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ALK5-Mediated Transforming Growth Factor 3 Signaling in Neural
Crest Cells Controls Craniofacial Muscle Development via Tissue-

Tissue Interactions

Arum Han, Hu Zhao, Jingyuan Li, Richard Pelikan, Yang Chai

Center for Craniofacial Molecular Biology, Ostrow School of Dentistry, University of Southern California, Los Angeles, California, USA

The development of the craniofacial muscles requires reciprocal interactions with surrounding craniofacial tissues that originate
from cranial neural crest cells (CNCCs). However, the molecular mechanism involved in the tissue-tissue interactions between
CNCCs and muscle progenitors during craniofacial muscle development is largely unknown. In the current study, we address
how CNCCs regulate the development of the tongue and other craniofacial muscles using WntI-Cre; Alk5"" mice, in which loss
of Alk5 in CNCCs results in severely disrupted muscle formation. We found that Bmp4 is responsible for reduced proliferation
of the myogenic progenitor cells in Wnt1-Cre; Alk5™" mice during early myogenesis. In addition, Fgf4 and Fgf6 ligands were re-
duced in Wnt1-Cre; Alk5™" mice and are critical for differentiation of the myogenic cells. Addition of Bmp4 or Fgf ligands res-
cues the proliferation and differentiation defects in the craniofacial muscles of Alk5 mutant mice in vitro. Taken together, our
results indicate that CNCCs play critical roles in controlling craniofacial myogenic proliferation and differentiation through

tissue-tissue interactions.

he craniofacial musculature consists of the eye, masticatory,

facial, tongue, and other head muscles. The development of
the craniofacial musculature is distinct from that of the trunk in
terms of the origin of the muscles and the genetic programs un-
derlying myogenesis (1). Lineage-tracing approaches have indi-
cated that most of the craniofacial muscles originate from cranial
paraxial mesoderm, whereas tongue muscles originate from mus-
cle precursors that migrate from the occipital somites and eye
muscles originate from mixed populations of paraxial mesoderm
and prechordal mesoderm (2, 3). Irrespective of this heterogene-
ity, the migrating myogenic precursors undergo proliferation and
differentiation at designated sites, where they interact with sur-
rounding tissues during the two-phase process of myogenesis.
During primary myogenesis, myogenic precursors proliferate and
generate primary myotubes; this occurs in mice during embryonic
days 10.5 (E10.5) to E12.5. Secondary myofibers are created by the
fusion of fetal myoblasts and preexisting primary myofibers or
between primary myofibers at E14.5 to E17.5 (4).

Myogenic cells do not appear to have intrinsic muscle-pattern-
ing information but gain this information from interactions with
surrounding tissues, such as tendons (5). Supporting tissues in the
tongue bud primarily originate from cranial neural crest cells
(CNCCs), which belong to a migratory multipotent population
that gives rise to bones, connective tissues, nerves, glial cells,
smooth muscle cells, dentin, and tendons in the craniofacial re-
gion (6, 7). The migration, specification, and survival of CNCCs
play significant roles in craniofacial morphogenesis. The role of
neural crest cells in myogenesis has been investigated in both
trunk and craniofacial myogenesis. Neural crest cells induce myo-
genesis in somite dermomyotomes by secreting Notch ligands that
transiently activate Notch signaling in myogenic progenitors (8).
Previous studies using CNC ablation approaches have demon-
strated that tissue-tissue interactions between CNCCs and cranio-
facial myogenic populations play a role in craniofacial myogenesis
(9-12). Myogenic cells from muscleless chn mutant zebrafish were
able to form normal branchial muscles after being grafted into
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wild-type hosts, suggesting that CNCCs play an instructive role in
muscle formation (11). Taken together, these studies indicate that
CNCCs control muscle patterning or differentiation; however, the
underlying molecular and cellular mechanisms of the CNCC-
myogenic interactions remain to be elucidated.

Transforming growth factor B (TGF-B) signaling in both myo-
genic precursors and CNCCs is important for tongue myogenesis.
Specifically, our previous study has shown that loss of Smad4 in
Myf5-positive muscle precursors caused defective muscle differ-
entiation and fusion during tongue development without affect-
ing cell migration or survival (13). We have also shown that loss of
Tgfbr2 in CNCCs results in microglossia due to defects in myo-
genic cell proliferation and differentiation via tissue-tissue inter-
actions (12). However, these muscle defects were not detectable at
early myogenic stages, during which CNCCs guide migrating
myogenic precursors for muscle growth and patterning. The sig-
naling cascade downstream of TGF-@ that controls the early pri-
mary myogenesis of tongue muscles is still poorly understood.

In this study, we investigated three different groups of cranio-
facial muscles, namely, the tongue, eye, and masticatory muscles,
to study the molecular mechanism of tissue-tissue interactions
between CNCCs and myogenic precursors. We show that the early
formation of craniofacial muscles is severely affected in WntI-Cre;
Alk5™" mice. We found that the Alk5-mediated TGF-B signaling
pathway in CNCCs regulates the expression of Bmp and Fgf genes
during craniofacial primary myogenesis. Exogenous Bmp4 and
Fgfs can rescue proliferation and differentiation defects in pri-
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mary cell culture in vitro. Loss of Alk5 receptors in CNCCs also
results in impaired tendon development and decreased Scleraxis
expression, suggesting the Scleraxis expression in CNCCs is down-
stream of Alk5-mediated TGF-f signaling.

MATERIALS AND METHODS

Generation of WntI-Cre; Alk5™" mice. Wntl-Cre transgenic mice have
been described previously (7). We crossed Wint1-Cre; AIk5™™ mice with
Alk5™" mice to generate Wnt1-Cre; AIk5™" mice. Genotyping was carried
out using PCR primers as previously described (14). Mice expressing Zs-
Green Cre reporter were obtained from Jackson Laboratory. Animal usage
was approved by the Institutional Animal Care and Use Committee
(IACUC) at the University ofSouthern California.

Histological analysis and immunostaining. Hematoxylin and eosin
(H&E) and immunofluorescence staining were performed following stan-
dard procedures. The following antibodies were used for immunostaining:
mouse anti-myosin heavy chain (anti-MHC) (DSHB), mouse anti-MyoD1
(Abcam), rabbit anti-phospho-histone H3 (Santa Cruz Biotechnology), rab-
bit anti-active caspase-3 (Abcam), rabbit anti-phospho-Smad1/5/8 (Cell
Signaling), mouse anti-Pax7 (DSHB), rabbit antidesmin (Abcam), and
mouse antimyogenin (Abcam). Following MHC immunostaining, im-
munofluorescence images were acquired after analyzing 10 fields from
each condition. The results were assessed for statistical significance using
Student’s  test.

In situ hybridization. In situ hybridization was performed follow-
ing standard procedures. Digoxigenin-labeled antisense probes were
generated from mouse ¢cDNA clones that were kindly provided by
several laboratories: Bmp4 (Malcolm Snead, University of Southern
California), Pitx2 (Marina Campione, Albert Einstein College of Med-
icine), Fgf4 and Fgf6 (Pascal Maire, Institute Cochin, France), and
Scleraxis (Eric N. Olson, University of Texas Southwestern Medical
Center).

Quantitative RT-PCR. The mRNA levels of Bmp4, Fgf4, Fgf6, and
Scleraxis were analyzed by quantitative real-time reverse transcription
(RT)-PCR (Bio-Rad iCycler system). Tongue primordium was dissected
atE11.5,E12.5,and E13.5, and total RNA was subsequently extracted. The
mRNAs were reverse transcribed into cDNAs using RNeasy Mini and
QuantiTect reverse transcription kits (Qiagen), followed by real-time
PCR with specific primers. Gene-specific primer sequences were obtained
from the Primer Bank (15). Real-time PCR was performed using SYBR
Super Mix kits (Bio-Rad). Values were normalized against GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) using the 244” method (16).
Global gene expression analysis was performed as previously described
(17). Data are shown as means and standard deviations (SD).

Cell culture. Tongue primordium, eye, and masticatory muscle tis-
sues were dissected from E12.5 or E13.5 embryos and cut into small
pieces. The tissue blocks were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum at 37°C as previously de-
scribed (12). The cultures were treated with recombinant mouse Bmp4
(15 ng/ml; R&D Systems) for 2 days for the proliferation assays. The
cultures were switched to differentiation medium supplemented with 2%
horse serum for 1 week for the differentiation assays. Where indicated,
recombinant mouse Fgf4 or Fgf6 (10 ng/ml; R&D Systems) or recombi-
nant mouse Bmp4 (15 ng/ml; R&D Systems) was added to the medium.
The medium was changed every other day.

Tongue organ culture. Timed-pregnant WntI-Cre; Alk5"" mice were
sacrificed at E11.5. The tongues were dissected and cultured in serum-free
medium as previously described (12). Where indicated, the tongues were
treated with Affi-Gel blue agarose beads (Bio-Rad) containing Bmp4 for
24 h in culture.

FACS. At E12.5, tongue primary cells were isolated as described above.
Fluorescence-activated cell sorting (FACS) analyses were performed as
reported previously (12).

Microarray data accession numbers. Gene expression profiling data
from the mandibular arch and tongue bud from Alk5 mutant mouse
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models have been deposited in GEO under accession numbers GSE52357
and GSE52358, respectively.

RESULTS

Loss of the gene for TGF-f type 1 receptor (Alk5) in CNCCs
results in a reduction of craniofacial muscles and microglossia.
Mice lacking TGE-B type 1 receptor in CNCCs (WntI-Cre; Alk5™"
mice) exhibit craniofacial defects, including facial and palatal
clefting, hemorrhage, mandibular hypoplasia, delayed tooth de-
velopment, and microglossia (14, 18). In order to investigate the
severity of the craniofacial muscle defects in WntI-Cre; Alk5"?
mice, we first examined the size and shape of tongues at E13.5 and
the newborn stage. At E13.5, the sizes of control and WntI-Cre;
AIk5"" tongues were comparable, but the morphology of Wnt1-
Cre; AIk5™" tongues was abnormally wide and flat compared to
the control tongues (data not shown). Histological analysis also
confirmed that WntI-Cre; Alk5™" tongues have strikingly abnor-
mal morphology and reduced muscle mass at E13.5 (Fig. 1A and
B). At the newborn stage, Wnt1-Cre; Alk5™" mice exhibit micro-
glossia with reduced tongue muscle formation (Fig. 1C, D, and
M). The size of the myofibers in Wnt1-Cre; Alk5™ tongues was
also reduced compared to controls (Fig. 1T to W).

Although most myoblasts were incorporated into myofibers in
newborn WntI-Cre; Alk5"" mice, the myofibers were dystrophic
and immature. During muscle maturation, primary myofibers
thicken by fusing with adjacent myoblasts or myofibers, resulting
in peripherally located nuclei beneath the plasma membrane. In
contrast, nuclei in WntI-Cre; Alk5™" tongue myofibers were cen-
trally located, indicating immature myofibers (Fig. 1V and W).
We also found that myofibers of intrinsic and extrinsic tongue
muscles in E13.5 WntI-Cre; Alk5™" mice were disorganized
compared to control tongues (Fig. 1C and D). We have found
that loss of Alk5 signaling in CNCCs does not affect commit-
ment of fetal myogenic cells based on Pax7, myogenin, and
desmin expression (Fig. IN to S). Thus, loss of Alk5 signaling in
CNCCs affects the terminal differentiation of myogenic cells.
Our results suggest that CNCCs exert control over tongue mus-
cle formation, differentiation, maturation, and patterning.
Furthermore, the muscle defects were not restricted to the
tongue organ. Total muscle mass was also dramatically reduced
in the eye and masticatory muscles of Wnt1-Cre; Alk5"" mice,
indicating that CNCCs play a crucial role in the formation of
multiple craniofacial muscles (Fig. 1E to L).

Cell proliferation is significantly reduced but apoptosis is
unaffected in myogenic cells of Wnt1-Cre; Alk5™" mice. Previ-
ous reports have demonstrated that apoptosis is increased in the
branchial arches at E10.5 in WntI-Cre; AlIk5™" mice (18). We hy-
pothesized that reduced craniofacial muscle mass in WntI-Cre;
Alk5™" mice might be due to increased myogenic cell apoptosis,
particularly since the migration of myogenic precursors was not
affected. We analyzed tissue sections of E11.5-to-E13.5 embryos
for apoptosis by coimmunostaining with anti-active caspase-3
and anti-MyoD, standard apoptosis and myogenic markers, re-
spectively. We previously showed that CNCCs occupy the entire
tongue primordium, surrounding myogenic precursors, by LacZ
staining of Wnt1-Cre; R26R and Myf5-Cre; R26R mice at E11.5
(13). At E13.5, Wntl-Cre; green fluorescent protein (GFP)-posi-
tive CNCCs and MyoD-positive cells also exhibit close spatial as-
sociation in the craniofacial regions, indicating that MyoD-nega-
tive cells are mostly CNCCs (data not shown). Thus, myogenic
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FIG 1 Craniofacial muscle defects in the tongue, eye, and masticatory regions of Wint1-Cre; Alk5™" mice, including microglossia. (A to D) Hematoxylin and
eosin staining of sections of tongues from E13.5 and newborn (NB) control and Wint1-Cre; AIk5™ mice. The boxed areas in panels C and D are shown magnified
in the insets. (E to L) Hematoxylin and eosin staining and MHC immunostaining of the eye (E to H) and masticatory (I to L) regions from E13.5 and newborn
control and WntI-Cre; Alk5™" mice. The asterisks indicate muscle fibers. (M) Oral views of tongues from newborn control and WntI-Cre; Alk5™" mice. The
dashed lines indicate the outline of the tongue. (N to S) Immunostaining of the tongue from E13.5 control and Wnt1-Cre; Alk5"" mice with myogenic markers
Pax7, myogenin, and desmin. (T to W) MHC immunostaining of cross sections of tongues from newborn control and WntI-Cre; Alk5™" mice. The arrows
indicate nuclei that are centrally located in muscle fibers of Wnt1-Cre; AIk9™" mice versus peripherally located in control mice. The dashed lines outline single
myofibers. DAPI was used to counterstain nuclei (blue). Scale bars, 200 wm (A, B, E to L, and N to S), 500 wm (C, D, T, and U), and 1 mm (M).

and CNCC apoptosis indices were calculated by determining the
number of caspase-3-positive cells out of the total number of
MyoD-positive or MyoD-negative cells.

Although apoptosis of CNCCs was increased in the eye and
masticatory areas in Wntl-Cre; AIk5"" mice at E11.5, we did not
detect a significant increase in apoptosis in myogenic precursors
(data not shown). Moreover, cell apoptosis was not significantly
increased in either myogenic cells or CNCCs of Wnt1-Cre; AIk5™"
tongues (Fig. 2A to L). Thus, our data indicate that reduced mus-
cle formation in WntI-Cre; Alk5™" mice is not due to increased
myogenic cell death in the tongue.

Next, we investigated whether proliferation of myogenic pre-
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cursor cells is altered in WntI-Cre; AIk5"" mice, resulting in de-
creased craniofacial muscle mass. We performed cell proliferation
assays using tissue sections from E11.5, E12.5, and E13.5 WntI-
Cre; AIk5"" and control embryos (Fig. 2A" to L'). We found that
CNCC proliferation in tongues of Wntl-Cre; Alk5™" mice was
indistinguishable from that in control mice (Fig. 2D’,H',and L"),
consistent with a previous report that mesenchymal cell prolifer-
ation in the branchial arches of WntI-Cre; Alk5™" mice was unaf-
fected (18). In contrast, myogenic cell proliferation was signifi-
cantly reduced in the tongue (Fig. 2C’, G, and K') and in other
craniofacial muscles (data not shown) of Wntl-Cre; Alk5™" mice
at E11.5, E12.5, and E13.5. Thus, proliferation of tongue, eye, and
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FIG 2 Myogenic cell proliferation is significantly reduced but apoptosis is unaffected in tongues of Wnt1-Cre; Alk5™" mice. (A, B, E, F, I, and J) Double
immunostaining of caspase-3 (Cas-3) (red) and MyoD (green) in sections of the tongue region of E11.5, E12.5, and E13.5 control and WntI-Cre; Alk5""
mice. (C, D, G, H, K, and L) Quantification of apoptosis in MyoD-positive myogenic cells and MyoD-negative CNCCs from control (wild-type [wt]) and
Wntl-Cre; Alk5" (mutant) mice. (A’, B’, E’, F’, I', and J') Double immunostaining of phospho-histone 3 (Ph3; red) and MyoD (green) in tongue
sections from E11.5, E12.5 and E13.5 control and Wnt1-Cre; Alk5™" mice. (C', D’, G’, H', K, and L") Quantification of proliferation in MyoD-positive
myogenic cells and MyoD-negative CNCCs from control (wt) and WntI-Cre; Alk5"" (mutant) mice. Scale bars, 100 wm. *, P < 0.05; n = 3. The error bars

indicate standard deviation.

masticatory myogenic cells during craniofacial development re-
quires Alk5-mediated TGF-f3 signaling in CNCCs.
Downregulation of Bmp4 and Fgfs in the tongues of Wnt1-
Cre; Alk5"" mice. To identify candidate genes that might be re-
sponsible for the muscle defects in WntI-Cre; Alk5™" tongues, we
performed microarray assays using tongue bud tissues from E11.5
and E13.5 Wntl-Cre; Alk5™" and control mice. We chose E11.5
and E13.5 because they represent key stages of early tongue myo-
genesis. Between E11.5and E12.5, myogenic precursors migrate to
the tongue bud and have direct contact with CNCCs, after which
the myogenic population expands. By E13.5, myoblasts initiate
terminal differentiation to generate multinucleate myofibers. We
focused on downregulated genes based on the hypothesis that
the reduction of a signaling molecule(s) from CNCCs results in
the defects in myogenic cell proliferation and differentiation. We
identified genes with greater than 1.5-fold changes and a P value of
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less than 0.05, indicating a significant difference. Based on prelim-
inary phenotype analyses, we identified genes associated with cell
proliferation, muscle differentiation, and tendon formation, as
listed in Table 1 (GSE52357) and Table 2 (GSE52358). There was
no overlap between the lists of downregulated genes at E11.5 and
E13.5, suggesting that different signaling pathways govern the
proliferation and differentiation processes.

In the tongue bud tissue of WntI-Cre; Alk5™" mice, only a small
number of genes were downregulated at E11.5 (Table 1), including
transcription factor genes SixI, Eyal, Eya4, and Pax3, which are ex-
pressed in myogenic precursors during early myogenesis (19). Fol-
listatin, which has been reported to be expressed during muscle
growth (20), was also downregulated. In E13.5 tongue samples, we
identified downregulated genes that are involved in aspects of muscle
differentiation, such as myofiber assembly and muscle contraction,
including Troponin C, Troponin I, Troponin T, Alpha 1 actin, and
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TABLE 1 Downregulated genes related to muscle development in
tongue buds from E11.5 WntI-Cre; Alk5™" and control mice

Gene Fold

name Gene symbol change® P value”
Six]  Sine oculis-related homeobox 1 —1.88  0.008809
Eyal  Eyes absent 1 homolog —1.69 0.016867
Eya4  Eyes absent 4 homolog —2.17  0.021839
Lefl  Lymphoid enhancer binding factor 1 —1.80  0.042653
Pax3  Paired box gene 3 —4.01  0.001484
Pitx]  Paired-like homeodomain transcription factor 1 —2.14  0.001238
Bmp4 Bone morphogenetic protein 4 —2.23  0.021048
Fst Follistatin —3.14  0.030522

“ Fold change > 1.5.
¥ P value < 0.05.

Mpyosin light chain (Table 2). Myogenic factor 6 (Myf6), whose product
is also known as MRF4 or herculin, was also downregulated. Mrf4
encodes one of the myogenic regulatory factors (MRFs) that regulate
fusion of myoblasts and differentiation (21). Alteration of these genes
may explain the myogenic differentiation defects in Wnt1-Cre; AIk5"
s mice. In addition, we found that connective-tissue- and tendon-
specific genes were downregulated, among them collagen genes,

TABLE 2 Downregulated genes in tongues from E13.5 WntI-Cre;
Alk5™" and control mice

Gene function and Fold
name Gene symbol change® P value”
Muscle
differentiation
Tcap Titin-cap —1.61  0.003541
Myl3 Myosin, light polypeptide 3 —1.56  0.006601
Cav3 Caveolin3 —2.00 0.014199
Tnncl Troponin C, cardiac/slow —1.64 0.021082
skeletal
Tnnc2 Troponin C2, fast -1.97 0.000987
Tnnil Troponin I, skeletal, slow 1
Tnni2 Troponin I, skeletal, fast 2 —1.94  0.000210
Tnnt2 Troponin T2, cardiac —1.82 0.000902
Tnnt3 Troponin T3, skeletal, fast —2.35 0.000898
Casql Calsequestrin 1 —1.63  0.031895
Chrnal Cholinergic receptor, nicotinic, —1.72 0.002628
alpha polypeptide 1
Actal Actin, alpha 1 —2.04 0.009624
Tmodl Tropomodulin 1 —1.57  0.010005
Myf6 Myogenic factor 6 —2.41  0.044509
Fgf4 Fibroblast growth factor 4 —1.85  0.003976
Fgf6 Fibroblast growth factor 6 —2.26  0.000587
Connective tissue
and tendon
formation
Scx Scleraxis —2.40  4.01E—05
Thbs4 Thrombospondin 4 —3.24  2.23E-05
Col8al Collagen —2.78  5.85E—06
Coll9al Collagen —2.48  0.002539
Col6al Collagen —1.89  0.011672
Cstl5 Follistatin-like 5 —1.86  0.000436
Cbin5 Fibulin 5 —1.90 0.003835
Tgfb3 Transforming growth factor 3 —1.58  0.005932

“ Fold change > 1.5.
¥ P value < 0.05.
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thrombospondin 4, and Scleraxis. Scleraxis-positive cells are tendon
precursors, and CNCCs give rise to tendons, as well as craniofacial
connective tissues. Scleraxis downregulation in WntI-Cre; Alk5™"
tongues may be relevant to the phenotypes in craniofacial muscle
patterning and organization, because tendon precursors develop in
close spatial proximity to myogenic precursors in order to connect
muscles to bones.

In search of possible downstream regulators of Alk5-mediated
TGF-( signaling, we found that Bmp4 transcripts were downregu-
lated in Wnt1-Cre; Alk5"" mice at E11.5 (Table 1). BMP signaling
regulates the expansion of fetal myogenic progenitors during skel-
etal muscle development (22). We also found that Fgf4 and Fgf6
were downregulated in E13.5 tongue buds of WntI-Cre; Alk5™"
mice (Table 2). We previously showed that Fgf6 regulates myofi-
ber fusion and differentiation in the tongue (13). Therefore, we
decided to test whether Bmp4, Fgf4, and Fgf6 were responsible for
the muscle defects in WntI-Cre; Alk5™" mice.

Altered Bmp4 expression and Smad1/5/8 activation in Wnt1-
Cre; Alk5™" mice. BMP signaling is required for bone and carti-
lage formation, but it also plays a role in muscle cell survival and
differentiation. Recent studies have shown that BMP4 activates
fetal and adult myogenic cell proliferation, in addition to inhibit-
ing myogenic differentiation (22, 23). We performed real-time
RT-PCR and found that Bmp4 mRNA expression was significantly
reduced in the tongues of Wntl-Cre; Alk5™" mice at E11.5 and
E12.5 (Fig. 3M). Next, we examined the expression patterns of
Bmp4 and Pitx2 in the tongue bud, eye, and masticatory regions by
in situ hybridization. Bmp4 expression was widespread in the mes-
enchyme and epithelium of the developing tongue and other
craniofacial regions at E11.5 (Fig. 3A, C, and E). Pitx2, which
labels cranial myogenic precursors (24), was detectable in a region
adjacent to that of Bmp4-positive mesenchymal cells (Fig. 3G, I,
and K), suggesting that Bmp4-expressing CNCCs have a close spa-
tial relationship with myogenic precursor cells. In WntI-Cre;
Alk5™" mice, however, Bimp4 expression was dramatically reduced
in the mesenchyme, whereas Pitx2-positive myogenic precursors
were still detectable in all the craniofacial muscle anlagen (Fig. 3B,
D, F, H, J, and L). To determine whether Bmp4 is expressed in
CNCCs, CNC-derived (GFP-positive) cells were separated from
myogenic (GFP-negative) cells from tongue cultures of WntI-Cre;
ZsGreen mice by flow cytometric (FACS) analysis, followed by
real-time RT-PCR (Fig. 3N and O). We found that Bmp4 expres-
sion was significantly reduced in the myogenic population com-
pared to the CNC-derived GFP-positive population (Fig. 30).

To confirm that Bmp4 from CNCCs transduces Bmp signaling
in myogenic cells, we examined the phosphorylation levels of
Smad1/5/8, which are Bmp4 intracellular signaling mediators.
Phosphorylation of Smad1/5/8 was detectable in approximately
half of the myogenic precursors and was not detectable in the
surrounding mesenchyme of the craniofacial area in E11.5 control
mice (Fig. 3P to R). The phopho-Smad1/5/8-positive, MyoD-neg-
ative cells are most likely myogenic lineages that are not labeled by
MyoD. In Wntl-Cre; Alk5™" mice, we failed to detect the phos-
phorylation of Smad1/5/8 in E11.5 myogenic precursors, indicat-
ing that Bmp4-controlled downstream Smad1/5/8 signaling was
abrogated (Fig. 3S to U).

Addition of Bmp4 rescues the myogenic cell proliferation de-
fect in Wntl-Cre; Alk5"" myogenic cells in vitro. To examine the
requirement for Bmp4 in myogenic cell proliferation in the
craniofacial region, we added exogenous recombinant Bmp4 to in
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error bars indicate standard deviation.

vitro cell cultures of embryonic fibroblasts isolated from eye, mas-
ticatory, and tongue tissues at E12.5. We chose embryonic stage
E12.5 because myogenic proliferation defects occur at both E11.5
and E12.5, but the tongue primordium is more defined for micro-
dissection at E12.5, helping to prevent contamination by mandib-
ular tissues that may also be responsive to Bmp for osteogenesis.
Myogenic cell proliferation was decreased 2-fold in Wntl-Cre;
Alk5"" samples compared to control samples in medium (Fig. 4A,
G, E, G, I, and K), consistent with our in vivo data (Fig. 2). The
addition of Bmp4 to the culture medium rescued the reduction in
cell proliferation in Wnt1-Cre; Alk5™" samples (Fig. 4D, H, L, and
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M to O). We did not detect any effect on myogenic cell prolifera-
tion after addition of Fgf4 or Fgf6 (data not shown). Thus, our
data indicate that Bmp4 expression in CNCCs is required for ac-
tivating the proliferation of craniofacial myogenic cells during
early myogenesis.

In order to confirm that the rescue of proliferation by exoge-
nous Bmp4 treatment correlates with restoration of phospho-
Smad1/5/8 in Wntl-Cre; Alk5™" myogenic cells, we performed
organ culture using E12.5 tongues with bovine serum albumin
(BSA)-loaded (control) or Bmp4-loaded beads. As expected,
we failed to detect phosphorylation of Smad1/5/8 in WntI-Cre;
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Alk5™" tongues treated with control beads (Fig. 4P). However, the
levels of phospho-Smad1/5/8 were restored in myogenic cells in
Wntl-Cre; AIk5"" tongue explants treated with Bmp4-loaded
beads (Fig. 4Q and R). Thus, exogenous Bmp4 can restore the
activation of phospho-Smad1/5/8, which is critical for myogenic
cell proliferation, and rescue the muscle cell proliferation defect in
Whtl-Cre; AIk5"" mice.
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Differentiation defects in Wnt1-Cre; Alk5™" mice are due to de-
creased expression of Fgf4 and Fgf6 in the craniofacial muscles and
can be rescued with exogenous Fgf proteins. Based on our microar-
ray data from E13.5 tongues, Fgf4 and Fgf6 are downregulated in
Whtl-Cre; AIk5™" mice, suggesting a role for Fgfs in tongue myo-
genesis. We confirmed the microarray data using quantitative
real-time RT-PCR (Fig. 5M and N). mRNA levels of Fgf4 and Fgf6
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were reduced in Wntl-Cre; Alk5™" tongues to about 40% that of
controls starting at E12.5, which corresponds to the time at which
muscle differentiation begins. We also examined the expression
patterns of Fgf4 and Fgf6 in the craniofacial region using in situ
hybridization. We detected decreased expression of Fgf4 and Fgf6
in the tongue muscles, as well as in the ocular and masticatory
muscles, of Wnt1-Cre; AIk5™"" mice compared to controls (Fig. 5A
to L). Our results suggest that CNCC signals are either directly or
indirectly required for Fgf expression in myogenic cells.

Fgf6 is expressed in developing tongue muscles and is respon-
sible for muscle differentiation, especially muscle fusion (13).
To evaluate the role of reduced expression of Fgf4 and Fgf6 in
the muscle differentiation defect of Wnt1-Cre; Alk5™" mice, we
added exogenous Fgf4 and Fgf6 to an in vitro cell culture of
mouse embryonic fibroblasts isolated from eye, masticatory, and
tongue bud muscle tissues at E13.5. After culture in differentiation
medium for a week, myofibers from Wntl1-Cre; Alk5™" mice were
poorly differentiated, as well as thinner and shorter than myofi-
bers from control mice (Fig. 6B, F, J, N, R, and V). Strikingly,
addition of Fgf4 or Fgf6 resulted in partial rescue of myofiber
formation (Fig. 6C, D, G, H, K, L, O, P, S, T, W, and X). However,
the addition of both Fgf4 and Fgf6 did not show any synergistic
effect on myofiber formation in vitro, suggesting that other growth
factors may also be involved in muscle differentiation (data not
shown). Therefore, we conclude that the muscle differentiation
defect in Wnt1-Cre; AIk5™" mice is due to reduced Fgf4 and Fgf6
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expression, which is downstream of Alk5-mediated TGF- signal-
ing in CNCCs.

We investigated whether Bmp4 expression during early myo-
genesis is responsible for the expression of Fgf4 and Fgf6 during
later stages of myogenesis. To test this hypothesis, we cultured
myogenic cells from Wntl-Cre; Alk5" mice in the presence of
Bmp4 and Fgf4/6 to determine if they had a synergistic effect in the
rescue of differentiation of mutant myogenic cells. Surprisingly,
Bmp4 inhibited myogenic cell differentiation of not only the
Whntl-Cre; Alk5™" myogenic cells but also the control myogenic
cells (data not shown). Previous studies have shown an inhibitory
effect of Bmp, suggesting that Bmp inhibits premature muscle cell
differentiation (25). Therefore, Bmp4 is not upstream of Fgf
expression but inhibits muscle differentiation of myogenic cells
during fetal myogenesis. In addition, we analyzed whether exog-
enous Bmp4 can rescue Fgf4 and Fgf6 expression in the Wnt1-Cre;
Alk5"" tongues by culturing Wnt1-Cre; Alk5"" tongue buds for 24
h with control or Bmp4 beads and found that neither Fgf4 nor Fgf6
expression was rescued by exogenous Bmp4 (data not shown).
Thus, the induction of Fgf4 and Fgf6 expression by CNCCs does
not appear to be downstream of Bmp4.

CNC-derived tendon formation is compromised by loss of
AIK5 signaling. Muscle and tendon development involves recip-
rocal tissue-tissue interactions for the establishment of the mus-
culoskeletal system (26). To determine if the induction and differ-
entiation of tendon precursors are also disrupted in WntI-Cre;
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Alk5™" mice, we analyzed the Scleraxis expression pattern in
craniofacial tissue using in situ hybridization. Scleraxis is a bHLH
transcription factor involved in the formation of tendons and
connective tissues (27). At E13.5, the expression of Scleraxis was
detectable and restricted to the musculotendinous junctions in
craniofacial muscles, the lingual septum, and the tendons con-
necting the genioglossus in the tongue (Fig. 7A, C, and E). In
contrast, Scleraxis expression in Wnt1-Cre; Alk5™" mice was dra-
matically reduced overall at E13.5 (Fig. 7B, D, and F). Real-time
RT-PCR confirmed that Scleraxis expression was reduced in
Whtl-Cre; Alk5™" mice at E11.5, E12.5, and E13.5, indicating that
Scleraxis expression is downstream of Alk5-mediated TGF- sig-
naling in CNCCs (Fig. 7G).

DISCUSSION

TGEF-p signaling in CNCCs in craniofacial myogenesis. We have
found that Bmp4 and Fgf4/6 act downstream of Alk5-mediated
TGE-P signaling to control the proliferation of myogenic precur-
sors and the initiation of muscle differentiation during early stages
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of craniofacial myogenesis. Noncanonical TGF- signaling in
CNCCs also plays a significant role in regulating muscle organi-
zation, proliferation, and differentiation during secondary myo-
genesis. We recently reported that craniofacial muscles, including
the tongue, were also malformed in Wnt1-Cre; Tgfbr2™" mice, and
this phenotype was evident during secondary myogenesis (12, 28).
In Wntl-Cre; Tg]‘erﬂ/ﬂ mice, noncanonical TGF-f signaling in
the absence of TGF-f type 2 receptor (Tgfbr2) leads to misregu-
lation of the Bmp5 and Fgf4/5/6 signaling pathways, affecting fetal
myoblast cell proliferation and muscle differentiation. Thus, both
canonical and noncanonical TGF-f signaling in CNCCs control
the different stages of craniofacial myogenesis by activating alter-
native signaling mediators.

Bmp4 from CNCCs is critical for the proliferation of embry-
onic myogenic progenitors. In this study, we have demonstrated
that Bmp4 ligands are expressed in the tongue bud, eye, and mas-
ticatory regions in tissues adjacent to developing muscles. Bmps
are members of the TGF-3 superfamily and play a crucial role in
cardiac and skeletal myogenesis (29). Bmp signaling from neural

Molecular and Cellular Biology


http://mcb.asm.org

TGF-B Signaling and Tongue Development

Control Wnt1-Cre;Alk5"
ol « Sl fge ~ “ Scl
She ‘.‘5 : & Scleraxis
b2 ; 1.2
|9 : J % 1 P I 3
e ot — 3= ) . i
- = O
< 508
C . Scl p “ Scl 5206
) N 7 \ ES™
) P ): 2004
NGl ,‘.'/ S % vo 2
o i g oo
e
< Scl Scl 0 ‘ ' *
SB .\ ¥ E11.5 E125 E135
-% N 7 =e—control —+—mutant
(U e,
= i i
H Proliferation > Differentiation
E11.5 Bmp4 E125 E13.5 Fgf4/6 NB
| NN K E13.5
Fetal myogenic ($> Pax7
precursors
\
Myogenic . Mvogenin
)@\ precursors Committed il D:s,g,,-,,
ond @ myoblast
1> Bmpa CNCCs
Md Sa—
Fgf4/6
@ Myogenic precursors _@fyﬂ%
&
CNCCs Fgf4/6  Fgf4/6

FIG 7 Tendon differentiation is compromised in the craniofacial region of Wnt1-Cre; Alk5™" mice. (A to F) In situ hybridization of Scleraxis in the tongue (A
and B), eye (Cand D), and masticatory (E and F) regions of E13.5 control and WntI-Cre; Alk5™" mice. The arrows indicate expression of Scleraxis in control mice.
(G) Real-time RT-PCR of Scleraxis in the tongues of E11.5, E12.5, and E13.5 control and Wnt1-Cre; Alk5™" (mutant) mice. Scale bars, 200 wm. (H to J) The
Alk5-mediated TGF-f signaling pathway in CNCCs contributes to early and late myogenesis in the craniofacial region. Bmp4 from CNCCs induces proliferation
of myogenic precursors during early myogenesis at E11.5 and E12.5. Later, TGF- signaling in CNCCs induces the expression of Fgf4 and Fgf6 in myogenic cells,
which is critical for myogenic differentiation of the craniofacial muscles. NT, neural tube; Md, mandible; GF, growth factors. The error bars indicate standard

deviation.

crest cells is involved in the inhibition of myogenic differentiation
in somites. Previous studies have shown that Bmp4 signaling con-
trols cell proliferation of Pax7-positive myogenic precursors (22).
Bmp stimulates fetal muscle growth by increasing the number of
satellite cells in chick limbs, but it is unclear whether Bmp4 also
has a stimulatory effect on the proliferation of myogenic precur-
sors during embryonic stages (22). Here, we have shown that
Bmp4 is expressed in the mesenchyme that surrounds myogenic
precursors and that Bmp4 induces proliferation during early em-
bryonic myogenesis in the craniofacial region. CNCC expression
of Bmp4 may promote expansion of myogenic precursors before
they undergo terminal differentiation. Our finding that Bmp4
beads can restore Bmp signaling in Alk5 mutant tongue explants,
as evidenced by the presence of phospho-Smad1/5/8, suggests that
Bmp4 acts downstream of Alk5-mediated TGF-{ signaling to con-
trol muscle formation.
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Fgfs play an important role in primary muscle differentia-
tion. Members of the fibroblast growth factor (FGF) family con-
trol a variety of cellular events in limb development, with differ-
ential expression patterns (30). Moreover, skeletal muscle
differentiation is regulated by the expression of MRFs that are
induced by various factors, including FGFs (31, 32). Among the
FGF family members, Fgf4, Fgf6, and the receptor Fgfr4 are ex-
pressed in the somite myotomes, in developing skeletal muscles in
the limbs, and in the tongue (33-35). We found that Fgf4 and Fgf6
are also expressed in all developing muscles in the craniofacial
region, including the tongue, eye, and masticatory muscles, with
similar expression patterns. The expression of both Fgf4 and Fgf6
was abrogated in WntI-Cre; Alk5"" mice, suggesting that their
expression in craniofacial muscles is induced by CNCCs during
early craniofacial myogenesis. We have previously shown that Fgf6
expression in the tongue muscles is important for muscle differ-
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entiation, especially muscle fusion in the tongue bud (13). In
Whntl-Cre; Alk5"" mice, severe muscle differentiation defects are
associated with the loss of Fgf4 and Fgf6. The muscle differentia-
tion defects were rescued by exogenous Fgf4 and Fgf6. Different
members of the FGF family that are expressed in different tissue
compartments play distinct roles in muscle proliferation and dif-
ferentiation. For example, in chick limb myogenesis, overexpres-
sion of mFgf4 (mouse Fgf4) inhibits terminal muscle differentia-
tion (36). Our data show that Fgf4 and Fgf6 are crucial for muscle
differentiation during craniofacial myogenesis in mice. However,
the mechanism by which CNCCs induce Fgf4 and Fgf6 expression
in the muscles to promote differentiation remains to be eluci-
dated.

Role of CNCCs in muscle organization and differentiation.
Previous studies have shown that CNCCs instruct the patterning
of surrounding tissues, including muscles (6, 37). We previously
reported that TGF-3 signaling-mediated scleraxis expression is
required for tendon formation by CNCCs in developing tongue
muscles (12). We found that a subpopulation of CNCCs are
Scleraxis-positive mesenchymal cells and that this subpopula-
tion does not precisely overlap the subset of Bmp4-expressing
CNCCs in wild-type mice. The Scleraxis-expressing CNCCs
differentiated into tendons in the craniofacial region. Disrup-
tion of Alk5 signaling in CNCCs reduced the population of
Scleraxis-positive cells, resulting in defects in tendon forma-
tion, followed by aberrant muscle organization. Our data sup-
port previous lineage-tracing and quail chick chimera studies
using myogenic precursors in the somites, which have shown
that muscle-patterning information comes from extrinsic cues,
not from myogenic cells themselves (19). Thus, CNCCs play
multiple roles in myogenic proliferation and differentiation, as
well as in muscle patterning.

Bmp and Fgf signaling in the differentiation of myofibers
during primary myogenesis. The timing of differentiation of
myogenic precursors into primary myofibers is important for de-
termining muscle type and organization. Our schematic diagram
(Fig. 7H to J) summarizes Bmp and Fgf signaling in the early and
later stages of craniofacial myogenesis. Migrated myogenic pre-
cursors expand their population in response to Bmp4 during
E11.5 and E12.5 downstream of Alk5-mediated TGF-B signaling
in CNCCs. Terminal muscle differentiation of myoblasts in the
later myogenic stage is also dependent on Alk5-mediated TGF-3
signaling in CNCCs mediated by Fgf4 and Fgf6. However, Bmp4 is
not responsible for the expression of Fgf4 and Fgf6, and it actually
inhibits muscle differentiation. Previous studies have shown that
Bmp inhibits muscle differentiation by controlling cell cycle exit
rather than promoting differentiation in adult satellite cells (23,
25). During embryonic myogenesis, Bmp inhibits muscle differ-
entiation of myogenic precursors in the dermomyotome in ze-
brafish (38). It remains unclear how Bmp4 signaling is inhibited
before the onset of primary myogenic differentiation in the
craniofacial region, because the expression of Bmp4 inhibitors,
including Noggin, Chordin, and Gremlin, was not significantly
altered in our microarray data for E11.5 and E13.5 WntI-Cre;
Alk5"" mice.

Temporal and spatial regulation of craniofacial myogenesis
by CNCCs. Myogenesis is a multistep process during which myo-
genic precursors interact with surrounding tissues. After the mi-
gration of myogenic cells to the myogenic core in the first bran-
chial arch, myogenic precursors are in direct contact with
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surrounding tissues that are mostly composed of CNCCs. Loss of
Alk5 in CNCCs results in defects in myogenic proliferation and
muscle organization and differentiation, suggesting that CNCCs
control craniofacial myogenesis. In this study, we show that
CNCCs play dual roles in early and late myogenesis via Bmp and
Fgf signaling, which are involved in muscle proliferation and dif-
ferentiation, respectively, as the schematic diagram depicts. This
study will be crucial for understanding craniofacial muscle devel-
opmental defects and regeneration.
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