Guigand L, Lesoeur J, Fernandez
B, Cherel Y (2004) Muscle satellite cell heterogeneity: in vitro and in vivo
evidences for populations that fuse differently. Cell Tissue Res. 317,
319-326.

Sampaolesi M, Blot S, D'Antona G, Granger N, Tonlorenzi R, Innocenzi
A, Mognol P, Thibaud JL, Galvez BG, Barthelemy I, Perani L, Mantero
S, Guttinger M, Pansarasa O, Rinaldi C, Cusella De Angelis MG, Tor-
rente Y, Bordignon C, Bottinelli R, Cossu G (2006) Mesoangioblast
stem cells ameliorate muscle function in dystrophic dogs. Nature 444,
574-579.

© 2007 The Authors

Immortal human myoblasts, C.-H. Zhu et al. 9

Sampaolesi M, Torrente Y, Innocenzi A, Tonlorenzi R, D'Antona G,
Pellegrino MA, Barresi R, Bresolin N, De Angelis MG, Campbell KP,
Bottinelli R, Cossu G (2003) Cell therapy of alpha-sarcoglycan null
dystrophic mice through intra-arterial delivery of mesoangioblasts.
Science 301, 487-492.

Schoser BG, Storjohann S, Kunze K (1998) Immunolocalization of leukemia
inhibitory factor in normal and denervated human muscle. Neuroreport
9, 2843-2846.

Seidl K, Erck C, Buchberger A (1998) Evidence for the participation of
nerve growth factor and its low-affinity receptor (p75NTR) in the
regulation of the myogenic program. J. Cell Physiol. 176, 10-21.

Seigneurin-Venin S, Bernard V, Tremblay JP (2000) Telomerase allows
the immortalization of T antigen-positive DMD myoblasts: a new
source of cells for gene transfer application. Gene Ther. 7, 619-623.

Shavlakadze T, Grounds M (2006) of bears, frogs, meat, mice and men:
complexity of factors affecting skeletal muscle mass and fat. Bioessays
28, 994-10009.

Shay JW, Wright WE (2004) Telomeres are double-strand DNA breaks
hidden from DNA damage responses. Mol. Cell. 14, 420-421.

Sherr CJ, DePinho RA (2000) Cellular senescence: mitotic clock or culture
shock? Cell 102, 407-410.

Skuk D, Goulet M, Roy B, Chapdelaine P, Bouchard JP, Roy R, Dugre
FJ, Sylvain M, Lachance JG, Deschenes L, Senay H, Tremblay JP (2006)
Dystrophin expression in muscles of duchenne muscular dystrophy
patients after high-density injections of normal myogenic cells. J.
Neuropathol. Exp. Neurol. 65, 371-386.

Skuk D, Goulet M, Roy B, Piette V, Cote CH, Chapdelaine P, Hogrel JY,
Paradis M, Bouchard JP, Sylvain M, Lachance JG, Tremblay JP (2007)
First test of a ‘high-density injection’ protocol for myogenic cell
transplantation throughout large Volumes of muscles in a Duchenne
muscular dystrophy patient: eighteen months follow-up. Neuromuscul.
Disord. 17, 38-46.

Skuk D, Roy B, Goulet M, Chapdelaine P, Bouchard JP, Roy R, Dugre
FJ, Lachance JG, Deschenes L, Helene S, Sylvain M, Tremblay JP (2004)
Dystrophin expression in myofibers of Duchenne muscular dystrophy
patients following intramuscular injections of normal myogenic cells.
Mol. Ther. 9, 475-482.

Skuk D, Tremblay JP (2003) Myoblast transplantation: the current status
of a potential therapeutic tool for myopathies. J. Muscle Res. Cell.
Motil. 24, 285-300.

Steinert S, Shay JW, Wright WE (2000) Transient expression of human
telomerase extends the life span of normal human fibroblasts.
Biochem. Biophys. Res. Commun. 273, 1095-1098.

Thornell LE, Lindstrom M, Renault V, Mouly V, Butler-Browne GS (2003)
Satellite cells and training in the elderly. Scand. J. Med. Sci. Sports
12, 48-55.

Tremblay JP, Malouin F, Roy R, Huard J, Bouchard JP, Satoh A,
Richards CL (1993) Results of a triple blind clinical study of myoblast
transplantations without immunosuppressive treatment in young boys
with Duchenne muscular dystrophy. Cell Transplant. 2, 99-112.

Vaziri H, Benchinol S (1998) Reconstitution of telomerase ativity in
normal human cells leads to elongation of telomeres and extended
replicative lifespan. Curr. Biol. 8, 289-282.

Wiendl H, Mitsdoerffer M, Hofmeister V, Wischhusen J, Weiss EH,
Dichgans J, Lochmuller H, Hohlfeld R, Melms A, Weller M (2003) The
non-classical MHC molecule HLA-G protects human muscle cells from
immune-mediated lysis: implications for myoblast transplantation and
gene therapy. Brain 126, 176-185.

Wright WE, Shay JW (2000) Telomere dynamics in cancer progression
and prevention: fundamental differences in human and mouse
telomere biology. Nat. Med. 6, 849-851.

Wright WE, Shay JW (2002) Historical claims and current interpretations
of replicative aging. Nat. Biotechnol. 20, 682-688.

Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2007



