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A common somitic origin for embryonic muscle
progenitors and satellite cells

Jérdme Gros', Marie Manceau', Virginie Thomé' & Christophe Marcelle'

In the embryo and in the adult, skeletal muscle growth is
dependent on the proliferation and the differentiation of muscle
progenitors present within muscle masses. Despite the impor-
tance of these progenitors, their embryonic origin is unclear'?.
Here we use electroporation of green fluorescent protein in chick
somites®, video confocal microscopy analysis of cell movements,
and quail—chick grafting experiments to show that the dorsal
compartment of the somite, the dermomyotome, is the origin of a
population of muscle progenitors that contribute to the growth of
trunk muscles during embryonic and fetal life. Furthermore, long-
term lineage analyses indicate that satellite cells, which are known
progenitors of adult skeletal muscles®, derive from the same
dermomyotome cell population. We conclude that embryonic
muscle progenitors and satellite cells share a common origin
that can be traced back to the dermomyotome.

During early somite differentiation, muscle growth in the trunk is
entirely dependent on the generation of post-mitotic myocytes
emanating from the four borders of the epithelial dermomyotome
to form the primary myotome®. However, the dermomyotome is a
transient structure that progressively disappears during develop-
ment®’ (Fig. la—c); this type of muscle formation therefore cannot
account for the continuous and intense growth of muscles observed
during late embryonic and fetal life, long after the dermomyotome
has disappeared. Muscle progenitors, giving rise to muscles in culture
and in vivo, and expressing early skeletal muscle markers, have been
identified in all skeletal muscles of amniote embryos®. However, the
timing and the developmental process through which they appear
within the muscle masses are unknown.

In the adult, muscle growth and repair rely on the proliferation
and the differentiation of satellite cells, located under the basal
lamina of muscle fibres and recognized by their expression of specific
molecular markers (such as the paired box transcription factor Pax7)
(ref. 9). The embryonic origin of these satellite cells is unclear. Early
experiments using the quail-chick chimaera technique suggested a
somitic origin'; however, this work did not identify the progenitor
cell types at the origin of satellite cells or the developmental route that
they followed to differentiate into satellite cells. More recently,
alternative origins have been proposed for satellite cells, including
cells derived from blood vessel walls (such as the aorta) and bone
marrow cells, thus supporting a model where satellite cell develop-
ment could take place independently of somitic myogenesis™''**.

To identify the origin of embryonic muscle progenitors and
satellite cells, we traced the fate of dermomyotome cells from the
early stages of somite differentiation through to hatching. The early
dermomyotome has an epithelial morphology; as somites mature, it
undergoes a progressive epithelial-mesenchymal transition (EMT)",
which is characterized by the loss and/or the relocalization of
the epithelial markers N-cadherin, $-catenin and F-actin at the
adherens junctions located at the apical end of dermomyotomal

cells (Fig. 1a-1). The EMT of the dermomyotome is thought to be the
first step in dermis formation', and precedes the dorsal-ward
migration of dermis progenitor cells from the somite towards the
ectoderm.

Concomitant with the EMT, we observed a dramatic increase in
the number of BrdU-positive cells within the myotome (Fig. Im—p),
suggesting that the EMT of the dermomyotome triggers the emer-
gence of a proliferative cell population in the myotome, probably
emanating from the dermomyotome. To verify this, we used electro-
poration of green fluorescent protein (GFP) to follow the movements
of cells originating from the central region of the dermomyotome
(Fig. 2a). Thirty-six hours after electroporation, as the EMT of the
dermomyotome is initiated, a few GFP-positive cells were found
within the myotome (Fig. 2b). As the incubation time increased, we
observed a massive entry of GFP-positive cells emanating from the
dermomyotome (Fig. 2¢, e). This process was not uniform along
the medio-lateral axis of the somite: in the lateral domain of the
dermomyotome, all GFP-positive cells readily entered the myotome
(L in Fig. 2¢). In contrast, in the medial domain (M in Fig. 2¢), most
GFP-labelled cells remained dorsal to the primary myotome. How-
ever, by embryonic day (E)7.5 (120h after electroporation) the
medial domain was intensely GFP-labelled (Fig. 2f). This could be
due to late entry of GFP-labelled cells from the dorso-medial
dermomyotome or to intense proliferation of the few GFP-positive
cells observed in this region before E7.5. When small regions of
the dermomyotome were electroporated, the relative positions of
GFP-positive cells within the myotome corresponded roughly to
their original positions within the dermomyotome, indicating that
little migration of dermomyotome-derived cells occurred within the
plane of the myotome (not shown). This confirms previous
data obtained using the quail-chick grafting technique'>'®. Many
GFP-positive cells never entered the primary myotome, but remained
between this structure and the ectoderm, presumably giving rise later
to the development of dorsal dermis'® (arrowheads in Fig. 2d—f).

To determine the route that dermomyotomal cells take to enter the
primary myotome, we used an ex vivo embryo-slice culture system
combined with confocal time-lapse videomicroscopy. In contrast to
what had been observed during primary myotome formation’,
dermomyotomal cells did not transit across the dermomyotome
borders; rather, they translocated directly from the central dermo-
myotome into the myotome (Fig. 2g—i). Real-time observation of
this process (see Supplementary Video) revealed several additional
features. First, a cell division preceded the translocation (Fig. 2h).
Second, the plane of division was perpendicular to the apico-basal
axis of the mother cell. Finally, the cytokinesis process was very rapid
(6-12 min) and resulted in the translocation of one of the daughter
cells into the myotome, while the other daughter remained in the
dermomyotome (Fig. 2i).

We analysed the molecular characteristics of this population of
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cells as they entered the myotome, as well as their fate during
embryonic development. Twelve hours after initiation of the dermo-
myotome EMT (that is, 48 h after somite formation), 90% of GFP-
positive cells present in the primary myotome expressed the early
muscle progenitor cell marker Pax7. These GFP-positive cells were
actively dividing (as shown by BrdU immunoreactivity) and only a
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Figure 1| The EMT of the dermomyotome triggers the emergence of a
BrdU-positive cell population in the myotome. a—c, Confocal optical slices
of somites (somite number 23), stained for F-actin 24 h (a), 36 h (b) or 48 h
(c) after somite formation. NT, neural tube. a, At 24 h, the dermomyotome
(Dm) is epithelial. b, ¢, Between 24 and 36 h, the central region of the
dermomyotome begins a de-epithelialization process (red arrowheads in b
and c) that progresses medially and laterally as development proceeds.
e-g and i-k, Enlargements of sections through the epithelial (e-g) and the
mesenchymal (i-k) regions of a dermomyotome, 36 h after somite
formation (as shown in b and d). The regions shown in e-g and i-k
correspond to the boxed areas in d, enlarged in h and I. Epithelial cells
express F-actin (e, see also inset in Fig. 2a), 3-catenin (f), and N-cadherin (g)
at their apical end (green arrowheads and insets in e-g). The myotome (My)
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small percentage (10%) expressed the differentiated muscle marker
myosin heavy chain (MyHC) (Fig. 3b and Supplementary Fig. 1a, d).
As development proceded, we observed a continuous increase in the
contribution of the GFP-positive cell population to the differentiated
muscle masses (shown by a gradual increase in MyHC/GFP double
staining), while a portion of the GFP-positive cells (25% at E7.5)

expresses all three molecules, and the ectoderm (Ec) stains for F-actin and
B-catenin. During EMT, the apical staining of all three markers is lost.
F-actin relocalizes evenly in the cells (i, inset), overall 3-catenin staining is
reduced (j, inset) and N-cadherin staining becomes punctated (k, inset).
m-o, Representative sections of interlimb somites stained for F-actin (in
red) and BrdU (in green) to distinguish the myotome (highlighted with
dotted lines) before (m) and during (n, 0) the EMT. The myotome is devoid
of BrdU-positive cells before EMT (m and inset) but a sharp increase in
BrdU staining occurs at the time of the EMT (n, o and insets). p, Cell count
of BrdU-positive cells within the myotome of a somite 12-72 h after its
formation. Cell counts were performed on 12-15 sections per time point
(>12,000 BrdU-positive cells counted); error bars show standard deviation.
Scale bars, 50 pm (a—c, m, n), 10 pm (e-k), 100 pm (o).
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maintained early muscle progenitor characteristics (that is, Pax7
expression) and BrdU immunoreactivity during embryonic develop-
ment (Fig. 3b and Supplementary Fig. 1b, ¢, e, f). Together, these data
demonstrate that the cell population emerging from the dermomyo-
tome as it undergoes an EMT contains embryonic muscle
progenitors.

We next determined whether all embryonic muscle progenitors
present in the myotome derive from the central region of the
dermomyotome. A limitation of the electroporation technique is
that it does not result in transfection of all targeted cells (in the best
cases, 50% of the cells are electroporated, data not shown). Thus, the
answers obtained using electroporation are more qualitative than
truly quantitative. In contrast, the quail-chick grafting technique is
particularly suitable for addressing this question, because we can use
amarker of quail cells (the quail cell perinuclear antigen or QCPN) to
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Figure 2 | Direct translocation of dermomyotome cells into the primary
myotome. a-f, Sections of somites electroporated with GFP (medial and
lateral borders indicated by white asterisks in a, b). b, 36 h after somite
formation, a few GFP-positive cells (arrow) enter the primary myotome.
c—f, After 48 h, many GFP-positive cells have entered the primary myotome.
The dynamics of the distribution of GFP-positive cells is different in the
lateral (L), central (C) and medial (M) domains. Insets in a and b show the
morphological difference between epithelial (a) and mesenchymal (b)
dermomyotome cells. g—i, Time-lapse confocal analysis (see Supplementary
Video) showing the direct translocation of dermomyotome (Dm) cells into
the myotome (My). Ec, ectoderm. 36 h after electroporation, somites were
examined in an ex vivo embryo-slice culture system. Images in h and i show
the cell division and translocation of three cells (coloured) from the
dermomyotome into the myotome. Scale bars, 50 pm (a, b) 200 pm (c, d),
400 pm (e), 500 um (f).

956

NATURE|Vol 43516 June 2005

follow a population of grafted quail cells within a chick host during
embryonic development.

We replaced the central region of the dermomyotome of four
consecutive chick somites with central dermomyotome from
quails (Fig. 3c). After a 24-h reincubation, we verified that the central
dermomyotome was of quail origin (recognized by a QCPN quail-
specific antibody), but that the dermomyotome borders were of
chick origin (Supplementary Fig. 1g, h). After 48 h, quail dermo-
myotome cells entered the QCPN-negative, chick-derived primary
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Figure 3 | Dermomyotome-derived cells contribute to embryonic muscle
growth. Somites electroporated in the central dermomyotome were
analysed 48-120 h after electroporation (data shown in Supplementary
Fig. 2a—e). We counted the number of cells staining for either GFP + Pax7 or
GFP + MyHC in a region corresponding to a central domain of the
myotome (red dotted square in a). b, The contribution of the muscle
progenitor population to muscle growth. Cell counts are expressed as a
percentage of the GFP-positive cells in the entire myotome (counted zone
delineated in a). For each time point, 12-15 sections were counted (>5,500
cells in total); error bars indicate standard deviation. Most GFP-positive cells
expressed Pax7 48 h after electroporation. As development proceeds, a
growing number of cells initiate MyHC expression. We did not observe any
cells staining for both Pax7 and MyHC. At all stages, a small proportion of
cells (about 5%) were neither Pax7- nor MyHC-positive. ¢, A schematic of
the quail—chick grafting experiments. d, Section from a chimaera analysed
72 h after grafting. In the region of the graft, numerous QCPN-positive quail
cells (green) are seen within the myotome (red). e, f, Within the myotome of
the embryo shown in d, most BrdU-positive (blue in e) or Pax7-positive
(blue in f) cells express the QCPN antigen, observed as an irregular blue-
green staining in the nuclei. Scale bars, 200 pm (d), 10 pm (e, f).

© 2005 Nature Publishing Group



NATURE|Vol 43516 June 2005

LETTERS

QCPN

MyHC / Pax7 .F

QCPN I MyHC / Pax7 /[ IS

Figure 4 | Satellite cells are derived from the dermomyotome.

a, Histological view (light green staining) of a post-hatch quail-chick
chimaera. Ve, vertebra; He, heart; Ri, rib; Lu, lung. b, Confocal view of the
zone delineated in a, stained for MyHC (red) and the quail marker QCPN
(green). The muscle is markedly colonized by quail cells. c—e, Confocal

myotome (Supplementary Fig. 1i, j). After 72 h we observed, in the
region of the graft, that the vast majority of Pax7-positive (97%) or
BrdU-positive (93%) cells within the myotome stained for the quail
marker (Fig. 3d—f). This suggests that most, if not all, proliferative
embryonic muscle progenitors present in the myotome at that stage
of development derive from the central dermomyotome. In a
complementary experiment, we observed that the borders of the
dermomyotome do not generate cells with characteristics of embryo-
nic muscle progenitors, even after along (7-day) reincubation period
(Supplementary Fig. 2a—e), confirming that the contribution of the
epithelial dermomyotome borders to the population of embryonic
muscle progenitors is negligible.

We next determined whether a portion of dermomyotomal cells
maintain myogenic potential into late fetal life and after hatching. In
chick, it has been shown that cells with satellite cell characteristics
appear within muscle masses during late fetal life, between E15
and E17 of development*'®'”'®, At E18, satellite cells constitute the
majority (about 85%) of the population of muscle progenitors, and
at hatching (E21 in chick) they represent virtually all progenitors
present in the muscle masses™'®'”'%. Satellite cells are traditionally
identified by their localization between the muscle fibre and the basal
lamina'®; however, Pax7 has recently been used as a reliable satellite
cell marker. Using these two criteria, we determined whether we
could identify, in late fetal life, satellite cells derived from the
dermomyotome. Embryos were electroporated as described above
and left to develop until late fetal life. In addition to GFP-labelled
muscle fibres at E18, we found GFP-labelled, Pax7-positive cells
tightly associated with muscle fibres and localized between the
MyHC-positive muscle fibre and the laminin-positive basal
lamina—a position that characterizes satellite cells (Supplementary
Fig. 3a—d). As the GFP marker gradually becomes diluted with cell
division, few GFP-positive satellite cells could be observed at E18. In

images showing quadruple staining with antibodies against QPCN (green),
MyHC (red), Pax7 (blue) and laminin (white). Quail (Pax7-positive) cells
located under the basal lamina (arrows) identify satellite cells. Scale bars,
100 pm (b), 5 pm (c—e).

contrast, owing to the stability of the quail marker, we have been able
to quantify the results obtained for the chimaeras. In the region of the
graft, in E18 as well as in post-hatching chimaeras (Fig. 4a, d and
Supplementary Fig. 3e-h), we found that 91% (E18) and 95% (post-
hatch) of the satellite cells were of quail origin (cell count, n = 600
total in 4 specimens). A minor fraction of satellite cells could not be
identified as quail, possibly owing to alternative origins of these cells
or alimitation of the identification technique in quail cells (not all are
recognized by the QCPN antibody, even in a bona fide quail; data not
shown). Taken together, our data strongly suggest that most satellite
cells present in skeletal muscles of the trunk derive from the central
region of the dermomyotome.

In summary, our use of electroporation, ex vivo analyses of cell
movements and the quail—chick grafting technique, has allowed us to
analyse the morphogenesis and growth of skeletal muscles in birds.
Our analyses have revealed that myogenesis follows two distinct
stages. In the first stage of myotome morphogenesis, the epithelial
borders of the dermomyotome generate postmitotic myocytes that
readily organize into a primary myotome®. The second stage of
myotome growth, described in the present work, is dependent on
the emergence of a population of muscle progenitors within the
primary myotome, triggered by the EMT of the dermomyotome. At a
cellular level, the mode of cell translocation in the first and the second
stages are clearly distinct. During the first stage of myotome mor-
phogenesis, single cells translocate into the myotome while their
neighbours remain epithelial. In the second stage, the epithelial
integrity of the dermomyotome is disrupted before or concomitant
with cell translocation. Notably, this change is correlated with the
formation of dramatically different cell types (postmitotic myocytes
versus proliferative muscle progenitors).

Finally, our approaches have allowed the characterization of the
developmental route that leads to the emergence of satellite cells.
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Previous studies had questioned the somitic origin of satellite cells by
demonstrating that bone-marrow-derived cells can give rise, under
specific experimental conditions, to satellite cells as well as muscle
fibres. Recent work has shown that in adults, the satellite cell pool
does not receive any significant haemopoietic input®. Our data show
that under normal developmental conditions, the vast majority, if
not all, satellite cells are derived from the dermomyotome.

In conclusion, the demonstration of a common origin for embryo-
nic muscle progenitors and satellite cells in amniotes opens new
avenues for studying their roles in muscle growth and repair, and may
lead to insights of therapeutic value.

METHODS

Electroporation. Newly formed epithelial somites were electroporated as
previously described®”. In all cases, thoraco-lumbar (that is, interlimb) somites
were electroporated. The positive and negative electrodes were positioned so that
the dorsal region of somites (which gives rise to the dermomyotome) was
electroporated. Embryos were screened by ultraviolet light examination one day
after electroporation, and only embryos in which the central region of the
dermomyotome was electroporated were kept for further analyses. A cyto-
plasmic form of GFP was used in all but the time-lapse experiment, for which a
membranal form of GFP was used.

Antibodies, immunohistochemistry and confocal analysis. Phalloidin Alexa
456 (Molecular Probes) was used to detect F-actin. The following antibodies
were used: mouse monoclonal antibodies against §-catenin (Transduction
Laboratories), N-cadherin (C-8538, Sigma), BrdU (Becton-Dickinson), Pax7
(Hybridoma Bank), Light Meromyosin (MF20, Hybridoma Bank), GFP
(Molecular Probes), QCPN (Hybridoma Bank); a rat monoclonal antibody
against BrdU (Abcam); polyclonal antibodies against laminin (L-9393, Sigma)
and GFP (Torrey Pines Biolabs). To analyse cell division, embryos were exposed
to BrdU for 1h. For simultaneous detection of 4 antigens by indirect fluor-
escence (Fig. 4d—f), spectral deconvolution was used. This was accomplished
using a Zeiss confocal microscope (LSM 510 Meta). To identify satellite cells in
pre-hatching chick embryos, 6 embryos electroporated at E3 were analysed at
E18. In 4 of the 6 embryos, GFP-positive muscle fibres were found in the muscle
masses. GFP-positive satellite cells were clearly identified in 3 out of the 4
embryos (see Fig. 4).

Time-lapse analysis. To observe the translocation movement of dermomyotome
cells into the myotome, we used an ex-vivo embryo-slice culture system
combined with confocal time-lapse videomicroscopy. Embryo slices (200-250-
pm thick) of the trunk region were placed in a 3-cm Petri dish in which the
bottom had been replaced with a glass coverslip. Low-melting-point agarose
(1%) in F-12 nutrient mixture (Ham) was poured around and above the embryo
slice. The sample was placed in a heated chamber and examined on an inverted
microscope (Axiovert, Zeiss) to which a Nipkow spinning disk confocal head
(Ultraview, Perkin Elmer) was attached. Embryo slices can be kept in this culture
system for at least 24 h. Metamorph image acquisition software was used to drive
the microscope and the confocal head. Confocal stacks were taken at 6-min
intervals.

Quail—chick grafting. We replaced the central region of the dermomyotome of 4
consecutive interlimb chick somites with central dermomyotome from quail.
The surgeries were performed in differentiated somites (for example, somite
stage IV=VII in a 30-somite chick embryo) with glass needles, taking care not to
transplant the dermomyotome borders. The ectoderm was grafted together with
the four pieces of dermomyotome attached to it. Embryos were analysed after
24h (n=15),48h (n=13) and 72h (n = 10). For long-term lineage analyses,
we generated 84 quail-chick chimaeras, of which 13 reached the end of fetal
life, 2 embryos were analysed at E18 and 2 chimaera were analysed after
hatching.
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