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Muscle satellite cells adopt divergent fates:
a mechanism for self-renewal?

Peter S. Zammit, Jon 2 Golding, Yosule Nagata, Valérie Hudon, Terence A. Partridge, and Jonathan R. Beauchamp

Muscle Cell Biology Group, Medical Research Council Clinical Sciences Centre, Faculty of Medicine, Imperial College,

Hammersmith Hospital Campus, London W12 0NN, UK

muscle depends on the persistence of satellite cells:

muscle stem cells resident beneath the basal lamina
that surrounds each myofiber. However, how the satellite
cell compartment is maintained is unclear. Here, we
use cultured myofibers to model muscle regeneration and
show that satellite cells adopt divergent fates. Quiescent
satellite cells are synchronously activated to coexpress the
transcription factors Pax7 and MyoD. Most then proliferate,
down-regulate Pax7, and differentiate. In contrast, other

Growth, repair, and regeneration of adult skeletal

proliferating cells maintain Pax7 but lose MyoD and with-
draw from immediate differentiation. These cells are typically
located in clusters, together with Pax7 —ve progeny destined
for differentiation. Some of the Pax7+ve/MyoD—ve cells
then leave the cell cycle, thus regaining the quiescent satellite
cell phenotype. Significantly, noncycling cells contained
within a cluster can be stimulated to proliferate again.
These observations suggest that satellite cells either differ
entiate or switch from terminal myogenesis to maintain the
satellite cell pool.

Introduction

Precise voluntary movement in vertebrates is achieved by the
fine coordinated control of skeletal muscles. The cellular
unit of adult skeletal musde is the myofiber, a highly spe-
cialized syncytium sustained by hundreds of post-mitotic
myonuclei. Repair and maintenance of this syncytium is
conventionally assigned to a pool of undifferentiated myo-
genic precursors, savellite cells, located beneath the basal
lamina thar surrounds the myofiber. During postnatal devel-
opment, satellite cells divide to provide new myonuclei to
the growing muscle fibers (Moss and Leblond, 1971) before
becoming quiescent in normal muscle as it matures (Schultz
et al., 1978). However, satellite cells retain the ability to pro-
liferate and differentiate in response to the needs for myo-
nuclear turnover and myofiber hypertrophy (Snow, 1977,
1978; Bischoff, 1986; Schmalbruch and Lewis, 2000). This
activation and proliferation of satellire cells is thought to be
largely, if not entirely, responsible for the remarkable capacity
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for efficient repair and regeneration of damaged skeletal
muscle, with the generation of large numbers of new myo-
tubes within as little as 34 d after severe acute damage
(Whalen er al., 1990), The rate and extent of this repair is
particularly striking considering the paucity of satellite cells
associated with each myofiber (~2.5-6% of fiber nuclei),
implying a rapid activation and expansion of precursors to
restore the full complement of myofibers (Zammit et al,, 2002).

The acrivation of satellite cells from a state of quiescence
and their subsequent progression along the myogenic lineage
are controlled by various transcription facrors, chief among
which are the myogenic regulatory facrors (MREs} MyfS,
MyoD, myogenin, and MRF4 (for review see Zammir and
Beauchamp, 2001). Myf5 and MyoD determine the myo-
genic lineage (Rudnicki et al., 1993; Tajbakhsh er al., 1996),
whereas myogenin is essential for muscle cell differentiarion
(Hasty et al., 1993). In adult muscle, the Myf5 locus is active
in quiescent sarellite cells, with MyoDD appearing during ac-

tivation and myogenin following as differentiation begins -

(Fuchtbauer and Westphal, 1992; Grounds et al,, 1992;
Yablonka-Reuveni and Rivera, 1994; Cooper et al., 1999;
Beauchamp et al., 2000). The absence of MyoD adversely
affects muscle regeneration (Megeney et al., 1996), delaying
the transition of satellite cell-derived myoblasts from prolif-
eration to differentiation (Sabourin et al., 1999; Yablonka-

Abbreviations used in this paper: EDL, extensor digitorum longus; MLC,
myosin light chain; MRF, myogenic regulatory facror.
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Reuveni et al., 1999). The role of Myf5 and myogenin dur-
ing muscle regeneration has not been fully explored due to
the perinatal mortality of the relevant null mice (Braun et
al., 1992; Tajbakhsh er al., 1996). The expression of these
MRFs in satellice cells provides a series of molecular land-
marks for the transition from quiescence to activation and
subsequent differentiation (Yablonka-Reuveni and Rivera,
1994; Beauchamp et al., 2000). Pax3 and Pax7, members of
the paired box transcription factor family, have also been
shown to be integral to muscle biology. Pax3 is essential for
the migration of muscle precursors from the somites during
development (Tajbakhsh et al., 1996) and is expressed in 2
small population of satellite cells {Buckingham er al., 2003),
whereas Pax7 is required for sarellite cell specification (Seale
et al., 2000}. However, the role of Pax7 during satellite cell
activation and muscle regeneration has not yet been fully
investigated.

An important question is: how is the satellite cell compart-
ment maintained? For effective restoration of structure and
function in the face of repeated injury (Sadeh et al., 1985; Luz
et al., 2002), the pool of quiescent satellite cells must be re-
plenished. There is evidence to support three scenarios that
might achieve this. First, it has been suggested that sarellite
cells are a heterogeneous population, with some differendat-
ing rapidly, whereas others are responsible for maintaining the
pool (Rantanen et al., 1995). Second, there is a view that sat-
ellite cells are inuinsically homogenous and simultaneously
activate but then adopt different fates to provide both new
myonuclei and maintain the satellite cell pool (Moss and Le-
blond, 1971). More recently, it has been proposed that satel-
lite cells may be part of a hierarchical system and represent a
committed myogenic precursor that is restricted tw providing
myonuclei with satellite cell replacement occurring from a
stem celi located within the musde interstitium (Gussoni et
al.,, 1999; Asakura et al., 2002) and/or ouside muscle tissue
(Fukada et al., 2002; LaBarge and Blau, 2002).

To explore the relative contribution of these three mecha-
nisms to the maintenance of the satellite cell pool, we have
used cultured myofibers, isolated complete with their reti-
nue of satellite cells. When these myofibers are maintained
in suspension culture, the associated satellite cells become
activated, proliferate, and differentiate, while still exposed to
signals from the myofiber (Beauchamp et al., 2000). This
permits us to follow the fate of an entire cohort of satellite
cells without any bias of selection. More imporrantly in the
present context, the myofiber is isolated from potential ex-
ogenous sources of myogenic cells such as connective tissue
and blood supply (Ferrazi et al., 1998; LaBarge and Blau,
2002; Tamaki et al., 2002).

Here, we show thar satellire cells can adopr divergent fates.
Quiescent satellite cells become synchronously activated to
coexpress both Pax7 and MyoD. Most satellite cells then un-
dergo limited proliferation before down-regularing Pax7 and
differentiating. Alternatively, satellite cell progeny can main-
tain Pax7 but lose MyoD. These Pax7+ve/MyoD—ve cells
are typically located in clusters together with Pax7 —ve cells
destined for differentiation. Pax7+ve/MyoD—ve cells per-
sist and eventually divide slowly or not at all. Significantly,
although most cells within a cluster express myogenin and
differentiate, some retain the ability to be reactivated and re-

enter the cell cycle. Thus, our observations show that divid-
ing satellite cells can either enter terminal differentiarion or
regain characteristics of quiescence. This finding suggests
thar the satellite cell poql is maintained via self-renewal, in-
volving withdrawal from the terminal myogenic program,
and may not require a contribution from elsewhere.

Results
Satellite cells activate to coexpress Pax7 and MyoD
before division

Isolated myofibres provide an accessible means to study the
activation, proliferation, and differentiation of sarellite cells
in their native position beneath the basal lamina thar sur-
rounds each muscle fiber. This model preserves potentially
important interactions between satellite celis and/or myofi-
bers. Myofibers were isolated from the extensor digitorum
longus (EDL) muscle of adult mice and cultured in suspen-
sion, After 24 h in prowth medium, the majority (98,5 *
1.0%, 20 myofibers from mouse 2) had become activated, as
shown by the presence of MyoD, in accord with our previ-
ous observations (Zammit et al., 2002). By 48 h, the major-
ity (97.7 % 1.1%, 20 myofibers from mouse 2) of satellite
cells remained Pax7+ve/MyoD+ve while proliferating, as
confirmed by BrdU incorporation in 98.2 * 0.8% (20
myofibers) of such cells. Thus, most of these Pax7+ve/

. MyoD-tve satellite cells had entered S phase or divided and

were distributed on the myofiber as either single cells or
small groups of two to six cells. Over this time, only rare
Pax7+ve cells remained BrdU—ve (1.8 = 0.8% distributed
over 20% of the myofibers). Therefore, during the initial
48 h in culture almost all sarellite cells coexpress Pax7 and
MyoD before, and during, division.

Satellite cells can adopt divergent fates

However, beyond 48 h, satellite cells exhibited a variety of
Pax7, MyoD, and myogenin expression profiles {Table I,
Immunostaining of the satellite cells present on wild-type
myofibers after 72 h in culture (Fig. 1) showed that the ma-
joriry contained MyoD (76.8%) and were divided into those
thar also coexpressed Pax7 (17.3%) and those that did not
(59.5%; Fig. 1). At this time, a significant proportion of sat-
ellite cell progeny (23.2%; Table 1) expressed Pax7 without

Table I. Pax7+ve/MyoD—ve satellite cell progeny appear by 72 h
in culture

Pax7 MyeD Pax7/ MyoD Myogenin MyoD/

MyoD Myogenin
Mouse1 19.1% 66.8% 14.0% 16.7%  4.5% 78.8%
(£1.4) (£4.0) (£35) (£49) (x2.6) (= 3.6)
Mouse2 27.3% 522% 20.5% 260% 7.4% 66.5%
(x45) (£44) (z27) (£1.8) (1.5 (3.0
Mean 23.2% 595% 17.3% 21.4% 6.0% 72.7%

Batches of myofibers from the same mouse were ceimmunostained for
either Pax7 and MyoD (first thre& columns} or MyoD and myogenin (last
three columns), Values are population means from the pooled data from
T72 myofibers from each of two age-matched wild-type adult mice. The
number of sateHlite cells in each category is expressed as a mean percentage
of the total immunostained cells present on the myofiber (= SEM),
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Figure 1. Satellite cells adopt divergent fates, After 72 h
in culture, coimmunostaining of EDL myofibers demon-
sirates that in the majority of satellite cells, Pax7 (a and b)
is becoming down-regulated whereas MyoD (c and d)
remains strangly expressed. However, combining the
Pax7 {green) and MyoD {red} fluorescent immunosignals
(¢ and f) clearly shows that some {~23%} MyoD-ve
daughters (arrows) maintain robust Pax7 expression.
Pax7 +ve/MyoD—ve satellite cell (arrows} are typically
located (85%} in clusters (defined as four or more overlying/
touching celis) together with both Pax7+ve/MyoD +ve
and Pax7-ve/MyoD+ve cells. Counterstaining with
DAP! was used to identify aii nuclei present on the myo-
fiber (g and h). Bar, 30 pm. The number of satellite cells
from 3F-nlacZ-E mouse 3 and 4 (Table 1) that were either
Pax7 +ve/MyoD —ve, Pax7 +ve/MyoD+ve, or Pax7 —ve at
T24, T48, and T72 were counted. Expressing this data as
the mean percentage in each category of the total number
of satellite cells per myofiber (i) illustrates that the Pax7+ve/
MyoD+rve cells present at T24 and T48 give rise to the
majority of Pax7 +ve/MyoD —ve and Pax7—ve populations
atT72.

= Pax7+ve/MyoD+ve
M Pax74ve/MyoD-ve

MyoD (Fig. 1). The Pax7+ve/MyoD—ve cells were typi-
cally located in clusters (defined as four or more intimately
associated cells; Fig. 1, e and f). Myofiber-assoctated satellite
cells were also coimmunostained for MyoD> and myogenin
after 72 h in culwure (Fig. 2) to determine how many cells
were in the earliest phase of differentiation (Andres and
Walsh, 1996). OF the myofiber-associated satellite cells
that were immunostained, only 6% were myogenin+ve/
MyoD—ve and 21.4% MyoD +ve/myogenin—ve, whereas
the remaining 72.7% contained both MyoD and myogenin
protein (Table I). Together, these observations show that
virtually all satellite cells initially coexpress Pax7 and MyoD
before proliferating and that most then commit to differen-
tiation. Importantly though, ar the same time some saellite
cells begin to adopt a different fare, maintaining Pax7 but
not MyoD. Furthermore, these Pax7+ve/MyoD—ve cells
were still found when the growth medium was replaced each
day, arguing that these cells had not simply withdrawn from

myogenesis in response to mitogen depletion (unpublished

data).

Pax7 +ve/MyoD—ve satellite cells arise from the

Pax7+ve/MyoD+ve-activated satellite cell pool

The aforementioned data do not unequivocally determine
the origin of Pax7 +ve/MyoD—ve cells after 72 h in culture.
Although almeost all (~989%) satellite cells ar both 24 and
48 h coexpress Pax7 and MyoD), we could not be cerrain
whether these cells had lost MyoD or whether they arose by
the rapid proliferation (which would require 2 cell cyde time
of <6 h} of ~2% of Pax7 +ve/MyoD—ve cells seen ar these
early time points, It was also possible that the Pax7+ve/
MyoD>~ve cells had arisen from satellite cells that did not
initially express either Pax7 or MyoD, but which began to
express Pax7 by 72 h. To address these points, we used the
3F-niacZ-E transgenic mouse in which the myonuciei of fast
myofibers have robust B-galactosidase activity (Kelly et al.,
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Figure 2. Not all satellite cells are committed to differentiation.
Coimmunostaining of EDL myofibers that had been in culture for 72 h
showed that most {~73%) MyoD+ve satellite cells (a and ¢} were
committed to differentiation, as shown by the presence of myogenin
(b and d). The yellow color resulting from combining the MyoD (c)
and myogenin (d) fluorescent immunosignals (e) clearly shows that
maost MyoD+ve daughters within this cluster also contain myogenin.
However, it is significant that the MyoD—ve daughters in this cluster
were also myogenin-ve (arrows), and at least some of these are
presumably Pax7-+ve (Fig. 1). Coimmunaostaining for Pax7 {green}
and myogenin (red) showed that these two antigens were essentially
mutually exclusive (g) with only 6.8 = 1.6% of Pax7+ve cells also
expressing myogenin, Counterstaining with DAPI was used to identify
all nuclei present {f and h). Bar, 30 pm.

' 1995), permitting us to identify all satellite cells by their fail-

ure 1o stain with X-gal (Beauchamp et al., 2000). EDL myo-

fibers-isolared from this mouse were cultured in suspension
and fixed at 24-h intervals from TO to T72. They were then
coimmunostained for either Pax7 and MyoD, MyoD and
myogenin, or Pax7 and myogenin. Antibody binding was re-
vealed with fluorescently labeled secondary antibodies before
myofibers were briefly incubated in X-gal and all nuclei
counterstained with DAPE. Using this procedure, the myo-
nuclei are identified by the deposition of a Prussian blue
X-gal reaction product, which obscures the fluorescent DAPI
nuclear counterstain. Therefore, clearly visible DAPI stain-
ing identifies the nuclei of all satellite cells associated with
the isolated myofiber whether or not they are expressing any
of the antigens under investigation. Each caregory of cell,
defined by its pattern of immunoreactivity for Pax7, MyeD,

and myogenin, including rotally negative cells, can thus be
related 1o the votal population of satellite cells. The mean
number of cells per myofiber in each category at each time
point studied is given in Table II. The data from different
mice was also pooled and expressed as the mean percentage
of the toral number of sarellite cells (defined as non-
quenched DAPI) per myofiber in each category (Fig. 11).

Like the 24- and 48-h dara from wild-type mice in which
97-98% of satellite cells coexpressed Pax7 and MyoD, the
3F-nlacZ-E transgenic myofibers showed again that the
vast majority of the total satellite cell pool was Pax7+ve/
MyoD+ve (92.4% at 24 h and 92.9% ar 48 h), the remain-
der being either Pax7+ve/MyoD—ve (4.1% and 3.7%, re-
spectively) or negative for both Pax7 and MyoD (3.5% and
2.2%, respectively). Only very rare cells expressed myogenin
at T48, buc by 72 h in culture many cells were differentiar-
ing, as shown by the presence of myogenin (~+30%). At this
tme, a significant number of Pax7-+ve/MyoD—ve cells
were also present (17.2%; Fig. 1 i). Coimmunostaining for
Pax7 and myogenin revealed an essentially mutually exclu-
sive relationship berween these two proteins (Fig. 2, g and h)
with only rare Pax7 +ve cells (6.8 = 1.6% of total Pax7+ve
cells) found to coexpress myogenin, usually at a low level.
The Pax7+ve/MyoD—ve cells were mainly (85%) located
in clusters of four or more cells. These clusters contained a
mean of 7.9 * 0.4 cells consisting of 1.9 = 0.2 Pax7+ve/
MyoD—ve cells, 2.5 = 0.2 Pax7 —ve/MyoD+ve cells, 2.8 +
0.2 Pax7+ve/MyoD+ve cells, and 0.7 * .1 unlabeled cells
(133 clusters analyzed from mouse 3 and 4). The overriding
presence of Pax7+ve/MyoD—ve cells in clusters indicares
thar interactions within the cluster may be an important fea-
ture of this diversification of phenorype.

Satellite cells can down-regulate MyoD without

- committing to differentiation

Where do the Pax7 +ve/MyoD—ve cells come from? As men-

tioned above, based on the pooled dara from wild-type

mice, one possible explanation could be the rapid expansion
of a Pax7+ve/MyoD—ve population. However, the distribu-
tion of Pax7+ve/MyoD—ve cells at 24 h excludes this possi-
bility. At 24 h, only 15% of myofibers contained Pax7+ve/
MyoD—ve sarellite cells, whereas by 72 h, virtually every
myofiber (97%) did. Therefote, analysis of the myofiber dis-
tibution in the 3F-#/2cZ-E study unequivocally shows thar
most of the Pax7 +ve/MyoD—ve cells must have arisen from
sarellite cells that were initially Pax7 +ve/MyoD +ve.

When is MyoD. lose? Satellite cells on TO myofibers are typ- .

ically locared as single cells distributed along the length of the
entire myofiber; only 4 pairs were found among 59 satellite
cells on 16 myofibers from mouse 3 and 5 pairs among 106
satellite cells on 19 myofibers from mouse 4. Therefore, the
pairs and small groups of satellite cells observed ar 48 h are
probably clonal in origin. Rare instances of clones of sarel-
lite cells could be observed that contained both Pax7+ve/
MyoD+ve and Pax7-+ve/MyoD—ve cells. An example is
shown in Fig. 3, where the cell surface protein CD34 (Beau-
champ et al., 2000) marks four satellite cells, only three
of which coexpress MyoD (Fig. 3, a and b). In addition,
MyoD~ve cells could incorporate BrdU, showing that they
were the progeny of an activated satellite cell, and not rare

00z "8t 1snBy ue Biogol'mmm Wow papeojumog



Self-renewal of satellite cells | Zammir eral. 351

Table . Most Pax?-!-vé/MyoD-—ve satellite cell progeny arise from Pax7+ve/MyoD +ve parents

Pax?  MyoD Both  Neither Myogenin - MyoD Both  Neither  Pax7  Myogenin  Both

3F-nlacZ-E mouse 3

T0 3.5 n/d n/d 0.1
(£0.7) (x07) (x0.1)
T24 0.4 0 5.1 0.2
{(+0.2) {(=07) (x0.1)
T48 . 0.7 0.1 9.5 0.3 0 10.4 0 0.6
(x03) (£0.1) (x1.2) (x0.1) (*1.6) (= 0.3)
T72 15.3 30.2 313 8.0 2.2 30.5 21.4 9.5 48.2 25.0 39

) (230 (=75 {x51 [(x22) {+ 0.8} (£58) (48 (228 (x58) (£ 6.6) {(£1.2)
3F-nlacZ-E mouse 4

T0 5.3 n/d n/d 0.3
(=0.7) (£0.1)
T24 - 0.2 0 5.45 0.3
{(x0.1) (x08 (x02)
T48 0.7 0.5 193 - 03 0 11.5 0 0.6
(£02) (£02) (x286) (x0.2) (= 2.0 (£1.8)
T72 14.3 28.7 40.0 4.0 1.7 5849 28.1 .2 32.2 41.4 3.0

(£33) (63} (x64) (09 (= 0.8) (£3.8 (£35 (315 (=58 (x 6.6) (x1.0)

Batches of myofibers from the same mouse were coimmunostained for either Pax7 and MyoD {first four columns), MyoD and myogenin (middle four
columns), or Pax7 and myogenin {|ast three columns) before myonuclear B-galactosidase activity was revealed with X-gal. Values are population means of
the number of satellite cells in each category {= SEM) per myofiber isolated from each of two age-matched 3F-nfacZ-E mice. n/d, not determined,

quiescent MyoD—ve cells that had failed 1o acrivate (Fig. 3,  sumed to have recently divided, 43 pairs wete symmetrically
c€). To assess the frequency of this event, myofibers were ~ MyoD+ve, whereas 7 pairs (14%) had conspicuously higher
cultured in the presence of BrdU for 48 h and then im-  levels of MyoD in one daughter than the other. If we recalcu-
munostained. Of 50 pairs of touching BrdU+ve cells, pre-  late, taking single and groups of satellite cells into account, the

Figure 3. Satellite cells can maintain Pax7, but lose
MyoD. Quiescent satellite cells are generally distributed
as single cells along the length of the myofiber. Between
24-48 h in culture, almost all satellite cells express both
Pax7 and MyoD and begin to divide; therefore, it can be
assurned that most pairs/small groups of cells present at
these times are derived from a single parent satellite cell.
Immunostaining followed by X-gal incubation of EDL
myofibers from a 3F-nlacZ-E mouse after 48 h in culture
shows that of four CD34 +ve satellite cells {a, red-cell
surface), three contained MyoD protein (a, green nuclear),
but significantly one did not (a and b, arrows), These
MyoD—ve cells {c-e, arrows) had undergone division,
as shown by the incorporation of BrdU into the daughter
cells {d), and were not merely quiescent satellite cells.
Whether MyoD protein levels vary with cell cycle is
unresclved (Kitzenann et al.,, 1998; Lindon et at., 1998).
However, it is important that both the MyeD+ve and
MyoD—ve progeny of a single satellite cell could be in
the same phase of the cell cycle (f-h). An example is
: shown where immunostaining followed by X-gal incuba-
d Q tion of an EDL myofiber from a 3F-nfacZ-E mouse after
48 h in culture shows that MyoD+ve (f) and MyaD~ve
(f-h, arrows) daughters are both in the same phase of the
cell cycle as shown by phosphorylated Histone H1/H3
immunostaining (g). Counterstaining with DAP| was used
to identify all nuclei present (b, e, and h). Bar, 30 pm.
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Figure 4. Pax7+ve/MyoD—ve satellite cells eventually
cycle slowly, or not at all. Immunostaining of EDL
myofibers after 72 h In culture showed that the majority
of MyoD+ve cells (a) were also expressing PCNA (b),

- indicating that they were still cycling, Rare MyoD—ve
cells {a—c, arrows) were also PCNA+ve (b, arrow) and
waould presumably be either Pax7+ve or myogenin+ve,
However, a pulse of BrdU between 96-120 h in culture
(d-f} followed by immunostaining showed that by 120 h,
42.5% of Pax7+ve cells (d, arrows) had failed to
incorporate BrdlJ (e, arrows) over the previous 24 h.
At 120 h, the Pax7+ve cells {g-i, arrow) were negative
for MyaD (h, arrow), with MyoD being undetectable
in almost all satelilte cells at this time. Counterstaining
with DAPI was used to identify all nuclei present (¢, f,
and i). Bar, 30 pm.

14% that down-regulate MyoD in the touching satellite cell
pairs becomes ~2.2% of the total satellite cells present.

Whether or not MyoD protein levels vary with cefl cycle
is a marter of debare (Kitzmann et al., 1998; Lindon et al,,
1998). The characteristic pattern of phosphorylated His-
tone H1 and H3 immunostaining can be used as a guide to
the phase of the cell cycle. To explore whether or not the
low level of MyoD cbserved in some sarellite cells reflected
cell cycle variation, coimmunostaining for phosphorylated
Histone H1 and H3 and MyoD was performed and showed
that cells with radically different levels of MyoD could be
in the same phase of the cell cycle (Fig. 3, f~g). The doublet
of cells shown in Fig. 3 (f-h) with different MyoD levels
contained the only MyoD—ve cell observed in a total of
126 sarellite cells on 20 myofibers derived from a 3F-nlacZ-E
mouse. MyoD+ve and MyoD —ve satellite cell progeny
still conrained Pax7 (Fig. 1), and Pax7 withour MyoD is
characteristic of quiescent satellite cells (Zammit and Beau-
champ, 2001),

Some Pax7 +ve/ MyoD—ve cells eventually divide
slowly or stop cycling

Until ~72 h, the majority of satellite cells were cycling rap- -

idly, as shown by the presence of PCNA in their nuclei
(Fig. 4, a—c). However, from 72 h onwards the number of

PCNA+ve cells dropped markedly, as differentiation en-
sued. The low level of BrdU incorporation after a 24-h pulse
from 96-120 h confirmed that very few satellite cells were
still cycling. Interestingly, 42.5% of the Pax7 +ve cells (~20
myofibers from each of three mice) also failed to incorporate
BrdU during this time, indicaring that they were either cy-
cling slowly (i.e., not entering S phase during the 24-h pe-
riod of the puise) or were quiescent (Fig. 4, d—f). Crucially,

Pax7 +ve cells were almost all negative for MyoD at 120 h

(Fig. 4, g-1), showing that the Pax7 +ve/MyoD~ve pheno-
type was not transient but persisted unril ar least 120 h, the
latest time point examined in this study. In addition, virtu-
ally no expression of MyoD (Fig, 4, g-1) or myogenin (not
depicted) was detecrable in any satellite cells at this time,
demonstrating that the expression of these two MRFs is
transient. Thus, some satellite cells culrured in association
with their myofiber maintain expression of Pax7, down-reg-
ulate MyoD, and begin to cycle slowly or not at all; all char-
acteristics of quiescent satellite cells.

Clusters contain cells that can reactivate and proliferate

To investigate whether or not the satellite cells contained in
clusters on a myofiber retain the ability to reactivate and
proliferate, individual clusters of satellite cells were removed
with a piperre and plated on a Matrigel substrate in fresh
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Figure 5. Isolated clusters of satellite cefl progeny
contain cells able to reactivate, proliferate, dnd
differentiaie. EDL myofibers were maintained in
suspension for 120 h, at which time clusters were
removed with a pipette, plated onto Matrigel, and
photographed over the next 144 h (a-c). Clusters
quickly adhered to the Matrigel substrate, and both
single cells and small myotubes rapidly appeared (a).
Cells proliferated over the subsequent days {b) until
a second wave of myotube formation began around
96 h (c). In separate experiments, myofibers were
maintained in suspension for 120 h, at which time
MyoD protein was virtually absent. Clusters were then
removed, plated, and fixed after a further 120 h and
immunostained {d-f). The proliferating cells (d—f,
arrows) expressed both Pax7 (d, green) and MyoD
(e, red), seen as yellow when the red and green immunio-
signals are combined (f) interspersed with myocytes
and myotubes. To determine if satellite cells that had
stopped cycling while associated with a myofiber
were able to still undergo division, a BrdU pulse was
. administered between 96~120 h. Clusters were then
plated and 24 h later coimmunostained for PCNA and
BrdU (g-i, arrows). Proliferating cells were identified
by PCNA {g) expression that were BrdU—ve (h), indi-
cating that they had been refractory to BrdU incor-
poration while associated with the myofiber, but were
able to reenter cell cycle when dissociated/stimulated.
Counterstaining with DAPI was used to identify all
nuclet present (i). Bars: (d—f) 100 prm; (g-i) 30 um.

growth medium. These conditions stimulate satellite ceils ro
divide and migrate over the Matrigel substrate. The clusters
rapidly adhered to the substrate, and both proliferating cells
and small myotubes were observed within 24 h of plating
{Fig. 5 a). Cells continued to proliferate with a second wave
of myotube formarion occurring several days later (Fig. 5, b
and c). Sartellite cells associated with myofibers thar have
been cultured in suspension for 120 h are almost all com-
pletely MyoD negative (Fig. 4, g—i), whereas many cells de-
rived from plated clusters became Pax7 +ve/MyoD +ve (Fig,
5, d-f), showing that MyoD expression had been reinduced.

Because some satellite cells were not cycling after 96/120 h
in culture, we next sought to determine if these cells re-
tained the ability ro proliferate again or if they had merely
become senescent. EDL myofibers were mainrained as non-
adherent cultures for 120 h in growth medium, with BrdU
present for the final 24 h. Clusters were then removed,

plated on Matrigel for 24 b, fixed, and coimmunostained for

PCNA and BrdU, PCNA+ve/BrdU+ve cells were ob-

served, indicaring that cells that had been cycling while on
the myofiber remained in cycle when moved onto a Marrigel
substrate. Crudially, we also found PCNA+ve/BrdU—ve
cells, indicating that some cells that had become refracrory
to BrdU incorporation while in clusters on the myofiber
were able to reenter the cell cycle when explanted from this
communal environment.

Discussion

Although the remarkable abiliry of skeletal muscle to recover
from injury has been much studied in vivo, atempts to
model the process in tissue culture systems have been able to

provide only crude parallels. After severe muscle damage,

many myotubes appear in as little as 34 d (Whalen e al., -

1990), a process that entails 2 rapid and efficient mobiliza-
tion of the satellite cell compartment, with a phase of intense
proliferation over a period of some 3—4 d (McGeachie and
Grounds, 1987). The capacity of muscle to cope successfully
with serial damage (Sadeh et al., 1985; Luz et al., 2002) and
chronic degenerative muscle disorders, such as that observed
in max mice, demonstrates that the satellite cell pool is effec-
tively replenished during each episode of regeneration. To
better understand this process, we investigated the dynamics
of satellire cell activarion, proliferation, and differentiation
on isolated myofibers maintained in culture. We observed a
sequence of events that is strongly reminiscent of thar which
occurs during muscle regeneration in vivo, We found that
satellite cell progeny adopted divergent fates: although mast
differentiate, others regain a phenotype characteristic of qui-
escent satellite cells. Our observations support the general
hypothesis that self-renewal is a major mechanism used to
maintain the sarellite cell pool, as suggested by the work of
Moss and Leblond (1971) over 30 yr ago, without need for a
significant inpur from ourside the satellite cell compartment.
Further evidence for self-renewal has come from studies of
myoblast transplantation into adult muscle, where neonatal
myoblastsfsatellite cell-derived myoblasts gave rise to both
differentated myonuclel and functional satellite cells (Bla-
veri et al., 199%; Heslop et al., 2001).

On the basis of our observations on the alternate fares
adopted by satellite cells, we propose a model for satellite
cell self-renewal (Fig. 6). Virtually all quieseent satellize
cells coexpress Pax7 and MyoD> within a few hours of acti-
vation. After this point, phenotypic and behavioral diversi-
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Figure 6. Model of satellite celi seli-renewal.
Quiescent satellite cells {green) activate to
coexpress Pax7 and MyoD (green and red tartan),
and then most proliferate, down-regulate Pax7,
maintain MycD (red), and differentiate (red path-
way). However, activated Pax7+ve/MyoD +ve
{green and red tartan) satellite cells can also
divide to give rise to cells that adopt a different
fate. These give rise 1o clusters of cells contain-
ing both Pax7 —ve/MyoD+ve {red) progeny,
whereas others down-regulate MyoD expression
and cycle while maintaining only Pax7 (green),
These clusters may grow by the further generation
of cells with divergent fates, Pax7 +ve/MyoD —ve
cells (green) become quiescent, thus renewing
the satellite cell pool (green pathway), whereas
the MyoD +ve cells (red) differentiate to produce
myonuclei {red pathway). Signaling from the
myofiber (orange arrows) andfor between cells -
within the clusters (blue arrow) may dictate
which fate the satellite cell adopts.

@ Pax7 @ MyoD* @ Pax7-e/MyoD* e Myonucleus

fication becomes apparent. Most cells undergo rapid but
limired proliferation and down-regulate Pax7 as they begin

to differentiate, consistent with previous descriptions of
MyoD and myogenin expression during satellite cell activa-

tion {Grounds et al., 1992; Yablonka-Reuvent and Rivera,
1994; Cooper et al., 1999). This behavior shows close par-
allels to the transit-amplifying population resident in skin
(Watr, 2002). However, not all Pax7+ve/MyoD +ve satel-
lite cell progeny follow this highly coordinated program of
gene expression toward a differentiated state. Others adopt
an alternative fate in which Pax7 is maintained but MyoD
is lost as the cells withdraw from differentiation. Later,
Pax7 +ve/MyoD—ve cells are observed in clusters, together
with Pax7 —ve cells that are destined ro differentiate to re-
place lost myonuclei. The Pax7+ve/MyoD—ve cells then
become quiescent, thus maintaining the satellite cell pool.
This model is consistent with observations of satellite cells
during regeneration in vivo where most rapidly differentiate
after only a limited number of divisions, whereas a minoriry
proliferate for an extended period (Grounds and McGeachie,
1987; McGeachie and Grounds, 1987; Rantanen et al,,
1995).

Once expressed, MyoD tends to initiate a self-reinforcing
cascade of myogenic commitment by virtue of its auto- and
cross-activation driving the production of all MRFs. Indeed,
the ability of MyoD 1o efficiently direct many nonmuscle
cells down the myogenic lineage testifies to its potency in
this respecr (Weintraub et al., 1991). In light of this, our
finding that most MyoD) —ve satellite cell progeny must be
derived from MyoD +ve parents is unexpected, for it implies
thar expression of MyoD does not necessarily result in dif-
ferendarion. A mechanism must exist to suppress MyoD, so
as to divert cells away from the differentiation pathway into
a precursor state. This contradicts the general dogma that
expression of key lineage commitment genes in a stem cell
enforces an irreversible linear progression roward differentia-
tion. This concept has also been challenged in the adule
central nervous system, where committed oligodendrocyte
precursors can revert to a multipotent neural stem cell phe-

notype (Kondo and Raff, 2000).

What dictates the divergent fates of satellite cells? Is it an
innate, lineage based, heterogeneity of the satellite cell popu-
lation, or differences within the microenvironment on the
myofiber and/or within the cell cluster? The satellite cell
pool is heterogeneous by several criteria. For example, al-
though the majority of quiescent satellite cells in limb mus-
cle transcribe Myf5 and contain M-cadherin and CD34 pro-
tein, a minority are negative for any of these markers
(Beauchamp et al., 2000). On a larger scale, the majority of
muscles in the Pax3"“#*mouse contain only rare Pax3+ve
satellite cells, bur some show more widespread expression
(Buckingham et al., 2003). Functional heterogeneity within
muscle is also evident, with at least two populations identi-
fied by their differential sensitivity to irradiation (Heslop et
al., 2000). Clonal studies also suggest heterogeneity as de-
fined by both proliferation rate and clonogenic capacity
(Schulez and Lipton, 1982; Moelnar et al., 1996). Further-
more, during both growth and regeneration, satellite cells
can clearly be divided with respect to their growth factor re-
quirements for praliferation (Yablonka-Reuveni and Rivera,
1994), by their rate of cell division (Grounds and McGeachie,
1987; McGeachie and Grounds, 1987; Rantanen et al.,
1995; Schultz, 1996}, and by the myosin heavy chain iso-
forms they express upon differentiation (FHoh et al., 1988;
Hoh and Hughes, 1991; Rosenblatt et al., 1996).

That divergence in fate of the Pax7+ve/MyoD+ve sarel-
lite cells occurs without the synchronizing signal of mitogen
reduction indicates thart this is a normal part of the pro-
gram of satellite cell replacement. However, it remains to
be shown whether satellite cell heterogeneity reflects the
stochaistic generation of diversity within a dynamic system
or a distinct lineage-based subpopulation. We have shown
that this divergence in fate of satellite cells occurs reproduc-
ibly in cultures on suspended myofibers. This finding con-
trasts with the behavior of satellite cells thar are allowed 10
migrate from a myofiber onto the tissue culture substrate,
where Pax7+ve/MyoD—ve cells are rarely observed and
three-dimensional clusters do not form (unpublished data),
This suggests that the culture of satellite cells on isolated
myofibers in suspension is an apposite model to mimic the
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self-regulatory events of myogenesis during muscle regenera-
tion in vivo. The potential importance of environmental
regulation is also suggested by the behavior of primary myo-
blasts or myogenic cell lines induced to differentiate by mi-
togen withdrawal. Although most differentiate, a population
of “reserve cells” has been described thar stop dividing yet re-
tzin the ability to reenter cell cycle and differentiate when
passaged (Kitzmann et al., 1998; Yoshida et al., 1998). Sig-
nificantly, reserve cells can be generated from dlones, sup-
porting the notion thac this is not an intrinsic properry of a
permanent subset but that any myoblast can acquire this be-
havioral phenotype {Baroffio et al., 1996).

Therefore, we suggest that generation of Pax7+ve/
MyoD—ve cells is not a cell autonomeous event, but instead
arises from signaling between the myofiber and satellite cell,
or the microenvironment within cell clusters, as indicated in
our model {Fig. 6). Maintenance in vitro of satellite cells in
their native position under the basal lamina and adjacent to
the myofiber preserves such contact-dependent interactions
and signaling. It may be that an instructive signal from the
myofiber plays some part in directing the cell to become qui-
escent, much as IL-4 secrered by myotubes controls the re-
cruirmenr of further myoblasts (Morsley et al., 2003). It is
also possible that the differentiation of some satellite cells
may signal others to become quiescent, possibly using sys-
tems used to direct cell fate elsewhere, such as the Notch sig-
naling pathway (Artavanis-Tsakonas et al., 1999), compo-
nents of which are expressed by satellice celis (Conboy and
Rando, 2002).

The single fiber culture model used here also has the ad-
vantage that the source of cells is defined as satellite cells,
i.e., those resident under the basal lamina, thus isolating the
process of satellite cell activation and renewal from potenial
contributions from elsewhere. This finding is important in
light of several recent studies that have shown that other
cells isolated from muscle and from a diverse range of tissues
are able to adopt a myogenic phenotype, albeit ar a very low
frequency (Ferrari et al., 1998; Gussoni et al., 199%; LaBarge
and Blau, 2002).

Side population stem cells, characterized by their abiliry.to
exclude Hoescht dye, can be isolated from muscle tissue and
have been shown to be distinct from satellite cells (Gussoni
et al., 1999; Jackson et al., 1999; Asakura et al., 2002). Side
pepulation cells can contribute to both the hematopoietic
and myogenic lineages (Gussoni et al., 1999; Asakura et al,,
2002), leading to the suggestion that they are a normal, rou-
tine source of satellite cells. Myogenic precursors also reside
in the intersritium of muscle (Tamaki et al., 2002}, and
blood vessel-derived mesoangioblasts 100 have myogenic
potential (De Angelis et al., 1999; Cusella De Angelis et al.,
2003; Sampaolesi et al.,, 2003). Moreover, transplantation
studies show thar cells derived from various nonmuscle tis-
sues can contribute to muscle (for review see Grounds et al,,
2002). The most intriguing of these nonmuscle sources is
bone marrow, which produces cells that are able 0 move
into the sarellite cell niche, arriving via the circulation fol-
lowing bone marrow grafis (Fukada et al., 2002; LaBarge
and Blau, 2002), suggesting thar this could also be a usual
source of myogenic cells. However, the number of myofibers
with a donor contribution is very low and does not increase
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significanty with time in either mouse (Ferrari et al., 2001;
Brazelton et al., 2003) or man (Gussoni et al., 2002), imply-
ing that either bone marrow cells are unable to contribute to
any grear exrent to the stem cell compartment within muscle
or to be continually recruited.

The results presented here, showing thar satellite cells can
adopt divergent fates, suggest that the satellire cell pool is
maintained by self-renewal and that this is independent of a
contribution from outside. Although this finding does not
exclude parriciparion by other cells to myogenesis in vivo,
possibly to augment the number of myoblasts during severe
muscle regeneration, no evidence has been produced of
more than a minor contribution from these other sources.
Indeed, the ablation of the satellite cell pool by irradiation
suggests that cells from outside of muscle are not able 1o re-
store functional regeneration {Heslop er al,, 2000}. Ce:-
tainly, no such contribution appears to be required because
satellite cells associated with a muscle fiber are capable of
producing encugh myoblasts to entirely replace that myofi-
ber in a time scale consistent with in vivo regeneration

{Zammit et al., 2002).

Materials and methods

Animal models

Adult (>6 wk of age) wild-type or 3F-nfacZ-E transgenic mice (generated
by R Kelly and M. Buckingham, Pasteur Institute, Paris, France) were used
in this study. 3F-nfacZ-E mice contain seven copies of a construct consist-
ing of a 2-kb myosin light chain (MLC) 3F promoter, nlacZ-5v40 poly (A)
in frame in the second MLC3F specific exon, 1 kb of MLC3F sequence 3*
of nlacZ, and a 260bp 3" MLC1F/3F enhancer (Kelly et al., 1995).

Tissue preparation and single fiber isolation

Mice were killed by cervical distocation before the EDL muscles were
carefully removed. Myofibers were isolated as described previously (Ro-
senblatt et al., 1995} and either fixed for 5-20 min in 4% PFA/PBS or
cultured,

Myofiber culture

For suspension culture, myofibers were incubated in growth medium
(DME with 10% [volfvol) horse serum [PAA Laboratories] and 0.5% {vol/
vol] chick embryo extract [ICN Biomedicals)) at 37°C in 5% CQ,. For ad-
herent cultures, isolated clusters were piaced in 24-well Primaria plates
{Marathon) coated with 7 mg/ml of Matrigel {Collaborative Research Inc.),
Growth medium was added and the cultures maintained at 37°C in 5%
CO;. Where used, Brdl was added to the medium at a final concentration
of 10 uM, Myofibers and cells were fixed in 4% PFA/PBS for 5-20 min.

Immunostaining

Fixed myofibers were permeabilized with 0.5% (volivol) Triton X-100/PBS
and blocked using 20% (vol/vol) goat serum/PBS, as described previously
(Beauchamp et al., 2000). Primary anttbodies used were monocional
rat anti-BrdU (clone BU1/75; Abcam), monoclonal mouse antimyogenin
{clone F5D; DakoCytomation or Developmental Studies Hybridoma Bank
{DSHBI), anti-MyoD1 (clone 5,8a; DakoCytomation), anti-Pax7 (DSHB),
anti-PCNA (clone PC10; DakoCytomation}, rabbit polyclonal anti-MyoD
(Santa Cruz Biotechnology, inc.), antimyogenin (Santa Cruz Biotechnol-
ogy, Inc.), antiphosphorylated Histone H1 {Upstate Biotechnology), and
antiphosphorylated Histone H3 (Upstate Biotechnotogy). Primary antibod-
ies were visualized with fluorochrome-conjugated secondary antibodies
(Molecular Probes) before mounting in Faramount fluorescent mounting
medium (DakoCytomation) containing 100 ng/ml DAPL,

Histology

To visualize B-galactosidase activity, immunostained myofibers were incu-
bated in X-gal solution (4 mM potassium ferrocyanide, 4 mM potassium
ferricyanide, 2 mm MgCly, 400 pg/mi X-gal, and 0.02% NP-40 in PBS) for
~15 min at RT. Myofibers were rinsed several times in PBS and mounted

. in Faramount aqueous mounting medium containing 100 ng/ml DAP|,
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Quantification

For wild-type mice, the number of cells in each category (i.e., Pax7 +ve/
MyoD—ve, Pax7+ve/MyoD+ve, or Pax7—ve/MyoD+ve) were counted
and expressed as a percentage of the total immunostained cells on the myo-
fiber, and the data from multiple myofibers were pooled to give a popula-
tion mean (% SEM). For 3F-nlacZ-E mice, the absolute number of satellite
cells per myofiber was determined using unquenched DAP) fluorescence
after X-gal incubation. Each cell was categorized by immunostaining, and
the data from multiple myofibers were pooled to give a population mean
{= SEM) for cells in each category and also expressed as a percentage of
the total satellite cell pool.

Image capture

Immunostained myofibers were viewed on an epifluorescence microscope
{model Axiophot; Carl Zeiss Microlmaging, Inc.} using a 40x/0.75 Ph2-
Neofluar lens. Digital images were acquired with a Charge-Coupled De-
vice (model RTE/CCD-1300-Y; Princeton Instruments Inc.) at —10°C using
Metamorph software version 4.5r5 (Universal Imaging Corp). Live cells
were viewed on a microscope {model Axiovert 100; Carl Zeiss Microlmag-
ing, Inc.) with Achrostigmat lenses (Carl Zeiss Microlmaging, Inc.) and dig-
ital images acquired on a three-color Charge-Coupled Device (model
DXC-930P; Sony) using Sirius VI software version 2.0c (Optivision). m-
ages were optimized glabally for contrast and brightness and assembled
into figures using Adobe Photoshop 6.0.1.
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Note added in proof. Recent work by Yablonka-Reuveni and associates
{Halevy, O., Y. Piestun, M. Allouh, B. Rosser, Y. Rinkevich, R. Reshet, I, Ro-
zenboim, M. Wleklinski-Lee, and Z. Yablonka-Reuveni. 2004, Dev. Dy-
nam. In Press) is in accordance with our model of satellite cell self-renewal.
These authors show that Pax7-+ve/MyoD—ve cells can be observed in cul-
tures initiated from wing chicken muscle and that a single cell can give rise
10 both Pax7 +ve/MyoD—ve and Pax7 +ve/MyoD+ve progeny.

References

Andres, V., and K. Walsh. 1996, Myogenin expression, cell cycle withdrawal, and
phenotypic differentiation are temporally separable evenes thar precede cell
fusion upon myogenesis. J. Cell Biol. 132:657-666.

Anavanis-Tsakonas, 8., M.D. Rand, and R.J. Lake. 1999. Norch signaling: cell fate
control and signal integration in development, Seiznce, 284:770-776.
Asakura, A, P. Seale, A, Girgis-Gabarde, and M.A, Rudnicki, 2002. Myogenic
specification of side population cells in skeletal muscle. [ Ceff Biol, 159:

123-134.

Baroffio, A., M. Hamann, L. Bernheim, M.L. Bochaton-Piallar, G. Gabbiani, and
C.R. Bader. 1996. Identification of self-renewing myoblasts in the progeny
of singte human muscle sacellite cells. Différensiation, 60:47-57.

Beauchamp, J.R., L. Heslop, D.S. Yu, S, Tajbakhsh, R.G. Kelly, A. Wernig, M.E.
Buckingham, T.A. Parcridge, and P.S. Zammit. 2000, Expression of CD34
and Myfs defines the majority of quiescent adult skeleral muscle sateflite
cells, 7. Cell Biel 151:1221-1234.

Bischoff, R. 1986. Proliferation of muscle sarellite cells-on intact myofibers in cul-

tre. Dey. Biol. 115:129-139.
Blaveri, K., L. Heslop, D.5. Yu, .. Rosenblart, J.G. Gross, T.A. Partridge, and
J.E. Morgan. 1999. Patterns of repair of dystrephic mouse muscle: studies

on isolated fibers. Dew. Dyn. 216:244-256,

Braun, T, M.A. Rudnickj, H.H. Arnold, and R. Jaenisch. 1992, Targeted inactiva-
tion of the muscle regulatory gene Myf-5 results in abnormal rib develop-
ment and perinatal death. Cell 71:369-382.

Brazelton, T.R., M. Nystrom, and H.M. Blau. 2003, Significant differences among
skeleral muscles in the incorparation of bone marrow-derived cells, Dep.
Biol. 262:64-74,

Buckingham, M., L. Bajard, T. Chang, P. Daubas, ]. Hadchouel, §. Meilhac, D.
Montarras, D. Rocancourt, and F, Relaix. 2003, The formarion of skeletal
miuscle: from somite to limb. [ Anar. 202:59-68.

Conboy, LM., and T.A. Rando. 2002. The regulation of Norch signaling conzrols *

satellite cell accivation and cell fate determination in postnatal myogenesis.
Dev. Cell, 3:397-409.

Cooper, RN, §. Tajbakhsh, V. Mouly, G. Cossu, M. Buckingham, and G.S. Bur-
ler-Browne. 1999, In vive satellize cell acrivation via MyfS and MyoD in re-
generaring mouse skeletal muscle. . Cell Sri, 112:2895-2901.

Cusella De Angelis, M.G., G. Balconi, §. Besnasconi, L. Zanetta, R. Boratto, D.
Galli, E. Dejanz, and G. Cossu. 2003. Skeleral myogenic progenitors in the
endothelium of lung and yolk sac. Exp. Celf Res. 290:207-216.

De Angelis, L., L. Berghella, M. Coleura, L. Lattanzi, M. Zanchi, M.G. Cusella-De
Angelis, C. Ponzetto, and G. Cossu. 1999, Skeletal myogenic progenitors
originating from embryenic dorsal aorta coexpress endothelial and myogenic
markers and contribure to postnatal muscle growth and regeneration. J, Celf
Bial 147:869-878.

Ferrari, G., G. Cusella-De Angelis, M. Coletta, E. Paclueci, A. Stornaiuole, G.
Cossu, and F. Mavilio. 1998. Muscle regenerarion by bone marrow-derived
myogenic progenitors, Stience. 279:1528-1530,

Ferrari, G., A. Stornaiuolo, and F. Mavilio. 2001, Failure to correct murine muscu-
lar dystrophy. Nasure. 411:1014-1015.

Fuchtbauer, E.M., and H. Westphal. 1992. MyoD and myogenin are coexpressed
in regenerating skeletal muscle of the mouse. Dev, Dyn, 193:34-39.

Fukada, 8., Y. Miyagoe-Suzuki, H. Tsukihara, K. Yuasa, S. Higuchi, 5. Ono, K.
Tsujikawa, S. Takeda, and H. Yamamorte. 2002. Muscle regeneration by re-
constitucion with bone marrow or fecal liver cells from green Auorescent pro-
ein-gene transgenic mice. J. Cell Sei. 115:1285-1293.

Grounds, M.D., and J.K. McGeachie. 1987. A model of myogenesis in vive, de-
rived from derailed auroradiographic studies of regencrating skeleral muscle,
challenges the concepe of quantal mitosis. Cell Tisue Res. 250:563-569.

Grounds, M.D., KL. Garrett, M.C. Lai, W.E, Wright, and MW, Beilharz, 1992.
Idenification of skeleral muscle precursor cells in vive by use of MyoD1 and
myogenin probes, Celf Tissue Res. 267:99-104.

Grounds, M.D., ].D. White, M. Rosenthal, and M.A. Begoyevitch. 2002. The role
of stem cells in skeleral and cardiac musele repair. J. Histochem. Cyrachem.
50:589-510,

Gussoni, E., Y. Soneoka, C.D. Strickland, E.A. Buzney, MK, Khan, A.F. Fliny,
LM, Kunkel, and R.C. Mulligan. 1999. Dystrophin expression in the mdx
mouse restored by stem cell transplaneation. Nasure, 401:390-394,

Gussoni, E., RR. Bennewr, KR. Muskiewicz, T. Meyerrose, J.A. Nolr, L Gilgoff,
J. Stein, Y M. Chan, H.G. Lidov, C.G. Bonnemann, ¢t al. 2002. Long-term
persistence of donor nuclel in a Duchenne muscular dysuophy parient re-
ceiving bone marrow transplancaion. J. Clin, Foves. 110:807-814,

Hasty, P., A. Bradley, ].H. Mouis, D.G. Edmondson, .M. Venurti, EN. Olkon,
and W.H. Klein, 1993, Muscle deficiency and neonatal deach in mice wich a
targered muration in the myogenin gene. Nasure. 364:501-506.

Heslop, L., J.E. Morgan, and T.A. Partridge. 2000, Evidence for a myogenic stem
cell thar is exhausted in dystrophic muscle. J. Calf Sei. 113:2299-2308,

Heslop, L., ].R. Beauchamp, S. Tajbakhsh, M.E. Buckingham, T.A. Partridge, and
P.5. Zammit. 2001, Transplanted primary neonatal myoblasts can give rise
to functional sarellite cells as identified using the MyfSnlacZ/+ mouse. Gene
Ther. 8:778-783, .

Heh, J.F., and §. Hughes. 195]. Basal lamina and superfast myosin expression in
regencrating cat jaw muscle. Muscle Nerve. 14:398—406.

Heh, J.F., S. Hughes, and .F, Hoy. 1988. Myogenic and neurogenic reguladion of
myesin gene expression in cat jaw-closing muscles regenerating in fast and
slow limb muscle beds. [, Muscle Res. Cell Moril. 9:59-72.

Hossley, V., KM. Jansen, §.T, Mills, and G.K. Pavlath. 2003. IL-4 acrs as a myo-
blast recruitment factor during mammalian muscle growth. Cefll, 113:483-
494.

Jacksen, KA., T. Mi, and M.A. Geodell. 1999, Hemazopoieric potential of stem
cells isalated from musine skeleiat muscle. Proc. Nadl Aead, Sci. USA 96:
14482-14486. ‘

Kelly, R., 5. Alonso, $. Tajbakhsh, G. Cossu, and M., Buckingham. 1995. Myasin

$00Z ‘g1 snBny uo Bao ol mmm Wouy papecjumog



light chain 3F regulatory sequences confer regionalized cardiac and skeleral
muscle expression in transgenic mice. . Celd Biol. 129:383-396.

Kitzmann, M., G. Camac, M, Vandromme, M. Primig, N.J. Lamb, and A.
Fernandez. 1998. The muscle regulatory facters MyoD and myf-5 undergo
distinct cell cyele-specific expression in muscle cells. . Call Biol 142:1447-
1459.

Kondo, T., and M. Raff. 2000. Oligodendrocyte precursor cells reprogrammed to
become multipotential CNS stem cells, Seience. 289:1754-1757.

LaBarge, M.A., and H.M. Blau, 2002, Biological progression from adult bone mar-
row to mononucleate muscle stem <ell ro multinucleate muscle fiber in re-
sponse o injury. Cefl. 111:589-601.

Lindoa, C., D. Montarras, and C. Pinser, 1998. Cell cycle—regulated expression of
the muscle determination factor MyfS in proliferating myoblasts. . Cell Biol.
140:111-118. :

Luz, M.A., M.J. Marques, and H. Santo Neto. 2002, Impaired regeneration of dys-
wrophin-deficient muscle fibers is caused by exbaustion of myegenic cells.
Braz. J. Med. Biol Res. 35:691-695.

McGeachie, ] K., and M.D. Grounds. 1987. Iniriation and duration of muscle pre-
cursor seplication after mild and severe injury to skeleral muscle of mice. An
autoradiegraphic scudy. Celf Tissue Res. 248:125-130.

Megeney, L.A., B. Kablar, K. Garrerr, .E. Anderson, and M.A. Rudnicki. 1996,
MyoD is required for myogenic stem cell function in aduls skeleral muscle.
Genes Dew, 10:11173-1183,

Molnar, G., M.L. Ho, and N.A. Schroedl. 1996. Evidence for multiple satelkice cell
populations and a non-myogenic cell type that is regulated differently in re-
generating and growing skeleral muscle. Tigue Cell, 28:547-556.

Moss, F.P,, and C.P. Leblond. 1971. Satellite cells as the source of nuclei in mus-
cles of growing rats. Anat, Ree, 170:421~435.

Rantanen, j., T. Hurme, R. Lukks, j. Heino, and H. Kalimo. 1995. Satellite cell
proliferation and the expression of myogenin and desmin in regenerating
skeletal muscle: evidence for two different papulations of sacellite cells. Laé.
Invess. 72:341-347.

Rosenblarr, J.D., Al Lunt, D). Parry, and T.A. Parcridge. 1995, Culturing sacel-
lite cells from living single muscle fiber explants. fn Vit Cell. Dev. Biol
Anim, 31773779,

Rosenblatr, J.D., D). Parry, and T.A. Partridge. 1996, Phenotype of adult mouse ~

muscle myoblasts reflects their fiber type of origin. Differentiation. 60:
39-45. .

Rudnicki, M.A., P.N. Schnegelsberg, R.H. Stead, T. Braun, H.H, Arnold, and R.
Jaenisch. 1993. MyoD or Myf-5 is required for the formarion of skeleral
muscle. Cell. 75:1351-1359.

Sabourin, L.A., A. Girgis-Gabasdo, P, Seale, A, Asakura, and M.A. Rudnicki.
1999, Reduced differentiation potential of primary MyoD—/— myogenic
celis derived from adult skelerat muscle. J. Celf Biol 144:631.643,

$adeh, M., K. Czyewski, and L.Z, Stern. 1985. Chronic myopathy induced by re-
peated bupivacaine injections. /. Newrel. Sci. 67:229-238,

Sampaolesi, M., Y. Tosente, A. Innccenzi, R. Tonlorenzi, G. D'Antonz, M.A.
Pellegrino, R. Barresi, N. Bresolin, M.G. De Angelis, K.P. Campbell, et al.
2003, Cell therapy of a-sarcoglycan null dystrophic mice through intra-arce-
rial delivery of mesoangicblasts. Seience. 301:487-492,

Self-renewal of satellite cells | Zammir etal. 357

Schmalbruch, H,, and D.M. Lewis. 2000. Dynamics of nuclei of muscle fibers and
connective tissuc celis in normal and denervated rae muscles. Muscle Nerue.
23:617-626.

Schultz, E. 1996. Sateltite cell proliferative compasements in growing skeletal mus-
cles. Dew. Biol. 175:64-94.

Schulez, E., and B.H. Lipron. 1982. Skeleral muscle sarellice cells: changes in prolif-
eration potential s a funcrion of age. Mech. Ageing Dev. 20:377-383.
Schulez, E., M.C, Gibson, and T, Champion. 1978. Satellite cells are mirorically
quiescent in marwre mouse muscle: an EM and radicaurographic study.

Exp. Zool. 206:451—-456.

Seale, P., LA, Sabourin, A. Girgis-Gabarde, A. Mansouri, P. Gruss, and M.A.
Rudnicki. 2000, Pax7 is required for the specification of myogenic satellite
cells. Cell, 102:777-786.

Snow, M.H. 1977, Myogenic cell formarion in regenerating rat skeleral muscle in-
jured by mincing, I1. An autoradiographic stdy. Arar. Rec. 188:201-217.

$now, MLH. 1978, An auteradiographic study of satellice cell differentiation into
regenerating myotubes following transplantation of muscles in young rars.
Cell Tissue Res, 186:535-540.

Tajbakhsh, $., D. Rocancourt, and M. Buckingham. 1996. Muscle progeniror cells
fuiling to respond (o posirional cues adopr nen-myogenic fates in myf-5 null
mice. Nature. 384:266-270.

Tamaki, T., A. Akatsuks, K. Arndo, Y, Nakamura, H, Matsuzawa, T. Houa, R.R.
Roy, and V.R. Edgerron. 2002. Identificacion of myogenic-endochelial pro-
genitor cells in the intersticial spaces of skeletal muscle. [ Celf Bipl 157:571-
577.

Watt, F.M, 2002, The stem cell compartment in heman jncerfollicular epidermis,
J. Dermatel, Sci. 28:173-189,

Weintraub, H., R. Davis, S. Tapscot, M. Thayer, M. Krause, R, Benezra, T.K
Blackwell, D. Turner, R. Rupp, 5. Hollenberg, exal. 1991. The myoD gene
family: nodal poinc during specificacion of the muscle cell lineage. Seience.
251:761-766,

Vhalen, R.G., ].B. Harris, G.S. Butler-Browne, and $. Sesodia. 1990. Expression
of myosin isoforms during notexin-induced regeneration of rat soleus mus-
cles, Dev. Biol. 141:2440.

Yablonka-Reuveni, Z., and A.]. Rivera, 1994, Temporal expression of regulatory
and strucrural muscle proteins during myogenesis of satellite cells on isolared
adulr rac fibers. Dev. Biol, 164:588-603.

Yablonka-Reuveni, Z., M.A. Rudnicki, AJ. Rivera, M. Primig, ].E. Anderson, and
P. Natanson. 1999, The eransition from proliferation to differenciation is
delayed in satellice cefls from mice lacking MyoD. Dev. Biol 210:440-455.

Yoshida, N., $. Yoshida, K. Keishi, K. Masuda, and Y. Nabeshima. 1998, Cell het-
erogeneity upon myogenic differentiacion: dewn-regulation of MyoD and
Myf-5 generates ‘reserve cells’. J. Celf Sei. 111:769-779.

Zammir, P, and |, Beauchamp. 2001. The skeletal muscle satellire cell: scem cefl or
son of stem cell? Differentiarion. 68:193-204.

Zammit, P.5., L. Heslop, V. Hudon, ].D. Rosenblatt, 5. Tajbakhsh, M.E. Buck-
ingham, J.R. Beauchamp, and T.A. Parridge. 2002. Kinetics of myoblast
proliferation show that residen sateltice cells are comperent to fully regener-
are skeleral muscle fibers. Exp. Ceff Res. 281:39-49.

$00Z ‘g1 1sNBNy U0 BIo-gol-mmm IOy PEPESIUMOQ



American Journal of Pathoiogy, Vol. 164, No. 5, May 2004
Copyright @ American Sociely for Investigative Pathology

Cloning of cDNA Encoding a Regeneration-
Associated Muscle Protease Whose Expression Is
Attenuated in Cell Lines Derived from Duchenne
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In the dystrophin-mutant mdx mouse, an animat model
for Duchenne muscular dystrophy (DMD), damaged
skeletal muscles are efficiently regenerated and thus the
animals thrive. The phenotypic differences between
DMD patients and the mdx mice suggest the existence of
factors that modulate the muscle wasting in the mdx
mice. To identify these factors, we searched for mRNAs
affected by the mdx mutation by using cDNA microar-
rays with newly established skeletal muscle cell lines
from mdx and normal mice, We found that in the mdx
muscle cell ine, 12 genes, including 1-arginine:glycine
amidinotransferase and thymosin f4, are up-regulated,
whereas 7 genes, including selenoprotein P and a novel
regeneration-associated muscle protease (RAMP), are
down-regulated. Northern blot analysis and in situ hy-
bridization revealed that RAMP mRNA is predominantly
expressed in normal skeletal muscle and brain, and its
production is enhanced in the regenerating area of in-
jured skeletal mauscle in mice. RAMP expression was
much lower in individual muscle cell ines derived from
biopsies of six DMD patients compared to a normal
muscle cell line, These results suggest that RAMY may
play a role in the regeneration of skeletal muscle and
that its down-regulation could be involved in the pro-

gression of DMD in humans. (Am J Pathol 2004
164:1773-1782)

Point mutations or out-of-frame deletions in the dystro-
phin gene on the X-chromosome are known to cause
Duchenne muscular dystrophy {DMD)." This disease oc-
curs with a frequency of 1 of 3500 newbom males, which
makes it the most common lethal myopathy. Dystrophin is
a large membrane-associated protein that plays an im-
portant role in linking the intracellular cytoskeletal actin
filaments to the sarcolemmal membrane.? In addition, it
forrms a multicomponent complex dencted as dystrophin-
associated protein complex, which contains dystrogly-
cans, sarcoglycans, syntrophins, and nitric oxide syn-
thase.3* Thus, dystrophin not only mechanically protects
the sarcolemma from muscle contraction-induced ten-
sion,® it also affects intraceliular signaling pathways, par-
ticularly in the Ca®*-dependent enzymatic cascade.®
The mdx mutant mouse strain carries a nonsense mu-
tation at position 3185 of the murine dystrophin gene.”®
However, despite the tack of subsarcolemmal dystrophin
protein in these mice, their skeletal muscle degeneration
is less severe than it is in DMD patients as after an initial
period of skeletal muscle necrosis at 3 to 4 weeks-of age,
regenerative activity in the mdx mice gradually compen-
sates for the muscle damage in the hindlimb.® As a result,
the adult mdx mice show little functional disability. in
contrast, in DMD patients, there is an imbalance between
muscle degeneration and repair that leads to the loss of
muscle fibers and increased fibrosis.'® Congistent with
these observations is that recent DNA microarray analy-
ses revealed that mRNAs encoding proteins related to
the muscle regeneration process are more abundantly
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expressed in the skeletal muscle of mdx mice than in the
skeletal muscle of normal control mice,'*-'® Examples of
these muscle-regenerating proteins are insulin-like growih
factor-2, transforming growth factor 8, procollagens, and
osteopontin, The down-regulation of myostatin mRNA in the
skeletal muscle of the mdx mouse is also related to its higher
regeneration capacity. %' Intriguingly, recent reports dem-

.ongtyated that fransgenic overexpression of insulin-ike
growth factor-1 in muscle™® or administration of anti-myo-
statin neutralizing antibody™S blocked the degeneration and
fibrosis in the diaphragm in mdx mice, suggesting that the
enhancement of muscle regenerative capacity may be a
promising therapeutic approach for DMD.

Although the extensive gene profiling of DMD patient
biopsies versus normal muscle samples has provided
many clugs about the secondary loss of or changes in
DMD muscle,'®7 it is difficult to be sure that net change
observed in the gene expression of DMD muscle reflects
an altered genetic program in the muscle cells because
the necrotic DMD muscle areas are filled with many mac-
rophages and other inflammatory immune cells. Intact
muscle biopsies from young patients also contain many
blood cells. Thus, it is difficult to be sure that a net
change observed in the gene expression of DMD muscle
reflects an altered genetic program in the muscle cells.
To overcome this problem, we first immortaiized skeletal
muscle cells from mdx and control mice and compared
their expression of several gene sets by using cDNA
microarrays. We also established muscle cell lines from
biopsies taken from DMD patients, Becker muscular dys-
trophy (BMD) patients, and an unaffected person to in-
vestigate the behavior of the genes whose expression
patterns were found to be altered in the mdx muscle cell
line. In this study, we report that, relative to the control
murine muscle celt line, the transcription of 12 genes in
the mdx muscle cell line is up-regulated while mRNA
levels of 7 other genes is down-regulated. Among the
down-regulated genes was a novel gene that we found
encoded a secreted protease termed regeneration-asso-
ciated muscle protease {(RAMP). We found that RAMP
mRNA levels are also often decreased in the muscte cell
lines derived from the DMD and BMD patients.

Materials and Methods

Mice

Breeding pairs of C57BL/10 ScSn-Dmd™* (mdx) mice
were purchased from the Jackson Laboratory (Bar Har-
bor, ME} and propagaied in a standard pathogen-free
animal facility in the institute. C57BL/10 (B10) mice were
purchased from Nihon SLC (Hamamatsu, Japan). Al an-

imal experiments were based on institutionally approved
protacols.

Primary Cufture of Skeletal Muscle and
Immortalization

Ex vivo culture of skeletal muscle was done according to
the published protocol with a slight modification.’® In,

brief, the hindlimb muscles were taken from 2-month-old
B10 and mdx mice, thoroughly minced into a coarse
slurry, and enzymatically dissociated with 5% trypsin
(Difco, Detroit, MI) in phosphate-buffered saline (PBS) at
37°C for 30 minutes. The dissociated muscle tissues
were resuspended in Dutbecco's modified Eagle’s mini-
mum essential medium-high glucose type (Sigma, St
Louis, MO) supplemented with 20% fetal calf serum and
0.5% penicillin-streptomycin {Sigma), triturated by using
a 10-ml pipette, and passed through a 100-pm nylon
mesh. The cells were cultured in Dulbecco’s modified
Eagle's medium containing 20% fetal calf serum (JRH
Biosciences, Lenexa, KS), 4% Ultroser G (Biosepra,
Cergy-Saint-Christophe, France) and 0.5% penicillin-
streptomycin in gelatin-coated flasks for 24 hours. The
nonadherent cells were then transferred to new flasks for
the subcuiture of the primary myoblastic cells. Two days
later, half of the cells were infected for 1 day with &
recombinant retrovirus producing a temperature-sensi-
tive form of the simian virus 40 large T antigen (SV40
1sTY'® and then cultured at the permissive temperature of
32.5°C untll continuously growing cells appeared. The
retrovirus was produced as previously described by us-
ing the PLAT-E packaging cell line® and the pMESVts
retrovirus vector' {a kind gift from Dr. Drinkwater, Uni-
versity of Wisconsin Medical School). After 1 month of
culture, the Ultroser G was removed from the growth
medium and myoblastic subclones were isoiated by lim-
iting dilution. For myctube formation, the culture medium
was changed to Dufbecco's modified Eagle's medium
supplemented with 5% horse serum (Invitrogen, Carls-
bad, CA) followed by incubation at 39.5°C for 7 days.

Immunocytochemistry

Cells grown in a 4-well culture dish (Nunc, Roskilde,
Denmark) were treated with 0.1% Triton X-100 (Wako,
Osaka, Japan} in PBS for 1 minute and fixed in cold
methanol for 2 minutes. After rinsing with PBS, cells were
blocked with 2% bovine serum albumin (Sigrma) in PBS .
for 1 hour and incubated with rabbit anti-desmin antibody
(Progen, Heidelberg, Germany) (1:100 dilution} for 1
hour. Samples were washed with PBS and incubated with
anti-rabbit immunogiobulin conjugated with horseradish
peroxidase {Jackson |mmunocresearch Laboratories,
West Grove, PA) (1:250 ditution) for 1 hour. After rinsing
with PBS three times, the peroxidase activity was visual-
ized by incubation with 0.25% diaminobenzidine (Sigma}
in PBS containing 0.075% H,0, and 3.36 mmolfl. NiCl,
(Nakalai, Kyoto, Japan).

cDNA Microarray Analysis

Poly{A)* RNAs were isolated by using the FastTrack 2.0
{Invitrogen). According to the previously published meth-
od, 222 mouse microarrays carrying ~4000 different cD-
NAs derived from a mouse fetus at 17.5 days post coitum
and an adult mouse brain were hybridized with Cy3- and
Cy5-labled cDNA probes prepared from the mRNAs of
the C57BL/10- and max-derived cell lines cultured in the
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Table 1. Summary of the Expression Pattemn and Primer Sequences of the Genes that Are Up-Regulated and Down-Regulated in

Mdx Mice
Accession  Mdx/B10 MdxB10 Patient/normat PCR band
Name of gens/prelein no. call fing* muscia’  human ceil Senge primer sequence (§'-87) Anti-sense primer sequance (5'-3') size (Bp)
1 SCHIP-1 WNM_D1392 1 - - GTCTATCAGACAGAAGTIGGC GAAGATCAGCBACGGBABAC 418
T20x2 AF004023 H N.T NT.
3 Arg/Giy emidinatransfarase  WO7971 1 t 3 GGAAGTGATAGTGGGCAGAGC CAGGATGTCTCGAGGCATTGC 283
4 MADMEF2G 1.08895 1 N.T. N.T.
() CTCGAGATGAGCCACGGEGEAABAGAAC (M) GCGGCUGCCTAGCTGEAGACOBCCATCA [m) 476
§ PC3 MG0921 1 1 - (n) ATGAGCCACGEGAAGGAMGECAMC ) GEATCAGCTCGCTGRGOART (n} 304
8 mc? AJ278181 | 1 N.D. — GACGECACGTGTGACGAGTG CCTCGCTGTCTICTTCACTC 423
7 CGl 61 AF151819 t ~ - CCTCCTTAGCAAAGCTEAATG TGCAGCATCCAAATCCAGTC 393
{m) COGGAATTCATRTCTGACAAACCCE {m) GCTCYAGATTACGATICGCCAGCTIG (m) 135
8 Thymosin 54 M34043 ¥ 1 - {h) CAACCATGTCTCTRAGAAACCCE {h) GATTCGCCTGCTTGRCTICTCC {h) 1358
9 EST-MNCb4008 BF168890 1+ — t GGAGCAAAGAATGCATAAGC CAGTGBBAAGAGAGGCCATG
Telomeric repeal tinding
10 Factor 2 Ni_D2058 T T - COTTTCCTGCCAACTCTTCCAC GAGACTCTGGTTGECCAGAG 300
11 EST-MNCb1040 AU035914 T 1 N.T, () ATGTGAGGCCATITACACEGEA {m) TITTCTAATGGAATGCTTCCCC {m} 540
12 mKIAA1039 protein AK122429 1t T - AGETTTCCGAGEAGGCCTEE CTTGTAGGATGGGGTCICTG
(m) COGGAATICGAGAGCCAAGGCCAAAGE (M) GCTCTAGATTAGTTTGAATGTCATTTC {m}) 1085
13 Selencpralein P X99807 4 1 —  (h) CAATGTGGAGAAGCCTGRGE {h) AGATGTGTGTATITAATCE (h} 312
. (m) GCEAAGGCTCTGAAAGTGEE {m) GGEETAACTCAGAATGCAGGGTIC {m) 208
14 GARG1E Q4828 1 T - th) GACTGTGAGGAAGGATGGGS {h) GEICTGTGAGGACATETTEG {n) 330
Phosphatidic acid )
15 Phosphalase lype 2B BCO0SS5S { 13 — CCGCAGCCAGCGCCATGOAAA GTAATAGATCCBGBTAGAATTC 344
NM_0320 03
16 Ectonucleolide il — - GATCACAAACCAGAGRGCAG TCTGTGGAGTTCATGGCTIC 84
pyrophosphatese
17 Phosphodiesterase Slemylid  NM_002684 i) — - BAGGCTCTTGCAGCCAATGC CTGGAACTAGCAGGACATCAC 337
bata {Ad) precursor fike
protein 2
18 Lysosoemal membrang J05287 1 - - TETCTGCTRGCTACCATGEG CTACACTGCAGTCTTGAGCTG 418
glycopratein :
19 EST-MNCD1423 (RAMP) XM_ 14918 1 1 1 CTGGGCAGCGCTATGAAAATC GTAATGGTGTCTCCCTTGAC 366

The mRNA expression levels were determined by Northern biot analyses {} or by semi-quantitative RT-PCR ().

N.D., not detectable; M.T., not tested; M, mouse; H, human.

growth media at 32.5°C. The fluorescent signals were
quantified by ScanArray 4000 (GS| Lumonics, Moorpark,
CA) and the data were analyzed by QuantArray software
{GS! Lumonics). )

Construction of Hurman Microdystrophin ¢cDNA
and Transfection

Construction of the human microdystrophin cDNA contain-
ing four rod repeats and three hinges was performed based
on a published report®® By using cDNA derived from
human skeletal muscle cells (Cambrex, Baltimore, MD) as
the template, two polymerase chain reactions (PCRs) wers
independently performed with iwo sets of primers, namely,
HD1 (5'-CTCGAGATGCTTTGGTGGGAAGAAGT-3') and
HD2(5'-TCTTTCAAGGGTATCCACAGTAATCTGCCTCTIC-
3') orHD3 (5'-ATTACTGTGGATACCCTTGAAAGACTC-
CAGGAAC-3") and HD4 (5"-GCAGCCGCCTACATIGIGTC-
CTCTCTCAT-3"). Subsequently, a mixture of the two PCR
products was reamplified with the HD1 and HD4 primers
to obtain a long PCR band of 4.6 kb pairs that was
subsegquently cloned into a pPCR-Script Amp SK(+) vec-
tor (Stratagene, La Jolla, CA). A XholNat! fragment was
inserted into the reverse tet-regulated retrovirus vector
pLRT-X2* (a kind gift from Dr. Hagiwara, Tokyo Medical
and Dental University, Tokyo, Japan). A subclone of the
mdx-derived muscle cell line was transfected with the
pLRT-microdystrophin vector by FUGENE & (Roche,
Mannheim, Germany) and cultured in growth medium

containing blasticidin S (Wako) at & pg/ml for 3 weeks 1o
establish stable transfectants.

Western Biot Analysis

Total cell lysates were separated by electrophoresisonab
o 10% sodium dodecy! sulfate-polyacrylamide gel, trans-
ferred onto a polyvinylidene difluoride membrane (Millipore,
Bedford, MA), and incubated with anti-dystrophin DYS2
monoclonal antibedy (1:100 dilution; Novocastra, New-
castle, UK). Immunoreacting bands were visualized by us-
ing the ECL-Plus detsction reagent {Amersham Pharmacia
Biotech, Piscataway, NJ).

Northern Blot Analysis and Reverse
Transcriptase (RT)-PCR

Poly(AY* RNAs (2 pg) from various tissues of adult (12 to
16 weeks old) C57BL/6 mice were separated by electro-
phoresis on a 1% formaldehyde-agarose ge), transferred to
a Hybond-N"* nylon membrane (Amersham Pharmacia Bio-
tech), and hybridized with {e-**F) dCTP-labeled probes
prepared from each cDNA at 42°C overnight. To verify the
amount of RNA loaded in each lane, the blot was rehybrid-
ized with a g-tubulin probe. After washing under the most
stringent of conditions, the membrane was subjected to
autoradiography, For RT-PCR analysis, total RNAs were
prepared from skeletal muscle tissues and various muscle
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cell lines using TRIzal (Invitrogen). Five pg of the RNA from
each sample was reverse-transcribed by using the super-
script preamplification system for first strand ¢DNA synthe-
sis and an oligo{dT) primer (Invitrogen). Part {1/125) of the
cDNA mixture was subjected to a PCR reaction using 56°C
as an annealing temperature, ExTag DNA polymerase
(Takara, Tokyo, Japan), and the specific primer sets listed
in Table 1.

Muscle Injury Model and in Situ Hybridization
Analysis

A crush-injury was given by puncturing the gastrocne-
mius muscle of 8-week-old male C57BLMC mice with a
23-gauge needle. At different time points (5 hours to 14
days) after the injury, the gastrocnemius muscles were
isolated and frozen in liquid nitrogen for RNA extraction.
For in situ hybridization analysis, the tiblalis anterior mus-
cle samples from C57BL/10 and mdx mice were dis-
sected on the day 6 after the crush injury or the injection
of 100 w! of 10 pmolfl cardiotoxin (Wako), and they were
frozen in isopentane precooled in liquid nitrogen. Ten-um
cryostat longitudinal sections were prepared and fixed in
4% paraformaldehyde in PBS (pH 7.4) and treated with 1
wg/mi of proteinase K (Wako) in PBS at room temperature
for 7 minutes. After being acetylated with acetic anhy-
dride in trithanolamine, the sections were hybridized
with a digoxigenin-labeled anti-sense or sense RNA
probe at 65°C for 18 hours and subjected to the colori-
metric detection of signals as previously described.?®

Establishment of Myoblastic Celf Lines from
Patient Biopsy Samples

Skeletal muscle biopsy samples were provided from a
normal donor (52 vears of age), two BMD patients {1t0 G
years of age), and six DMD patients (1 to 12 years of age)
after obtaining the informed consent of donors or their
parents. The enzymatically dissociated human cells were
subjected to primary culture in Dulbecco's modified Ea-
gle’s medium supplemented with 20% fetal calf serum
and 4% Uitroser G or 5% of chicken embryo éxtract.
Fibroblastic ceils were removed by a 1-hour attachment
in the tissue culture plate. Remaining myobtastic cells
were subcultured for 1 10 2 weeks at 37°C, and infected
with the SV40 tsT retrovirus for 2 days followed by a
continuous culture at 32.5°C. The amphotropic retrovirus
was produced by using the PLAT-A packaging line (SM
and TK, unpublished). The above-described experimen-
tal protocols were approved by the ethical committees of
the institute and associated universities.

Results

Establishment of Skelstal Muscle-Derived Celf
Lines from Mcdx and B10 Mice

To assess whethier the gene expression program of myo-
genic cells in skeletal muscle is affected by the madx

mutation, we immortalized the myoblastic cells isolated
from the skeletal muscle of madx and B10 mice, The
immaortalization was achieved by introducing S¥40 1sT by
retrovirus-mediated gene transfer into the primary myo-
blast culture. The newly established skeletal muscle cell
lines derived from the medx rice were termed mdx-sm
whereas those from the B10 control mice were termed
B10-sm. In the absence of viral challenge, the primary
cells ceased growing after the third to fourth passage. In
contrast, the mdx-sm and B10-sm cell lines have prolif-
erated for more than a year when grown at 32.5°C. Their
doubling times are comparable (data not shown). When
these cells are cultured at 39.5°C, all stop proliferating
and myotube formation is initiated. This indicates that the
cells have been successfully immortalized in a tempera-
ture-dependent manner. in terms of their morphology,
both celi lines are myoblastic in general but some of the
mdx-sm cells spontaneously differentiate into myotube-
jikke structures in the presence of horse serum even at the
permissive temperature of 32.5°C. Concordantly, the fre-
quency of desmin-positive myotubes in the mdx-sm cell
Jine is much higher than that in the B10-sm cell line
{(Figure 1A). This phenotypic difference was also ob-
served when six subclones of the mdx-sm cell line (mdx-
sm1 to mdx-sm6) and two subclones of the B10-sm cell
line (B10-sm1, B10-sm2) were compared. Thus, it ap-
pears that the higher differentiation capacity of mdx-sm
celis is not because of the mixed cell populations in the
founding ltines, rather it results from the altered genetic
program in the mdx myoblasts. For the following studies,
we used the mdx-sm2 and B10-sm1i subclones as rep-
resentative cell lines.

Identification of Differentially Expressed Genes in
Mdx-sm Cells by cDNA Microarray Analysis

DNA tip analysis has been shown to be a powerful way o
compare the overall gene expression profiles of test cells

. with those of control cells. We used mouse cDNA microar-

rays holding ~4000 distinct mouse cDNA fragments (>0.5
kb) originating from a mouse fetus and an adult mouse
brain, After hybridization with fluorescently labeled cDNAs
from the mdx-sm and B10-sm cells, we selected those
genes in which the ratio of mcx-sm fluorescence to that of
B10-sm was either higher than 1.5 or lower than 0.62 when
both fluorescent color combinations were used {data not
shown). In this way, we identified 20 up-regulated and 21
down-regulated genes in the mdx-sm cells,

To confirm the differential expression of these candi-
date genes, we performed Northern bilot analyses with
mRNAs from mdx-sm and B10-sm cells. As shown in
Figure 1B, mRNAs for schwannomin-interacting protein 1
(SCHIP-1),28 mc7 (dystrophin-interacting protein),®” thy-
mosin B4 {G-actin sequestering protein),®® and L-argi-
ninexglycine (Arg/Gly) amidinotransferase®® are more
abundantly expressed in mdx-sm cells than in B10-sm
cells, whereas the mRNA levels of GARG16 (glucogorti-
coid-attenuated response gene),*® selenoprotein P (anti-
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Figure 1. Identification of up- and down-regulated genes in the mdsderived skeletal muscle cell line. Az Extent of spontaneous myogenic differentiation in the
B10-sm and mdx-sm myoblastic cell lines derived from B10 and mdxmice, respectively, Cells cultured in differentiation-inducing conditions were immunostained
with anti-desmin antibody, B: Northern blot analysis of various mdx up- and down-regulated genes in mdx-sm and B10-sm cell Hnes. The integrity and amount

of lozded RNAs were assessed by probing with S-tubulin ¢cDNA. C: RT-PCR analys

is of various mdx up- and down-regulated genes in the intact skeletal muscte

of B10 and s mice, Total RNAs were converted 1o ¢cDNA by random hexamers and subjected to 20 cycles of amplification with specific primer sets for each
gene as indicated. DNA bands after ethidium bromide staining are shown with GAPDH, which acts as the control that ensures equal amount of template cDNA

were used.

-oxidant protein)®' and EST-MNCb1423 ({accession
number, XM 149185; designated as RAMP in this study)
are lower in mdx-sm cells. In addition, eight other genes
including myogenic transcription factor MEFC®2 were
found to be up-regulated in mdx-sm cells while four other
genes were down-regulated (data not shown, Table 1).
The expression patterns of these genes were similar in all
of the mdx-sm subclones (data not shown).

Of the 19 differentially expressed genss, 15 encode
proteins with known function and 4 are registered in the
public database only as expressed sequenced tags (Table

1). When we examined the mRNA expression of these
genes in the intact skeletal muscle of mdx and B10 mice by
RT-PCR, five genes, including thymosin p4 and Arg/Gly
amidinotransferase showed the same patterns revealed by
the celllines (Figure 1C, Table 1). In contrast, the mRNAs for
GARG 18, selenoprotein P, and RAMP were increased inthe
intact muscle of mdx mice (Figure 1C, Table 1). Although
the exact reason for these discrepancies remains to be
determined, our results demaonstrate that the genetic pro-
grams of the growing myoblastic cells and the intact muscle
fibers in mdx mice are not identical,
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Figure 2. Effect of enforced expression of microdystrophin protein in
mdx-sm cell line, A: Structure of the pERT vector carrying 3 mouse micro-
dystrophin gene under the Dox-inducible promoter. B: Dox-inducible ex-
pression of microdystrophin mRNA and protein in mdx-sm cells transfected
with pLRT-microdystroptin. C: Effect of introducing microdystrophin into
mdx-sm cells on the expression of some of the mdx up- and down-regulated
genes, The levels of the mRNAs specific for thymosin B4, selenoprotein P, and
RAMP before and after adding Dox were verified by Northem blot analyses.
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Effect of Introducing Dystrophin on the Gene
Expression in Mdx-sm Celis

Dystrophin is known to be expressed in myotubes and
mature muscle fibers but not in proliferating myoblasts.
To exclude the possibility that the altered gene expres-
gion in mdx-sm cells is directly linked to the mutation in
the dystrophin gene or to the lack of dystrophin mRNA or
protein, we established a stable transfectant of mdx-sm
cells that expresses the microdystrophin cDNA under the
doxycyclin (Dox)-inducible promoter (Figure 2A). As
shown in Figure 2B, 48 hours after the addition of Dox to
the cutture medium, microdystrophin mRNA and protein
were produced in the mdx-sm transfectant cells. How-
ever, the expression levels of the genes that show dis-
parate expression patterns in mdx mice, including thy-
mosin B4, selenaprotein P, and RAMP, were not altered
by the addition of Dox (Figure 2C, data not shown). These
results suggest that the differential gene expression be-
tween mdx-sm and B10-sm cells is independent of dys-
trophin levels.

Primary Sequence and Expression of RAMP

Because myoblasts play a central role in muscle regener-
ation, we hypothesized that the 13 differentially expressed
genes in mdx-sm cells might play a role in the progression
of muscle wasting seen in DMD patients and/or the milder
myopathy in mdx mice, We especially focused on the RAMP
gene because we- found its mRNA expression was en-
hanced in regenerating muscle fibers (see Figure 4). Mouse
RAMP cDNA in the database is 3085 bp in length and its
predicted open reading frame codes for 720 amino acid
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Figure 3. Sequence and tissue distribution of RAMP. A: Sequences of human
and mouse RAMP proteins. Predicted signal sequences zre boxed. CUB and
GCP/Sushi domains are indicated by a double lne and a solid line,
respectively. The trypsin-ike serine protease domain is shown by a light
gray box, B: Schematic representation of the structural motifs in RAMP. C:
Predominant expression of RAMP mRNA in skeletal muscle and brain. Two
ug of poly(A)* RNA prepared from various organs of adult C57BL/6 mouse
were elecirophoresed, bloted, and hybridized with **P-labeled mouse RAMP
cDNA. The band size of the detected transcript is shown.

residues (Figure 3A). A BLAST search of the database
revealed that mouse RAMP protein shows 88% identity at
the amino acid level with the uncharacterized human pro-
tein DKFZP586H2131 (accession number, MN 015430},
which we refer to as human RAMP in this study, As shown
schematically in Figure 3B, mouse RAMP protein contains a
putative signal peptide at its N-terminal region (1 to 22)%3
the GUB domain {122 to 236),>* two compiement control
protein (CCP} modules (also known as Sushi domains) (280
to 342 and 389 o 442),% and a trypsin-like serine protease
domain {444 to 715).3% CUB and CCP/Sushi domains are
often found in developmentally regulated prateins and cell
adhesion molecules, respectively. These subdomain struc-
tures are conserved in human RAMP as well. The calculated
molecutar mass of mouse RAMP was 82.1 kd with an iso-
electric point of 7.3. In the normal adult mouse, RAMP
mRNA is only detectable in the brain and skeletal muscle as
a single band at the position of 4.5 kb (Figure 3C). Thus, it
appears that RAMP is a novel secreted protease that po-
tentially plays some functions in skeletal muscle.



Figure 4. Up-regulation of RAMP mRNA expression in skeletal muscle after
injury. A: Gastrocnemius muscle of mice was dissected 5 hours (lane 1) or
1 (lane 2), 2 (lane 3), 3 (lane £), 4 (lane 5), 7 (Jane 6), 10 (lane 7), or 14
(lane 8) days after injuring the muscle with a needte. Total RNA from each
sample was extracied, reverse-transcribed, and amplified by 30 cycles of PCR
using RAMP-specific primers. RT-PCR for GAPDH c¢DNA was performed 1o
verify that equal amounts of template cDNA were used. B: Defection of
RAMP mRNA in regenerating muscle fibers by i1 sifu hybridization. Trans-
verse cryosections of the tibialis anterior muscle of C57BL/10 mice harvested
6 days after crush injury were hybridized with digoxigenin-labeled anti-sense
{a) or sense (b) cRNA probes for RAMP. Tibialis anterior muscle sections
prepared from mda mice after cardiotoxin injection were also hybridized
with digoxigenin-labeled anti-sense (c) or sense (d) cRNA probes for RAMP.
$pecific sipnals for RAMP mRNA were detected as blue (a) or brown paints
(c) in the centrally nucleated muscle fibers (arrows in a and c), but not in
mature fibers (arrowheads in a and c). Scale bars, 50 pm.

Induction of RAMP mRNA in Regenerating
Skeletal Muscle Fiber

We next examined whether the expression of RAMP
mRNA is changed in regenerating skeletal muscle fibers.
A crush injury of gastrocnemius muscle was induced in
normal mice and the expression of RAMP mRNA was
measured. RAMP expression gradually increased
throughout the days after the injury, reaching the highest
levels 4 days after the injury, and then being reduced to
the baseline within 1 1o 2 weeks (Figure 4A). Consistent
with the transient up-regulation of RAMP mRNA in the
muscle injury model, in sifu hybridization assays revealed
that RAMP mRBNA was specifically detected in centrally
nucleated regenerating muscie fibers (shown by arrows},
but not in unaffected fibers (arrowheads) (Figure 4B, a}.
In the tibialis anterior muscle of mdx mice after cardio-
toxin injection, expression of RAMP was again specifi-
cally observed in regenerating muscle fibers (arrows)

(Figure 4B, ¢). Thus, the RAMP gene is induced by the -

injury of skeletal muscle.
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Figure 5. Expression of RAMP mRNA in cell lines derived from human BMD
and DMD patients, A: Myotube differentiation capacity of BMD-sml, 2
representative cell line derived from a BMD patient’s skeletal muscle. The
morphology is shown by phase contrast microscopy of the BMD-sm cell line
cultured a1 39.5°C (&) or 32.5°C (b). BMD-sm1 cells culwred at 39.5°C were
immunostatned with {d) or without (¢) anti-desmin antibody. B: RT-PCR
analysis of RAMP mRNA expression in nine human cell lines derived from
skeletal muscle biopsies of patients. Total RNAs were extracted from the
control (tane 1), two BMD (lanes 2 and 3), and six DMD (lanes 4 to 9)
hurnan muscle cell lines, reverse-ranscribed, and amplified by 30 cycles of .
PCR using specific pimers for human RAMP cDNA. Ethidium bromide-
saining patierns of DNA bands are shown with B-bulin, which shows that
equal amounts of template cDNA were loaded. Scale bars, 150 pm,

Expression of RAMP mRINA in Skeletal Muscle
Cell Lines Derived from BMD and DMD Patients

To evaluate the importance of RAMP in DMD pathology,
we established skeletal muscle cell lines derived from
biopsies of an unaffected donor and BMD/DMD patients.
The strategy used 10 achigve this was the same as that
used to establish the mouse muscle cell lines except that
an amphotropic retrovirus was used and the cells were
exposed to the virus for a longer period. Continuously
growing cells at 32.5°C were obtained from one normal,
two BMD, and six DMD biopsies within 1 to 2 months after
introducing Sv40 tsT. In contrast, uninfected parallel con-
trol cultures exhibited senescence, Similar to the mdx-sm
cell line, the human BMD/DMD-derived muscle cell lines
differentiated into myotubes when cultured at 39.5°C.
Figure 5 shows a representative BMD cel ine, BMD-sm1,
during its undifferentiated growth (b) and after it has been
placed in differentiation-inducing conditions (a). Immu-
nohistochemical analysis demonstrated that there was a
high frequency of desmin-positive myotubes in the differ-
entiated BMD-sm1 cell line (Figure 5A, d}. The other eight
human patient-derived cell lines proliferated similarly and



