RESEARCH COMMUNICATION

Inactivation of TGFp signaling
in neural crest stem cells leads
to multiple defects reminiscent
of DiGeorge syndrome

Heiko Wurdak,'® Lars M. Ittner,> Karl S. Lang,>
Per Leveen,* Ueli Suter,! Jan A. Fischer,?

Stefan Karlsson,* Walter Born,” and

Lukas Sommer!®

'Institute of Cell Biology, Department of Biology, Swiss
Federal Institute of Technology, ETH-HoOnggerberg, Zurich,
CH-8093, Switzerland; 2Research Laboratory for Calcium
Metabolism, University Hospital Balgrist, University of
Zaurich, Zurich, CH-8008, Switzerland; ®Institute of
Experimental Immunology, University Hospital, University of
Zurich, Zurich, CH-8091, Switzerland; “Departments for
Molecular Medicine and Gene Therapy, Lund University,
Malmo, S-22184, Sweden

Specific inactivation of TGFp signaling in neural crest
stem cells (NCSCs) results in cardiovascular defects and
thymic, parathyroid, and craniofacial anomalies. All
these malformations characterize DiGeorge syndrome,
the most common microdeletion syndrome in humans.
Consistent with a role of TGF in promoting non-neural
lineages in NCSCs, mutant neural crest cells migrate
into the pharyngeal apparatus but are unable to acquire
non-neural cell fates. Moreover, in neural crest cells,
TGF signaling is both sufficient and required for phos-
phorylation of CrkL, a signal adaptor protein impli-
cated in the development of DiGeorge syndrome. Thus,
TGEFp signal modulation in neural crest differentiation
might play a crucial role in the etiology of DiGeorge
syndrome.
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During development, neural crest cells emerge from the
dorsal part of the neural tube and emigrate to various
locations within the embryo to generate most of the pe-
ripheral nervous system and a variety of other structures
(Le Douarin and Dupin 2003). In particular, neural crest
cells localized in the pharyngeal apparatus contribute to
non-neural tissues, such as craniofacial bone and carti-
lage, thymus, parathyroid glands, and cardiac outflow
tract and septum (Kirby and Waldo 1995; Jiang et al.
2000; Graham 2003). The function of neural crest cells in
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the generation of these tissues, however, has been de-
bated (Graham 2003).

Formation of the pharyngeal apparatus involves com-
plex interactions of neural crest, ectoderm, endoderm,
and mesoderm whose development must be coordinated
(Graham 2003). Significantly, alterations to the develop-
ment of this region are often associated with congenital
human birth defects such as DiGeorge or Velocardiofa-
cial syndrome. DiGeorge syndrome is the most common
microdeletion syndrome in humans, characterized by
cardiovascular defects plus thymic, parathyroid, and cra-
niofacial anomalies (Lindsay 2001; Vitelli and Baldini
2003). Approximately 80% of the patients carry a vari-
ably sized deletion on chromosome 22 (del22q11). Abla-
tion of genes affected by the microdeletion indicated two
pathophysiological mechanisms causing DiGeorge syn-
drome: Mutations of the transcription factor Tbx1 lead
to disturbed pharyngeal arch patterning. Consequently,
neural crest cells are unable to populate the pharyngeal
apparatus (Jerome and Papaioannou 2001; Lindsay et al.
2001; Merscher et al. 2001). However, upon deletion of
the gene encoding the signal adaptor protein CrkL, neu-
ral crest cells localize to the pharyngeal apparatus, but
they do not form non-neural derivatives from this struc-
ture (Guris et al. 2001). In both cases, aberrant neural
crest cell migration, survival, or differentiation might
contribute to DiGeorge syndrome (Lindsay 2001; Vitelli
and Baldini 2003). A direct role of neural crest cells in the
development of the pharyngeal apparatus, however, was
not demonstrated by the analysis of these mutants. Fur-
thermore, the signals specifying non-neural fates from
neural crest cells in the pharyngeal apparatus have not
yet been identified.

Previously, cell culture experiments allowed the iden-
tification of several growth factors able to instruct mi-
gratory and post-migratory neural crest cells to adopt
specific lineages (Le Douarin and Dupin 2003; Lee et al.
2004). One of these factors is transforming growth factor
(TGF) B, which elicits multiple responses in cultured
neural crest stem cells (NCSCs). Depending on the cel-
lular context, it can promote the generation of non-neu-
ral smooth-muscle-like cells or autonomic neurons, or
induce apoptosis (Shah et al. 1996; Hagedorn et al. 1999,
2000). Here we investigated the role of TGF signaling in
NCSCs and their derivatives in vivo, with an emphasis
on migration, non-neural fate decision, and differentia-
tion processes of neural crest cells in the pharyngeal ap-
paratus.

Results and Discussion

To address the role of TGFB signaling in neural crest
development in vivo, we have used the cre/loxP system
to conditionally inactivate the TGFB receptor type II
(TBRII) gene essential for TGFB signal transduction
(Leveen et al. 2002). Wnt1-Cre-mediated recombination
of a floxed allele of TBRII resulted in loss of TBRRII pro-
tein in neural crest cells isolated from mutant embryos
and in mutant neural crest derivatives in vivo (Fig. 1),
consistent with the previously reported activity of wnt1-
Cre in virtually all neural crest cells (in addition to its
expression in the mid/hindbrain area) (Brault et al. 2001;
Lee et al. 2004). At embryonic day 10.5 (E10.5), mutant
embryos did not exhibit obvious malformations, and
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Figure 1. Neural crest-specific conditional ablation of TBRII. (A)
Exon 4 (ex4) of the TBRII locus, encoding the transmembrane do-
main (TMD) and the intracellular phosphorylation sites (P) of the
TBRII protein, is flanked by loxP-sites and deleted in NCSCs upon
breeding with wnt1-Cre mice. Identification of the floxed TBRII
allele in control (co) and of the recombined TBRII-null allele in
mutant (mt) animals by PCR with indicated primers P3, P4, and P5
(Leveen et al. 2002). (B,C) Presence and absence of TBRII (brown/red)
in primary NCSC explants (B), and in neural crest cells populating
the branchial arch 1 (bal) in control and mutant embryos at E11.5
(C). (D) Normal distribution of BGal-expressing neural crest cells in
the pharyngeal apparatus of E10.5 mutant mice, as assessed by in
vivo fate mapping. Branchial arch 1 (bal) and 2 (ba2) in enlarged
areas marked by boxes. (E) Overall appearance of control (co) and
mutant (mt) mice at E18.5. Note the craniofacial anomalies in the
mutant. Bars, 200 pm.

TBRII-deficient neural crest cells migrated correctly into
the pharyngeal apparatus, as assessed by in vivo fate
mapping using the ROSA26 Cre reporter mouse line (Fig.
1D; Jiang et al. 2000; Hari et al. 2002). Mutants were
recovered at the expected Mendelian frequency until
E18.5, but they died perinatally, displaying multiple de-
velopmental defects including mid/hindbrain abnor-
malities not covered in this study (Fig. 1E). Control lit-
termates carrying a nonrecombined TBRII allele showed
no anomalies.

Malformations of cranial bones and cartilage as well as
cleft palate were found in all mutant mice examined at
E18 (Fig. 2A,B), as described (Ito et al. 2003). As cleft
palate together with craniofacial dysmorphism are typi-
cal features of DiGeorge syndrome in humans, we exam-
ined mutant mice at different developmental stages for
other defects characterizing DiGeorge syndrome. Pa-
tients suffering from DiGeorge syndrome have absent or
hypoplastic parathyroid and thymus glands (Kirby and
Waldo 1995). Similarly, in all TBRII-mutant mice at E18,
staining of serial cross-sections of the neck for parathy-
roid hormone indicated either hypoplastic (three of five)
or undetectable (two of five) parathyroid glands (Fig. 2C).
Likewise, the size of the thymus glands was reduced in
mutant mice at E18 (58% + 7% of control size; n = §;
p < 0.01). In normal mouse development, mesenchymal
derivatives of neural crest cells are transiently detectable
in the cortical region of the developing thymus and para-
thyroid glands (Fig. 2D; Jiang et al. 2000). Moreover,
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elimination of cephalic premigratory neural crest in
chicken and absence of neural crest in the pharyngeal
apparatus of transgenic mice results in hypoplastic para-
thyroid and thymic glands (Kirby and Waldo 1995; Vitelli
and Baldini 2003). This suggests that development of
pharyngeal arch-derived glands might depend on inter-
actions between neural crest-derived cells and pharyn-
geal endoderm. Consistent with the hypothesis that neu-
ral crest cells are important for proper thymus gland
formation, neural crest-specific inactivation of TGF@
signaling resulted in a reduction of neural crest cells
found by in vivo fate mapping in the cortex of the devel-
oping thymus at E13.5 (Fig. 2D).

The main cause of mortality in DiGeorge patients is
congenital heart defects such as a single truncus arterio-
sus and a ventricular septal defect (VSD) (Kirby and
Waldo 1995). Aberrant development of cardiac neural
crest that normally contributes to the heart and its out-
flow tract is thought to cause these defects. This as-
sumption is based on genetic manipulations in mouse
models and on cardiac neural crest ablation in chicken,
which leads to a truncus arteriosus and a VSD (Kirby and
Waldo 1995; Vitelli and Baldini 2003). Recently, neural
crest-specific inactivation of the type I bone morpho-
genic protein (BMP) receptor Alk2 resulted in cardiac
outflow tract malformations (but not in other tissue
anomalies also associated with DiGeorge syndrome), in-
dicating a role of TGFB family factors in cardiovascular
development (Kaartinen et al. 2004). To determine
whether the prenatal lethality in the TBRII-mutant mice
might result from heart defects, we examined the hearts
of mutant mice at E18 histologically and by intracardial
ink injection. All mutant hearts (n = 18) displayed a trun-
cus arteriosus together with a VSD (Fig. 3). In addition,
we found abnormal patterning of the arteries arising
from the aortic arch, as also found in DiGeorge syn-
drome patients (Fig. 3D; Kirby and Waldo 1995). Overall,
these heart defects led to functional right-sided heart
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Figure 2. Features of DiGeorge syndrome in TBRII mutant mice.
(A) Hypoplastic or absent bone (red) and cartilage (blue) structures
(open arrowheads) in mutant (mt) mice at E18. (co) Control. (B) Cleft
palate (*) in macroscopic view (top) and on frontal sections (bottom)
in mutant (mt) mice at E18. (C) Parathyroid glands stained for para-
thyroid hormone (brown; arrowhead) were hypoplastic or undetect-
able in mutant (mt) embryos at E18 (open arrowhead). (tr) Trachea;
(es) esophagus; (th) thyroid gland. (D) Hypoplastic thymus in mutant
(mt) mice at E18 (top), correlating with fewer cortical BGal-express-
ing neural crest cells (blue) compared to control (co) at E13.5 (bot-
tom). Bars: B,C, 200 pym; D, 100 pm.
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Figure 3. Malformations in the heart of TBRII mutant mice. (A)
Ventricular heart at E18 with detailed view of the paired outflow
tract in control (co) and of the truncus arteriosus (*) in mutant (mt)
mice. (rv) Right ventricle; (1v) left ventricle; (1) aorta; (2) pulmonary
trunk. (B) Frontal section of the normal outflow tract and the trun-
cus arteriosus (*). (C) Frontal section of the heart in control and
mutant with defective septum between right ventricle (rv) and left
ventricle (lv; arrowhead). (D) Abnormal branching of the left carotid
artery from the brachiocephalic trunk in mutant mice visualized by
intracardial ink injection. (E) Schematic view of abnormal branching
and heart defects in the mutant compared to wild-type anatomy.
The mutant’s left carotid artery (6) arises from the brachiocephalic
trunk (3), and the pulmonary arteries (8, 9) originate in the truncus
arteriosus (*). (4) Right carotid artery; (5) right subclavian artery; (7)
left subclavian artery.

failure with venous congestion, resulting in a vasodila-
tation of the jugular veins (data not shown), a character-
istic clinical feature of patients with severe cardiac in-
sufficiency.

Taken together, our findings show that mice with a
mutation of TBRII in NCSCs develop all the morpho-
logical features of DiGeorge syndrome. The question
arises, whether these developmental defects are due to
impaired migration, programmed cell death, and/or a
failure in fate decision or differentiation of neural crest
cells. In vivo fate mapping revealed that, as in the con-
trol, mutant neural crest cells were able to populate the
pharyngeal apparatus and the forming aorto-pulmonary
septum at E10.5 (Figs. 1, 4). Likewise, expression of the
NCSC-marker Sox10 (Paratore et al. 2001) and migration
were not affected in TBRII-deficient neural crest cells
emanating from neural tubes in explant cultures (data
not shown). As in the control, neural crest-derived cells
in the pharyngeal apparatus of mutant mice lost sox10
expression while expressing the neural crest markers
pax3 and ehand (data not shown). In addition, we did not
observe differences in the number of apoptotic cells in
the pharyngeal apparatus of control and mutant mice at
E10.5 (data not shown).
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Our data indicate that neural crest cell differentiation
in the pharyngeal apparatus rather than migration or cell
survival is defective in the absence of TGFB signaling.
To test this hypothesis, we analyzed the expression of
smooth muscle a-actin in neural crest derivatives, since
TGFB is known to induce a smooth-muscle-like cell fate
in NCSCs in vitro (Shah et al. 1996). While in the control
at E10.5, BGal-expressing neural crest derivatives in the
prospective aorto-pulmonary septum stained for smooth
muscle a-actin, TBRII-mutant neural crest cells in this
region did not contribute to the development of the
smooth musculature (Fig. 4B). We therefore suggest that
the non-neural, smooth muscle «-actin-positive cells
(which have also been termed myofibroblasts and
smooth muscle-like cells) (Hagedorn et al. 1999; Morri-
son et al. 1999) generated from TGFB-treated NCSCs in
culture indeed represent smooth muscle cells. At later
developmental stages, neural crest cells that failed to
adopt a smooth muscle cell fate underwent apoptotic
cell death (data not shown). The absence of neural crest-
derived smooth muscle cells in mutants explains the de-
fective separation of the aorta from the pulmonary
trunk, leading inevitably to a truncus arteriosus (Fig. 3).

The transcription factor Sox9 is required for the speci-
fication of an osteochondroprogenitor cell from neural
crest cells, and conditional inactivation of sox9 in
NCSCs results in craniofacial anomalies (Mori-Akiyama
et al. 2003). During normal development sox9 is ex-
pressed in neural crest cells in the first and second pha-
ryngeal arches, which give rise to the craniofacial skel-
eton. In contrast, sox9 expression was markedly reduced
in TRRII-mutant neural crest cells populating the first
and second pharyngeal arches (Fig. 4A). These data indi-
cate that neural crest cells are unable to acquire an os-
teochondroprogenitor cell fate in the absence of TGFB
signaling, which leads to the malformations of cranial
bones and cartilage observed in TBRII-mutant mice
(Fig. 2A).

The microdeletion on chromosome 22 (del22q11)
found in most of the DiGeorge syndrome patients en-
compasses ~30 genes but does not include genes encod-

Figure 4. TBRRI[-mutant neural crest cells fail to acquire non-neural
fates. (A) Equal distribution of BGal-expressing neural crest cells
(blue) in the first and second branchial arch of control (co) and
TBRII-mutant (mt) mice at E10.5. Presence (arrowheads) and ab-
sence (open arrowheads) of sox9, required for normal craniofacial
bone and cartilage development, in branchial arches. (B) Presence of
BGal-expressing neural crest cells (blue) in the developing aorto-
pulmonary septum of mutant embryos at E10.5. Mutant neural crest
cells fail to differentiate into smooth muscle a-actin (SMaA)-
expressing cells (red) forming the septum. Bars, 100 uM.



ing either TGFB receptors or its ligands (Lindsay 2001;
Vitelli and Baldini 2003). Thus, gene products eliminated
by del22g11 may functionally interact with TGFp sig-
naling in neural crest cells. For instance, orthologs of
PCQAP, a gene within the microdeleted region (Berti et
al. 2001), have been shown to modulate TGFp signaling
(Kato et al. 2002), although the role of PCQAP in the
development of the pharyngeal apparatus is unknown.
Inactivation of two of the genes deleted in del22q11,
Tbx1 and Crkol, phenocopies symptoms of DiGeorge
syndrome (Lindsay 2001; Vitelli and Baldini 2003). In
Tbx1 mutants, early steps in pharyngeal arch patterning
are disrupted, which, as a secondary effect, interferes
with neural crest migration into the pharyngeal arch
complex (Vitelli et al. 2002; Vitelli and Baldini 2003).
Similarly, manipulation of genes that genetically inter-
act with Thx1, such as Fgf8 and Vegf, affect migration
and/or survival of neural crest cells into the pharyngeal
apparatus (Vitelli and Baldini 2003). Inactivation of any
one of Thx1, Fgf8, or Vegf results in abnormal patterning
of the aortic arch arteries, leading to conotruncal heart
defects (Vitelli and Baldini 2003). In contrast, we found
that Thx1 expression was not altered in mice carrying a
neural crest-specific mutation of TBRII (data not shown)
and that the development of DiGeorge-like syndrome in
these mice is due to a failure in non-neural fate acquisi-
tion and differentiation rather than in migration or sur-
vival of mutant neural crest cells. Moreover, intracardial
ink injection at E10.5 revealed normal formation of the
aortic arch arteries in TBRI[-mutant mice (data not
shown). Thus, although we cannot exclude it at present,
the differences in phenotypes do not support an associa-
tion between a Thx1 genetic pathway and TGF@ signal-
ing in neural crest cells.

Ablation of the del22q11 gene Crkol in mice, however,
generates a phenotype reminiscent of that obtained by
TGFB signal inactivation in NCSCs, although with a
lower penetrance (Guris et al. 2001). While pharyngeal
arch patterning is normal, Crkol-mutant mice develop
cardiovascular and mild craniofacial anomalies, as well
as hypoplastic thymic and parathyroid glands. These de-
ficiencies conceivably result from a post-migratory de-
fect of neural crest cells lacking Crkol (Guris et al. 2001).
This is analogous to the deficiencies observed in mice
with TBRII-mutant neural crest cells, which also result
from post-migratory defects (Figs. 4, 5). The gene product
of Crkol, CrkL, belongs to the Crk family of adaptor
proteins that are involved in different signaling path-
ways (Feller 2001). In particular, CrkIl—which shares
60% identical residues with CrkL—mediates oncogenic
transformation induced by epidermal growth factor and
TGEFB (Kizaka-Kondoh et al. 1996), and overexpression of
a dominant negative mutant of CrkIl prevents TGFB-
induced cell differentiation in vitro (Ota et al. 1998).
Therefore, CrkL might be involved in TGFB-dependent
differentiation of neural crest cells. To address this hy-
pothesis, we first assessed the status of CrkL phosphory-
lation during development of the pharyngeal apparatus.
Tyrosine-phosphorylated CrkL was readily detectable in
several structures of the wild-type pharyngeal apparatus
at E10, including the pharyngeal arches 1 and 2 and the
prospective aorto-pulmonary septum (Fig. 5A; Supple-
mentary Fig. 1). However, phosphorylation of CrkL was
restricted to a narrow, early time window during devel-
opment of the pharyngeal apparatus and was no longer
observed from E11.5 onward (Supplementary Fig. 1). In-
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Figure 5. TGFp-dependent CrkL phosphorylation and neural crest
differentiation. (A) Mutant (mt) neural crest cells expressing BGal
(blue) in branchial arch 1 (bal), branchial arch 2 (Supplementary Fig.
1), and the developing aorto-pulmonary septum (arrowheads) at E10
show strongly reduced phosphorylation of CrkL (pCrkL; brown;
gross and detailed view) and lack nuclear phospho-Smad2 (brown;
detailed view) compared with control (co). Note comparable staining
intensity for phosphorylated CrkL in BGal-negative tissue (arrow) in
mutant (mt) and control (co). (B) Immortalized NCSCs (Moncl cells)
express smooth muscle a-actin (SMaA| upon treatment with TGF,
while untreated (n.a.) cells are SMaA-negative. (C) Western blot
analysis reveals increased Smad2, CrkL, and Src phosphorylation by
TGFB in Moncl cells. (D) CrkL phosphorylation in TGF-treated
Moncl cells is reduced to levels of untreated cells in the presence of
Src kinase inhibitors PP1 and PP2, respectively. (E) BGal-expressing
neural crest cells populate the pharyngeal apparatus (saggital sec-
tion). (bal-3) Branchial arches 1-3; (bp3/4) branchial pouches 3/4;
(baa3/4) branchial arch arteries 3/4; (paps) prospective aorto-pulmo-
nary septum. (F) Neural crest cells (NC; blue) present in the pha-
ryngeal apparatus require TGFB-signaling for CrkL phosphorylation
and for expression of the non-neural markers sox9 in the first bran-
chial arch and SMcaA in the forming septum of the heart outflow
tract. (G) Similar to neural crest cells in Crkol-mutant mice, TBRII-
deficient neural crest cells migrate normally into the pharyngeal
apparatus. Here, the signal adaptor protein CrkL fails to be phos-
phorylated in response to TGFB, and mutant neural crest cells fail to
express sox9 and SMaA. Tbx1 expression in the branchial pouch
endoderm and early pharyngeal arch patterning is not affected. The
failure of mutant neural crest cells to acquire non-neural fates in the
early pharyngeal apparatus impairs the development of tissues de-
rived from the pharyngeal apparatus and leads to a DiGeorge-like
phenotype.

triguingly, CrkL phosphorylation was impaired in
TBRRII-deficient neural crest cells in the pharyngeal ap-
paratus at E10, concomitant with absence of TGFp-
dependent phosphorylation of Smad2 in the mutant
(Fig. 5A; Supplementary Fig. 1). Moreover, TGF@ signal-
ing promoted CrkL phosphorylation in an NCSC line
that gives rise to smooth-muscle-like cells in response to
TGFB (Fig. 5B,C; Sommer et al. 1995; Chen and
Lechleider 2004). This demonstrates that CrkL phos-
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phorylation is downstream of TGFB signaling in neural
crest cells. Thus, CrkL might mediate TGFB-dependent
non-neural fate acquisition of neural crest cells at early
stages of pharyngeal apparatus development. Conceiv-
ably, at later developmental stages TGFB signaling
might have CrkL-independent activities in neural crest-
derived structures, as suggested by the milder phenotype
of Crkol-mutant mice (Guris et al. 2001) as compared to
the mutant described here.

TGER elicits a wide range of cellular processes, involv-
ing activation and cross-talk of multiple signaling path-
ways (Derynck and Zhang 2003). For instance, TGF sig-
naling has been reported to induce phosphorylation and
activation of Src tyrosine kinase regulating TGFB-depen-
dent apoptosis, cell migration, or tumor cell invasive-
ness (Fukuda et al. 1998; Kim and Joo 2002; Park et al.
2004; Tanaka et al. 2004). Interestingly, a recent report
identified CrkL as a downstream signaling component of
Src kinase in integrin-induced migration (Li et al. 2003).
Together, these studies point to a potential association
between TGFB, Src, and CrkL signaling. In agreement
with this hypothesis, levels of phosphorylated active Src
were increased by TGFB treatment of an NCSC line,
concomitant with increased phosphorylation of CrkL
(Fig. 5C). Importantly, the pharmacological Src inhibi-
tors PP1 and PP2 reduced CrkL phosphorylation in
TGFB-treated neural crest cells to levels of untreated
cells (Fig. 5D). These data indicate that Src kinase activ-
ity is involved in TGFB-dependent phosphorylation of
CrkL, possibly linking TGFp signaling to the etiology of
DiGeorge syndrome in humans.

In conclusion, we propose that TGFB isoforms ex-
pressed in the pharyngeal apparatus (Millan et al. 1991)
promote non-neural fate decisions in post-migratory
neural crest cells, allowing these cells to contribute to
multiple craniofacial, cardiovascular, and glandular
structures (Fig. 5E-G). Accordingly, inactivation of
TGFB signaling in neural crest cells prevents develop-
ment of these structures and recapitulates all morpho-
logical features of DiGeorge syndrome.

Materials and methods

Generation of mutant animals

Animals homozygous for the TBRII floxed allele (Leveen et al. 2002) were
mated with wnt1-Cre mice heterozygous for the floxed allele (Hari et al.
2002). For in vivo fate mapping of NCSCs, wnt1-Cre mice heterozygous
for the TRRII floxed allele were mated with animals homozygous for the
TBRII floxed allele and carrying a ROSA26 Cre reporter (R26R) allele,
which expresses B-galactosidase (8Gal) upon Cre-mediated recombina-
tion (Soriano 1999). Genotyping was performed as described (Hari et al.
2002; Leveen et al. 2002).

Staining procedures

In situ hybridization with digoxigenin-labeled riboprobes and detection
of LacZ-reporter gene expression was performed as described (Hari et al.
2002). Whole-mount X-Gal-stained embryos were paraffin-embedded and
sectioned. Paraffin sections (7 pm) were stained with goat anti-PTH an-
tibodies using the Vectastain method (VectorLab). Specificity of the an-
tibody was tested by saturation with PTH(1-34). Anti-smooth muscle
a-actin (Clone 1A4; Sigma) and anti-TBRII antibodies (C-16; Santa Cruz
Biotechnology Inc.) were visualized by Alexa546-linked secondary anti-
bodies (Abcam Inc.) or by the Vectastain method using NovaRed as a
substrate (VectorLab), and phospho-Smad2 and phospho-CrkL (Cell Sig-
naling Technology, Inc.) by Metal Enhanced DAB (Pierce). Standard pro-
tocols were used for bone and cartilage staining with alizarin S red and
alcian blue and for staining by van Kossa’s method and haematoxylin/
eosin. TUNEL assays on paraffin-embedded tissue sections were per-
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formed following the producer’s guidelines (Roche Diagnostics). Each
marker was analyzed on at least three embryos per stage. Intracardial
Indian ink injection was carried out as reported (Jerome and Papaioannou
2001).

Cell culture experiments

Neural tube explant cultures were done as described (Lee et al. 2004).
Moncl cells were cultured and treated with TGFB (5 ng/mL) for 15 min
at 37°C (Chen and Lechleider 2004). To inhibit Src kinases, PP1 or PP2
(Calbiochem) was added to the medium 40 min prior to TGF treatment.
Western blot analysis of Moncl cell extracts was carried out as described
(Koller et al. 2004). Primary antibodies were against Actin (Chemicon
Inc.), phospho-Smad2 (S465/467; Cell Signaling Technology, Inc.), phos-
pho-Src (Y416; Cell Signaling Technology, Inc.), and phospho-CrkL
(Y207; Cell Signaling Technology, Inc.). Immunocytochemistry of
Moncl cells treated with TGF for 3 d was done as described (Lee et al.
2004).
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