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Abstract

Background: Lineage segregation from multipotent epithelia is a central theme in development and in adult stem
cell plasticity. Previously, we demonstrated that striated and smooth muscle cells share a common progenitor
within their epithelium of origin, the lateral domain of the somite-derived dermomyotome. However, what
controls the segregation of these muscle subtypes remains unknown. We use this in vivo bifurcation of fates as an
experimental model to uncover the underlying mechanisms of lineage diversification from bipotent progenitors.

Results: Using the strength of spatio-temporally controlled gene missexpression in avian embryos, we report
that Notch harbors distinct pro-smooth muscle activities depending on the duration of the signal; short periods
prevent striated muscle development and extended periods, through Snail1, promote cell emigration from the
dermomyotome towards a smooth muscle fate. Furthermore, we define a Muscle Regulatory Network, consisting
of Id2, Id3, FoxC2 and Snail1, which acts in concert to promote smooth muscle by antagonizing the pro-myogenic
activities of Myf5 and Pax7, which induce striated muscle fate. Notch and BMP closely regulate the network and
reciprocally reinforce each other’s signal. In turn, components of the network strengthen Notch signaling, while
Pax7 silences this signaling. These feedbacks augment the robustness and flexibility of the network regulating
muscle subtype segregation.

Conclusions: Our results demarcate the details of the Muscle Regulatory Network, underlying the segregation of
muscle sublineages from the lateral dermomyotome, and exhibit how factors within the network promote the
smooth muscle at the expense of the striated muscle fate. This network acts as an exemplar demonstrating how
lineage segregation occurs within epithelial primordia by integrating inputs from competing factors.
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Background
The hallmark of multicellular organisms is the division
of labor of its constituent cells and tissues. Differenti-
ation of identical progenitors into a range of cell types
with striking diversity of functions is a basic theme in
development, as in evolution [1]. In this context, under-
standing the mechanisms underlying emergence of dis-
tinct muscle sublineages from multipotent stem cells is
of critical interest in developmental research, with grow-
ing pertinence to congenital abnormalities and adult
pathologies [2,3].
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Most body muscles develop from the paraxial mesoderm
through intermediate pseudostratified epithelial structures
called somites. The ventral aspect of somites dissociates
first to generate the sclerotome, the precursor of cartilage
and bones along the body axis. The dorsal aspect, termed
dermomyotome (DM), remains transiently epithelial and
contributes primarily to cells in the myotome (future stri-
ated muscles and satellite cells) and dermis until com-
pletely dissociated [4,5].
The lateral DM is a particularly significant domain as

it is the source of appendicular muscles at the fore- and
hind-limb levels [6,7] as well as contributing endothelial
and smooth muscle (SM) cells in the limbs [8-10]. At
non-limb levels the lateral DM contributes to hypaxial
skeletal muscles (abdominal and intercostal) [11-13] and
ntral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/4.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this

mailto:kalcheim@cc.huji.ac.il


Applebaum et al. BMC Biology 2014, 12:53 Page 2 of 18
http://www.biomedcentral.com/1741-7007/12/53
is also a source of endothelial and SM cells in adjacent
blood vessels [2]. Moreover, single-cell lineage analysis in
this domain revealed that myotomal and SM cells share a
common progenitor within the epithelial primordium
[14], therefore providing an attractive model to investigate
the mechanisms of fate segregation.
Extrinsic signals such as bone morphogenetic protein

(BMP) from the lateral plate mesoderm (LPM) and local
cues such as Notch act upon cells of the lateral DM to de-
termine which differentiation program to initiate [14,15].
Notch was shown to stimulate cell migration from the lat-
eral DM towards blood vessels where it promoted SM dif-
ferentiation, whereas cells in which Notch signaling was
silenced translocated into the myotome and initiated myo-
genesis [14]. BMP4 from the LPM was shown to delay the
myogenic program by inhibiting the onset of MyoD tran-
scription in progenitors that translocated from the lateral
DM into the myotome [11]. However, the downstream
mechanisms by which lateral DM progenitors integrate
and interpret these signaling cues are unknown.
Id2 and Id3 are basic helix-loop-helix (bHLH) mole-

cules that lack the basic domain and dimerize with bona
fide bHLH transcription factors (TF) to repress their activ-
ity [16]. As the four myogenic regulatory factors (MRF) –
Myf5, MyoD, myogenin and MRF4 – are bHLH TFs they
are putative targets for Id inhibition. Indeed, Id proteins
bind MyoD and inhibit activation of its target genes [16].
Furthermore, Id genes are direct targets of BMP in embry-
onic stem cells [17] although the activity and regulation of
the Id genes in somites is largely unknown [18].
FoxC2 is a member of the Forkhead box TF family

and is involved in epithelial-to-mesenchymal transition
(EMT) of metastatic cells [19,20]. It is expressed in the
somite [21,22] and has been implicated in Notch signal-
ing [23-25]. Mutual repression with Pax3/7 has been
shown to determine myogenic (high Pax3/7:FoxC2 ra-
tio) or vascular (low Pax3/7:Foxc2 ratio) fates in the
murine DM [22].
Snail1 is a Zn-finger TF, known to induce EMT [26].

It is expressed in paraxial mesoderm [27] and promotes
dissociation of the central DM [28], but whether it func-
tions in the lateral DM has not been determined.
In this study, we describe a minimal Muscle Regula-

tory Network (MRN) whereby Id2, Id3, FoxC2 and
Snail1 are both necessary and sufficient for promot-
ing SM at the expense of myotomal fates. In addition,
Id2/Id3 silence the myogenic activity of Myf5 and up-
regulate FoxC2 expression. FoxC2 in turn represses
Pax7, altogether inhibiting skeletal myogenesis. This
MRN operates downstream of both Notch and BMP
signaling which positively reinforce each other’s activ-
ities. Thus, our data assemble a complex network of
factors and interactions that are at the core of lineage
segregation in the lateral DM.
Results
Notch signaling has been implicated in the promotion
of SM at the expense of striated muscle development
from bipotent progenitors resident in the lateral DM
[14]. To further assess whether endogenous Notch is
necessary for this choice, its activity was inhibited in the
lateral DM by focal electroporation (EP) of a dominant-
negative (dn) form of MAML1, a co-factor within the
Notch activation complex, or Dll1, which represses Notch
signaling cell-autonomously [see Additional file 1: Figure
S1A-C] [29-31]. Forty hours post-EP, control GFP-labeled
cells were observed in the desmin-positive myotome and
in the ventral sclerotome between the lateral DM and the
cardinal vein likely en route to this blood vessel [see
Additional file 1: Figure S1D and [14]]. In addition, a frac-
tion of labeled cells had integrated into the blood vessel
wall as SM cells as determined by expression of both
desmin and smooth muscle actin (SMA) [see Additional
file 1: Figure S1D-D”]. In striking contrast, inhibiting
Notch activity promoted an increase in the proportion
of myotomal colonization. Consistently, a marked de-
crease of the proportion of migratory cells was apparent
in the sclerotome and blood vessels [see Additional file 1:
Figure S1E-G]. These findings are in agreement with
previously reported effects of Numb and further con-
firm a function of Notch in the segregation of muscle
sublineages [14,32].
Since SM development requires that progenitors emi-

grate from their epithelium of origin, migrate through
the sclerotome and reach the target blood vessels, we
asked whether different phases of this process depend
upon the duration of Notch signaling. To this end, we
first expressed a constitutively active form of Notch2
(aN2) for increasing periods of time in the lateral DM.
As soon as four hours after EP, Notch signaling compro-
mised the epithelial morphology of treated cells, evident
by the loss of their typical elongated, pseudostratified ap-
pearance, and induced cell delamination when compared
to control embryos (Figure 1A,D; 79.6 ± 2.5% in control
DM compared to 56.7 ± 7.9 % in Notch-treated embryos;
6 ± 2.9% in sclerotome of control embryos compared to
28.2 ± 6.2% in Notch-treated embryos, N = 4 for each
treatment, P <0.05). This was further enhanced by eight
hours post-EP (Figure 1B,E; 75.6 ± 3.3% in control DM
compared to 40.9 ± 5.1% in Notch-treated embryos;
13.5 ± 5.2% in sclerotome of control embryos compared
to 44.8 ± 6.6% in Notch-treated embryos, N = 4 and 7,
respectively, P ≤0.01). By 20 hours virtually all labeled
cells had delaminated from the DM when compared to
controls in which cells were still epithelial (Figure 1C,F;
63.7 ± 3.2% in control DM compared to 20.3 ± 5.7% in
Notch-treated embryos; 16.4 ± 1.5 % in sclerotome of
control embryos compared to 70.5 ± 5.7% in Notch-
treated embryos, N = 6 and 5, respectively, P <0.01).



Figure 1 (See legend on next page.)
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Figure 1 Time course of Notch activity in the lateral DM. (A-C) Electroporation of the lateral DM at E2. Control cells are epithelial and located
in lateral dermomyotome (DM) both at four hours (A) and eight hours (B) post-electroporation (N = 4 and 4, respectively). (C) By 20 hours,
although most cells reside in the DM, some have delaminated into an intermediate zone between the lateral DM and myotome (N = 6). Inset
shows lateral DM by Hoechst staining. (D-F) Electroporation of aNotch2. By four hours and eight hours the epithelial morphology of labeled cells
is abrogated and delamination from the lateral DM begun (N = 4 and 7, respectively). (F) At 20 hours cells have migrated towards, and partly
arrived at, the cardinal vein (CV) (N = 5). Inset shows lateral DM by Hoechst staining. (G-J) Transient Notch activation. (G) Control GFP expressed
for 40 hours reveals labeled progeny in myotome (M) and CV (arrows and insets i and ii, N = 8), with residual cells still populating the lateral
DM. Qh1 staining of endothelial cells is in blue. (H) Eight hours of aNotch2 missexpression + 32 hours of Tet-off. Cells are clustered in the
ventro-medial portion of the myotome, do not express desmin/SMA or display myofiber morphology (see Figure 2A,B) (N = 5). (I) Sixteen hours
of aNotch2 + 24 hours Tet-off. Most labeled cells are outside the myotome and many of them express ectopic desmin/SMA while others have
integrated into the CV wall (arrows and insets i and ii, N = 5). (J) aNotch2 missexpression for 40 hours. Many Notch + cells co-expressing desmin/
SMA are located in the wall of the CV (arrows and insets i and ii), while others are still on their way through the sclerotome (N = 3). Lateral DM in
C,F and G-I is marked by a dashed white line. Myotome is outlined with a yellow solid line (G’,H’,I’,J’) Hoechst staining of lateral DM. Bar: (A-F)
65 μm; (G-J) 100 μm. Des, desmin; DM, dermomyotome; SMA, smooth muscle actin.
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We next asked whether varying lengths of exposure
affect final cell identities. To this end, an inducible version
of aNotch2 (aN2) was prepared by subcloning into a
tetracycline-sensitive plasmid followed by transfection into
the lateral DM. Its expression was restricted by doxycyc-
line treatment to the first 8 hours, 16 hours or 40 hours of
a 40-hour total incubation period. Control-GFP-treated
embryos exhibited a typical distribution of labeled cells
(Figure 1G). Although eight hours exposure of aN2 in-
duced excess delamination from the DM (Figure 1E), it
did not prevent myotome colonization (Figure 1H). How-
ever, these cells were not dispersed throughout the
myotome as in controls, but rather aggregated at a ventro-
medial bulge abutting the sclerotomal border (Figure 1H).
When exposed to aN2 for 16 hours, most labeled cells
were in the sclerotome where they ectopically upregulated
SMA/desmin, a feature never observed under control con-
ditions, and some had already incorporated into the wall
of the cardinal vein (Figure 1I). To discriminate whether
this effect is due to the duration of Notch activity or, alter-
natively, to a positional effect induced within the sclero-
tome on cells initially stimulated to emigrate by Notch,
Notch was conditionally activated twenty hours post-EP
for eight hours only followed by fixation. Under control
conditions, the few cells that exited the lateral DM by
28 hours did not express SMA/desmin [see Additional file
2: Figure S2A,A’ and [14]]. Late exposure to aN2 stimu-
lated cell delamination from the DM yet was not sufficient
to induce the muscle markers in cells located within the
ventral sclerotome [see Additional file 2: Figure 2B,B’].
Thus, the ectopic muscle marker expression observed
(Figure 1I) is likely a consequence of extended Notch
activity rather than of an environmental effect stemming
from the sclerotome through which the cells migrate.
Continuous expression for 40 hours completely pre-

vented myotome colonization and most cells were already
found in the cardinal vein co-expressing SM markers
(Figure 1J).
Since a short eight hour exposure to aN2 induced ex-
cess delamination from the DM but did not prevent
myotome colonization (Figure 1H), we sought to further
examine the identity of these cells. Whole mount ana-
lysis confirmed that these cells translocated into the
myotome but additionally showed that they failed to dif-
ferentiate into unit-length myofibers when compared to
their control GFP counterparts (Figure 2A-B). Further-
more, in contrast to control cells in which the progeni-
tor marker Pax7 is downregulated upon exit from the
DM (Figure 2C,C’,G), eight hours of Notch activity was
sufficient to maintain low Pax7 expression for at least
sixteen hours post-EP (Figure 2D,D’,G). Notch overex-
pression also maintained low Pax7 expression non-cell
autonomously in untransfected cells that exited the DM.
This might result from induction of Notch ligand(s) in
cells adjacent to the transfected ones, which in turn stimu-
late Notch activity, that maintains Pax7, in cells neighbor-
ing them (Figure 2D,D’, arrowhead). In addition, short
exposure to Notch stimulated proliferation of lateral DM
cells, apparent by enhanced bromodeoxyuridine (BrdU)
incorporation (Figure 2E,F,H). Taken together, short and
limited exposure to Notch maintains the progenitor state
and prevents differentiation. Therefore, Notch signaling
harbors two sequential functions. First, with initial signal-
ing it prevents striated myogenesis. Second, with extended
signaling, it activates the SM program.

Id2, Id3, FoxC2 and Snail1 affect the choice between
striated and SM issued from the lateral DM
Transient expression of Id2, Id3, FoxC2 and Snail1 in the
lateral DM
To begin examining how Notch induces SM fate we sur-
veyed for putative genes involved in segregation of muscle
sublineages. First, in situ hybridization (ISH) was per-
formed on the flank level of avian embryos to screen for
candidate genes expressed in the lateral domain of the
DM. Id2, Id3, FoxC2 and Snail1 mRNAs were already



Figure 2 Short exposure to Notch signaling permits myotomal colonization but not myogenic differentiation. (A,B) Dorsal view of
whole-mount segments. (A,A’) Presumptive lateral DM’s were electroporated with an inducible GFP control plasmid. Eight hours post-electroporation
doxycyclin was administered to silence plasmid expression. A further 32 hours of incubation proceeded. Cells have initiated myogenesis and begun
elongating to form terminally differentiated myofibers (N = 4). (B,B’) aNotch2 was expressed for 8 hours and an additional 32 hours of incubation
without expression followed. Cells entered the desmin +myotome but failed to differentiate into myofibers (N = 4). (C-D) Notch maintains Pax7
expression after delamination. (C) Transverse sections of control-GFP-treated embryos 16 hours post-electroporation. Cells that entered the
myotome mostly silenced Pax7 expression (N = 4). (D) Transverse sections of aNotch2-treated embryos 16 hours post-electroporation. Cells
maintained low Pax7 immunoreactivity even after exiting the DM (arrow). A non-cell autonomous maintenance of Pax7 expression was also
observed (arrowhead) (N = 8). (E-F) Notch enhances the incorporation of BrdU into nuclei at the lateral DM. Control-GFP (E,E’) or aNotch2 (F,F’)
was electroporated into the lateral DM and proliferation was monitored eight hours post-treatment. Short exposure to Notch enhances BrdU
incorporation in the DM (F,F’ yellow arrows compared with BrdU-negative nuclei in E,E’, arrows). (G) Quantification of Pax7-expressing cells
(mean ± SEM). (H) Quantification of BrdU + labeled cells within the lateral DM (mean ± SEM). *P ≤0.05, **P ≤0.01. Bar: (C-F) 50 μm. BrdU,
bromodeoxyuridine; CV, cardinal vein; Des, desmin; DM, dermomyotome; M, myotome; Scl, sclerotome; SEM, standard error of the mean.
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apparent at embryonic day (E)2.0 in the lateral aspect of
the dorsal epithelial somite that is destined to become the
DM [see Additional file 3: Figure S3A-D]. At E2.5 these
factors were enriched in the lateral region of the DM,
while being also transcribed to different extents in its
medial aspect [see Additional file 3: Figure S3E-H]. At
E3.5, although the lateral DM is still epithelial, it has com-
pletely repressed their expression [see Additional file 3:
Figure S3, arrows in I-L]. Hence, these factors are tran-
scribed early when the lateral DM mostly generates vascu-
lar SM fates and are downregulated when this region
primarily generates myotomal muscle [14]. This prompted
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the hypothesis that these four factors might be involved in
the segregation of vascular and myotomal muscle lineages
issued from the lateral DM.

Transient missexpression of Id2, Id3, FoxC2 and Snail1
promotes SM at the expense of myotomal fates issued from
the lateral DM
To begin investigating their function(s), we first adopted
a gain of function approach. Tetracycline-inducible Id2,
Foxc2 or Snail1 were missexpressed in the lateral somite
at E2 for 20 hours, a time window corresponding to
their endogenous transcription, and re-incubated for an
additional day. In control-GFP-treated embryos, the ma-
jority of labeled progeny was located in the myotome.
Cells were also observed in the ventral sclerotome and a
small proportion already integrated into the blood vessel
walls as desmin+/SMA + SM right outside the Qh1+
layer of endothelium (Figure 3A,F and Additional file 4:
Figure S4A). In contrast, Id2, Foxc2 or Snail1 inhibited
cell translocation into the myotome with an increased
proportion of transfected cells in the sclerotome and at
the SM layer of blood vessels as Desmin+/SMA + cells
(Figure 3B,D,E,F and Additional file 4: Figure S4A).
When transiently missexpressed, Id3 had a weaker effect,

yet constitutive expression for 44 hours yielded a similar
Figure 3 Transient missexpression of Id2, Id3, Foxc2 or Snail1 is suffic
pBI-TRE-EGFP and pRev-Tet-off were co-electroporated into E2 avian somite
20 hours post-treatment and embryos were re-incubated for 24 hours. GFP
Desmin. A smaller fraction was found in the sclerotome and in blood vesse
(B-B”, N = 19), Foxc2 (D-D”, N = 12) or Snail1 (E-E”, N = 7) or constant expre
sclerotome as well as SM (arrows and see also Additional file 4: Figure S4A
(F) Quantifications (mean ± SEM). Distribution of GFP + cells in various locat
100 μm; (B’, E’) 25 μm; (C’) 18 μm; (D’) 30 μm. CV, cardinal vein; Des, desm
SMA, smooth muscle actin.
outcome as that obtained with transient activation of Id2,
Foxc2 or Snail1, whereby non-myotomal fates, particularly
SM, were induced at the expense of the myotomal lineage
(Figure 3C,F and Additional file 4: Figure S4A).
Since both Foxc2 and Snail1 also significantly reduced

the proportion of progenitors that remained in the DM
(Figure 3F), we examined an earlier time point to assess
possible effects on cell delamination from the DM epithe-
lium. Already by 16 hours, missexpression of Foxc2 in-
duced EMT of labeled cells from the DM and promoted
their migration through the sclerotome [see Additional
file 5: Figure S5A,B,E]. An even stronger effect was
observed with Snail1, which, in addition to loss of epitheli-
ality, marked by ZO-1 staining, completely prevented myo-
tome colonization [see Additional file 5: Figure S5C-E].
Thus, both Foxc2 and Snail1 trigger EMT of lateral DM
progenitors as part of the generation of SM.

Attenuation of Id2/3, FoxC2 and Snail1 activities stimulates
myotome formation at the expense of SM
To examine the physiological functions of the genes,
specific inhibitory RNAs were implemented. Inhibitory
double-stranded RNAs (dsRNAs) directed against Id2
and Id3 were focally electroporated into the lateral DM.
Analysis performed 40 hours post-EP revealed that
ient to promote vascular at the expense of myotomal fates. (A)
s targeting the presumptive lateral DM. Doxycyclin was administered
+ cells were found primarily in the myotome (M), co-expressing SMA/
l walls as SM cells (arrow) (N = 26). Transient over-expression of Id2
ssion of Id3 (C-C”, N = 3) promoted an increase of cells within the
). Endothelial cells were visualized with the Qh1 antibody (blue).
ions as a percentage of total GFP + cells. *P ≤0.05; **P ≤0.01. Bar: (A-E)
in; E, embryonic day; Scl, sclerotome; SEM, standard error of the mean;
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inhibition of Id2/3 preserved a higher proportion of cells
in the lateral DM and reduced their exit towards the
sclerotome, when compared to the behavior of DMs that
received a control dsRNA. Consequently, a lower propor-
tion of labeled cells reached the SM layer of blood vessels
(Figure 4A,B,D and Additional file 4: S4B). In addition,
dsRNAs to Id2/3 stimulated premature myocyte differenti-
ation that was already apparent 16 hours after transfection
[see Additional file 6: Figure S6A,B]. Both short and long-
term effects were completely rescued by co-transfecting
the dsRNAs with exogenous Id2/3 [see Additional file 6:
Figure S6C-E].
Repressing FoxC2 activity with a dsRNA or with a dom-

inant negative FOXC2-Engrailed fusion protein resulted
in an increased proportion of GFP-labeled, desmin +myo-
tomal cells out of total labeled cells, at the expense of SM
(Figure 4A,C,D and Additional files 4 and 7: S4B, S7A-E).
Moreover, precocious myotome colonization and presence
of partial as well as full-length myocytes was already
observed 16 hours after EP when virtually no myofibers
were yet observed in controls [see Additional file 7:
Figure S7A,B,F,G]. Introducing exogenous Foxc2 com-
pletely abrogated the effects of Foxc2 knock-down by
the dsRNA on myotome colonization [see Additional
file 7: Figure S7H-I compared to Figure 4A,C]. Interest-
ingly, both over-expression and knock-down of FoxC2
strongly reduced the proportion of cells remaining in DM
(Figures 3D,F; 4C,D and Additional file 7: S7), but while
the former promoted the SM fate, the latter induced the
myotomal fate, consistent with previous mouse data [22].
Similarly, repressing Snail1 activity with siRNAs designed

against Snail1 inhibited cell migration through the sclero-
tome and subsequent SM development (Figure 4E-G and
Additional file 7: Figure S4C). As expected, loss of Snail1
maintained cells within the lateral epithelium (Figure 4E-G,
Additional file 8: S8) suggesting that it mainly affects
cellular EMT. Moreover, co-electroporation of siRNA to
Snail1 along with the full-length gene rescued the exces-
sive myogenic differentiation caused by attenuation of
Snail1 activity [see Additional file 8: Figure S8C,F,G],
further substantiating the specificity of this loss of func-
tion approach.
Together, both gain and loss of function data implicate

Id2/3, FoxC2 and Snail1 as central factors regulating
segregation of striated muscle versus SM progenitors
from the lateral DM.

Id2/3, FoxC2 and Snail1 integrate into a Muscle
Regulatory Network
Id2 and Id3 repress the myogenic function of Myf5 and
activate FoxC2 transcription
Myf5, a bHLH transcription factor, is expressed in the lat-
eral DM of avian embryos prior to MyoD [11]. Id2/3 are
bHLH inhibitors whose repression promoted myogenesis
(Figure 3). Since Id2/3 are co-expressed with Myf5, we ex-
amined whether the observed inhibition of myogenesis by
the Id proteins can be explained by repression of Myf5
activity [33]. Over-expressing Myf5 induced precocious
myocyte differentiation and this effect was completely
abolished when Myf5 was over-expressed with either Id2
or Id3 (Figure 5A-D).
Furthermore, Id2 or Id3 induced FoxC2 mRNA, as ex-

emplified in the central region of the DM that lacks en-
dogenous transcription (Figure 5E-G). This function of
Id proteins seemed to be independent of Id-Myf5 interac-
tions, since over-expressing Myf5 in the lateral DM did
not inhibit endogenous FoxC2 expression (Figure 5H,I).
Thus, Id2 and Id3 have a two-pronged action, inhibiting
the myogenic lineage by repressing Myf5 activity and
up-regulating FoxC2 expression via a yet undefined
mechanism.
FoxC2 inhibits the myogenic program by repressing Pax7
In the mouse, the balance of Foxc2 and Pax3/7 was shown
to control vascular versus myotomal development, re-
spectively [22]. We examined whether this balance oper-
ates similarly in the avian embryo. First, over-expression
of Pax7 in the lateral DM promoted extensive myotome
colonization and myogenic differentiation while inhibiting
cell migration and SM production that was apparent
under control conditions (Figure 6A,B). Since FoxC2 and
Id2/3 displayed an opposite phenotype to that of Pax7
(Figures 3, 4, Additional files 6 and 7: S6, S7), we predicted
they would negatively regulate Pax7. Indeed, FoxC2 and
Id2 attenuated Pax7 expression in the DM, at the tran-
script and/or at the protein levels (Figure 6C-G and
Additional file 9: Table S1). Conversely, Pax7 had no ef-
fect on FoxC2 or Id transcription [see Additional file 9:
Table S1]. However, Pax7 repressed Snail1 mRNA and
vice-versa, suggesting a negative feedback loop between
the latter factors [see Additional file 9: Table S1].
Altogether, FoxC2, Id2/3 and Snail1 comprise a MRN

that negatively influences the activity of distinct myogenic
genes to favor SM at the expense of striated muscle devel-
opment from the lateral DM.
Notch signaling interacts with components of the MRN
Since both Notch and the factors comprising the MRN
were found to be necessary and sufficient for generating
vascular fates, we examined possible interactions. In order
to assess the possibility that Notch signaling affects expres-
sion of these factors, we turned to the central sheet of the
DM, the compartment closest to the lateral DM, in which
these pro-SM factors are not endogenously expressed [see
Additional file 3: Figure S3]. Indeed, aN2 was sufficient to
ectopically upregulate Id2, Id3 and FoxC2 mRNAs in this
compartment of the DM 10 hours following transfection



Figure 4 Id2, Id3, Foxc2 or Snail1 are necessary for development of vascular lineages. dsRNAs or siRNAs were electroporated into the
presumptive lateral DM at E2 and embryos re-incubated for 40 hours. (A) dsRNA against LacZ was co-electroporated with a GFP serving as control
(N = 17). Note localization of labeled progeny in myotome (M), ventral sclerotome (Scl) and cardinal vein (CV, arrows). (A’, A”) Magnification and
channel breakdown of CV (dotted box in A). Arrows point to Desmin+/SMA + SM cells. (B) dsRNA to Id2/3 (N = 5), (C) dsRNA to FoxC2 (N = 16).
Note the presence of labeled progeny in myotome and/or DM and their absence in blood vessels. (D) Quantifications of labeled cell distribution
(mean ± SEM, and see also Additional file 4: Figure S4B). (E) Control siRNA was electroporated as in A-C. Labeled progeny are both in myotome
and cardinal vein (CV) (arrows, N = 4). (E’, E”). Magnification and channel breakdown of CV (dotted box in E). Arrows point to Desmin+/SMA + SM
cells. (F) siRNA to Snail1 inhibits cell migration and SM development while labeled cells remain in the ventro-lateral lip of the DM (N = 4).
Endothelial cells were visualized with the Qh1 antibody (blue). (G) Quantifications of labeled cell distribution (mean ± SEM, and see also Additional
file 4: Figure S4C). *P ≤0.05; **P ≤0.01 compared to controls. Lateral DM is outlined with a dotted line. Bar: (A-C) 37 μm; (A’,A”) 15 μm; (E,F)
50 μm; (E’,E”) 25 μm. Des, desmin; DM, dermomyotome; dsRNA, double-stranded RNA; E, embryonic day; SEM, standard error of the mean; SMA,
smooth muscle actin.
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Figure 5 Id2/3 activity inhibits Myf5-induced myogenesis and upregulates FoxC2 transcription. (A) Electroporation of control GFP into the
presumptive lateral DM at E2. At 16 hours post-treatment, labeled cells are still confined to the DM epithelium (N = 3). (B) Missexpression of Myf5
induces premature fiber formation (arrows) (N = 3). Co-treatment of Myf5 with Id2 (C, N = 3) or Id3 (D, N = 6) prevents Myf5-induced myogenesis
and cells appear scattered instead of epithelial. (E-G) shows 12 hours of control-GFP (E, N = 6), Id2 (F, N = 9) or Id3 (G, N = 7) missexpression in
the central DM (left panels). Id2 or Id3 induce transcription of FoxC2 compared to the contralateral sides and to control-GFP. (H-I) Myf5 does not
affect FoxC2 transcription. Control-GFP (H, N = 2) or Myf5 (I, N = 13) for 12 hours did not affect transcription of FoxC2 in the lateral DM. Bar:
(E-G) 25 μm; (H) 40 μm; (I) 50 μm. DM, dermomyotome; EP, electroporation; NT, neural tube.

Figure 6 Foxc2 downregulates Pax7 that stimulates myotome colonization. (A) Control GFP alone or pMIW-Pax7/GFP (B) were
electroporated as in Figures 1, 2 and 3 (N = 7 and 8, respectively). At 43 hours post-treatment control cells are present in myotome (M),
sclerotome and wall of the cardinal vein (CV). In contrast, Pax7+ cells are restricted to the myotome where they co-express desmin. Endothelial
cells were visualized with the Qh1 antibody (blue). (C-G) Foxc2 represses Pax7 expression. (C) Control-GFP (N = 5). (D) Foxc2 was electroporated
into the DM (left panel). Marked attenuation of Pax7 expression was detected at the mRNA (right panel, black bracket, N = 4) compared to the
contralateral side and to GFP-control (C). (E-G) GFP-control labeled cells exhibit Pax7 immunoreactivity (E, G, arrowheads, N = 7), whereas fewer
cells displayed Pax7 immunoreactivity following treatment with Foxc2 (F, G, arrows, N = 7). (G) Quantification (mean ± SEM) of cells co-expressing
Pax7 protein and FoxC2-GFP. **P ≤0.01. Bar: (A-B) 30 μm; (C,D) 60 μm, (E,F) 25 μm. Des, desmin; DM, dermomyotome; EP, electroporation; ISH, in
situ hybridization; SEM, standard error of the mean; SMA, smooth muscle actin; VLL, ventro-lateral lip.

Applebaum et al. BMC Biology 2014, 12:53 Page 10 of 18
http://www.biomedcentral.com/1741-7007/12/53



Applebaum et al. BMC Biology 2014, 12:53 Page 11 of 18
http://www.biomedcentral.com/1741-7007/12/53
compared to the contralateral sides and to GFP-controls
(Figure 7A-C, Additional file 10: S9).
Next, we examined whether there is feedback modula-

tion of the factors on Notch signaling. To this end, we
implemented a Notch reporter construct, comprising
the mHes1 promoter driving GFP expression [34]. An
avian homologue of Hes1, hairy2, is indeed expressed in
the lateral DM [14], signifying active Notch signaling in
this compartment. Id2 and Id3 ectopically enhanced
reporter activity indicating that it augments Notch sig-
naling (Figure 7D-F and see [34]; 2.7 ± 0.6 and 3.54 ±
0.2-fold for Id2 and Id3 over control values, N = 6 and 5,
P <0.01 and P <0.05, respectively). Thus, a positive feed-
back is formed, whereby Notch signaling activates Id ex-
pression and Id in turn strengthens Notch signaling.
Interestingly, no marked increase of Notch signaling
was monitored in response to FoxC2 up-regulation [see
Additional file 9: Table S1], yet Pax7 was found to si-
lence reporter activity (Figure 7D,G, 0.16 ± 0.9-fold
compared to control, N = 7, P <0.01). Thus, although
FoxC2 does not enhance Notch signaling, by inhibiting
Pax7 (Figure 6C-G) it presumably permits a basal level
of Notch activation.
In addition, over-expression of Snail1 rapidly promoted

cell delamination from the lateral DM (Figure 3, Additional
file 5: S5), whereas loss of Snail1 activity for 40 hours had
the opposite effect (Figure 4 and Additional file 8: Figure
S8). Since Notch similarly promoted EMT (Figure 1), we
Figure 7 Interactions of Notch with factors of the MRN. (A-C) aNotch2
transcription of Id2 (A, N = 4), Id3 (B, N = 2) and FoxC2 (C, N = 3) compared
signaling. Dorsal views of whole-mount segments. (D) Basal activity of Hes
enhances Hes1 reporter activity (N = 13 and 8, respectively), whereas Pax7
electroporation efficiency in all treatments. (H-K) Notch-induced EMT requi
control scrambled siRNA are mostly found within the lateral DM with a few
(N = 7). (I, I’) aNotch2 induces labeled cells to undergo EMT and migrate to
within the lateral DM, inhibiting delamination (N = 5). (K, K’) Snail1 knock-d
within the lateral DM (N = 4). Bar: (A-C) 100 μm, (H-K) 50 μm. CV, cardinal
EP, electroporation; ISH, in situ hybridization; RFP, red fluorescent protein.
sought to examine whether Notch triggers cell delamin-
ation independently of Snail1 activity. A 16-hour exposure
to aN2 promoted delamination and migration of the la-
beled cells when compared to the control GFP-treated epi-
thelium (Figure 7H,I and Figure 1). In contrast, silencing
Snail1 repressed cell delamination (Figure 7J, 4 F-G) and
aN2 missexpression was unable to rescue this phenotype
(Figure 7K). However, aN2 did not up-regulate Snail1
transcription in the DM [see Additional file 9: Table S1].
Thus, in lateral DM progenitors, the endogenous activ-
ity of Snail1 is essential for Notch-induced EMT.

Positive regulation of the MRN by BMP signaling
BMP4, secreted from the LPM, signals the nearby lateral
DM to promote vascular development and inhibit terminal
muscle differentiation [11,14,15]. To test whether BMP
regulates Id2, Id3, FoxC2 and Snail1, the secreted BMP an-
tagonist noggin was electroporated into the LPM. Inhib-
ition of BMP signaling completely abolished expression of
Id2, Id3, FoxC2 and Snail1 in the adjacent lateral DM com-
pared to the contralateral intact sides (Figure 8A-D), dem-
onstrating that BMP signaling is necessary for maintaining
transcription of these factors.
We next asked whether BMP modulates Notch signal-

ing. Electroporation of a BMP4-encoding plasmid substan-
tially activated the GFP signal from the Hes1 promoter
(Figure 8E,F). Reciprocally, aN2 enhanced BMP activity, as
monitored by expression of a specific BMP reporter, BRE::
expression in the central DM (brackets, left panels) promotes
to the contralateral sides. (D-G) Id2, Id3 and Pax7 affect Notch
1 reporter in the lateral DM (N = 21). Id2 (E) or Id3 (F) missexpression
inhibits signaling (G, N = 13). (D’-G’) Control RFP shows similar
res Snail1 activity. (H, H’) Cells co-electroporated with control-GFP and
cells delaminating from the epithelial sheet 16 hours post-treatment
wards blood vessels (N = 6). (J, J’) Snail1 knock-down maintains cells
own hinders Notch-induced EMT, as transfected cells remain epithelial
vein; DM, dermomyotome; EMT, epithelial-to-mesenchymal transition;



Figure 8 BMP regulates the vascular-promoting factors and communicates with Notch. (A-D) Ectopic noggin expression in the lateral plate
mesoderm (LPM, left panels) silences expression of Id2 (A, N = 3), Id3 (B, N = 3), FoxC2 (C, N = 4) and Snail1 (D, N = 2) in the lateral DM (arrows)
compared to the contralateral sides (arrowheads). (E-H) Dorsal view of whole-mount segments. (E) Basal activity of Hes1 reporter in the lateral
DM (N = 5). (F) Ectopic BMP expression enhances Hes1 reporter activity (N = 6). (G) Basal activity of the BMP reporter (N = 3). (H) aNotch2 induces
BMP reporter activity (N = 7). (E’-H’) Control RFP shows similar electroporation efficiency in all treatments. (I) A gene regulatory network underlying
lineage segregation in the lateral DM. BMP from the LPM positively regulates Notch activity and vice-versa. Notch/BMP signaling upregulate/maintain
expression of Id2/3 and FoxC2 which, in turn, promote lateral DM cells to delaminate, migrate and differentiate into SM in blood vessels (BV) at
the expense of skeletal muscle, partly by inhibiting Myf5 and Pax7 activities. Furthermore, Notch-dependent cellular EMT is mediated by Snail1
and Pax7 inhibits Notch signaling and Snail1 transcription. In addition, Id2/3 enhance Notch signaling and vice-versa and Id2/3 upregulate
FoxC2 mRNA, altogether reinforcing the network. Bar: (A-D) 100 μm. BMP, bone morphogenetic protein; DM, dermomyotome; EMT, epithelial-
to-mesenchymal transition; EP, electroporation; ISH, in situ hybridization; LPM, lateral plate mesoderm; M, myotome; RFP, red fluorescent protein;
SM, smooth muscle.
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GFP [35] (Figure 8G,H). Hence, a positive regulatory rela-
tionship exists between these two signaling pathways in
the hypaxial region of the DM. Collectively, the data pre-
sented provide evidence for the existence of a regulatory
network underlying lineage segregation from the lateral
DM (Figure 8I).

Discussion
We identified Id2/3, FoxC2 and Snail1 as essential effec-
tors of the balance between myogenic and SM fates in
the lateral DM. Furthermore, we characterized some of
their interactions in the context of myogenesis and their
relationship with the Notch and BMP pathways, previ-
ously reported to affect this balance [14]. Together, we
uncovered a MRN responsible for lineage segregation in
the lateral DM (Figure 8I).
The current model suggests that early BMP from the

LPM [36] triggers Notch signaling in the lateral DM. By a
mutual positive interaction of these two signaling cascades,
both pathways are stabilized and strengthened. Conse-
quently, Id2/3 expression is upregulated, on the one hand
inhibiting myogenesis by blocking Myf5-dependent myo-
genesis and inducing a delaminating program by a con-
comitant upregulation of FoxC2. FoxC2, in turn, represses
Pax7, thereby preventing myogenesis and triggering instead
cell delamination. Reduction of Pax7 protein relieves its
inhibition on Snail1 expression, the latter now mediating
Notch-dependent EMT. Altogether this MRN ultimately
leads to induction of the SM fate (Figure 8I).
Single cell lineage analysis in ovo suggested that while

the early lateral epithelium generates striated and SM
fates, the mature lateral DM mainly produces striated
muscle [14]. Id2/3, FoxC2 and Snail1 are predominantly
transcribed at the early stage, when they are likely to
prevent premature striated myogenesis while promoting
SM fates, in line with our previous results suggesting the
existence of bi-fated SM/striated muscle progenitors in
the lateral DM, whose definitive destiny is affected by
manipulation of Notch signaling [14]. The timely down-
regulation of the above factors may, therefore, be neces-
sary to transit toward the main myotomal phase issued
from the lateral DM.
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The various genes in the network may affect distinct
processes while converging to generate the SM fate. We
noticed that both FoxC2 and Snail1 promoted a rapid
EMT of lateral DM progenitors, a prerequisite for the
generation of cellular migration through the sclerotome
on the way to blood vessels. Both genes were indeed im-
plicated in EMT in several contexts (see Introduction).
EMT may, therefore, be part of the program that re-
presses striated myogenesis [37,38]. Along this line, Pax7
that promoted myotome colonization is known to pre-
serve epithelial integrity [39], and in the lateral DM FoxC2
inhibited Pax7 expression and Pax7 repressed Snail1 (our
study). Consistently, FoxC2 was also shown to repress
Pax3/7 in the mouse mesoderm [22]. Furthermore, Notch
promotes EMT during cardiac development and oncogen-
esis via transcriptional activation of Snail1 [40]. In the
DM, we show that Notch also promotes cell delamination
only when endogenous Snail1 is active but seems not to
affect its level of transcription, and Pax7 inhibited Notch
activity in agreement with its pro-myogenic effect. Along
this line, we also show that Notch induces transcription of
FoxC2, yet the latter had no reciprocal effect on Hes1 re-
porter activity. In endothelial cells, FoxC transcription
factors were shown to regulate Hey2 and Dll4mRNAs dir-
ectly through interactions with the Notch intracellular do-
main [25]. Altogether, our data indicate that the control of
the epithelio-mesenchymal status of progenitors may be
an important level of regulation of cell fate decisions in
the embryonic DM context.
We find that Id2 and Id3, both present in the lateral

DM, inhibit Myf5-dependent myogenesis. In satellite cells,
Id3 was reported to be a direct transcriptional target of
Pax7 and may also act in that context to inhibit MRF ac-
tivity that results in sustained cell proliferation [41] and
inhibition of myogenesis [42]. Furthermore, Notch upre-
gulates Id transcription in the DM (this study). The fact
that Hairy2 is transcribed in the lateral DM [14] suggests
that Notch signaling is active in this domain. This is
consistent with data showing that Notch downstream ef-
fectors of the Hes family, as well as Dll4, upregulate Id
expression which, in turn, compromise Myf5 activity
[33,43,44]. Interestingly, Id expression, as well as the other
network components, is also modulated by BMP that in-
hibits MyoD and consequent muscle differentiation from
the lateral somite [11] while promoting endothelial devel-
opment [14]. Likewise, in cranial neural crest, Id2a is a tar-
get of BMP signaling that affects the choice between
neural and skeletal muscle fates [45] and in the C2C12
muscle cell line Id2 was found to be a direct BMP target
[46]. Thus, in the lateral somite and DM, Notch and BMP
activities converge to positively regulate the network.
Moreover, these signaling factors sustain each other’s
activities, as observed in other systems [47,48]. We
propose that BMP operates upstream to control the
timely development of vascular and skeletal muscle lin-
eages as it is produced in the adjacent LPM and inter-
mediate mesoderm at high levels during the somite and
early DM stages and is subsequently downregulated
[11,36]. This coincides with the downregulation of Id2/
3, FoxC2 and Snail1 (this study) and with the advent of
the main phase of skeletal myogenesis [14].
Growing evidence suggests that the DM is a heteroge-

neous epithelium with progenitors bearing different states
of commitment and generating distinct fates and lineage
combinations [49,50]. In this respect, a given signaling fac-
tor could potentially elicit different effects along the DM.
Indeed, transient Notch signaling in the medial DM was
found to trigger myogenesis [51] whereas in the lateral
DM, although short exposure to Notch enabled myotome
homing, myogenic differentiation did not proceed further.
Upon longer exposure, lateral progenitors generated SM
[this study and [14]]. Consistent with our findings, spe-
cific Notch missexpression in the central DM area of
the mouse DM also stimulated SM/pericyte develop-
ment in addition to maintaining progenitor cell proper-
ties [52]. Hence, different DM regions may differentially
respond to Notch, perhaps due to their dissimilar micro-
environment that leads to expression of distinct down-
stream genes in either domain.
Altogether, our results corroborate the notion that the

Notch pathway, active in the lateral DM, promotes gen-
eration of SM at the expense of striated muscle [14].
This choice is also apparent during blood vessel consolida-
tion, as endothelial cells via Dll4 and PDGF-BB promote
the pericyte fate even in committed myoblasts [33]. Like-
wise, Notch regulates SM development in the heart epi-
cardium [53] and is required for SMA expression in SM
cells via activation of its effector CSL [54]. In the present
context, it is possible that in progenitors of the SM
lineage Notch signaling is activated twice with a cumu-
lative effect; first in the lateral DM itself and then in the
target blood vessels.
Taken together, the concerted activity of Notch/BMP

and downstream genes of the network here presented
may not merely prevent cell differentiation and maintain
the progenitor state, but rather actively modulate cell
fate choices in the DM.

Conclusions
By characterizing a molecular regulatory network respon-
sible for the segregation of striated and smooth muscle
from progenitors in the lateral dermomyotome, our data
provide further support to the notion that lineage segrega-
tion depends on the integration of specific inputs within a
cell. The various genes identified form a molecular network
in which competing factors vie to induce a lineage identity
on the cell. Factors within the network, such as FoxC2,
Snail1 and Id2/3, promote smooth muscle development by
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contending against pro-myotomal factors (Myf5 and Pax7)
that promote a striated muscle fate (Figure 8I). The former
are positively regulated by Notch signaling that influences
several aspects of the process depending on signal dur-
ation, from inhibition of striated muscle differentiation
to stimulation of cell delamination and, finally, promo-
tion of a smooth muscle fate.

Methods
Embryos
Fertile quail (Coturnix coturnix japonica) or chicken
(Gallus gallus) eggs from commercial sources (Moshav
Mata and Moshav Orot, respectively) were used.

Embryo processing and in situ hybridization
Embryos were fixed with either 4% formaldehyde or For-
noy, processed for paraffin wax embedding and sectioned
at 8 or 10 μm for immunostaining or in situ hybridization
(ISH), respectively. The following probes were used: Id2
(full length), Id3 (full length), FoxC2 (268 to 662 of
cFoxC2 cDNA), Snail1 (A. Nieto) and Pax7 (D. Duprez).

Expression vectors and in ovo electroporation
The following expression vectors were employed: cId2 and
cId3, mFoxc2 [22], Snail1 (A. Nieto; [55]), the intracellular
domain of Notch2 (aN2, S. Chiba; [56]), pMIW-Pax7 (H.
Nakamura), pCAβ-mMyf5-EGFP (D. Duprez), pCAGG-
qDll1-IRES-GFP and pEFBOS-mBMP4 (Y. Wakamatsu),
xNoggin [57] and pTRE2-dnMAML1-Flag-IRES-hrGFP
(J. Jenssen; [58]). pCAGGS-AFP [59] and pRFPRNAiC
were used as controls. For transient over-expression, plas-
mids were sub-cloned into pBI-TRE-EGFP. Each plasmid
was co-electroporated with the pRev-Tet-off [60] at a 2:1
ratio and doxycycline (300 μl of 0.1 μg/μl administered
every 12 hours) was added in order to silence plasmid
transcription. For the Hes1 reporter experiments con-
structs of pBI-TRE-cId2/cId3/mFoxc2 were used follow-
ing excision of the GFP cassette.
For knock-down experiments, dsRNA against Id2 (full

length), Id3 (full length) and FoxC2 (268 to 662 from cDNA)
were applied. dsRNA directed against LacZ was used as a
control. Human FOXC2-Engrailed (A. MacDougald; [61])
was subcloned into pCAGG (pCAGG-FOXC2-Engrailed-
IRES-GFP). Two siRNA sequences against Snail1 were
synthesized [28] and cloned into pRFPRNAiC [62]. A
scrambled siRNA was used as a control.
To assay for Notch activity, the mHes1 promoter driv-

ing GFP expression in the ptk plasmid was used (N. Jing;
[34]). The specificity of the Hes1 reporter to changes in
Notch signaling was assessed with pBI-TRE-aN2 and
pmiw-FLAG-cNumb [63].
To determine that Dll1 silences Notch activity, pCAGG-

Dll1 (from Y. Wakamatsu) was introduced with the Hes1
reporter into HEK293 cells (see below). To assay for
cell-autonomous silencing of Notch signaling by Dll1,
pCAGG-Dll1-RFP was co-electroporated with pTP-
1Venus, a CSL-dependent Venus (a GFP variant) reporter
that carries 12 repeats of CSL-binding sites and that effi-
ciently reflects Notch signaling activity [64].
To assay for BMP activity a BMP-responsive element

driving GFP in the ptkh3 plasmid was used (E. Marti;
[35]). Specificity of the BMP reporter was verified by co-
electroporation with pEFBOS-mBMP4.
Electroporations were performed under a dissecting

microscope. DNA (2 to 4 mg/ml) was microinjected into
the center of flank-level epithelial somites. Electroporations
to the central DM, lateral DM or LPM were as described
[11,14,37]. A square wave electroporator (ECM830, BTX,
San Diego, CA, USA) was used to deliver one pulse of
current at 15 volts, 10 ms.

Bromodeoxyuridine
BrdU (140 μl of a 10 mM solution; Sigma-Aldrich, Rehovot,
Israel) was applied for one hour eight hours post-
electroporation, followed by fixation in 4% formaldehyde
and processing for paraffin sectioning. Embryos were
sectioned at 5 μm, and immunolabeled with anti-BrdU.

Immunohistochemistry and image processing
Antibodies used were against GFP (1:500; Invitrogen, Life
Technologies, Grand Island, NY, USA), quail endothelial
marker Qh1 (1:10) and Pax7 (1:10) (both from Developmen-
tal Studies Hybridoma Bank, University of Iowa, Iowa City,
IA, USA), desmin (1:100; MP Biomedicals, Santa Ana,
California, USA) and SMA (1:200; Sigma-Aldrich, Rehovot,
Israel), both recognizing smooth and striated muscle [65],
and ZO-1 (1:100, Zymed, Life Technologies, Grand Island,
NY, USA). Secondary antibodies were coupled either to Cy2
or Rhodamine (1:100; Jackson ImmunoResearch Laboratories,
West Grove, PA, USA). Nuclei were visualized with Hoechst.
Images were photographed using a DP70 (Olympus)

cooled CCD digital camera mounted on a BX51 microscope
(Olympus) [14]. Confocal sections of whole-mount prepara-
tions encompassing their entire thickness were photographed
using a Nikon Eclipse 90i microscope with a Plan Apo 10x/
0.45 dry objective (Nikon) and a D-Eclipse c1 confocal
system (Nikon) at 2.7 μm increments through the z-axis.
Images were z-stacked with EZ-C1 3.90 FreeViewer software.
For figure preparation, images were exported into Photoshop
CS3 (Adobe). If necessary, the levels of brightness and
contrast were adjusted to the entire image and images were
cropped without color correction adjustments or γ adjust-
ments. Final figures were prepared using Photoshop CS2.

Cell culture, DNA transfection and image analysis
HEK293 cells were maintained in Dulbecco’s modified Ea-
gle’s medium containing 10% fetal calf serum, D-glutamate
and 1% penicillin and streptomycin. All the above were
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from Biological Industries (Biological Industries, Kibbutz
Beit-Haemek, Israel). The Hes1-GFP reporter construct
was introduced either alone or with pCAGG-Dll1 using
polyethylenimine (PEI). A red fluorescent protein
(RFP)-expressing plasmid was also included in each
treatment to assay for transfection efficiency. Twenty
hours after transfection, the fluorescence intensity of the
GFP and RFP channels was measured using Photoshop
CS3 (N = 3 random fields per plate, 3 plates per treat-
ment). Hes1 activity was calculated as the ratio between
the intensity of the green and red channels. Quantification
represents mean ± SEM.

Data analysis
To quantify the fate of lateral DM lineages, GFP + cells
with visible Hoechst + nuclei were counted and classified
according to marker expression and position. A total of
3 to 26 embryos were monitored per treatment; 3 to 14 or
5 to 15 sections/somite and 10 to 280 or 40 to 400 cells/
somite were counted at 20 hours or 40 hours, respectively.
The proportion of a given derivative was calculated as the
number of labeled cells out of the total number of GFP +
cells in all sections and expressed as mean ± SEM. Signifi-
cance of results was determined using one-way or two-
way independent Mann-Whitney test, using SPSS v20. A
P-value ≤0.05 was considered significant.

Additional files

Additional file 1: Figure S1. Inhibition of Notch signaling induces
myogenesis. (A) HEK293 cells were co-transfected with a Dll1-encoding
plasmid, with the Hes1 reporter to assay for Notch activity and with a RFP
plasmid to assess transfection efficiency. Results represent the mean ± SEM
of triplicate cultures (see Methods). Dll1 significantly reduced Hes1 promoter
activity (*P <0.05). (B-C) Confocal images of somites electroporated with Dll1
(red) and with pTP-1Venus, a CSL-dependent reporter that reflects Notch
signaling activity (green). Cells expressing Dll1 do not activate this Notch
reporter cell autonomously, but rather activate it in adjacent cells. (D-G)
Electroporation of the lateral DM with control GFP (D-D”), dnMAML1 (E), or
Dll1 (F). (D) At 40 hours post-electroporation, cells transfected with control
GFP were found in myotome (M), sclerotome (Scl) and as SM within blood
vessel walls (arrows and higher magnification in D’ and D”, N = 6). (E,F)
dnMAML1 and Dll1 abrogate cell migration through the sclerotome and
subsequent vascular development while promoting the myotomal lineage
(N = 4 and 4, respectively). Lateral DM is outlined by dotted lines. (G)
Quantification (mean ± SEM). *P ≤0.05. Bar: (D-F) 50 μm; (D’, D”) 35 μm. CV,
cardinal vein; DM, dermomyotome; meso, mesonephros; SEM, standard
error of the mean.

Additional file 2: Figure S2. Late activation of Notch in lateral
DM-derived progenitors is not sufficient for upregulating SM markers
while in the ventral sclerotome. (A,A’) A Tet-GFP-control plasmid was
activated twenty hours post-electroporation to the lateral DM for a period
of eight hours. Note that the majority of GFP + cells still reside in the
lateral DM and only a few delaminated into the intermediate zone
between DM and myotome or into the ventral sclerotome (arrows)
(N = 9). (B,B’) A Tet-aN2-GFP plasmid was activated twenty hours
post-electroporation to the lateral DM for a period of eight hours. Most
cells delaminated from the lateral DM and are located in the myotome
as desmin/SMA-negative cells (B’) or in the ventral sclerotome (arrows)
(N = 8). In both control and Notch-treated cells located in the ventral
sclerotome no ectopic SMA/desmin immunostaining is evident. Hoechst
nuclear staining is in grey. The lateral DMs are outlined by a dashed white
line. Bar: 50 μm. CV, cardinal vein; DM, dermomyotome; M, myotome; Scl,
sclerotome; SM, smooth muscle; SMA, smooth muscle actin.

Additional file 3: Figure S3. Expression profiles of Id2, Id3, FoxC2 and
Snail1 to developing somites. Id2 (A, E, I), Id3 (B, F, J), FoxC2 (C, G, K) and
Snail1 (D, H, L) are expressed in the presumptive lateral domain of
epithelial somites at E2.0 (dashed lines and yellow arrows in A-D) and in
the lateral DM at E2.5 (E-H, black arrows), but are downregulated at E3.5
in the dissociated DM (I-L, black arrows) although the VLL is still epithelial
(dashed lines). Note additional sites of expression of some of the
transcripts in sclerotome and in the dorsomedial lip of the DM. Bar: (A-D)
50 μm, (E-L) 100 μm. CV, cardinal vein; DM, dermomyotome; E, embryonic
day; M, myotome; VLL, ventro-lateral lip.

Additional file 4: Figure S4. Quantification of labeled cells in
sclerotome. (A) Overexpression of Id2, Id3, Foxc2 and Snail1 enhances the
proportion of cells encountered in the sclerotome. Refers to Figure 3. (B)
Knockdown of Id2/3 and FoxC2. dsRNA to Id2/3 reduce the proportion of
labeled cells in sclerotome. Refers to Figure 4A-D. (C) Knockdown of
Snail1 reduces the proportion of labeled cells in sclerotome. Refers to
Figure 4E-G. In all cases, GFP + cells in sclerotome were negative for
desmin and smooth muscle actin. Results are expressed as mean ± SEM.
**P ≤0.01. dsRNA, double-stranded RNA; SEM, standard error of the mean.

Additional file 5: Figure S5. Short-term over-expression of Foxc2 or
Snail1 enhance delamination of lateral dermomyotome (DM) progenitors.
(A) Cells transfected with a control GFP plasmid are mainly located as
epithelial cells within the lateral DM and some have translocated into the
intermediate zone, between the ventro-lateral lip (VLL) and the myotome
(M) 16 hours post-electroporation (N = 12). (B) Foxc2 overexpression. Note
depletion of cells from the DM and the presence of labeled cells in an
intermediate zone and in the sclerotome (Scl) (N = 17). (C,C’) Control cells
marked with GFP reside as epithelial cells within the lateral DM and some
have translocated into the myotome (M) 16 hours post-electroporation;
note the epithelial morphology of the lateral DM marked by ZO-1
(white bracket) (N = 5). (D,D’) Sixteen hours of enhanced Snail1 activity
compromises the epithelial morphology of treated cells, as indicated by
the absence of the epithelial marker ZO-1 (white bracket). These cells
exit the epithelial sheet but fail to contribute to the myotome (N = 5).
Solid and dashed lines demarcate DM and myotome, respectively. (E)
Quantifications (mean ± SEM) of over-night exposure to Foxc2 and
Snail1. **P-value ≤0.01. Bar: 50 μm. CV, cardinal vein; SEM, standard error
of the mean.

Additional file 6: Figure S6. Attenuation of Id2/3 activities causes
precocious differentiation of myocytes in myotome. (A-C) Dorsal views
of whole mount segments. (A) Cells treated with control dsRNA
against LacZ are still located within the lateral DM (arrows) 16 hours
post-electroporation whereas cells that received dsRNA against Id2/3 had
already differentiated into myofibers (B, arrows). (C) Co-transfection of
Id2/3 along with dsRNAs to Id2/3 rescues the knock-down phenotype,
as cells fail to differentiate into fibers (arrows) and instead migrate
ventro-laterally (arrowhead). (D-D”) Transverse section 40 hours
post-electroporation showing that Id2/3 over-expression rescues the Id2/
3 knock-down phenotype (N = 5). (D’,D”) High magnification of the inset
in D showing the cardinal vein exhibiting co-localization of a labeled cell
with SM markers, desmin and SMA. Endothelial cells were visualized with
the Qh1 antibody (blue). (E) Quantification (mean ± SEM) of labeled cell
distribution (N = 16 for control; N = 19 for Id2/3; N = 5 for dsRNA Id2/3;
N = 5 for dsRNA Id2/3 + Id2/3). *P ≤0.05; **P ≤0.01. Bar: (D) 100 μm;
(D’,D”) 12.5 μm. CV, cardinal vein; Des, desmin; dsRNA, double-stranded
RNA; M, myotome; SEM, standard error of the mean; SMA, smooth
muscle actin.

Additional file 7: Figure S7. FoxC2 knock-down induces myocyte
differentiation at the expense of vascular fates. (A-B) Dorsal view of
whole-mount segments electroporated with control-GFP (A) or with
FOXC2-engrailed (En) (B) and incubated for 16 hours. Only a few
elongating myocytes are observed in the control (arrows, N = 8), whereas
FOXC2-En promoted premature fiber formation (arrows in B, N = 6). (C,D)
Transverse sections 40 hours post-electroporation with (C) control-GFP or
(D) FOXC2-En. In control embryos cells are apparent in both vascular (as
SM cells, see C’ and C”) and myotomal domains (N = 4). (C’,C”) High
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magnification and channel breakdown of the inset showing the cardinal
vein (CV) exhibiting co-localization of a GFP-labeled cell with Des/SMA
immunoreactivity (arrow). (D) In contrast, knocking-down FoxC2
promotes myotomal colonization while hindering development of
SM cells (N = 5). (E) Quantification (mean ± SEM) of labeled cell
distribution. (F,G) Dorsal view of whole-mount segments 16 hours
post-electroporation of (F) control dsRNA LacZ or (G) dsRNA FoxC2. In
control embryos cells are in the lateral DM (arrows, N = 3) whereas in the
presence of dsRNA FoxC2 myotomal cells begun differentiating (arrows
in G, N = 3). (H) Transverse section showing that co-electroporation of
full-length Foxc2 along with dsRNA FoxC2 rescues the FoxC2 knock-
down phenotype by inducing cell migration through the sclerotome and
SM fate (arrow, see H’, H”) and lack of myotome colonization (compare to
Figures 3A,C and 4C). (H’, H”) High magnification and channel breakdown
of the inset in H showing the CV exhibiting co-localization of a labeled
cell with Des/SMA + immunoreactivity. Qh1 antibody (blue) labels
endothelial cells. (I) Quantification (mean ± SEM) of labeled cell
distribution (N = 22 for control dsRNA; N = 16 for Foxc2; N = 16 for
dsRNA FoxC2; N = 7 for dsRNA FoxC2 + Foxc2). *P ≤0.05; **P ≤0.01. Bar:
(C,D) 50 μm; (H) 35 μm; (C’,C”,H’,H”) 17.5 μm. Des, desmin; dsRNA,
double-stranded RNA; M, myotome; SEM, standard error of the mean;
SMA, smooth muscle actin.

Additional file 8: Figure S8. Attenuation of Snail1 signaling promotes
myocyte differentiation and retention of cells in the lateral epithelium.
(A-C) Dorsal view of whole-mount segments. (A) A control scrambled
siRNA was electroporated into the lateral somites. At 16 hours
post-electroporation few labeled cells have differentiated into myofibers.
Other cells, while still residing in the lateral DM have lost their epithelial
morphology. (B) In the presence of siRNA to Snail1 both maintenance
of transfected epithelial cells within the lateral DM as well as premature
myogenesis are apparent. (C) Snail1 over-expression rescues the
siRNA-Snail1 knock-down phenotype, as fewer fibers and more
scattered cells are observed (arrow). (D-F) Transverse sections 40 hours
post-electroporation. (D) Control scrambled siRNA. Labeled cells are
distributed in myotome (M), sclerotome and approach the cardinal vein
(CV). (E) Knocking-down Snail1 maintains cells within the lateral DM as
epithelial cells. (F) Over-expression of Snail1 rescues the effect of
siRNA-Snail1 knock-down. The lateral DM is depleted of labeled cells
and a notable fraction is able to migrate towards target sites (arrows).
(F’,F”) High magnification of the inset in F showing the CV exhibiting
co-localization of a labeled cell with SM markers. Endothelial cells were
visualized with the Qh1 antibody (blue). (G) Quantification (mean ± SEM)
of labeled cell distribution (N = 7 for control; N = 7 for Snail1; N = 6 for
siRNA Snail1; N = 3 for Snail1 + siRNA Snail1). *P ≤0.05; **P ≤0.01. Bar:
(D-F) 50 μm, (F’-F”) 32 μm. es, desmin; DM, dermomyotome; SEM,
standard error of the mean; siRNA, small interfering RNA; SMA, smooth
muscle actin.

Additional file 9: Table S1. Interactions between genes of the
regulatory network. Genes depicted in the horizontal axis (bold) were
electroporated and genes or reporters depicted along the vertical axis were
analyzed for expression by in situ hybridization, immunohistochemistry
or activity (see text for details).

Additional file 10: Figure S9. Control-GFP to the central sheet does
not affect transcription of Id2, Id3, or FoxC2. (A-C) GFP was electroporated
into the presumptive central sheet of E2.0 embryos and re-incubated for
an additional 10 hours (left panels). No changes in transcription were
detected by in situ hybridization with probes against Id2 (A, N = 5), Id3
(B, N = 5) or FoxC2 (C, N = 6) compared to the contralateral sides. Bar:
50 μm. E, embryonic day.
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