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Abstract

Background: Components of the limb musculoskeletal system have distinct mesoderm origins. Limb skeletal
muscles originate from somites, while the skeleton and attachments (tendons and connective tissues) derive from
limb lateral plate. Despite distinct mesoderm origins, the development of muscle, skeleton and attachments is
highly coordinated both spatially and temporally to ensure complete function of the musculoskeletal system. A
system to study molecular interactions between somitic-derived tissues (muscles) and lateral-plate-derived tissues
(skeletal components and attachments) during limb development is missing.

Results: We designed a gene delivery system in chick embryos with the ultimate aim to study the interactions
between the components of the musculoskeletal system during limb development. We combined the Tol2 genomic
integration system with the viral T2A system and developed new vectors that lead to stable and bicistronic expression
of two proteins at comparable levels in chick cells. Combined with limb somite and lateral plate electroporation
techniques, two fluorescent reporter proteins were co-expressed in stoichiometric proportion in the muscle
lineage (somitic-derived) or in skeleton and their attachments (lateral-plate-derived). In addition, we designed
three vectors with different promoters to target muscle cells at different steps of the differentiation process.

Conclusion: Limb somite electroporation technique using vectors containing these different promoters allowed
us to target all myogenic cells, myoblasts or differentiated muscle cells. These stable and promoter-specific vectors lead
to bicistronic expression either in somitic-derived myogenic cells or lateral plate-derived cells, depending on the
electroporation sites and open new avenues to study the interactions between myogenic cells and tendon or
connective tissue cells during limb development.
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Background
Components of the limb musculoskeletal system have
distinct mesoderm origins. Myogenic cells originate from
somites, while components of the skeletal system origin-
ate from limb lateral plate mesoderm [1–4]. Reciprocal
interactions between the different components of the
musculoskeletal system are required during development
to ensure a complete and functional musculoskeletal

system. We designed a technique to study the molecular
interactions between somitic-derived tissues (muscles)
and lateral-plate-derived tissues (skeletal components
and attachments) during limb development, using the
chick model.
Skeletal muscle development relies on two successive

and overlapping waves of myogenesis. Embryonic myo-
genesis establishes the scaffold of muscles, while foetal
myogenesis ensures muscle growth and maturation [5, 6].
Both embryonic and foetal myogenesis rely on muscle
progenitors that express the Paired homeobox tran-
scription factors Pax3 and Pax7 [7]. In chick embryos,
Pax3+/Pax7+ muscle progenitors delaminate from the
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ventro-lateral lips of dermomyotomes and migrate into
limb buds, where they proliferate and organize in two
dorsal and ventral muscle masses [8]. Muscle progeni-
tors enter the myogenic program via the sequential ac-
tivation of the bHLH myogenic regulatory factors
(MRFs), Myf5, MyoD, and Myogenin. MyoD promotes
cell cycle exit with the direct activation of the cyclin-
dependent kinase inhibitor p57kip2 [9–11]. Muscle dif-
ferentiation involves a cell fusion process to give rise to
multinucleated muscle fibres [5]. Once the muscle dif-
ferentiation process has started, muscle masses split
progressively to give rise to individualised limb skeletal
muscles [12].
In parallel to skeletal muscle development, the skel-

eton formation occurs. The skeleton is attached to mus-
cles via tendons and connective tissues. Skeletal
elements are linked together with ligaments. Limb skel-
etal elements (cartilage/bone) and attachments (tendons,
ligaments and connective tissues) are derived from limb
lateral plate [1–4, 13]. During limb development, cartil-
age differentiation is initiated by the condensation of the
mesenchyme in the centre of the limb bud [14] sur-
rounded by dorsal and ventral muscle masses. Conse-
quently, in early limb buds myogenic and cartilage cells
are located in different limb regions and do not physic-
ally interact. In contrast, tendon and connective tissue
cells are mixed with myogenic cells in dorsal and ventral
limb regions [13, 15, 16].
Despite distinct mesoderm origins, the development of

skeleton, muscle and attachments is highly coordinated
to ensure a proper functional musculoskeletal system, in
which tendons transmit the force generated by muscles
to bones in order to allow movement [13, 16]. Limb
skeleton development initiates independently of muscles
[17], although mechanical forces generated by muscle
contraction are needed for further bone development
[17, 18]. Consistent with their different mesoderm ori-
gins, limb muscles and tendons initiate developmental
process independently of each other. However, tendons
require functional skeletal muscles to further differenti-
ate [13, 19–21]. Connective tissue differentiates from
limb bud mesenchymal cells and will provide structural
support to other limb tissues. Genetic modification of
limb muscle connective tissues affects limb muscle for-
mation and patterning [15, 16, 22].
The electroporation technique is one current method

to study gene function during chick development. Since
the establishment of the in ovo electroporation in 1997
[23], numerous laboratories have been using this tech-
nique to misexpress genes in chick embryos. Over the
years the electroporation technique has been applied to
different embryonic tissues, mostly neural tubes [24–28]
and somites [29, 30], but also in aortic endothelial cells
[31]. The electroporation technique has been a useful

tool to study chick limb development, to target either
the muscle lineage with limb somite electroporation
[32–35] or limb mesenchyme with limb lateral plate
electroporation [36–38]. Strategies have been developed
to improve gain and loss-of function experiments in chick
embryos using the electroporation technique [39–41].
However, most studies are based on electroporation with
the use of transient vectors. Due to the episomal expres-
sion of these vectors, the electroporated cells failed to
maintain the transgene expression more than 48 to 72 h
after electroporation [42–44]. It therefore prevented any
study at late stages of development. Consequently, tech-
niques based on transposon-mediated gene transfer have
been designed to obtain stable gene integration into the
genome and to study late developmental stages in chick
embryos. To date, three transposon systems are available,
the Tol2 transposon system that originate from the me-
daka fish [42, 45], the PiggyBac and Sleeping Beauty sys-
tems [46, 47]. PiggyBac and Tol2 transposons have been
proven to be efficient in chick cells [48].
In this report, we designed new vectors that stably and

simultaneously express two fluorescent proteins, Tomato
and GFP (green fluorescent protein) using the Tol2
transposons and the viral T2A system. These new vectors
driving the bicistronic expression of the two fluorescent
proteins under the control of a ubiquitous promoter were
used to stably misexpress genes in the muscle lineage or
in limb lateral plate derived-tissues, using chick tissue
electroporation. We also designed new stable vectors con-
taining muscle-specific promoters to target myogenic cells
at different steps of the differentiation process. Chick limb
somite electroporation with these muscle-specific vectors
allowed us to stably and simultaneously co-express two
proteins at different steps of myogenesis. We believe that
all these new vectors combined with the electroporation
technique are powerful tools to study tissue interactions
during limb development in chick embryos.

Results and discussion
Stable and bicistronic expression of TdTomato and EGFP
fluorescent reporter proteins using the Tol2 transposon
and the viral 2A peptide systems
We previously designed stable vectors based on the Tol2
transposon, which allowed us to stably misexpress genes-
of-interest in chick embryos [44]. However, with this
stable vector set, we had to co-electroporate two recom-
binant vectors, one expressing the gene-of-interest and
one expressing a fluorescent reporter protein in order to
follow the ectopic gene-of-interest in ovo. One limitation
was that both recombinant vectors were not systematically
co-integrated into the chick genome preventing any ana-
lyses at a cellular level. The IRES (Internal Ribosome Entry
Site) is a system that drives the expression of two genes
using an unique vector [43, 49]. However, the IRES system

Bourgeois et al. BMC Developmental Biology  (2015) 15:39 Page 2 of 12



has proven some failures regarding the expression levels
of the second protein [50]. The viral 2A peptide system
has been generated to circumvent the problem of different
protein expression levels and has been shown to allow the
simultaneous expression of several proteins in stoichio-
metric proportions [50–52]. The 2A peptides were found
in viruses that used these peptides to mediate protein
cleavage [51]. 2A peptides are small peptides that are self-
cleaved between the last two amino acids (Gly and Pro)
following a rare and conserved consensus motif (Fig. 1)
[51, 52]. After translation, proteins are produced in
stoichiometric proportion from one unique transcript
[50–52]. There are several available 2A peptides
derived from different viruses, which display high self-
cleavage efficiency [50, 51]. The T2A peptide originat-
ing from the insect Thosea asigna virus 2A was used to
generate a bicistronic cassette, which links the TdTomato

(Tandem dimer Tomato) and the EGFP (enhanced
Green Fluorescent Protein) proteins [52]. We cloned
this bicistronic cassette under the control of a ubiqui-
tous promoter, the CMV/βactin promoter. The CMV/
βactin promoter, comprising the CMV (cytomegalo-
virus) enhancer and the chick β-actin promoter, has
been proven to be highly efficient for transient trans-
genesis in chick embryos [24, 34, 35, 53]. In order to
stably integrate this cassette into the chick genome, we
inserted the CMV/βactin promoter and the bicistronic
cassette into the stable vector based on the Tol2 trans-
poson system [44]. Because TdTomato and EGFP are
targeted to the membrane and nucleus, respectively
[52], this system allows the stable integration into gen-
omic DNA and the bicistronic expression of the two
proteins with comparable expression levels in different
subcellular compartments (Fig. 1).

Fig. 1 Schematic representation of the 2A peptide system in Tol2-based vectors. Schematic representation of a vector containing the transposase
under the control of a ubiquitous CMV/βactin promoter and a vector containing a cassette with two reporter fluorescent genes TdTomato and
EGFP separated by the T2A peptide under the control of a CMV/βactin promoter, between the minimal Tol2 transposons. The transfection into
chick cells of both vectors allows the stable transposition of the transgene (CMV/βactin promoter-TdTomato-T2A-EGFP cassette) into the chick
genome. The TdTomato-T2A-EGFP cassette is transcribed under the control of the CMV/βactin promoter and then translated. At the level of the
translation process, the T2A peptide will be self-cleaved between the two amino acids, Gly and Pro (double arrow), following a consensus sequence
(boxed). The 19 first amino acids of the cleaved T2A peptide remains fused to the C-terminus of the TdTomato, while the Pro amino acid is added to
the N-terminus of the GFP. With the 2A peptide system, one single mRNA is transcribed that produces two proteins in stoichiometric proportions.
TdTomato is targeted to the membrane due to a myristoylation signal and EGFP is targeted to the nucleus due to a H2B sequence. This leads
to expression of both proteins in two different subcellular compartments
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Chick limb somite electroporation with the PT2AL-CMV/
βactin-Tomato-T2A-GFP vector
DNA electroporation was performed to hypaxial lips of
dermomyotomes of limb somites of E2.5/HH15 chick
embryos in order to target limb myogenic cells [35] with
the stable and bicistronic PT2AL-CMV/βactin-Tomato-
T2A-GFP vector. Six days after limb somite electropor-
ation with this vector set, we observed the expression of
both Tomato and GFP proteins in forelimb muscles of
E8.5/HH34 chick embryos (Fig. 2a–c). Forelimb trans-
verse sections of electroporated chick embryos showed
the expression of Tomato and GFP in limb muscles and
no expression in the lateral plate derived-tissues such as
cartilage elements (Fig. 2d–f ). Consistent with the cellu-
lar compartment addressing sequences, Tomato and
GFP were observed at the cellular membrane (Fig. 2g,
arrowheads) and in nucleus (Fig. 2h, arrowheads), re-
spectively, in limb muscles. All GFP+ nuclei were sur-
rounded by Tomato +membrane (Fig. 2i, arrowheads).
However, GFP- nuclei could be observed in Tomato +
muscle fibres (Fig. 2g–l, arrows). We believe that only a
few myoblasts were sufficient to target Tomato to the
entire sarcolemma of muscle differentiated and multinu-
cleated cells, due to membrane fluidity and the fusion
process of muscle cells (Fig. 2j–l). It is likely that non
electroporated myoblasts fuse to electroporated muscle
cells. This explained why we observed myonuclei dis-
playing GFP (Fig. 2j–l, arrowheads) and myonuclei dis-
playing no GFP expression (Fig. 2j–l, arrows) in muscle
fibre sarcolemma displaying red fluorescence (Fig. 2j–l).
The use of the generic CMV/βactin promoter leads to
Tomato and GFP expression in MF20+ cells (Fig. 2m–o,
arrowheads) and in Pax7+ muscle progenitors (Fig. 2p–r,
arrows), following limb somite electroporation.
We conclude that limb somite electroporation with

the pT2AL-CMV/βactin-Tomato-T2A-GFP vector leads
to GFP and Tomato bicistronic and stable expression in
muscle progenitors and muscle differentiated cells, in
chick limbs. Either fluorescent protein can be replaced
by a gene-of-interest since the two proteins are pro-
duced in stoichiometric proportion. Membrane Tomato
fluorescence will be adequate to follow electroporated
myotubes even though not all myonuclei are targeted
with GFP. Nuclear GFP will allow the targeting of elec-
troporated nuclei in muscle cells.

A p57 Muscle Regulatory Element combined with the
βactin promoter drives bicistronic expression of Tomato
and GFP in myoblasts and muscle fibres
Limb somite electroporation with a generic promoter
targets gene expression in muscle progenitors before
their migration to the limb. In order to study gene func-
tion after the migration step, we designed a stable vector
containing the Tomato-T2A-GFP cassette under the

control of the p57MRE/βactin promoter (Fig. 3a). The
p57kip2 cyclin-dependent kinase inhibitor is directly acti-
vated by Myod in myoblasts in vitro and in vivo [9–11].
The addition of this mouse regulatory sequence to a
generic chick βactin promoter should drive gene expres-
sion in myoblasts. The pT2AL-p57/βactin-Tomato-T2A-
GFP vector was electroporated into forelimb somites of
chick embryos. Six days after electroporation, we ob-
served that limb muscles displayed red and green fluor-
escence, in E8.5 chick embryos (Fig. 3b–d). This was
confirmed on transverse forelimb sections where we ob-
served that muscles were expressing both Tomato and
GFP (Fig. 3e–g). GFP always co-localised with Tomato
showing that the GFP nuclei were always associated with
Tomato +membranes (Fig. 3h–j, arrowheads). However,
as for the PT2AL-CMV/βactin-Tomato-T2A-GFP vector
(Fig. 2), Tomato +muscle fibres could be observed with
GFP+ and GFP− nuclei (Fig. 3h–j, arrows). Longitudinal
muscle sections of E8.5 electroporated forelimbs re-
vealed that the p57MRE-βactin promoter drove the ex-
pression of both fluorescent proteins in MF20+ muscle
fibres (Fig. 3k–m, arrowheads) as well as in mononucle-
ated MF20- cells (Fig. 3k-m, arrows), but rarely in Pax7+
muscle progenitors (Fig. 3n–p, arrowheads).
We conclude that the p57MRE-βactin promoter drives

transgene expression mainly in myoblasts and muscle fi-
bres. Combined with somite electroporation, this vector
set targets gene expression in muscle cells at step down-
stream of muscle progenitors.

Stable and bicistronic expression of Tomato and GFP
fluorescent proteins in differentiated muscle cells using
the Myosin Light Chain promoter
There is evidence that differentiated muscle cells signal
to muscle progenitors to regulate muscle growth during
development [11, 54, 55]. One option to study the molecu-
lar dialogue between muscle fibres and muscle progenitors
is to specifically misexpress genes in differentiated muscle
cells. Consequently we established another stable vector,
in which the Tomato-T2A-GFP cassette was inserted
under the control of the mouse Myosin Light Chain
(MLC) promoter (Fig. 4a). The mouse MLC promoter
drives transgene expression in differentiated muscle
cells [44]. In E8.5 electroporated chick embryos, we ob-
served red and green fluorescence in limb muscles, in-
dicating that both Tomato and GFP proteins were
expressed (Fig. 5b-d). Both Tomato and GFP proteins
were observed in limb muscles on transverse limb sec-
tions (Fig. 5e-g). GFP+ nuclei were associated with To-
mato + labelling (Fig. 5e–g, arrowheads). As for the
CMV/βactin and the p57/βactin promoters, we ob-
served Tomato + muscle fibres with GFP+ and GFP-
nuclei (Fig. 5e–g, arrows), due to the spread of Tomato
in sarcolemma of multinucleated muscle cells. As
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Fig. 2 Stable and bicistronic expression of Tomato and GFP fluorescent proteins in forelimb muscles following chick limb somite electroporation.
Forelimb somites of E2.5/HH15 chick embryos were electroporated with the pT2AL-CMV/βactin-Tomato-T2A-GFP stable vector containing the
Tomato-T2A-GFP cassette under the control of a general promoter. Six days after electroporation, at E8.5, forelimbs were collected for wholemount
visualisation (a-c), immunostaining on transverse (d–i) or longitudinal (j–r) limb sections. Both Tomato and GFP fluorescent proteins were expressed in
forelimb muscles, visualised in whole mount embryos (a–c). The Tomato and GFP expression was visualised in all limb muscles on transverse
limb sections (d–f). Higher magnifications of muscle transverse sections showed that GFP+ nuclei were associated with Tomato in membrane
(g–i, arrowheads). However, Tomato was not always associated with GFP due to the multinucleated statute of muscle fibres and membrane
fluidity (g–i, arrows). Longitudinal muscle sections showed electroporated muscle fibres displaying Tomato fluorescence in sarcolemma with
only a subset of GFP+ myonuclei (j–l arrowheads). GFP- myonuclei are arrowed (j–l arrows). m–r Electroporated muscle cells co-expressing
both Tomato at the membrane and GFP in nuclei were observed in MF20+ muscle fibres (m–o, arrowheads) and in Pax7+ progenitors (p–r, arrows)
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expected and previously shown for the MLC promoter
[44], Tomato and GFP fluorescence was never in Pax7+
muscle progenitors (Fig. 5h–j).
We conclude that the stable and muscle-specific vec-

tor pT2AL-MLC-Tomato-T2A-GFP leads to bicistronic

expression of Tomato and GFP proteins in differentiated
muscle cells in chick limb. Replacing either fluorescent
protein encoding genes with a gene-of-interest will effi-
ciently drive transgene misexpression in muscle differen-
tiated cells.

Fig. 3 Stable and bicistronic expression of Tomato and GFP fluorescent proteins in myogenic cells following chick limb somite electroporation
with a muscle-specific regulatory element. a Forelimb somites of E2.5/HH15 chick embryos were electroporated with the PT2AL-p57/βactin-
Tomato-T2A-GFP stable vector containing the Tomato-T2A-GFP cassette under the control of the p57MRE muscle-specific regulatory element. Six
days after electroporation, at E8.5, forelimbs were collected for wholemount visualisation (b–d), immunostaining on transverse (e–j, n–p) or longitudinal
(k–m) limb sections. b–d Both Tomato and GFP fluorescent proteins were expressed in forelimb muscles, visualised in whole mount embryos. e–g The
Tomato and GFP expression was visualised in limb muscles on transverse limb sections. Higher magnifications of muscle transverse sections showed a
general co-localisation of GFP+ nuclei with membrane Tomato (h-j, arrowheads). However, Tomato was not always associated with GFP due to the
multinucleated statute of muscle fibres and membrane fluidity (h–j, arrows). Tomato and GFP expression was observed in MF20+ muscle fibres (k–m,
arrowheads) and in MF20- cells (k–m, arrows). n–p Nuclear GFP or membrane Tomato expression driven by the p57 regulatory element was barely
observed in Pax7+ muscle progenitors (n–p, arrowheads). Scale bars, (e–m) 50 μm (k–p)
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Chick limb lateral plate electroporation with the generic
CMV/βactin promoter drives bicistronic expression of
Tomato and GFP proteins in cartilage, tendon and
connective tissues
In order to target the non-myogenic cells of the limb
musculoskeletal system, we electroporated the pT2AL-
CMV/βactin-Tomato-T2A-GFP in the forelimb lateral
plate of E2/HH13 chick embryos (Fig. 5a). Three days
after electroporation, fluorescence was observed through-
out the forelimb (Fig. 5b, c). Five days after electropor-
ation both Tomato and GFP proteins were diffusely
expressed in chick limbs (Fig. 5d–g). Notably, a high
fluorescence was observed in cartilage elements
(Fig. 5d–f ). Transverse limb sections showed a general
Tomato expression in forelimbs (Fig. 5h, i), expression
which did not delineate muscles in contrast to somite

electroporation with the same vector (Fig. 2). In limb
muscles, Tomato was never observed in MF20+ differ-
entiated muscle cells (Fig. 5j) nor in Pax7+ muscle pro-
genitors (Fig. 5k). We believe that cells displaying
Tomato fluorescence in limb muscles following lateral
plate electroporation correspond to muscle connective
tissue cells. GFP transcripts could be observed in cartil-
age regions (Fig. 5l–n, arrows). GFP transcripts could
also been observed in tendons, which are labelled with
the key tendon marker Scleraxis (Scx) (Fig. 5o–r,
arrows).
We conclude that limb lateral plate electroporation

with the pT2AL-CMV/βactin-Tomato-T2A-GFP vector
leads to biscistronic and stable transgene expression in
lateral plate-derived tissues, such as cartilage, tendon
and muscle connective tissues.

Fig. 4 Stable and bicistronic expression of Tomato and GFP fluorescent proteins in differentiated muscle cells following chick limb somite
electroporation with a myosin light chain promoter. a Forelimb somites of E2.5/HH15 chick embryos were electroporated with the PT2AL-MLC-
Tomato-T2A-GFP stable vector containing the Tomato-T2A-GFP cassette under the control of the myosin light chain (MLC) promoter. The MLC
promoter drives gene expression in differentiated muscle cells. Six days after electroporation, at E8.5, forelimbs were collected for wholemount
visualisation (b–d) or immunostaining on transverse limb sections (e–j). Most of the GFP+ nuclei were surrounded by a Tomato + sarcolemma
(e–g, arrowheads). h–j GFP+ nuclei were never observed in Pax7+ cells. Scale bars = 50 μm
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Conclusion
In summary, we designed new vectors that stably
and simultaneously express two distinct proteins.
Limb muscles are composed of myogenic cells ori-
ginating from somites and of connective tissue cells
derived from lateral plate (Fig. 6a). Myogenic cells in

muscles are at different steps of the muscle differen-
tiation process, ranging from muscle progenitors,
myoblasts to muscle fibres (Fig. 6a). Limb somite
electroporation (Fig. 6b–e) with a generic (Fig. 6b)
or muscle-specific promoters (Fig. 6c, d) will target
all myogenic cells (Fig. 6b), myoblasts and muscle

Fig. 5 Stable and bicistronic expression of Tomato and GFP fluorescent proteins in chick forelimbs following limb lateral plate electroporation.
a Limb lateral plate of E2/HH13 chick embryos was electroporated with the pT2AL-CMV/βactin-Tomato-T2A-GFP stable vector containing the
Tomato-T2A-GFP cassette under the control of a general promoter. Forelimbs were collected for wholemount visualisation of Tomato or GFP, 3
(b, c), 5 (d–g) and 6 (l) days after electroporation. h, i Transverse sections of forelimbs 5 days after electroporation to visualise Tomato expression
in limbs. j, k Tomato fluorescence was observed in limb connective tissues and never observed in muscle differentiated (j) or progenitor (k) cells.
l Forelimbs were collected for wholemount visualisation of Tomato 6 days after electroporation. m–r In situ hybridisation experiments to transverse
limb sections of the electroporated forelimb shown in L, with GFP (m, o, q) and Scx (n, p, r) probes at the level of the proximal (m, n) and distal (o–r)
forearm.m, n and o, p are adjacent sections. m, n shows strong GFP expression in regions surrounding cartilage elements (arrow). o–r GFP expression
in tendons. q, r is a high magnification of a tendon shown in (o, p arrowed). ca, cartilage, u, ulna, r, radius
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differentiated cells (Fig. 6c) or only muscle differentiated
cells (Fig. 6d), respectively. Lateral plate electroporation
with a generic promoter (Fig. 6e) target muscle connective
tissue cells, while somite lateral plate electroporation with
a generic promoter target myogenic cells (Fig. 6b). This

provides us with tools to study the molecular interactions
between cellular components of muscles. We believe that
these new vectors combined with tissue-specific electro-
poration techniques are powerful tools to study chick limb
development.

Fig. 6 Schematic representation of myogenic and non-myogenic cells in muscles targeted with limb somite or lateral plate electroporation with
stable vectors producing reporter genes under the control of different promoters. a Representation of the somitic- (red) and lateral-plate-derived
(green) lineages in limb skeletal muscles. Skeletal muscles are composed of myogenic cells at different steps of differentiation somitic-derived
(red) and of muscle connective tissue cells lateral plate derived (green). At a specific time point, muscle progenitors, mononucleated muscle cells
or myoblasts and differentiated multinucleated muscle cells coexist in muscles. Myogenic cells originate from limb somites (b–d), while connective tissue
cells derive from limb lateral plate (e). Limb somite electroporation with stable vectors containing different promoters. b Limb somite electroporation with
a stable vector containing a generic CMV/β-actin promoter drives reporter gene expression in myogenic cells at all steps of muscle differentiation. c Limb
somite electroporation with a stable vector containing a p57 regulatory element and the chick β-actin promoter drives reporter gene
expression in myoblasts and differentiated muscle cells. d Limb somite electroporation with a stable vector containing a MLC promoter
drives reporter gene expression in differentiated muscle cells. e Lateral plate electroporation with a stable vector containing a CMV/β-actin
promoter drives reporter gene expression in muscle connective tissue cells (inside muscle and surrounding muscle) and tendons
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Methods
Chick embryos
Fertilized chick eggs from a commercial source (JA57
strain, Dangers, France) were incubated at 38.5 °C.
Embryos were staged according to days in ovo. For early
stages, the following day numbers and HH (Hamburger
and Hamilton) stages [56] are equivalent: E2/HH13,
E2.5/HH15 and correspond to 20 and 25 somite stages,
respectively.

Establishment of recombinant vectors
The pT2AL-MLC-Tomato-T2A-GFP plasmid was ob-
tained as following: The Myr-TdTomato-T2A sequence
was amplified by PCR from the plasmid pCS2-
TdTomato-2A-GFP [52]. To facilitate subsequent clon-
ing, one XhoI site was added to the forward primer and
one BstBI site was added to the reverse primer. The
purified PCR product was then inserted into pCRII-
TOPO (Invitrogen) and a clone with Tomato down-
stream of SP6 promoter was selected, giving rise to a
plasmid named TOPO/Tomato. H2B-GFP was amplified
by PCR from the plasmid pCS2-TdTomato-2A-GFP
[52]. A BstbI site was added to the forward primer and
one PmlI site and one ClaI site were added to the re-
verse primer. The purified PCR product was then
inserted into pCRII-TOPO (Invitrogen) and a clone with
GFP downstream of SP6 promoter was selected, result-
ing in a plasmid called TOPO/GFP. Next, both TOPO/
Tomato and TOPO/GFP were digested with BstbI and
NotI. The T2A sequence was then inserted into TOPO/
Tomato using the T4 DNA ligase (New England Biolabs)
to generate a plasmid named TOPO/Tomato-T2A-GFP.
The Tomato-T2A-GFP cassette was then excised from
TOPO Tomato-T2A-GFP using EcoRV and XhoI and
cloned into the pT2AL200R150G [57] previously
digested with ClaI (blunt-ended using Fermentas T4
DNA polymerase) and XhoI. The resulting plasmid was
named pT2AL-Tomato-T2A-GFP. The Myosin Light
Chain (MLC) mouse promoter was removed from the
pT2K-MLC-Fgf4 plasmid (previously described in [44])
using NcoI and XhoI. Both extremities were then blunt-
ended using T4 DNA polymerase (Fermentas). The
MLC promoter was next blunt ligated to TOPO GFP
previously digested with XbaI made blunt. A clone with
the MLC promoter inserted with ApaI in 5’ and XhoI in
3’ was selected resulting in a plasmid called TOPO/
GFP/MLC. Both TOPO/GFP/MLC and pT2AL-Tomato-
T2A-GFP were digested with ApaI and XhoI. MLC was
inserted into pT2AL-Tomato-T2A-GFP to obtain
pT2AL-MLC-Tomato-T2A-GFP.
The pT2AL-CMV/βactin-Tomato-T2A-GFP plasmid

was obtained as followed: The pT2AL-MLC-Tomato-
T2A-GFP plasmid was digested with ApaI (blunt-ended
using Fermentas T4 DNA polymerase) and SphI to

remove the MLC promoter. The MLC promoter was
then replaced by the CMV-βactin promoter (the chick
βactin promoter downstream of a CMV enhancer),
which was excised from the CMV-βactin-EGFP [35]
using SalI (blunt-ended) and SphI to generate the
pT2AL-CMV-Tomato-T2A-GFP plasmid.
The pT2AL-p57/βactin -Tomato-T2A-GFP plasmid

was obtained as followed: The p57MRE regulatory se-
quence was excised from pSK-p57MRE plasmid [11] by
digestion with Spe1 and SacII. The CMV enhancer of
the pT2AL-CMV/βactin-Tomato-T2A-GFP plasmid was
excised by Acc1 and SnaBI and replaced with the
p57MRE using blunt ligation with the Rapid DNA
Ligation Kit (Roche). The generated plasmid was named
the pT2AL-p57/βactin-Tomato-T2A-GFP.

Electroporation
Limb somite electroporation was performed as previ-
ously described [35]. The DNA solution was systematic-
ally composed of the Tol2 stable vectors and the
transient transposase vector CMV/βactin-T2TP, which
allows the stable integration into the chick genome. The
concentration of the different vectors was between 1.5
and 2 μg/μL and of 1/3 for the CMV/βactin-T2TP. DNA
was prepared in solution containing carboxymethyl cel-
lulose 0,17 %, fast green 1 %, MgCl2 1 mM and PBS 1X
in water.
Lateral plate electroporation was performed as

followed: Stage HH13–15 (E2) chick embryos were win-
dowed following standard techniques in preparation for
electroporation [58]. PBS without Ca2+/Mg2+ was ap-
plied to the embryo. A capillary was backfilled with
DNA solution, which was injected under 200 Pa pres-
sure (injection duration 0.1–0.5 s and compensatory
pressure 15–25 Pa) (Femtojet, Eppendorf ) into the em-
bryonic coelom, to fill completely the anterior to poster-
ior extent of the forelimb territory. The negative
electrode (0.8 mm diameter tungsten rod with a 4-mm
length and 2-mm exposed surface) was inserted into the
yolk and positioned beneath the forelimb field, approxi-
mately 2 mm below the embryo. A 0.8 mm diameter
platinum rod with a 1-mm exposed tip served as the
positive electrode and was positioned above the forelimb
field with an approximate distance of 3 mm. A wave
pulse train consisting of 50 V, five pulses, 20 ms dur-
ation with a 200 ms interpulse interval was delivered via
TSS20 electroporator and EP21 current amplifier (Intra-
cel). Embryos were returned to 37.5 °C for the remaining
incubation period. DNA solution was composed of
pT2AL-CMV/βactin-Tomato-T2A-GFP (1-3 μg/μL) and
CMV/βactin-T2TP at a molar ratio of 1:5–1:10, diluted
in a mix containing PBS without Ca2+/Mg2+ and Fast
Green 0.005 %. This ratio resulted in persistent gene
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expression in the embryonic limbs during foetal
development.

Immunohistochemistry
Experimental forelimbs were fixed in paraformaldehyde
4 % overnight at 4 °C and processed for cryostat sections
(12 μm). Immunohistochemistry was performed as pre-
viously described [59]. The monoclonal antibodies MF20
that recognizes sarcomeric myosin heavy chains and
Pax7 that recognizes muscle progenitors, developed by
D.A. Fischman and A. Kawakami, respectively, were ob-
tained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and main-
tained by The University of Iowa, Department of Biology
Iowa City, IA 52242. After overnight incubation with the
primary antibody at 4 °C, biotinylated secondary anti-
bodies (Anti-Mouse IgG2b from Southern Biotech; Anti-
Mouse IgG1 from Jackson ImmunoResearch laboratories)
were applied for 1 h at room temperature, followed by a
45 min incubation with Cy5-Streptavidin (Invitrogen).
Hoechst (Molecular Probes) staining was performed with
a dilution of 1/20000 in PBS 1X for 10 min at room
temperature.

In situ hybridization
In situ hybridization experiments were performed for
GFP and Scx probes, as previously described [35].

Image capturing
Images of the wholemount electroporated limbs were ac-
quired with a Leica stereo-macroscope equipped with a
Leica DFC300 camera. After immunohistochemistry,
sectioned samples images were captured using a Nikon
epifluorescence microscope, a Leica DMI600B inverted
microscope or a Leica SP5 confocal system.

Abbreviations
CMV: cytomegalovirus; EGFP: enhanced Green Fluorescent Protein;
HH: Hamburger and Hamilton; IRES: Internal Ribosome Entry Site;
MLC: Myosin Light Chain; MRFs: Myogenic Regulatory Factors; T2A
peptide: Thosea asigna 2A peptide; TdTomato: tandem dimer Tomato.

Competing interests
The authors declare that they have no financial and non-financial competing
interests in relation to this manuscript.

Authors’ contributions
AB established the CMV/βactin and MLC vectors and performed somite
electroporation. JEL established the p57 vector and performed somite
electroporation. BC performed lateral plate electroporation. KK provided the
PT2AL vector. SS participated in the design of the study, supervised and
interpreted results. DD conceived the project, supervised and analyzed data,
and funded the experiments. The manuscript was drafted by AB and revised
by SS and DD. All authors read and approved the final manuscript.

Acknowledgements
We thank Shankar Srinivas for the pCS2-TdTomato-2A-GFP plasmid. We thank
Frédéric Relaix for pSK-p57MRE plasmid. We thank Sophie Gournet for
illustrations. The work by D.D was supported by the AFM MyoSig and
Myoconnect, ANR, FRM DEQ20140329500, INSERM, CNRS and UPMC.

Author details
1CNRS UMR 7622, IBPS-Developmental Biology Laboratory, F-75005 Paris,
France. 2Sorbonne Universités, UPMC Univ Paris 06, IBPS-Developmental
Biology Laboratory, F-75005 Paris, France. 3Inserm U1156, F-75005 Paris,
France. 4Division of Molecular and Developmental Biology, National Institute
of Genetics, and Department of Genetics, SOKENDAI (The Graduate
University for Advanced Studies), Mishima, Shizuoka, Japan. 5Institue for
Chemistry and Biochemistry, Freie Universitaet Berlin, 14195 Berlin, Germany.

Received: 19 June 2015 Accepted: 22 October 2015

References
1. Chevallier A, Kieny M, Mauger A. Limb-somite relationship: origin of the

limb musculature. J Embryol Exp Morphol. 1977;41:245–58.
2. Christ B, Jacob HJ, Jacob M. Origin of wing musculature. Experimental

studies on quail and chick embryos. Experientia. 1974;30:1446–9.
3. Kieny M, Chevallier A. Autonomy of tendon development in the embryonic

chick wing. J Embryol Exp Morphol. 1979;49:153–65.
4. Ordahl CP, Le Douarin NM. Two myogenic lineages within the developing

somite. Dev Camb Engl. 1992;114:339–53.
5. Biressi S, Molinaro M, Cossu G. Cellular heterogeneity during vertebrate

skeletal muscle development. Dev Biol. 2007;308:281–93.
6. Stockdale FE. Myogenic cell lineages. Dev Biol. 1992;154:284–98.
7. Buckingham M, Relaix F. The Role of Pax Genes in the Development of

Tissues and Organs: Pax3 and Pax7 Regulate Muscle Progenitor Cell
Functions. Annu Rev Cell Dev Biol. 2007;23:645–73.

8. Duprez D. Signals regulating muscle formation in the limb during
embryonic development. Int J Dev Biol. 2002;46:915–26.

9. Figliola R, Busanello A, Vaccarello G, Maione R. Regulation of p57KIP2 during
Muscle Differentiation: Role of Egr1, Sp1 and DNA Hypomethylation. J Mol
Biol. 2008;380:265–77.

10. Vaccarello G, Figliola R, Cramerotti S, Novelli F, Maione R. p57Kip2 is Induced by
MyoD Through a p73-dependent Pathway. J Mol Biol. 2006;356:578–88.

11. Zalc A, Hayashi S, Aurade F, Brohl D, Chang T, Mademtzoglou D, et al.
Antagonistic regulation of p57kip2 by Hes/Hey downstream of Notch
signaling and muscle regulatory factors regulates skeletal muscle growth
arrest. Development. 2014;141:2780–90.

12. Tozer S, Bonnin M-A, Relaix F, Di Savino S, García-Villalba P, Coumailleau P,
et al. Involvement of vessels and PDGFB in muscle splitting during chick
limb development. Dev Camb Engl. 2007;134:2579–91.

13. Kardon G. Muscle and tendon morphogenesis in the avian hind limb.
Development. 1998;125:4019–32.

14. Schramm CA, Reiter RS, Solursh M. Role for short-range interactions in the
formation of cartilage and muscle masses in transfilter micromass cultures.
Dev Biol. 1994;163:467–79.

15. Hasson P, DeLaurier A, Bennett M, Grigorieva E, Naiche LA, Papaioannou VE,
et al. Tbx4 and tbx5 acting in connective tissue are required for limb
muscle and tendon patterning. Dev Cell. 2010;18:148–56.

16. Kardon G, Harfe BD, Tabin CJ. A Tcf4-positive mesodermal population
provides a prepattern for vertebrate limb muscle patterning. Dev Cell.
2003;5:937–44.

17. Nowlan NC, Sharpe J, Roddy KA, Prendergast PJ, Murphy P.
Mechanobiology of embryonic skeletal development: Insights from animal
models. Birth Defects Res Part C Embryo Today Rev. 2010;90:203–13.

18. Rolfe RA, Nowlan NC, Kenny EM, Cormican P, Morris DW, Prendergast PJ,
et al. Identification of mechanosensitive genes during skeletal development:
alteration of genes associated with cytoskeletal rearrangement and cell
signalling pathways. BMC Genomics. 2014;15:48.

19. Edom-Vovard F, Schuler B, Bonnin M-A, Teillet M-A, Duprez D. Fgf4
positively regulates scleraxis and tenascin expression in chick limb tendons.
Dev Biol. 2002;247:351–66.

20. Bonnin M-A, Laclef C, Blaise R, Eloy-Trinquet S, Relaix F, Maire P, et al. Six1 is
not involved in limb tendon development, but is expressed in limb
connective tissue under Shh regulation. Mech Dev. 2005;122:573–85.

21. Schweitzer R, Chyung JH, Murtaugh LC, Brent AE, Rosen V, Olson EN, et al.
Analysis of the tendon cell fate using Scleraxis, a specific marker for
tendons and ligaments. Dev Camb Engl. 2001;128:3855–66.

22. Mathew SJ, Hansen JM, Merrell AJ, Murphy MM, Lawson JA, Hutcheson DA,
et al. Connective tissue fibroblasts and Tcf4 regulate myogenesis. Dev Camb
Engl. 2011;138:371–84.

Bourgeois et al. BMC Developmental Biology  (2015) 15:39 Page 11 of 12



23. Muramatsu T, Mizutani Y, Ohmori Y, Okumura J. Comparison of three
nonviral transfection methods for foreign gene expression in early chicken
embryos in ovo. Biochem Biophys Res Commun. 1997;230:376–80.

24. Delfini M-C, Duprez D. Ectopic Myf5 or MyoD prevents the neuronal
differentiation program in addition to inducing skeletal muscle
differentiation, in the chick neural tube. Dev Camb Engl. 2004;131:713–23.

25. Fournier-Thibault C, Blavet C, Jarov A, Bajanca F, Thorsteinsdóttir S, Duband
J-L. Sonic hedgehog regulates integrin activity, cadherin contacts, and cell
polarity to orchestrate neural tube morphogenesis. J Neurosci Off J Soc
Neurosci. 2009;29:12506–20.

26. Osório L, Teillet M-A, Palmeirim I, Catala M. Neural crest ontogeny during
secondary neurulation: a gene expression pattern study in the chick
embryo. Int J Dev Biol. 2009;53:641–8.

27. Funahashi J, Okafuji T, Ohuchi H, Noji S, Tanaka H, Nakamura H. Role of
Pax-5 in the regulation of a mid-hindbrain organizer’s activity. Dev Growth
Differ. 1999;41:59–72.

28. Momose T, Tonegawa A, Takeuchi J, Ogawa H, Umesono K, Yasuda K.
Efficient targeting of gene expression in chick embryos by
microelectroporation. Dev Growth Differ. 1999;41:335–44.

29. Gros J, Scaal M, Marcelle C. A two-step mechanism for myotome formation
in chick. Dev Cell. 2004;6:875–82.

30. Gros J, Serralbo O, Marcelle C. WNT11 acts as a directional cue to organize
the elongation of early muscle fibres. Nature. 2009;457:589–93.

31. Rosselló CA, Torres M. Gene transfer by electroporation into hemogenic
endothelium in the avian embryo. Dev Dyn Off Publ Am Assoc Anat.
2010;239:1748–54.

32. Scaal M, Gros J, Lesbros C, Marcelle C. In ovo electroporation of avian
somites. Dev Dyn. 2004;229:643–50.

33. Bonafede A, Köhler T, Rodriguez-Niedenführ M, Brand-Saberi B. BMPs restrict
the position of premuscle masses in the limb buds by influencing Tcf4
expression. Dev Biol. 2006;299:330–44.

34. Havis E, Coumailleau P, Bonnet A, Bismuth K, Bonnin M-A, Johnson R, et al.
Sim2 prevents entry into the myogenic program by repressing MyoD
transcription during limb embryonic myogenesis. Development.
2012;139:1910–20.

35. Bonnet A, Dai F, Brand-Saberi B, Duprez D. Vestigial-like 2 acts downstream
of MyoD activation and is associated with skeletal muscle differentiation in
chick myogenesis. Mech Dev. 2010;127:120–36.

36. Takeuchi JK, Koshiba-Takeuchi K, Matsumoto K, Vogel-Höpker A, Naitoh-
Matsuo M, Ogura K, et al. Tbx5 and Tbx4 genes determine the wing/leg
identity of limb buds. Nature. 1999;398:810–4.

37. Gros J, Tabin CJ. Vertebrate limb bud formation is initiated by localized
epithelial-to-mesenchymal transition. Science. 2014;343:1253–6.

38. Swartz ME, Eberhart J, Pasquale EB, Krull CE. EphA4/ephrin-A5 interactions in
muscle precursor cell migration in the avian forelimb. Development.
2001;128:4669–80.

39. Figeac N, Serralbo O, Marcelle C, Zammit PS. ErbB3 binding protein-1 (Ebp1)
controls proliferation and myogenic differentiation of muscle stem cells.
Dev Biol. 2014;386:135–51.

40. Norris A, Streit A. Morpholinos: studying gene function in the chick.
Methods San Diego Calif. 2014;66:454–65.

41. Sauka-Spengler T, Barembaum M. Gain- and loss-of-function approaches in
the chick embryo. Methods Cell Biol. 2008;87:237–56.

42. Sato Y, Kasai T, Nakagawa S, Tanabe K, Watanabe T, Kawakami K, et al.
Stable integration and conditional expression of electroporated transgenes
in chicken embryos. Dev Biol. 2007;305:616–24.

43. Serralbo O, Picard CA, Marcelle C. Long-term, inducible gene loss-of-function in
the chicken embryo: Long-Term. Inducible Gene Loss-of-Function in the
Chicken Embryo. Genesis. 2013;51:372–80.

44. Wang H, Bonnet A, Delfini MC, Kawakami K, Takahashi Y, Duprez D. Stable,
conditional, and muscle-fiber-specific expression of electroporated
transgenes in chick limb muscle cells. Dev Dyn. 2011;240:1223–32.

45. Kawakami K, Koga A, Hori H, Shima A. Excision of the tol2 transposable
element of the medaka fish, Oryzias latipes, in zebrafish, Danio rerio. Gene.
1998;225:17–22.

46. Ivics Z, Hackett PB, Plasterk RH, Izsvák Z. Molecular reconstruction of
Sleeping Beauty, a Tc1-like transposon from fish, and its transposition in
human cells. Cell. 1997;91:501–10.

47. Liu X, Li N, Hu X, Zhang R, Li Q, Cao D, et al. Efficient production of
transgenic chickens based on piggyBac. Transgenic Res. 2013;22:417–23.

48. Macdonald J, Taylor L, Sherman A, Kawakami K, Takahashi Y, Sang HM, et al.
Efficient genetic modification and germ-line transmission of primordial
germ cells using piggyBac and Tol2 transposons. Proc Natl Acad Sci U S A.
2012;109:E1466–1472.

49. Delfini M-C, De La Celle M, Gros J, Serralbo O, Marics I, Seux M, et al. The
timing of emergence of muscle progenitors is controlled by an FGF/ERK/
SNAIL1 pathway. Dev Biol. 2009;333:229–37.

50. Kim A, Pyykko I. Size matters: versatile use of PiggyBac transposons as a
genetic manipulation tool. Mol Cell Biochem. 2011;354:301–9.

51. Szymczak AL, Workman CJ, Wang Y, Vignali KM, Dilioglou S, Vanin EF, et al.
Correction of multi-gene deficiency in vivo using a single “self-cleaving” 2A
peptide–based retroviral vector. Nat Biotechnol. 2004;22:589–94.

52. Trichas G, Begbie J, Srinivas S. Use of the viral 2A peptide for bicistronic
expression in transgenic mice. BMC Biol. 2008;6:40.

53. Lejard V, Blais F, Guerquin M-J, Bonnet A, Bonnin M-A, Havis E, et al. EGR1
and EGR2 involvement in vertebrate tendon differentiation. J Biol Chem.
2011;286:5855–67.

54. Mourikis P, Gopalakrishnan S, Sambasivan R, Tajbakhsh S. Cell-autonomous
Notch activity maintains the temporal specification potential of skeletal
muscle stem cells. Development. 2012;139:4536–48.

55. Delfini M, Hirsinger E, Pourquié O, Duprez D. Delta 1-activated notch
inhibits muscle differentiation without affecting Myf5 and Pax3 expression
in chick limb myogenesis. Development. 2000;127:5213–24.

56. Hamburger V, Hamilton HL. A series of normal stages in the development
of the chick embryo. 1951. Dev Dyn Off Publ Am Assoc Anat. 1992;195:231–72.

57. Urasaki A, Morvan G, Kawakami K. Functional Dissection of the Tol2
Transposable Element Identified the Minimal cis-Sequence and a Highly
Repetitive Sequence in the Subterminal Region Essential for Transposition.
Genetics. 2006;174:639–49.

58. Krull CE. A primer on using in ovo electroporation to analyze gene function.
Dev Dyn Off Publ Am Assoc Anat. 2004;229:433–9.

59. Wang H, Noulet F, Edom-Vovard F, Le Grand F, Duprez D. Bmp Signaling at
the Tips of Skeletal Muscles Regulates the Number of Fetal Muscle
Progenitors and Satellite Cells during Development. Dev Cell. 2010;18:643–54.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Bourgeois et al. BMC Developmental Biology  (2015) 15:39 Page 12 of 12


	Abstract
	Background
	Results
	Conclusion

	Background
	Results and discussion
	Stable and bicistronic expression of TdTomato and EGFP fluorescent reporter proteins using the Tol2 transposon and the viral 2A peptide systems
	Chick limb somite electroporation with the PT2AL-CMV/βactin-Tomato-T2A-GFP vector
	A p57 Muscle Regulatory Element combined with the βactin promoter drives bicistronic expression of Tomato and GFP in myoblasts and muscle fibres
	Stable and bicistronic expression of Tomato and GFP fluorescent proteins in differentiated muscle cells using the Myosin Light Chain promoter
	Chick limb lateral plate electroporation with the generic CMV/βactin promoter drives bicistronic expression of Tomato and GFP proteins in cartilage, tendon and connective tissues

	Conclusion
	Methods
	Chick embryos
	Establishment of recombinant vectors
	Electroporation
	Immunohistochemistry
	In situ hybridization
	Image capturing
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



