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Cranial neural crest cells (CNCCs) are a population of multipotent stem cells that give rise to
craniofacial bone and cartilage during development. Bone morphogenetic protein (BMP) signaling
and autophagy have been individually implicated in stem cell homeostasis. Mutations that cause
constitutive activation of the BMP type | receptor ACVR1 cause the congenital disorder
fibrodysplasia ossificans progressiva (FOP), which is characterized by ectopic cartilage and bone
in connective tissues in the trunk and sometimes includes ectopic craniofacial bones. Here, we
showed that enhanced BMP signaling through the constitutively activated ACVR1 (ca-ACVRL1) in
CNCCs in mice induced ectopic cartilage formation in the craniofacial region through an
autophagy-dependent mechanism. Enhanced BMP signaling suppressed autophagy by activating
mTORC1, thus blocking the autophagic degradation of p-catenin, which, in turn, caused CNCCs
to adopt a chondrogenic identity. Transient blockade of mTORCL, reactivation of autophagy, or
suppression of Wnt—p-catenin signaling reduced ectopic cartilages in ca-AcvrZ mutants. Our
results suggest that BMP signaling and autophagy coordinately regulate p-catenin activity to direct
the fate of CNCCs during craniofacial development. These findings may also explain why some
patients with FOP develop ectopic bones through endochondral ossification in craniofacial
regions.

INTRODUCTION

Multipotent cranial neural crest cells (CNCCs) are the largest contributor to the developing
face (1, 2). During craniofacial development, CNCCs delaminate from the neural tube and
migrate into branchial arches (BAs), where they differentiate into various distinct cell types,
such as osteocytes, chondrocytes, and glia, and give rise to most of the anterior craniofacial
tissues (1-3). Defects in the delamination, migration, or differentiation of CNCCs lead to a
variety of craniofacial abnormalities (4). CNCCs have multipotency before, during, and after
their active migration (5-9); however, questions concerning the molecular mechanisms
underlying the fine control of differential cell fate specification from CNCCs during
craniofacial development are far from resolved.

The craniofacial skeleton has unique characters compared to the bones of the appendicular
skeleton. The anterior cranial bones and cartilages are derived from CNCCs, whereas the
posterior part is derived from the paraxial mesoderm, which is the same origin for axial
bones (9, 10). Most of the elements of the craniofacial skeleton are formed through
intramembranous ossification, in which CNCC-derived progenitors proliferate, condense,
and differentiate directly into osteoblasts without generating a cartilage intermediate. Bones
in the skull base and parts of the mandible, such as the condyle process, are formed through
endochondral ossification by CNCC-derived chondrocytes. Most of the appendicular, spine,
and thoracic skeletons are derived from mesodermal tissues and formed through
endochondral ossification. Neural crest cells that developed in the trunk region do not
participate in appendicular skeletogenesis (11).

Bone morphogenetic protein (BMP) signaling, which is mediated by intracellular Smad
proteins, plays important roles in craniofacial development by balancing migration, self-
renewal, cell fate specification, survival, and differentiation of CNCCs, thus contributing to
both shape and functionality of normal craniofacial features (12, 13). The appropriate
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amount of BMP signaling is required for proper craniofacial morphogenesis (14). We and
others (15-17) have reported that constitutively activated or loss-of-function mutation of
Bmprla, which encodes a BMP type | receptor, in neural crest cells differentially affects
orthotopic craniofacial tissue morphogenesis. ACVR1, another BMP type | receptor, has
received much clinical attention because an activating mutation in ACV/R1 is responsible for
fibrodysplasia ossificans progressiva (FOP), a rare disorder characterized by heterotopic
bone formation through endochondral ossification in connective tissues (18, 19). Some
patients with FOP develop mandible hypoplasia and ectopic chondrogenesis and bone in the
craniofacial region involving the temporomandibular joint, muscles, and associated fascia of
the head and neck (20).

Although mice lacking Acvr in CNCCs display multiple craniofacial defects, overall cell
fate specification and the formation of major cartilage structures are not affected (21). Mice
lacking Acvr1 in chondrocytes display subtle changes in cartilage development (22),
suggesting that BMP signaling mediated by ACVRL1 plays a role in cartilage formation and
homeostasis. ACVR1 may have different functions from BMPR1A in craniofacial
development, because we previously found that heterozygous null mutations in Acvr fail to
rescue the craniosynostosis caused by constitutively active BMPR1A, whereas heterozygous
null mutations in Bmprlarescue it (15, 23). Here, we report an unexpected role for
constitutively activated ACVR1 (ca-ACVR1), such as that occurs in patients with FOP, in
fine-tuning BMP signaling to promote CNCC fate specification toward a chondrogenic
lineage, resulting in ectopic cartilage formation within the craniofacial region.

Autophagy, a highly coordinated and evolutionarily conserved catabolic process, plays a
crucial role during early embryonic development and in maintaining stem cell homeostasis
(24). Dysregulation of autophagy is associated with a variety of human diseases and
developmental defects, such as cancer and congenital disorders of autophagy (25-27). It has
been reported that autophagy induced by ciliation directs human embryonic stem cells to a
neuroectoderm lineage by degrading the fate determinant (28). In neural crest cells,
autophagy is known to be involved in regulating their generation, survival, and
differentiation into neurons in vitro (29, 30). However, it remains unclear whether functional
coordination between BMP and autophagy contributes to the regulation of stem cell fate,
especially CNCCs in the context of craniofacial development.

We found that augmented BMP signaling through ca-ACVR1 in CNCCs suppressed
autophagic activity, thus directing CNCCs to an aberrant chondrogenic fate. Mechanistically,
augmented BMP signaling suppressed autophagy by stimulating mammalian target of
rapamycin complex 1 (mTORCL) activity, thus blocking the autophagic degradation of p-
catenin and increasing Wnt—3-catenin signaling activity in CNCCs, leading to chondrogenic
fate specification. Together, our results identify a role for a previously unreported BMP-
autophagy—f-catenin signaling axis in regulating chondrogenic cell fate specification from
neural crest cells during craniofacial development.
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ca-ACVR1 in neural crest cells causes ectopic cartilage formation during craniofacial
development

To investigate the function of enhanced BMP signaling mediated by ACVR1 in CNCCs in
vivo, we bred transgenic mice that express a constitutively active form of AcvrZ (ca-
Acvriflox/flox or ca- Acvr1f0x/#) (31) with neural crest-specific £0-Cre mice (32). Compared
with Cre-negative controls [ca-Acvr1™*:PO-Cre(-), designated as wild type] and the
transgene negative controls (ca-Acvr1** ;PO-Cre, designated as controls), the mutant mice
(ca-AcvrioX'* :po-Cre, hereafter referred to as ca-Acvr mutants) died soon after birth with
severe craniofacial abnormalities including cleft lip, cleft palate, and strongly attenuated
craniofacial bone formation, including the skull, maxilla, and mandible (Fig. 1A and fig. S1,
A and B). Because an internal ribosome entry site—enhanced green fluorescent protein
(IRES-EGFP) cassette was placed 3 to ca-Acvr! in the transgene construct, EGFP
fluorescence can be used to trace ca-AcvrI-expressing cells after Cre recombination (31). In
the ca-Acvrl mutants, a cluster of EGFP signal was detected in the craniofacial region (Fig.
1B). We observed higher amounts of phosphorylated Smads 1, 5, and 9 (pSmad1/5/9), which
mediate canonical BMP signaling, in the facial region of the ca-AcvrZ mutants compared
with wild type and controls (about twofold; Fig. 1C and fig. S10). Therefore, ca-ACVR1 in
CNCCs enhanced BMP signaling in vivo.

Although ca-Acvr mutants showed normal cartilage structure in the trunk region, they
displayed ectopic cartilages in the craniofacial region (Fig. 1D and fig. S1B). The ectopic
cartilages robustly expressed ColZal (Fig. 1E), which encodes the alpha 1 chain of collagen
type I, the principal and specific matrix protein deposited by chondrocytes (33). Safranin O
staining further illustrated that ectopic cartilages were formed extensively throughout the
craniofacial region in the mutants, including the skull base, palate, jaw, and tongue (Fig. 1F).
Serial cranial sections of R26R™7MG reporter mice, in which ubiquitously expressed
tdTomato is replaced by EGFP in Cre-expressing cells, showed that PO-Cre-driven cells
(GFP positive) were abundantly present in ectopic cartilages (Fig. 1F and fig. S1C). In
addition, the phenotype of ectopic cartilage formation was recapitulated in mice using a
different neural crest-specific Cre driver, Wnti-Cre (ca-Acvr10%* :Wnti-Cre, fig. S1D).
These results show that ca-ACVR1 in CNCCs caused extensive ectopic cartilage formation
during craniofacial development.

ca-ACVR1 commits CNCCs to a chondrogenic lineage

We then determined how ectopic cartilages were formed. The first branchial arch (BA1) is
derived from CNCCs and develops into several craniofacial elements, such as the mandible
and tongue (1, 2). Histological analysis showed that the morphology of BA1 was
comparable between controls and ca-Acvr mutants at embryonic day 10.5 (E10.5; fig.
S1E). Abnormal structures were observed in the tongue at E11.5 (fig. S1E) and then
extended and showed cartilage morphology in the mutants as development progressed (fig.
S1E). We next analyzed the pattern of Sox9 and the density of Sox9-positive cells (cell
number per square millimeter) during development, because Sox9is required for
chondrogenic lineage identity, and condensation of Sox9-positive cells is a prerequisite for

Sci Signal. Author manuscript; available in PMC 2021 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 5

chondrogenesis (34). Sox9 production in control embryos was restricted in the areas where
mesenchymal condensation was initiated to develop orthotopic craniofacial cartilages, such
as Meckel’s cartilage, at E11.5 and E12.5 (Fig. 2, A and B, and fig. S2D). However, Sox9
was ectopically distributed in the uncondensed mesenchymal areas of the tongue in ca-
Acvrl mutants at E11.5 (Fig. 2A). The density of these ectopic Sox9-positive cells, which
are presumptive ectopic cartilages, increased to a similar level with that of orthotopic Sox9-
positive cells in controls at E12.5 (Fig. 2B). The expression of Sox9transcripts in the BA1
tissues of mutants was also significantly higher than that in controls at E11.5 (Fig. 2C).
These data suggest that E11.5 was a critical time point for the initiation of ectopic
chondrogenesis in ca-Acvrl mutants.

Using CNCCs isolated from E11.5 BAL tissues (BAL cells), we determined whether ca-
ACVR1 in CNCCs changed their in vitro chondrogenic capacity (35-37). Whereas their
proliferation rate was comparable to that of controls (fig. S2A), ca-AcvrI mutant BA1 cells
produced significantly more Sox9 than did controls (Fig. 2D). Using a micromass culture
system to evaluate chondrogenesis (Fig. 2E), we found that ca-AcvrZ BA1 cells developed
larger cartilaginous nodules (Fig. 2, F and G) and showed higher expression of chondrogenic
markers compared with controls (Fig. 2H). Because mutant embryos were characterized by
the formation of ectopic cartilages rather than the expansion of orthotopic cartilages, these
results indicate that ca-ACVR1 altered CNCC fate to generate an aberrant chondrogenic
lineage.

We examined whether enhanced BMP signaling affects migration, proliferation, and/or
survival of CNCCs. Fate mapping analysis after crossing the R26R-4¢< reporter into mutant
embryos (ca-Acvrl0%* .pg-Cre: R26R-%¢Z) showed no overt migration abnormalities
compared with controls (ca-AcvrI** ,PO-Cre; R26R-%°Z; fig. S2B). Amounts of cell
proliferation and death were comparable between control and mutant BA1 tissues (fig. S2C).
Together, these results suggest that enhanced BMP signaling through ca-ACVR1 altered the
fate of CNCCs into an aberrant chondrogenic lineage without influencing cell migration,
proliferation, or survival.

Skeletal stem cells (SSCs), the multipotent progenitors of skeletal tissues, play important
roles in skeletal development (38). SSCs have been reported to be in CNCC-derived cranial
sutures, which contribute to skull bone formation (39), suggesting that SSCs may be present
in other CNCC derivatives. Thus, we investigated whether BA1 tissues showed SSC
characters that were disturbed by enhanced BMP signaling in CNCCs. We examined G/i1, a
marker of stem cells in facial development (39), and several skeletal stem markers frequently
used in the study of long bone development, including CD44, Thyl, Leor, Pdgfra, and Ctsk.
The expression of these SSC markers did not change in mutant BA1 cells compared to
controls (fig. S3A). In addition, the distributions of CD146, CD44, and Thy1 were
comparable between control and ca-AcvrI mutant BAL tissues (fig. S3B). These findings
suggest that SSC markers were expressed in BA1 tissues but were not affected by enhanced
BMP signaling during craniofacial development.
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Commitment of CNCCs to the chondrogenic lineage depends on enhanced canonical
BMP-Smad signaling

BMP signaling is transduced by activating Smad-dependent (canonical signaling) and/or
Smad-independent (noncanonical signaling) pathways (12). We therefore determined the
downstream signaling mediated by ca-ACVR1 in CNCCs. We found that although
pSmad1/5/9 was sporadically distributed in BA1 tissues of controls, including the tongue
and Meckel’s cartilage, it was significantly increased and abnormally aggregated in ca-
Acvrl mutants (Fig. 3, A and B, and fig. S2D). Although PO-Cre labeled almost all CNCCs,
pSmad1/5/9 was only detected in a subset of CNCCs in BAL tissues of ca-Acvrl mutants
(fig. S4A). Furthermore, pSmad1/5/9-positive cells were aggregated and mostly colocalized
with EGFP, which marks cells expressing the ca-Acvr transgene (Fig. 3A). In control
embryos, Sox9-positive cells were aggregated in the mandible and scattered in other areas,
such as the tongue. In control embryos, some Sox9-positive cells in the mandible were also
positive for pSmad1/5/9, whereas Sox9-positive cells were all negative for pSmad1/5/9 in
the tongue and other areas (Fig. 3B). However, in ca-AcvrI mutant embryos, Sox9-positive
cells were aggregated in the mandible and other areas (Fig. 3B). Compared with controls,
the ca-AcvrI mutant embryos showed more pSmad1/5/9-positive cells colabeled with Sox9
in the tongue and other craniofacial regions, including the mandible (Fig. 3B). Similarly,
treating BAL cells from control embryos with exogenous BMP7 significantly increased the
number of Sox9-positive cells, most of which were colocalized with pSmad1/5/9 (Fig. 3C).
However, the activities of Smad-independent BMP pathways, including mitogen-activated
protein kinase (MAPK) pathways [phosphorylated transforming growth factor— (TGF-B)-
activated kinase 1 (pTAK1), phosphorylated p38 (pP38), phosphorylated extracellular
signal-regulated kinase (pERK), and phosphorylated Jun N-terminal kinase (pJNK)], and
Smad-dependent TGF- signaling (pSmad2) were unchanged in the mutants compared to
controls (fig. S4, B to D and F). These observations indicate that the MAPK and Smad-
dependent TGF-B signaling pathways did not contribute to the phenotypes caused by the
expression of ca-ACVRL1 and were further supported by the finding that the deletion of 7akZ
(ca-Acvr1fox/* - Tak17lox/flox py. Cre) failed to rescue the craniofacial abnormalities observed
in ca-Acvrl mutants (fig. S4E).

To determine the involvement of Smad-dependent signaling in ectopic cartilage formation,
we suppressed phosphorylation of Smad1/5/9 with LDN193189, a selective chemical
inhibitor of BMP type | receptor kinases (18). LDN193189 reduced the phosphorylation of
Smad1/5/9 in BAL cells (fig. S5, A and H) while leaving Smad-independent pathways intact
(fig. S5, B and 1), as expected. LDN193189 suppressed cartilage matrix deposition of BAl
cells in a dose-dependent manner (fig. S5C). LDN193189 treatment at day 1 of cell culture
significantly decreased cartilage matrix deposition by BAL cells, but treatment on days 2 to
5 did not (Fig. 3D). We further confirmed that the BA1 cells on day 2 were more committed
to the chondrogenic fate compared with day 0, especially in ca-AcvrZ mutants, whereas cell
proliferation and cell death were unaltered (fig. S6, A to I). Although the number of cells
expressing osteogenic and myogenic markers was increased on day 2 compared with day 0,
no difference was identified between the controls and the mutants for those markers (fig. S6,
G and H). These findings suggest that the amount of Smad-dependent BMP signaling is
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critical for proper cell fate specification during the phase of chondrogenic lineage
commitment.

Consistent with these observations in vitro, administration of LDN193189 (2.5 mg/kg) twice
per day into pregnant females starting at E11.25 suppressed ectopic cartilage formation with
decreased pSmad1/5/9 in BAL tissues (Fig. 3E and fig. S5, D and J). However, LDN193189
treatment at later stages, starting at E12.25, did not suppress ectopic cartilage formation even
though it reduced pSmad1/5/9 abundance in BA1 tissues (fig. S5, D to F). Treatment with
LDN193189 (7.5 mg/kg) from E11.25 to E13.5 diminished orthotopic cartilages, such as
Meckel’s cartilage and occipital arch cartilage, in both control and ca-Acvrl mutant
embryos (fig. S5G), suggesting that ectopic cartilage is formed through the same
mechanisms as normal cartilage. Together, these results indicate that enhanced BMP-Smad
signaling was responsible for the ectopic chondrogenic fate specification and facial cartilage
formation in ca-Acvrl mutants.

Commitment of CNCCs to the chondrogenic lineage requires activation of the BMP-
mMTORCL1 signaling axis

Because mMTORC1 is critical for chondrogenesis by CNCCs during craniofacial development
(40), we investigated whether enhanced BMP signaling associated with mTORC1 signaling
in CNCCs in ca-Acwvrl mutants. Phosphorylation of the S6 ribosomal protein (pS6), a
surrogate marker of mMTORC1 activity, was increased in the BA1 tissues of ca-Acvrl
mutants (Fig. 4A and fig. S10). pS6-positive cells, which were abnormally aggregated in the
BAL1 tissue of mutants, were mostly colabeled with Sox9 (Fig. 4B), indicating a potential
correlation between the activation of mMTORC1 and ectopic cartilage formation. LDN193189
treatment reduced pS6 in BAL cells from mutants (Fig. 4C and fig. S10), suggesting that
mMTORC1 functioned downstream of BMP signaling.

To determine the role of mMTORCL signaling in chondrogenic fate specification, we
suppressed mTOR signaling in BA1 cells using small interfering RNA (siRNA) against
Raptorand Rictor, major components of mMTORC1 and mTORC2, respectively. Knocking
down Raptor, but not Rictor, decreased the amount of pS6 (fig. S7, A and G) and efficiently
suppressed cartilage matrix deposition by ca-AcvrZ mutant BA1 cells (Fig. 4D). The
mTORC1 inhibitor rapamycin also reduced the amount of pS6 and suppressed
chondrogenesis in ca-Acvrl mutant BAL cells (Fig. 4E and fig. S7, B and H). About 70% of
the ca-AcvrI mutant embryos from mothers treated with rapamycin from E11.25 to E13.5
developed less ectopic cartilages compared to mutant embryos from vehicle-treated mothers
(Fig. 4F and fig. S7, C and I). Rapamycin treatment starting at later stages (E12.25 to E13.5)
reduced pS6 but failed to suppress ectopic cartilage formation in ca-Acvrl mutants (fig. S7,
C, D, and 1), suggesting that reduction of mTOR signaling during chondrogenic commitment
was critical. These results indicate that enhanced mTORC1 signaling by ca-ACVR1 played a
pivotal role in committing CNCCs toward a chondrogenic lineage.

Wnt-B-catenin signaling activated by mTORCL1 alters the fate of CNCCs

Whnt—p-catenin signaling is involved in BMP2-induced ectopic cartilage formation (41). We
found that p-catenin-positive cells were abnormally aggregated and colabeled with EGFP in
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the BAL tissue of ca-Acvrl mutants (Fig. 5A). The amounts of total and active B-catenin in
mutant BA1 tissues were higher than those in controls (Fig. 5B and fig. S10). In addition,
the expression of Wnt—f-catenin target genes, including Cnx43, Ccnd1, and Lef1, was also
significantly higher in the BAL tissues of mutants (Fig. 5C). BMP7 treatment significantly
increased the number of BA1 cells colabeled by Sox9 and p-catenin (Fig. 5D). We examined
the expression of key regulators of Wnt—p-catenin signaling, such as Dkk1, Dkk2, Sost, and
Lrp5. Although the amounts of DkkZ, Sost, and Lrp5 transcripts were unaltered, DkkZ
mMRNA increased (fig. STE). We previously reported that osteoblast-specific AcvrZ knockout
mice activate Wnt—p-catenin signaling through the suppression of the Wnt signaling
inhibitor DKK1 (Dickkopf-related protein 1) (42). In agreement with that finding, we found
an activation of Wnt signaling and increased expression of DkkZ in ca-Acvrl mutants. These
findings suggest that the up-regulation of Wnt—p-catenin signaling in ca-AcvrZ mutants may
be caused by a DKK1-independent mechanism. Knockdown of Raptoror treatment with
rapamycin significantly attenuated the accumulation of B-catenin and active p-catenin (Fig.
5E and fig. S10), as well as the expression of Cnx43, Ccnd1, and LefI (fig. S7TF) in BAl
cells from ca-AcvrZ mutants. These results indicate that Wnt—p-catenin signaling activity
may be increased through mTORCL1 signaling in ca-AcvrI mutants.

Functionally, we found that cartilage matrix deposition of ca-AcvrZ mutant BA1 cells was
suppressed by knocking down p-catenin (encoded by CinnbI) or XAV939, a tankyrase
inhibitor that suppresses Wnt—f-catenin signaling (Fig. 5F) (43) but enhanced by exogenous
Whnit3a (Fig. 5F). We confirmed that the amount of B-catenin was reduced by the treatment
with either siCtnnb1 or XAV939 in control and ca-Acvrl mutant BA1 cells (fig. S8, A, B, K,
and L) and increased by treatment with exogenous Wnt3a (fig. S8, C and M). Rapamycin
efficiently mitigated the effect of Wnt3a on chondrogenic fate specification from BA1 cells
(Fig. 5F), indicating that the chondrogenic effect of Wnt—p-catenin signaling depended on
mTORC1 signaling. XAV939 efficiently suppressed cartilage matrix deposition when
applied at day 1 but not when applied on days 2 to 5 (fig. S8, D to F), suggesting that the
mTOR-Wnt-—f-catenin signaling axis is responsible for committing CNCCs into the
chondrogenic lineage. Maternal administration of XAV939 starting at E11.25 efficiently
suppressed ectopic cartilage formation in most mutant embryos (Fig. 5G and fig. S8, G and
N). However, XAV939 treatment starting at later stages (from E12.25 to E13.5) failed to
rescue ectopic cartilage formation, although it reduced the amount of B-catenin in the BA1
tissues of ca-Acvrl mutant embryos (fig. S8, G and H). It has been reported that Wnt—p-
catenin signaling suppresses chondrogenesis in mesenchymal progenitor cells (44, 45).
Consistent with this notion, we found that suppression of Wnt—p-catenin signaling using
siCtnnb1 or XAV939 enhanced chondrogenesis in primary cells from limb buds (fig. S8, I, J,
and O). These findings demonstrate that the function of Wnt—f3-catenin signaling in
promoting or inhibiting chondrogenesis is context dependent.

Augmented BMP signaling suppresses mTORC1-dependent autophagic degradation of p-

catenin

In the canonical Wnt-p-catenin signaling pathway, the amount of p-catenin is regulated by a
destruction complex that depends on the activity of glycogen synthase kinase-3 p (GSK3p),
which phosphosphorylates p-catenin, thus targeting it for degradation. Wnt stimulation
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inhibits the destruction of B-catenin by promoting the phosphorylation of GSK3p at Ser?
(46). The amounts of both GSK3p phosphorylated at Ser® and total GSK3p were unaltered
in BAL1 tissues from ca-Acvrl mutants (Fig. 6A and fig. S11), suggesting that the increased
activity of -catenin in ca-AcvrI mutants could not be explained simply by the inhibition of
the canonical B-catenin destruction complex.

It has been reported that autophagy negatively controls p-catenin activity in cancer cells and
human embryonic kidney 293 cells (47-49). Because mTORC1 is a master regulator of
autophagy (24), together with our data showing that f-catenin activity was suppressed by
Raptor knockdown or rapamycin treatment (Fig. 5E), we hypothesized that B-catenin
activity in CNCCs could be regulated through autophagy. To test this possibility, first, we
examined the expression of several autophagy markers. The amounts of the autophagy
proteins Atg5 and LC3-11 were reduced, whereas P62, a known substrate for autophagic
degradation (24), was increased in BAL tissues in ca-AcvrI mutants (Fig. 6A and fig. S11).
The number of LC3 puncta in EGFP-positive cells in mutants was lower than that in EGFP-
negative cells in these tissues in both control and ca-AcvrI mutants, including the tongue,
maxilla, and mandible (Fig. 6B and fig. S9A). Transmission electron microscopy (TEM)
analyses confirmed that the number of membranous vacuoles resembling autophagic
vacuoles was significantly lower in the condensed cells of the ca-AcvrZ mutants compared
with controls (Fig. 6C), consistent with a reduction in autophagy in the mutant cells.
Treatment with chloroquine (CQ), an inhibitor of lysosomal acidification and
autophagosome degradation (24), reduced the accumulation of P62 and LC3-11 in ca-Avcrl
mutant cells compared to control cells (Fig. 6D and fig. S11), suggesting that the autophagic
machinery was functional in the mutant cells but that there was reduced autophagic flux. In
addition, CQ increased cartilage matrix deposition by both control and BA1 cells (Fig. 6D
and fig. S9B). In comparison, transactivating regulatory protein-Beclin 1 (Tat-Beclinl), an
autophagy-inducing peptide (50), increased autophagic flux and suppressed the cartilage
matrix deposition of control BAL cells (Fig. 6E and figs. S9B and S11). These findings
indicate that the suppression of autophagy is involved in the ectopic specification of
chondrogenic fate in ca-Acvr mutants.

Next, we determined whether autophagy acted downstream of the BMP-mTORC1 axis.
Treatment with LDN193189, rapamycin, or siRaptor reactivated autophagy in ca-Acvrl
mutant BA1 cells, as indicated by an increase in LC3-I1 and a reduction in p62 (Fig. 6F and
fig. S11). On the other hand, in the presence of CQ, treatment with either LDN193189 or
rapamycin did not suppress the deposition of cartilage matrix by ca-AcvrZ mutant BA1 cells
(fig. S9C). These findings were further supported by superimposing null alleles of Azg5 (51)
into ca-Acvrl mutants to genetically block autophagic activity (fig. S9, D and J). In addition,
treatment with LDN193189 or rapamycin failed to suppress the ectopic cartilage formation
in the compound Atg5, ca-Acvrl mutant embryos (ca-Acvr10X* - Atgsf1oxX/flox-po-Cre; fig.
S9E). These results indicate that autophagy acted downstream of BMP-mTORC1 signaling
during ectopic cartilage formation.

To evaluate a potential direct interaction between autophagy and p-catenin abundance in
CNCCs (47-49), we examined the sub-cellular distribution of B-catenin and LC3-11.
Confocal microscopy revealed the colocalization of B-catenin and LC3 puncta in control
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BAL1 cells (Fig. 6G). Molecular association among p-catenin, LC3, and P62 was confirmed
by coimmunoprecipitation in both control and ca-Acvrl mutant BA1 cells (Fig. 6H and fig.
S11). Although the amount of B-catenin was increased in ca-AcvrZ mutant cells, the amount
of B-catenin that associated with LC3 in the cells was decreased compared with control cells
(Fig. 6H and fig. S11). We obtained similar results using lysates from BA1 tissues from
control and ca-AcvrZ mutant embryos (fig. S9, F and K). Furthermore, the amounts of -
catenin, as well as expression of Wnt—f3-catenin target genes, were reduced in control BA1
cells upon Tat-Beclin 1 treatment (Fig. 61 and figs. S9G and S11) but increased upon CQ
treatment (Fig. 61 and figs. S9H and S11), suggesting that autophagy inhibits p-catenin
activity in BAL cells.

It has been reported that autophagy indirectly promotes the degradation of B-catenin by
stimulating the degradation of Dishevelled 2 (Dvl2) (52), thus reducing DvI2-mediated
inhibition of the B-catenin destruction complex downstream of Wnt receptors. However,
treatment with either Tat-Beclin 1 or CQ did not change the abundance of DvI2 in BAL cells
from ca-Acvrl mutants (Fig. 61 and fig. S11). These results are consistent with -catenin
being directly targeted for autophagic degradation, possibly through an interaction with
LC3, in CNCCs. p-catenin has also been reported to be degraded through the ubiquitin-
proteasome pathway (53). Treatment of ca-AcvrZ BA1 cells with MG-132 (M-
carbobenzyloxy-L-leucyl-L-leucyl-L-leucinal), an inhibitor of the ubiquitin-proteasome
system (54), slightly increased the abundance of p-catenin (fig. S9, I and L), suggesting that
the ubiquitin-proteasome system may play a minor role in degrading p-catenin in these cells.
The amount of B-catenin was higher in CQ-treated cells than that in MG-132-treated cells
(fig. S9, I and L). These results indicate that autophagy rather than the ubiquitin-proteasome
system plays a major role in degrading p-catenin in ca-AcvrZ mutants. Together, these data
suggest that autophagy was suppressed through the activation of mTORC1 signaling, thus
reducing autophagic degradation of -catenin and leading to the chondrogenic specification
of CNCCs and ectopic cartilage formation in ca-Acvrl mutants (Fig. 6J).

DISCUSSION

During craniofacial development, the fate of multipotent neural crest cells is regulated by the
tissue context-dependent integration of extrinsic and intrinsic signals that drive their
differentiation to produce appropriate cell types at the proper time and location (55).
However, it remains elusive how the skeletogenic fate is determined in CNCCs (56). Here,
using ca-ACVR1 mouse models, we uncovered previously unrecognized coordination
among BMP, mTOR, Wnt—B-catenin signaling, and autophagy that play pivotal roles to
regulate chondrogenic fate during craniofacial development.

BMP signaling controls skeletal development and regeneration (9, 12, 16, 57). Mice lacking
atype | BMP receptor, Acvrl, in either chondrocytes or neural crest cells display subtle
changes in cartilage development (21, 22). Double deficiency of the genes encoding the type
| BMP receptors BMPR1A and BMPR1B in cartilage causes severe generalized
chondrodysplasia in mice (58). These loss-of-function studies demonstrate that an
appropriate range of BMP signaling through BMP type | receptors is required for normal
cartilage development. In humans, gain-of-function mutation of ACVR1 causes FOP, an
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aggressive form of endochondral ossification (18, 19). It has been reported that some
patients with FOP develop ectopic bones in the craniofacial region; however, the molecular
pathogenesis of this phenotype is still unclear (20). Here, we show that enhanced BMP
signaling through ACVR1 in CNCCs induced ectopic cartilages. This molecular mechanism
could give rise to ectopic bones, as observed in some patients with FOP, if the ectopic
cartilages progressed to endochondral ossification.

In the CNCC ca-AcvrI mouse model, we found a mosaic pattern of enhanced BMP-Smad
signaling in the facial region (Fig. 3, A and B, and fig. S4A). Because PO-Cre labels almost
all CNCCs, the activation of BMP-Smad signaling in a mosaic rather than ubiquitous pattern
may be attributable to heterogeneous activation of the CAG promoter driving expression of
the ca-Acvrl transgene, which we reported previously (31). Another possibility is that some
subpopulations of CNCCs are more sensitive to ca-ACVR1. This would be consistent with
our finding that a mere twofold increase in BMP-Smad signaling was associated with the ca-
ACVR1-driven development of ectopic cartilages (Fig. 1C). We hypothesize that a small
increase of BMP signaling in CNCCs would be sufficient to induce ectopic cartilage. This is
well supported by our chemical inhibitor experiments, because relatively low doses of these
inhibitors, below that required for complete BMP signaling inhibition, suppressed ectopic
cartilage formation in ca-Acvrl mutants but did not cause any facial abnormalities in control
mice (Figs. 3E, 4F, and 5G). Therefore, it may be reasonable to conclude that a relatively
small increase of BMP signaling induced by ca-ACVR1 could be sufficient to induce ectopic
chondrogenic specification of CNCCs in a mosaic manner in ca-Acvrl mutants.

We previously reported that enhanced BMP signaling induced by ca-Bmpriain CNCCs
leads to craniosynostosis, failure of nasal septum fusion, and secondary palate fusion (15,
57). The ca-Acvrl,PO-Cre mutants, like ca- Bmprla,PO-Cre mutants, had defects in skull
development, but the development of ectopic cartilage in ca-Acvr1,;PO-Cre mice was not
observed in ca-Bmprla,PO-Cre mice. These discrepancies could be explained by a difference
in the BMP signaling levels induced in ca-Acvri,PO-Cre and ca- BmprlaPO-Cre mutants. In
support of this hypothesis, the amount of pSmad1/5/9 is similar between controls and ca-
Bmprla;PO-Cre mutants during early stages of craniofacial development and increased mid
to late gestations (59), but the amount of pSmad1/5/9 was already increased during the early
stages in ca-Acvr1,PO-Cre mutants (Figs. 1C and 2, A and B). Alternatively, one might
speculate that these BMP type | receptors may have distinct roles in CNCCs, with the
activation of BMPR1A or ACVR1 mediating different transcriptional responses. For
example, if activation of BMP signaling through ACVR1 but not BMPR1A stimulates the
expression of chondrogenesis-related genes such as Sox9, then only ca-Acvr1,P0O-Cre
mutants would develop ectopic cartilage in the face even though both mutants develop
craniofacial abnormalities. Therefore, while both mutants showed craniofacial abnormalities,
ca-Acvrl;PO-Cre mutants developed ectopic cartilage in the face, whereas ca- Bmprla,PO-
Cremutants did not. However, mutants expressing constitutively activated Bmprilausing a
different neural crest-Cre driver (ca-Bmpria; Wnti-Cre) also display ectopic cartilage
formation in the craniofacial region (16). Because these different ca- Bmpria mutant mouse
models were generated using different transgenic strategies, it is difficult to conclude
whether these phenotypes are due to differences in pSmad1/5/9 signaling amounts attained
in ca-Bmprla,PO-Cre mice with that in ca-Bmprla; Wnti-Cre mice. One potential future
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direction is to address these points using ca-Acvrl,P0-Cre, ca- BmprlaPO-Cre, and ca-
Bmprla Wnt1-Cre mice.

mTOR integrates both intracellular and extracellular signals and serves as a central regulator
of cell proliferation, survival, and differentiation (60). Neural crest—specific deletion of the
mTORC1 component Raptor results in the absence of facial cartilage (40). We have reported
that ca-Bmprlain neural crest cells activates mTORC1 signaling during skull development
(61), suggesting the potential for cross-talk between BMP and mTORC1 signaling.
mTORC1 signaling has been identified as one of the downstream pathways that is critical for
the aberrant chondrogenesis in FOP mouse models (62). Therefore, our study further
supports the notion that activation of the BMP-mTORCL1 signaling axis induces ectopic
cartilage during craniofacial development.

Canonical Wnt—f-catenin signaling functions as either a positive or a negative regulator in
many developmental contexts (44, 45). During craniofacial development, inactivation of p-
catenin in CNCCs deletes most craniofacial cartilage (63). In support of this notion, we
found that enhanced BMP signaling through ca-ACVR1 activated Wnt—p-catenin signaling
and induced ectopic cartilage in the face (Fig. 5, A to D, F, and G). These findings are
further supported by the fact that Wnt—p-catenin signaling is involved in ectopic cartilage
formation induced by exogenous BMPs (41, 64—66), demonstrating that BMP-Wnt—3-
catenin signaling pathway positively controls craniofacial cartilage formation.

Both BMP and Wnt—p-catenin signaling were previously known to be required for
craniofacial development (12). Here, we identified autophagy downstream of BMP signaling
as important for regulating the activity of p-catenin in CNCC-derived chondrocytes. This
mechanism is distinct from the mechanism by which BMP controls Wnt-p-catenin in
chondrogenesis of mesodermal cells in the trunk. Conditional knockout of Acvrin
osteoblasts or mesenchymal stem cells activates canonical Wnt—p-catenin signaling through
suppression of the Wnt inhibitors DkkZ, Sost, or Gsk3p (67, 68). On the other hand, we
found that p-catenin activity increased in ca-AcvrZ BAL cells despite an increase in Dkk1,
suggesting that the mechanism downstream of BMP regulating Wnt—f-catenin signaling
depends on cell context.

Autophagy is a self-degradative process that is important for stem cell homeostasis and cell
differentiation (24, 69), yet little is known about how the activity of the autophagy
machinery is coordinated with growth factor signaling. We found that the stabilization of -
catenin in ca-Acwvr1,;P0-Cre mutants was not due to effects on the p-catenin destruction
complex but rather the dysfunction of the autophagy machinery that is involved in the
degradation of B-catenin. Several groups, including ours, have previously reported that BMP
and Wnt—pB-catenin signaling cross-talk regulates skeletal development (41, 42, 64-67, 70),
but the intracellular mechanism of how enhanced BMP signaling leads to the stabilization of
[B-catenin has not been reported. During chondrogenic fate determination in craniofacial
development, we identified that B-catenin stabilization is regulated by the autophagy
machinery in a BMP signaling—dependent manner. Consistent with our findings, other
studies have demonstrated the involvement of the BMP-autophagy pathway in the
chondrogenic differentiation of mesenchymal stem cells (71) and chondrosarcoma (72, 73).

Sci Signal. Author manuscript; available in PMC 2021 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 13

Therefore, our study may provide a molecular explanation, at least in part, for why patients
with FOP develop ectopic bone in the face, possibly through the suppression of autophagic
[B-catenin degradation. In addition to FOP, BMP signaling is associated with many
pathologies, including obesity, diabetes, and vascular diseases (74). Our study highlights the
importance of considering autophagy in developing therapeutic strategies to treat BMP-
related diseases.

In summary, we uncovered a previously unrecognized mechanism by which a BMP-
autophagy-p-catenin axis regulates cell fate specification during craniofacial development.
We propose a model in which, during the cell fate specification in CNCCs, B-catenin
interacts with LC3 and is directly targeted for autophagic degradation, thus favoring a
nonchondrogenic fate by inhibiting Wnt—p-catenin signaling (Fig. 6J). We hope that our
findings will contribute to developing therapeutic methods for preventing ectopic facial
chondrogenesis in patients with FOP by using not only BMP blockers but also autophagy
activators or Wnt inhibitors.

MATERIALS AND METHODS

Mice

ca-Acvr1oxX/flox mice (31) and Tak10X/flox mice (75) were generated in our laboratory. P0-
Cremice, C57BL/6J-Tg(P0-Cre)94Imeg (ID 148), were provided by the Center for Animal
Resources and Development, Kumamoto University, Japan. Atg570X/flox mice were obtained
from N. Mizushima, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan (51).
Wntl-Cre, R26R36Z, R26RIATomal0 and R26R™MTMG mice were obtained from the Jackson
laboratory. ca-Acvr1f0X/flox or ca- Acvr10X* mice were crossed with PO-Cre transgenic
mice to obtain wild-type, control (ca-Acvr1*'!* :PO-Cre), and ca-Acvrl mutant (ca-
Acvr1fox/’* :po-Cre) mice. ca-Acvr1oX/flox mice were crossed with WintI-Cre mice to
obtain ca-Acvrl, Wntl-Cre (ca-Acvrio%* - Whnt1-Cre) mice. Embryos with compound
mutation of ca-Acvrl and Takl (ca-AcvrioX*: Tak17ox/flox p-Cre) were generated by
crossing ca-Acvr1ox/flox - Taf 1710x/* mice and Tak1°%*:P0-Cre mice. Embryos with
compound mutation of ca-Acvrl and Atg5 (ca-AcvrioX* - Atgsllox/flox-po.Cre) were
generated by crossing ca-Acvr10X/flox A g 5710X/+ mice and Atg570%'* :PO-Cre mice. In vivo
fate mapping of neural crest—derived cells was performed on mice additionally carrying the
R26RLCZ, ROGRMTMG, or R2GRICTOMAIO g||gle,

All mice were maintained in a mixed background and were used and genotyped as
previously described (31). Embryos were collected from timed-pregnant mice. Embryonic
ages were determined by the day when the vaginal plug was found, which was designated as
E0.5. Embryonic tails were subjected to DNA extraction for genotyping as previously
described (31). For genotyping primers, see table S1. All mouse procedures used in this
study were approved by the Institutional Animal Care and Use Committee at the University
of Michigan (#PR0O00007715) and the University of Texas (AWC-18-0137).
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Whole-mount Alcian blue staining

Embryos collected from timed-pregnant females at indicated time points were fixed in
Bouin’s solution for 2 hours at room temperature, rinsed with a solution of 1% NH,4OH
diluted in 70% ethanol for 24 hours until embryos appeared white, equilibrated with 5%
acetic acid, and stained with 0.05% Alcian blue solution for 2 hours. Samples were then
rinsed with 5% acetic acid, dehydrated with 100% methanol, cleared, and stored in benzyl
alcohol benzyl benzoate solution before taking pictures under a stereomicroscope.

Whole-mount skeletal preparation

After removing skins and adipose tissue, embryo heads were fixed in 95% ethanol overnight,
stained with Alcian blue solution [0.015% (w/v)], destained by 70 and 95% ethanol, and
precleared with 2% potassium hydroxide solution. After staining with Alizarin red [0.015%
(w/v)] for 2 hours, samples were destained in 20% glycerol/1% KOH solution and stored in
50% glycerol/47.5% ethanol solution before taking pictures under a stereomicroscope.

Histological and morphometric analyses

Embryos collected from timed-pregnant females at indicated time points were fixed with 4%
paraformaldehyde (PFA), followed by optimal cutting temperature (OCT) compound
embedding. Consecutive serial sections (10 um) were collected for hematoxylin and eosin
staining, Safranin O and Fast Green staining, immunofluorescence staining, or in situ
hybridization according to standard protocols. For analysis of cell ultrastructure, samples
were cut from the BAL tissues and immersed immediately in a mixture of PFA and
glutaraldehyde. Samples were processed for TEM as described (24).

Immunostaining

Immunohistochemistry was performed according to standard protocols. The antibodies used
are listed in table S3. Experiments and analyses were performed in a blinded manner. For
statistical analysis, the density of Sox9-positive or Sox9-negative cells (7 per square
millimeter) was defined as cell count number divided by the region of interest area for
different regions. The number of LC3 puncta in E11.5 BAL1 tissues was counted randomly in
25 EGFP-positive or EGFP-negative ectomesenchyme cells from the sections. The number
of pH3-positive cells was counted randomly in a minimum of 300 mesenchyme cells from
the sections. Results were presented as percentages of positive cells against total cells.

In situ hybridization

E17.5 embryos’ heads were fixed with 4% PFA for 2 hours and saturated with 30% sucrose
in diethyl pyrocarbonate—treated phosphate-buffered saline (PBS) overnight at 4°C,
embedded in OCT compound, and sectioned at 10 pm. Antisense RNA probe of Co/Zal
labeled with digoxigenin-UTP (uridine 5’-triphosphate) was transcribed from a
complementary DNA (cDNA) clone. After overnight hybridization with RNA probe,
sections were detected with anti-digoxigenin-alkaline phosphatase (11093274910, Roche)
and then developed by nitro blue tetrazolium.
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Isolation and culture of CNCCs from BAL tissues

The isolation of CNCCs from BAL tissues (BAL cells) was performed as previously
described (35-37). In brief, BAL tissues from E11.5 embryos were isolated, dissociated into
a single-cell suspension by digesting with TrypLE enzyme (12605028, Thermo Fisher
Scientific) for 10 min at 37°C, and filtered to remove undigested tissues. For micromass
culture, cells were pelleted by centrifugation at 1000 rpm for 5 min, then reconstituted 1 x
107 cells/ml in Dulbecco’s modified Eagle’s medium (DMEM) media supplemented with
10% fetal bovine serum (FBS), antibiotics, and fibronectin (100 ug/ml; 33016-015, Thermo
Fisher Scientific), and spotted as 20-ul drops on culture dishes. After a 2-hour attachment
period, the DMEM media was supplemented with 10% FBS and antibiotics, fibronectin (10
ug/ml) was gently added, and cultures were left resting for a further 12 hours. Then, fresh
medium [DMEM/F12 (2:3) medium supplemented with 4% FBS and antibiotics] was added
to let cells differentiate for 5 days. Chondrogenesis was determined by examining the gene
expression of chondrogenic markers Sox9, Aggrecan (Acan), and ColZal by gRT-PCR
(quantitative reverse transcription polymerase chain reaction) and accumulation of sulfated
proteoglycans using Alcian blue staining. For semiquantification of Alcian blue staining,
after taking pictures, we extracted the dye by incubating cultures with 500 pl of 6 M
guanidine hydrochloride (SRE0066, Sigma-Aldrich) overnight at room temperature. The
absorption of the extracted dye was measured at 595 nm in a microplate reader. Graphs were
generated, and statistical analyses were performed using Prism. Cells at 12 hours (day 0,
before changing to fresh medium) and day 2 (24 hours after changing to fresh medium) were
harvested and processed for qRT-PCR analysis to determine the expression of differentiation
markers for osteogenic, neurogenic, myogenic, and chondrogenic lineages.

For siRNA transfection, BA1 cells were maintained as micromass culture for 12 hours,
washed twice with PBS, and changed to the culture medium without antibiotics 1 hour
before transfection. Negative control siRNA (scrambled, 20 pmol per reaction; Thermo
Fisher Scientific), siRictor (s95670, 20 pmol per reaction; Thermo Fisher Scientific), siRptor
(92711, 20 pmol per reaction; Thermo Fisher Scientific), or siCtnnb1 (s63417, 20 pmol per
reaction; Thermo Fisher Scientific) was transfected into cells using Lipofectamine
RNAIMAX (13778150, Thermo Fisher Scientific) following the manufacturer’s standard
protocol. After 24 hours of transfection, cells were cultured for up to 5 days in fresh medium
or harvested for Western blot or qRT-PCR analysis.

For inhibitors or ligands treatment, BA1 cells were maintained as micromass culture for 12
hours, stimulated with inhibitors or ligands at indicated time and concentrations. Inhibitors
or ligands used in this study were as follows: LDN193189 (100 or 200 nmol final
concentration), rapamycin (0.1 or 0.2 pmol final concentration; 9904S, Cell Signaling
Technology), CQ (10 pmol final concentration; C6628, Sigma-Aldrich), XAv939 (10 pmol
final concentration; X3004, Sigma-Aldrich), Tat-Beclin 1 peptide (10 umol final
concentration; NBP2-49888, Novus Biologicals), Tat-inactive scrambled peptide (10 pmol
final concentration; NBP2-49887, Novus Biologicals), MG-132 (10 umol final
concentration; M7449, Sigma-Aldrich), and Wnt3a (50 ng/ml final concentration; P27467,
R&D Systems).

Sci Signal. Author manuscript; available in PMC 2021 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 16

For immunocytochemistry, cells were seeded onto eight-well chambers with DMEM
medium supplemented with 10% FBS. Cells were harvested at the indicated time points
after seeding or stimulated with BMP7 (100 ng/ml final concentration; NP_031583, R&D
Systems) for 12 hours. Cells were fixed with 4% PFA. Immunostaining was performed as
standard protocol with indicated primary antibodies.

In vivo inhibitor administration

LDN193189, rapamycin, or XAV939 was used for the treatment of animals. LDN-193189
was dissolved in sterile endotoxin-free water (18). Rapamycin (R-5000, LC Laboratories)
was reconstituted in absolute ethanol at 10 mg/ml and diluted in 5% Tween 80 (Sigma-
Aldrich) and 5% polyethylene glycol 400 (Hampton Research) (62). XAV939 was dissolved
in dimethyl sulfoxide to prepare stock solution (10 mg/ml) and further diluted in PBS before
injection (43). After optimizing the dosage and injection schedule, 2.5 mg of the
LDN193189, 5 mg of the rapamycin, or 5 mg of the XAV939 per kilogram body weight
twice per day was used. Each chemical was intraperitoneally injected into pregnant mice
starting on days E11.25 or E12.25 through E13.5. BA1-derived tissues, including the
maxilla, mandible, and tongue, were dissected at E13.5, homogenized in
immunoprecipitation lysis buffer containing protease and phosphatase inhibitors, and
processed for Western blot analysis. Embryos at E14.5 were collected for whole-mount
Alcian blue staining.

RNA extraction and gene expression analysis

Total RNAs were isolated using the TRIzol reagent following the manufacturer’s protocol.
First-strand cDNA was synthesized with 1 mg of denatured RNA using the SuperScript
First-Strand Synthesis System (11904-018, Thermo Fisher Scientific). The real-time qRT-
PCR analysis was performed with ABI PRISM 7500 (Applied Biosystems) to measure the
relative mMRNA levels using a SYBR Green kit (4367659, Thermo Fisher Scientific).
Experiments were replicated with six samples for each genotype. Each reaction was
performed in triplicate. The quantity of each experimental sample was first determined using
a standard curve based on the cycle threshold (Ct) values and then expressed relative to the
internal control. Data were normalized to Gapdh mRNA levels using the 272ACt method. The
DNA sequences of primers used for gRT-PCR are summarized in table S2.

Western blot analysis

For protein extraction, harvested BA1 tissues in each embryo or BA1 cells were washed with
PBS containing a protease inhibitor cocktail (Roche). Tissues were homogenized with
Precellys Tissue Homogenizer (Bertin Instruments) in radioimmunoprecipitation assay
buffer supplemented with deoxyribonuclease | and protease inhibitor cocktail. SDS—
polyacrylamide gel electrophoresis (PAGE) and Western blot were carried out according to
standard protocol. Antigen detection was performed using antibodies listed in table S3.
Bound primary antibodies were detected with horseradish peroxidase-conjugated species-
specific secondary antibodies (Cell Signaling Technology) using the Super Signal Pico
system (34079, Thermo Fisher Scientific). The immunoreactive bands were quantified using
ImageJ, and the mean ratios of the indicated protein from three independent experiments are
shown at the bottom of the figures.
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Immunoprecipitation and Western blot analysis

The BAL tissues or cells isolated from BAL tissues of E11.5 embryos were used for this
experiment. BA1 cells were harvested and seeded on a 10-cm dish. Tissues or confluent cells
were homogenized in 200 pl of immunoprecipitation lysis buffer containing protease and
phosphatase inhibitors (05892970001, Sigma-Aldrich). The homogenate was incubated on
ice for 30 min and centrifuged at 14,000¢g at 4°C for 15 min. Total lysates were subjected to
immunoprecipitation with the indicated antibodies in protein G magnetic beads
(LSKMAGG02, Sigma-Aldrich). Beads with immunoprecipitates were washed three times
with cold lysis buffer, heated in SDS buffer at 95°C for 5 min, and subjected to SDS-PAGE
on 4 to 20% Mini-PROTEAN TGX Precast Gels (4561093, Bio-Rad Laboratories). Protein
expression was detected by indicated primary antibodies. Bound primary antibodies were
detected with horseradish peroxidase—conjugated species-specific secondary antibodies (Cell
Signaling Technology) using the Super Signal Pico system (34079, Thermo Fisher
Scientific).

TUNEL assays

E11.5 heads were fixed in 4% PFA at 4°C overnight, incubated in 30% sucrose in PBS at
4°C overnight, embedded in OCT compound, and sectioned at 10 pm. BA1 cells were fixed
in 4% PFA at 4°C for 30 min. Levels of cell death were measured by using the terminal
deoxynucleotidyl transferase—-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) method using the In Situ Cell Death Detection Kit (11684795910, Roche). DNA
strand breaks were labeled with fluorescein and visualized with fluorescein isothiocyanate.

p-Galactosidase staining

For whole-mount staining, E10.5 embryos with R26R-3°< reporter were fixed in 2.5%
glutaraldehyde at 4°C for 2 hours. After rinsing with LacZ rinse [0.1% Na deoxycholate,
0.2% NP-40, and 2 mM MgCl, in 0.1 M sodium phosphate buffer (pH 7.3)], embryos were
stained with X-gal staining solution (1 mg/ml) for 8 hours at 37°C protected from light. The
LacZ staining solution was made using X-gal (1 mg/ml), 5 mM potassium ferricyanide, and
5 mM potassium ferrocyanide in LacZ rinse. Embryos were then washed with PBS and
postfixed/stored in 4% PFA in PBS at 4°C before taking pictures under a stereomicroscope.

For staining of sections, after fixation with 2.5% glutaraldehyde for 2 hours at 4°C, E10.5
embryos with R26R-3¢ reporter were cryoprotected in 30% sucrose in PBS overnight at
4°C and embedded in OCT compound. Consecutive serial sections (10 pm) were collected
for histological analysis of B-galactosidase by X-gal staining and counterstained with fast
red.

Proliferation assay

BAL1 cells from control or ca-Acvrl embryos were seeded 10,000 cells per well in
quadruplicate in 96-well flat-bottom tissue culture plates. WST-1 analysis (5015944001,
Sigma-Aldrich) was performed according to the manufacturer’s instructions. Absorption at
450 nm was measured using a microplate reader (Bio-Rad Laboratories). Cell viability was
evaluated at days 0, 1, 2, 3, and 5 after plating.
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Statistical analysis and quantification

All results were replicated in at least three different animals. Results were presented as
percentages of positive cells against total cells. Graphs were generated, and statistical
analyses were performed using Prism. All values were expressed as means = SD. Unpaired
Student’s ttest or analysis of variance (ANOVA) was used to analyze the differences
between or among groups. A Pvalue of less than 0.05 was considered statistically
significant. All representative experiments shown were repeated three or more times.
Experiments and analyses were performed in a blinded manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Constitutively activated ACVR1 in CNCCs causes craniofacial defects and ectopic

cartilage formation during development.

(A) Representative lateral and frontal views of the heads of wild-type (WT), control (ca-
AcvrI** ;P0-Cre), and mutant (ca-Acvr1™0%* -po-Cre) newborn (NB) mice. Black arrow

indicates the cleft lip in the mutants. Scale bar, 1 mm. n=

3 mice per group. (B)

Representative lateral views to show EGFP marking the expression of the ca-Acvrl
transgene in the craniofacial region at E13.5. Scale bar, 1 mm. /7= 3 mice per group. (C)
Immunoblot and quantification of phosphorylated Smad1/5/9 (pSmad/1/5/9) and total
Smadl in tissue lysates from the facial regions of WT, control, and mutant embryos. Gapdh
is a loading control. 7= 3 independent experiments. Uncropped Western blot images are
shown in fig. S10. (D) Representative cartilage structures of embryos stained with Alcian
blue at E14.5. Red arrowheads indicate ectopic cartilage. Scale bars, 1 mm. /7= 3 mice per
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group. (E) ColZal expression assessed by in situ hybridization in coronal sections of heads
at E17.5. Scale bar, 500 um. 7= 3 mice per group. (F) The pattern of ectopic cartilages
(Safranin O staining) and P0-Cre-labeled cells (GFP positive, using R26R™7MG reporter) in
serial sections of heads from NB mice. Scale bars, 100 pm. 7= 3 mice per group. Red labels
indicate defective structures. Arrowheads indicate ectopic cartilages. mc, Meckel’s cartilage;
nc, nasal capsule; ns, nasal septum; oc, otic capsule; p, palate; tg, tongue. Error bars are
means + SD. ns, not significant; 2> 0.05; *£< 0.05; ANOVA.
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Fig. 2. Activation of BMP signaling causes the specification of CNCCs into an aberrant
chondrogenic lineage.

(A) Sox9 (red) immunofluorescence of coronal head sections from control (ca-AcvrI™* PO-
Cre) and mutant (ca-Acvr1%*p0-Cre) embryos at the indicated stages. Scale bars, 100
um. 7="5 mice per group. White arrowheads indicate ectopic cartilages, and white arrows
indicate Meckel’s cartilages; tg, tongue. Nuclei are stained with DAPI (4”,6-diamidino-2-
phenylindole; blue). (B) Condensation of cells in orthotopic (Meckel’s cartilage) and ectopic
cartilages. The density of cells in each area was calculated from 5 embryos with three
images (7= 5 embryos for each group). (C) Relative expression of Sox9in the first
branchial arch (BA1) tissues from control and mutant embryos at E10.5 and E11.5. n=4
mice per group. (D) Immunostaining and quantification of Sox9 in CNCCs isolated from
BAL1 tissues (BAL cells) of control or mutant embryos. Scale bar, 20 um. 7= "5 mice per
group. (E) Schematic representation of micromass cell culture model used to determine
chondrogenic capacity of BAL cells. (F) Alcian blue staining of cells during 5-day
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micromass culture. Scale bar, 1 mm. 7= 10 independent experiments. (G) Quantification of
the optical density (OD at 594 nm) of the dye in (F). 7= 10 independent experiments. (H)
Relative expression of Sox9, Acan, and ColZal in control and mutant BA1 cells after 5 days
in culture. 7= 3 independent experiments. Error bars are means £ SD. ns, not significant; P
>0.05; *P<0.05; **P<0.01; ***P< 0.001; rtest.
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Fig. 3.

Canonical BMP-Smad signaling is activated by ca-ACVR1 and commits CNCCs to the

aberrant chondrogenic lineage.
(A and B) Double immunofluorescence of phosphorylated Smad1/5/9 (pSmad1/5/9; red) and

the ca-Acvrl transgene marker EGFP (green) (A) and Sox9 (red) and pSmad1/5/9 (green)
(B) in coronal head sections from control (ca-AcvrI** ;P0O-Cre) and mutant (ca-

Acvr1oX* -po-Cre) embryos at E11.5. Green signals in control are autofluorescent blood
cells. White arrows indicate Meckel’s cartilages, and white arrowheads indicate ectopic
cartilages. Scale bars, 100 um. /7= 6 mice per group. (C) Immunostaining and quantification
of Sox9 (red) and pSmad1/5/9 (green) in BAL cells from control embryos treated with or
without BMP7. =5 independent experiments. (D) Experimental scheme, representative
images of Alcian blue staining, and optical density quantification to assess chondrogenesis
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of BA1 cells stimulated with LDN193189 (LDN) at the indicated time. Scale bar, 1 mm. n=
10 independent experiments. (E) Experimental scheme for treating embryos in utero with
the BMP signaling inhibitor LDN193189 or vehicle from E11.25 to E13.5, the ratios of each
cartilage phenotype (severe, mild, and normal) in treated mutant embryos, and representative
images showing the cartilage phenotypes in treated control and mutant embryos by Alcian
blue staining. The numbers of mice examined are shown in parentheses. Red arrows indicate
ectopic cartilages. Scale bar, 2 mm. Error bars are means + SD. ns, not significant; > 0.05;
**p<0.01; ***P<0.001; ttest (C); ANOVA (D). i.p., intraperitoneally.
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Fig. 4. mTORCU1 signaling is activated by enhanced BMP signaling and responsible for
committing CNCCs into an aberrant chondrogenic lineage.

(A) Western blot analysis and quantification of phosphorylated S6 (pS6) in BA1 tissues of
control and ca-AcvrI mutant embryos. Gapdh is a loading control. /7= 4 mice per group.
Uncropped Western blot images are shown in fig. S10. (B) Representative images of Sox9
(red) and pS6 (green) double immunofluorescence of coronal head sections from control and
mutant embryos at E11.5. White arrows indicate Meckel’s cartilages, and white arrowheads
indicate ectopic cartilages. Scale bar, 100 pm. 72 =4 embryos per genotype. (C) Western blot
analysis of pS6 in control and mutant BA1 cells treated with LDN193189 for 24 hours. 7=3
independent experiments. (D) Experimental scheme, representative images of Alcian blue
staining, and optical density quantification to assess the chondrogenesis of BAL cells
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stimulated with control siRNA (s/Neg) or siRNAs targeting Raptor (siRaptor) or Rictor
(s/iRictor) at day 1. Scale bar, 1 mm. 7= 10 independent experiments. (E) Scheme,
representative images of Alcian blue staining, and optical density quantification of BA1 cells
treated with the indicated concentration of rapamycin at day 1. Scale bar, 1 mm. 7=10
independent experiments. (F) Experimental scheme for treating embryos in utero with
vehicle or rapamycin from E11.25 to E13.5, the ratios of each cartilage phenotype (severe,
mild, and normal) in mutant embryos, and representative images showing cartilage
phenotypes with whole-mount Alcian blue staining of embryos. The numbers of mice
examined are shown in parentheses. Red arrows indicate ectopic cartilages. Scale bar, 2 mm.
Error bars are means + SD. ns, not significant; #> 0.05; *£< 0.05; **P< 0.01; ***P<
0.001; ztest (A); ANOVA [(C) to (E)].
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Fig. 5. Wnt-B-catenin signaling is activated by mTORC1 signaling and responsible for
committing CNCCs into an aberrant chondrogenic lineage.

(A) Double immunofluorescence of B-catenin (red) and the ca-AcwvrI transgene marker
EGFP (green) in coronal head sections from control and ca-Acvr mutant embryos at E11.5.
Green signals in control are autofluorescent blood cells. White arrowheads indicate ectopic
cartilages. Scale bar, 100 um. 7= 4 mice per group. (B) Western blot analysis and
quantification of B-catenin and active p-catenin in control and mutant BA1 tissues. Gapdh is
a loading control. 7= 4 independent experiments. (C) Relative expression of Cnx43, Ccnd1,
and Lefin BA1 tissues at E11.5. 7= 4 independent experiments. (D) Immunostaining and
guantification of Sox9 (red) and p-catenin (green) in the nuclei of BA1 cells from control
embryos treated with vehicle or BMP7. White arrowheads indicate Sox9 and B-catenin
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double-positive nuclei. Scale bar, 20 um. 7 =5 independent experiments. (E) Western blot
analysis and quantification of p-catenin and active p-catenin in control or mutant BA1 cells
treated with siRaptor or rapamycin for 24 hours. Uncropped Western blot images are shown
in fig. S10. 7= 3 independent experiments. (F) Experimental scheme for treating control and
mutant BA1 cells with siRNA targeting p-catenin (s/iCtnnbI), the tankyrase inhibitor
XAV939, Wnt3a alone, or Wnt3a plus rapamycin for 24 hours; representative images of
Alcian blue staining of treated cells; and optical density quantification to assess
chondrogenesis. Scale bar, 1 mm. 7= 10 independent experiments. (G) Schematic
representation, the ratios of each cartilage phenotype (severe, mild, and normal), and
representative images of Alcian blue staining of mutant embryos treated in utero with
rapamycin from E11.25 to E13.5. The numbers of mutant mice examined are shown in
parentheses. Red arrows indicate ectopic cartilages. Scale bar, 2 mm. Error bars are means +
SD. *P<0.05; **P < 0.01; ***P < 0.001; ttest [(B) to (E)]; ANOVA (F).
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Fig. 6. Autophagy is suppressed in ca-Acvrl mutants through mTORC1 signaling, and p-catenin
is an autophagy target.

(A) Western blot analysis and quantification of GSK3p phosphorylated at Ser® [pGSK3p
(S9)], total GSK3p, the Atg5-Atgl2 conjugate, LC3, and P62 in BAL tissues. Gapdh is a
loading control. 7= 4 mice per group. (B) Double immunofluorescence for LC3 (red) and
the ca-Acvrl transgene marker EGFP (green) in coronal head sections from control and ca-
Acvrl mutant embryos at E11.5. Numbers of LC3 puncta (red arrowheads) per cell were
quantified in EGFP-negative and EGFP-positive cells. Scale bar, 10 um. n= 25 cells from
four embryos per group. Schematic drawings illustrating the sources of the magnified
regions are shown in fig. S9A. (C) Representative images and quantification of autophagic
vacuoles (red arrowheads) per cell in the condensed area of the tongue from mutant embryos
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and its corresponding area from control embryos by transmission electron microscopy
(TEM). Scale bar, 1 um. 7= 20 cells from three embryos per group. (D and E) Western blot
analysis and quantification of P62 and LC3 in control and ca-AcvrI BAL cells treated with
chloroquine (CQ) (D) and in control BA1 cells treated with Tat-Beclin 1 peptide (E) for 24
hours. 7= 3 independent experiments. Representative images of Alcian blue staining to
assess chondrogenesis of BA1 cells in each set of experiments are shown. Scale bars, 1 mm.
n =10 independent experiments. The optical density quantification of the dye is shown in
fig. S9B. (F) Western blot and quantification of P62 and LC3 in BA1 cells treated with
LDN193189, rapamycin, or siRaptorfor 24 hours. n= 3 independent experiments. (G)
Representative double immunofluorescence for LC3 (green) and p-catenin (red) in control
BAL1 cells with line scan analyses showing staining intensity of the indicated puncta. Scale
bar, 10 um. /7= "5 independent experiments. (H) Immunoblotting and quantification of -
catenin, LC3, and P62 in LC3 and B-catenin immunoprecipitates (IP) from lysates from
control and mutant BA1 cells. Immunoglobulin G (IgG) IP is a negative control. 7= 3
independent experiments. (1) Western blot analysis and quantification of p-catenin and DvI2
in mutant BA1 cells after stimulation with Tat-Beclin 1 peptide or CQ for 24 hours. n=3
independent experiments. (J) Proposed model of enhanced BMP-Smad signaling in
regulating CNCC fate. During normal development, there is a low level of pSmad1/5/9 and
mTORC1 in CNCCs, and B-catenin is degraded by autophagy. When ca-ACVRL1 is
expressed in CNCCs, pSmad1/5/9-mTORC1 activity increases, which, in turn, inhibits
autophagosome formation and autophagy-mediated p-catenin degradation. This increase in
[B-catenin signaling causes CNCCs to preferentially acquire ectopic chondrogenic fates.
Uncropped Western blot images are shown in fig. S11. Error bars are means + SD. ns, not
significant > 0.05; *P< 0.05; **P< 0.01; ***P< 0.001; ftest [(A), (C), (E), (F), (H), and
(1)]; ANOVA [(B) and (D)].
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