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Augmented BMP signaling in the neural crest inhibits nasal
cartilage morphogenesis by inducing p53-mediated apoptosis

Satoru Hayano', Yoshihiro Komatsu®-2, Haichun Pan' and Yuji Mishina’-*

ABSTRACT

Bone morphogenetic protein (BMP) signaling plays many roles in
skull morphogenesis. We have previously reported that enhanced
BMP signaling through the BMP type IA receptor (BMPR1A) in
cranial neural crest cells causes craniosynostosis during postnatal
development. Additionally, we observed that 55% of Bmpr1a mutant
mice show neonatal lethality characterized by a distended
gastrointestinal tract. Here, we show that severely affected mutants
exhibit defective nasal cartilage, failure of fusion between the
nasal septum and the secondary palate, and higher levels of
phosphorylated SMAD1 and SMAD5 in the nasal tissue. TUNEL
demonstrated an increase in apoptosis in both condensing
mesenchymal tissues and cartilage of the nasal region in mutants.
The levels of p53 (TRP53) tumor suppressor protein were also
increased in the same tissue. Injection of pifithrin-o,, @ chemical
inhibitor of p53, into pregnant mice prevented neonatal lethality while
concomitantly reducing apoptosis in nasal cartilage primordia,
suggesting that enhanced BMP signaling induces p53-mediated
apoptosis in the nasal cartilage. The expression of Bax and caspase
3, downstream targets of p53, was increased in the mutants; however,
the p53 expression level was unchanged. It has been reported that
MDM2 interacts with p53 to promote degradation. We found that the
amount of MDM2-p53 complex was decreased in all mutants, and the
most severely affected mutants had the largest decrease. Our
previous finding that the BMP signaling component SMAD1
prevents MDM2-mediated p53 degradation coupled with our new
data indicate that augmented BMP signaling induces p53-mediated
apoptosis by prevention of p53 degradation in developing nasal
cartilage. Thus, an appropriate level of BMP signaling is required for
proper craniofacial morphogenesis.

KEY WORDS: BMP, SMAD, Craniofacial development, Neural crest
cell, p53, MDM2, Apoptosis, Nasal septum

INTRODUCTION

A cartilaginous nasal septum continuous with the cartilaginous
nasal capsule forms the boundary of the nasal cavity (Bingham
etal., 1991). This cartilage structure functions as a strut in the nasal
cavity, keeping the nasal airway open to enable optimal respiratory
and olfactory function (Badoux, 1966; Moss et al., 1968; Stenstrom
and Thilander, 1970). Cartilaginous nasal septum resection and
transplantation experiments using rabbits demonstrated that the
nasal septum acts as a growth site pushing the mid-facial bones
downward and forward from the cranial base (Wexler and Sarnat,
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1961, 1965; Copray, 1986). Hence, nasal septal defects in rabbits
affect maxillary growth, and some human cases support this notion
(Moss et al., 1968; Howe et al., 2004). The importance of nasal
cartilage is further illustrated by defective nasal cartilage that results
in diminished airway capacity, leading to nasal obstruction
(Metzinger et al., 1994).

BMP signaling molecules have been demonstrated to play crucial
roles in skull morphogenesis (Dunn et al., 1997; Liu et al., 2005).
Loss-of-function mutation of Acvrl in neural crest cells results in
cleft palate, reduced anterior-posterior dimension of the skull,
hypotrophic mandible and failure of zygomatic bone formation
(Dudas et al., 2004). Gain-of-function mutation in Msx2, a member
of the homeobox gene family whose transcription is regulated by
BMP and TGF-B signaling, results in mid-face clefting and
mandibular hypoplasia (Winograd et al.,, 1997). However, the
mechanism of BMP signaling in cranial cartilage development is
not well understood.

We have previously reported that augmented BMP-Smad signaling
through BMPR1A in cranial neural crest cells results in craniofacial
deformity (Komatsu et al., 2013). Because the anterior portion of the
craniofacial complex is derived from cranial neural crest cells (Noden
and Trainor, 2005; Chai and Maxson, 2006; Mishina and Snider,
2014), we augmented BMP-Smad signaling in the neural crest region
by crossing a transgenic mouse line carrying a conditional
constitutively active form of Bmpria (ca-Bmprla) with PO-Cre
mice (Yamauchi et al., 1999; Kamiya et al., 2008; Komatsu et al.,
2013). This genetic manipulation allows an increase in BMP signaling
specifically in neural crest-derived tissues, resulting in premature
suture fusion of the anterior frontal suture, orbital hypertelorism, short
snouts and thinner calvaria. Moreover, increased apoptosis was found
in mutant calvarial bone (Komatsu et al., 2013). The skull
abnormalities in ca-Bmprla:P0-Cre mice were partially rescued by
the removal of one copy of endogenous Bmprla (ca-Bmprila:P0O-Cre:
Bmprla™~, rescued mice hereafter). Rescued mice showed
normalized levels of Smad-dependent signaling, suggesting that a
small increase in BMP-Smad signaling is enough to cause the
aforementioned craniofacial abnormalities (Komatsu et al., 2013).

BMP signaling components such as BMP4, BMP7 and MSX2
are known to be involved in apoptosis during the development of
rhombomeres, limbs and teeth (Graham et al., 1994; Yokouchi
et al.,, 1996; Zou and Niswander, 1996; Macias et al., 1997).
Additionally, BMP4 is known to induce apoptosis in a p53
(TRP53)-dependent manner in cancer cells as well as oral epithelial
cells (Fukuda et al., 2006; Kim et al., 2006; Haubold et al., 2010).
pS3 tumor suppressor is a transcription factor that induces cell
growth arrest and apoptosis (Kerr et al., 1972). p53 is activated by
stress signals, promoting its nuclear accumulation (Giaccia and
Kastan, 1998), and it is inhibited by MDM2. Initially MDM2 was
found as a p53 binding protein, and it is now known that MDM?2
induces p53 ubiquitylation, prompting nuclear export and
proteasomal degradation (Momand et al., 1992; Kussie et al.,
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1996; Lai et al., 2001). Activated SMADI1, a component of BMP
signaling, was also recently found to interact with p53, preventing
MDM2-mediated p53 degradation (Chau et al., 2012). However,
there is no direct evidence that augmented BMP signaling leads to
p53-mediated apoptosis in vivo.

In this study, we found that augmented BMP-Smad signaling
through BMPR1A in neural crest cells leads to an increase in p53-
mediated apoptosis in developing nasal cartilage. We documented
that 55% of ca-Bmpria:P0-Cre mice experience neonatal lethality
and have abnormal nasal cartilage structures. Here, we show that the
nasal cartilage defects are caused by an increase in apoptosis. These
severely affected mutants had increased levels of p53 protein
without increases in p53 gene expression. Phosphorylation levels of
pS3 at the serine 15 residue were elevated in nasal tissue in
association with increased expression of caspase 3 and Bax. MDM2
acts as an E3 ligase prompting p53 degradation by the proteasome.
The formation of the MDM2-p53 complex was also decreased in the
mutants. Taken together, we propose a model in which increased
nuclear levels of phospho-SMADI1/5/9 prevent MDM2-p53
interaction, leading to activation of the apoptotic pathways in
chondrocytes of ca-Bmprla:P0-Cre mice.

RESULTS

Augmented BMP signaling in neural crest cells causes
neonatal lethality

ca-Bmprla mice were crossed with PO-Cre mice, which express Cre
recombinase under the control of a neural crest-specific promoter,
protein zero (Yamauchi et al., 1999). As we reported previously
(Komatsu et al., 2013), mice that carried both ca-Bmpria
and PO-Cre transgenes, ca-Bmprla:P0-Cre (hereafter, mutants),
displayed short broad snouts and orbital hypertelorism as early as
postnatal day 0 (newborn). We found that 55% of mutants died
within 24 h after birth, whereas the vast majority of control mice

survived (Fig. 1A). Importantly, all of the mutant mice that showed
neonatal lethality (hereafter, type 2 mutants) displayed gradual
abdominal distension after birth (Fig. 1B,C). By contrast, mutants
that survived for >24 h (hereafter, type 1 mutants) showed no such
distension. Type 1 mutants survive for >1 year and have skull
malformation subsequent to premature suture fusion (Komatsu
et al., 2013). Short, broad snouts and orbital hypertelorism were
common craniofacial features of both type 1 and type 2 mutants
(Fig. 1D); however, a crucial difference in type 2 mutants was the
absence of milk in the stomach (Fig. 1C). Next, we evaluated levels
of phosphorylated SMAD1, SMADS5 and SMAD9 (pSMAD1/5/9)
in nasal tissues dissected from a newborn head (Fig. 1E). We
observed higher levels of pPSMAD1/5/9 in both types of mutants
compared with controls, but type 2 mutants showed the highest
PSMADI1/5/9 level. These results suggested that more BMP-Smad
signaling results in a more severe phenotype.

Histological analysis of the nasal cavity in ca-Bmpr1a:P0-Cre
mutants

To investigate the causes of the neonatal lethality, we examined
structural abnormalities unique to the type 2 mutants. Because we
found air bubbles in the gastrointestinal tract (Fig. 1C), we
suspected the presence of cleft palate in type 2 mutants. However,
type 2 mutants had neither overt cleft palate (supplementary
material Fig. S1C) nor abnormalities in other respiratory organs
such as the tongue, soft palate, epiglottis and trachea
(supplementary material Fig. S1). Instead, newborn type 2
mutants exhibited failure of fusion between the nasal septum and
the secondary palate (Fig. 2K,L asterisks, compare with 2C,D),
discontinuous cartilage in the nasal capsule (Fig. 21, arrowheads)
and reduced nasal airway volume (Fig. 21,J, compare with 2A,B).
By contrast, newborn type 1 mutants had a fused nasal septum
(Fig. 2G,H) and a unilateral defect in the nasal cartilage of the nasal
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Fig. 2. Augmentation of BMP signaling leads to nasal cartilage defects.
(A-L) Frontal sections of newborn control (A-D), type 1 (E-H) and type 2 mutant
(I-L) nasal cavities. Type 1 mutants had unilateral nasal cartilage defects

(E, white arrowhead). Type 2 mutants had bilateral nasal cartilage defects

(I, arrowheads), severe nasal cavity stenosis (1,J) and failure of fusion between
the nasal septum and the secondary palate (K,L, asterisks). (M-T) Histological
comparison of nasal structures between control (M-P) and type 1 surviving
mutants (Q-T) at P7. Frontal sections from four different anteroposterior levels
of nasal cavity were stained using Hematoxylin and Eosin (H&E). Type 1
mutants had unilateral nasal cartilage defects (Q, arrow). ui, upper incisor; nc,
nasal cavity; ns, nasal septum; sp, secondary palate. Scale bar: 500 ym.

capsule (Fig. 2E, white arrowhead). In addition, type 1 mutants
had comparable airway size to controls (Fig. 2Q,R) as well as a
completely fused nasal septum (Fig. 2S,T) by postnatal day 7 (P7).
These results suggest that enhanced BMP signaling in neural crest
cells leads to nasal cartilage dysmorphogenesis.

In mice, the nasal septum grows inferiorly from the nasofrontal
prominence to the level of the palatal shelves (Neskey et al., 2009). The
nasal septum and the secondary palate fuse between late embryonic
day (E)14 and early E15; the palatal shelves fuse around the same time
(Walker and Fraser, 1956). Thus, at E15.5 and E16.5, we found that
~50% of the mutant embryos showed failure of nasal septum fusion to
the secondary palate (data not shown). Next, we investigated
abnormalities during nasal cartilage development at E14.5 before
these fusion events. Alcian Blue staining revealed differentiated
chondrocytes forming nasal capsule and nasal septum (Fig. 3A,B for
the anterior portion corresponding to Fig. 2A and Fig. 3E,F for the
posterior portion corresponding to Fig. 2C). In the mutants, staining
intensity was reduced in nasal cartilage (Fig. 3D,H, arrows).
Furthermore, histological analysis of mutant embryos showed a
shorter nasal septum (Fig. 3M,0, brackets) and discontinuous nasal
cartilage (Fig. 3L,P, arrowheads). During this stage, all mutants (n>20)
had a very similar phenotype, thus we were unable to distinguish type 2
mutants from type 1. These findings indicate that nasal cartilage
formation was markedly poor in mutants as early as E14.5.

Expression level of FGF signaling components in the nasal
cavity

Many studies have demonstrated that fibroblast growth factor (FGF)
signaling components act as negative regulators of bone and cartilage
growth (Coffin et al., 1995; Colvin et al., 1996; Sahni et al., 2001,
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Fig. 3. Inhibition of chondrogenesis in mutants at E14.5. (A-H) Alcian Blue
and Nuclear Fast Red staining of E14.5 controls (A,B,E,F) and mutants
(C,D,G,H). The level of Alcian Blue-positive mucin was reduced in mutant
nasal cartilage (D,H, arrows). (I-P) H&E staining of E14.5 controls (I,J,M,N) and
mutants (K,L,O,P). Mutants had a shorter nasal septum (M,O, brackets) and
cartilage defects in both anterior and posterior nasal cavity levels

(L,P, arrowheads). Boxed areas in A,C,E,G,|,K,M, and O are shown at higher
magnification in B,D,F,H,J,L,N and P, respectively. Scale bars: 200 um in
A,B,F,I,J,N; 1 mm in E,M.

Murakami et al., 2004; Raucci et al., 2004). We previously reported
that FGF signaling components were upregulated in the anterior
frontal suture of ca-Bmpria:P0O-Cre mutants at E17.5 (Komatsu et al.,
2013). These results raise the possibility that enhanced FGF signaling
leads to nasal cartilage dysmorphogenesis in the mutants. To address
this possibility, we measured the level of phosphorylated ERK1
and ERK2 (MAPK3 and MAPK1 — Mouse Genome Informatics)
(hereafter referred to as pPERK1/2) as an indicator of FGF signaling in
the nasal portion of newborn control and mutant mice (Fig. 4A). As
expected, we confirmed enhanced FGFR1 and FGFR2 production in
the anterior frontal suture of both types of mutants (supplementary
material Fig. S2); however, pERK1/2 level in the nasal region was
comparable between all mice (Fig. 4A). We also examined levels of
pERK1/2 and FGF pathway components in the nasal cartilage at
E14.5 by immunohistochemistry. FGF2, FGFR1 and FGFR2 were
abundant in both mucosal epithelium and nasal septal chondrocytes of
embryonic controls and mutants (Fig. 4F-Q). FGFR3 and pERK1/2
signals were weak in all mice at E14.5 (Fig. 4B-E,R-U). These results
indicate that altered FGF signaling is not likely to be the etiology for
the mutant nasal cartilage phenotype.

Cell survival in nasal mesenchymal tissues

In our previous study of ca-Bmpria:P0-Cre mice, increased cell death
was observed in neural crest-derived skull tissues such as the anterior
frontal suture (Komatsu et al., 2013). Therefore, we focused on cell
death to investigate the mechanisms responsible for morphological
changes in the nasal cavity. First, we examined the distribution of
neural crest-derived cells in E12.5 nasal tissues by crossing P0-Cre
mice with ROSA26-tdTomato Cre reporter mice (Fig. 5A). The
cartilage primordia in these mice were positive for tdTomato, which is
consistent with previous studies in avians indicating that chondrocytes
in nasal cartilage derive from cranial neural crest cells (Le Lievre,
1978; Le Douarin et al., 2004). Next, we performed terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
to examine apoptosis in frontal sections of E12.5 controls and
mutants. By EI12.5, mutants already exhibited nasal cavity
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Fig. 4. Augmentation of BMP signaling did not change FGF signaling
components in the nasal portion of mutant at E14.5. (A) The levels of
pERK1/2 were examined using protein lysate from control (CT), type 1 (Ty1),
and type 2 mutant (Ty2) nasal tissues. Total ERK1/2 was used as a loading
control. (B-U) Immunohistochemistry was performed using antibodies against
pERK1/2, FGF2, FGFR1, FGFR2 and FGFR3 (green). The levels of FGF2,
FGFR1 and FGFR2 were upregulated in both control and mutant nasal
cartilage and mucosal epithelium at E14.5 (F-Q). C,E,G,I,K,M,0,Q,S and U are
merged images, with DAPI staining shown in blue. Scale bar: 200 ym.

abnormalities such as reduced nasal septal size (Fig. 5B,C). In
cartilage primordia of control mice, TUNEL-positive cells were
sparse (Fig. SE; supplementary material Fig. S3N,P,R,T for higher
magnification). By contrast, apoptotic cells were substantially
increased in mutant nasal septa (Fig. 5F; supplementary material
Fig. S30,Q,S,U for higher magnification). As we previously reported,
reducing Bmprla dosage by superimposing Bmprla heterozygosity
(Bmprla*'~) (Mishina et al., 1995) onto the mutant genome rescues
the craniosynostosis phenotype (Komatsu et al., 2013). To understand
how this genetic alteration contributes to the nasal phenotype, we
examined both morphology and cell death in ca-Bmpria:P0O-Cre
mice carrying one copy of endogenous Bmprla, ca-Bmprla:P0-Cre:
Bmprla*~ (rescued mice). Genetically rescued mice at E12.5 had
comparable nasal septal length to controls with almost no increase in
either the number of apoptotic cells or p53 production in their nasal
cartilage primordia (Fig. 5D,G,J).

Next, we examined the extent to which cell death is involved in
morphological differences between type 1 and type 2 mutants by
comparing the number of TUNEL-positive cells and p53 levels in
newborn pups. The number of apoptotic cells was significantly higher
in the nasal cartilage of type 2 mutants (Fig. SR,S,W). These results
suggest a link between BMP signaling levels and the amount of cell
death and subsequent severity of nasal cartilage defects. Additionally,
we examined mesenchymal cell proliferation at E12.5 by Ki67
immunohistochemical staining. Large numbers of Ki67-positive cells
were identified in nasal mesenchymal tissues (supplementary material
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Fig. 5. Augmentation of BMP signaling leads to increased levels of cell
death and p53 protein in developing nasal cartilage of E12.5 mice and
newborns. (A) tdTomato distribution in E12.5 PO-Cre transgenic mice
crossed with ROSA-tdTomato Cre reporter mice. The right panel is the
tdTomato image merged with DAPI staining, which is shown in blue.
(B-D) Frontal sections of E12.5 control, mutant and ca-Bmpr1a:P0-Cre:
Bmpria*’~ (rescue) mice were stained using H&E. Control and rescue mice
had comparable nasal septum morphology; however, mutants had
shorter nasal septa. lv, lateral ventricle; ns, nasal septum. (E-G) TUNEL
assay was performed to detect apoptosis. E12.5 mutants exhibited
increased numbers of apoptotic cells shown in green (F). Blue indicates
DAPI staining. (H-J) Immunohistochemistry using p53 antibody revealed
increased p53 levels in mutant nasal septa (I). (K-P) Frontal sections of
newborn controls, type 1 and type 2 mutants were stained using H&E.
Boxed areas in K-P are shown at high magnification in Q-V, respectively.
(Q-S) TUNEL assay was performed to detect apoptosis. Both type 1 and
type 2 newborn mutants exhibited more apoptotic cells, which are shown in
green (R,S). (T-V) Immunohistochemistry using p53 antibody revealed
increased p53 levels in both mutant nasal septa (U,V). (W) Quantification of
TUNEL assay results in newborns. All data are represented as meants.d.
(n=3); *P<0.01 (Student’s t-test). Scale bars: 500 pm in A,B,K,N; 100 pm in
E,H,Q,T.
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Fig. S3C-L); however, there was no significant difference between
controls and mutants (supplementary material Fig. S3M). We also
investigated chondrocyte differentiation in condensing mesenchymal
nasal tissues at E12.5. SOX9, required for mesenchymal cell
condensation and differentiation, was highly expressed in condensed
mesenchymal cells as expected; however, no significant differences
were found between controls and mutants (supplementary material
Fig. S3A,B). In the context of augmented BMP signaling, our results
lend credence to the idea that increasingly severe nasal defects trend
with increased cell death rather than reduced proliferation through
FGF signaling.

Enhanced p53-mediated apoptosis is responsible for nasal
cartilage abnormalities

There is mounting evidence showing that BMP4 treatment can induce
pS53-mediated apoptosis (Fukuda et al., 2006; Kim et al., 2006;
Haubold et al.,, 2010). However, the molecular mechanisms
connecting these two pathways are poorly understood. Because we
demonstrated that pSMADI physically interacts with p53, reducing
its degradation in cultured cells (Chau et al., 2012), we tested the
possibility that enhanced BMP-Smad signaling prevents degradation
of p53 in ca-Bmprla:PO-Cre mutants. First, we compared p53
production in nasal septa harvested at E12.5 and from newborn mice

from each group. Notably, p53 was highly abundant in mutants
(Fig. SI,U,V). To evaluate the involvement of p53 in nasal cartilage
dysmorphogenesis, we intraperitoneally administered pifithrin-o.
(PFT), a p53-specific inhibitor, to pregnant females from E8.5 to
E18.5. PFT is known to reduce apoptosis through inhibition of
transcription events dependent upon p53 (Komarov et al., 1999), and
it also rescues the craniofacial defects found in Tcof! ™~ mutants by
reducing apoptosis in the neural tube (Jones et al., 2008). Excitingly,
PFT-treated ca-Bmprla:P0-Cre mutants sacrificed shortly after birth
exhibited a nasal septum that was normally fused with the secondary
palate as well as nasal capsule cartilage that was structurally similar to
that of newborn controls (Fig. 6J,N). Skeletal abnormalities of the
mutants were partially rescued by PFT treatment. Treated mutants
showed improvement with regards to both hypertelorism (Fig. 6E-H,
brackets, 6.39 mm+0.19 mm for PFT-treated mutants versus
7.02 mm+0.17 mm for vehicle-treated mutants, n=5, P=0.00062,
+s.d.) and nasal bone length (supplementary material Fig. S4D,H,],
1.72 mm+0.07 mm for PFT-treated mutants versus 0.89 mm
+0.11 mm for vehicle-treated mutants, n=5, P=0.00001, =+s.d.).
Neonatal lethality in mutants was also ameliorated [PFT treatment
from E8.5 to E18.5 resulted in death of 2 out of 19 mutants (9.0%),
vehicle injection resulted in death of 10 out of 19 mutants (52.5%),
P=0.00087]. Furthermore, treated mutants showed significantly

| PFT treated I

Vehicle treated \

Fig. 6. p53-specific chemical inhibition by pifithrin-a

| Control i mutant | Control |

‘ rescues nasal tissue defects in vivo. (A-H) Newborn

mutant skulls from PFT-treated controls (A,E), PFT-treated

c

mutants (B,F), vehicle-treated controls (C,G) and
vehicle-treated mutants (D,H). PFT was intraperitoneally
injected to pregnant mice from E8.5 to E18.5. Nasal
bone defects found in vehicle-treated mutants were
ameliorated by PFT treatment (F,H, white arrows).
Hypertelorism found in vehicle-treated mutants was also
partially rescued by PFT treatment (F,H, brackets). (I-P)
Histological analysis of PFT- and vehicle-treated mice.
PFT-treated mutants (J,N) had structurally comparable
nasal cartilage to both PFT- and vehicle-treated controls
(ILK,M,0), whereas vehicle-treated mutants had nasal
cartilage defects (L,P). (Q-T) TUNEL assay in E12.5

PFT- and vehicle-treated mice. PFT was
intraperitoneally injected from E8.5 to E11.5. Green
indicates TUNEL-positive nuclei and blue indicates
DAPI. PFT treatment reduced the number of TUNEL-
positive cells. Scale bars: 1 mm in A,E; 500 ypm in L,M;
100 ym in Q. (U) Quantification of TUNEL assay.

Vehicle-treated mutants showed a significantly higher
number of TUNEL-positive cells (n=5). *P<0.005
(Student’s t-test). CT, control; mut, mutant. (V) The levels
of pPSMAD1/5/9 were evaluated by western blotting.
Protein lysates were collected from vehicle-treated
controls, PFT-treated controls, PFT-treated mutants,
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reduced levels of apoptosis in condensed mesenchymal cells at E12.5
when treated with PFT from E&.5 to 11.5 (Fig. 6R,U). By contrast,
vehicle-treated mutants showed no improvement with regards to
apoptosis (Fig. 6T,U). We next evaluated the effect of PFT treatment
on BMP signaling activity by western blotting utilizing the anti-
PSMAD1/5/9 antibody. The BMP signaling levels of PFT-treated
mutants were significantly higher than those of controls but
comparable to untreated type 1 or type 2 mutants (Fig. 6V,W).
Taken together, these results strongly support the notion that p53-
mediated apoptosis is the downstream event resulting from
augmented BMP-Smad signaling activity and is one of the causes
of the nasal cartilage defects.

Augmented BMP signaling prompts the p53-mediated
apoptotic pathway by preventing interaction between p53
and MDM2

To dissect the molecular mechanism governing how augmented BMP
signaling results in p53-mediated apoptosis, we examined the mRNA
expression levels of p53 and its regulatory network by real-time
reverse transcription PCR (RT-PCR). Bax expression was increased in
both type 1 and type 2 mutants. Bax is one of the downstream targets
of p53 and is an apoptosis-promoting gene (Oltvai et al., 1993). The
levels of caspase 3, which is involved in the execution phase of
apoptosis, were increased in type 2 mutants (Fig. 7A). These findings
are consistent with increased levels of p53 phosphorylated at serine 15
(p-p53-Serl5) in both mutants, as revealed by western blot analysis
(Fig. 7B). p-p53-Serl5 is known to activate the apoptotic cascade
(Shieh et al., 1997; Siliciano et al., 1997; Sluss et al., 2004). It is
noteworthy that type 2 mutants showed much higher levels of p-p53-
Serl5 than type 1 mutants, despite no significant difference in total
p53 levels between control and either of the mutants (Fig. 7B; see
Fig. 8 for more details). Interestingly, there were no differences in
expression levels of Cdknla (which encodes p21) or Gadd45a, both
of which are involved in the p53-mediated cell cycle arrest pathway

(Fig. 7A). The p53 expression levels were unchanged in both mutants
(Fig. 7A). DNA damage response kinases such as ataxia telangiectasia
mutated kinase (ATM) and ATM-Rad3-related protein (ATR), which
are known to activate pS3 by phosphorylation (Canman et al., 1998;
Tibbetts et al., 1999), were also unchanged (Fig. 7A). These results
suggest that activation of p53-mediated apoptosis is likely caused by
post-translational modification of pS3 rather than by DNA damage or
higher expression of p53. This prompted us to evaluate expression
levels of Mdm?2 and Pten. It is reported that MDM?2 ubiquitylates pS3
to prompt its degradation (Momand et al., 1992; Kussie et al., 1996;
Lai et al., 2001). PTEN negatively regulates phosphoinositide
3-kinase (PI3K)-initiated activation of MDM2 (Stambolic et al.,
1998; Mutter, 2001) and its expression is positively regulated by BMP
signaling (Waite and Eng, 2003a,b). RT-PCR demonstrated there was
no significant difference in Mdm2 and Pten expression levels between
control and mutant samples (Fig. 7A). We also evaluated MDM?2
production level in cell lysates from nasal tissue. Western blot analysis
using an anti-MDM2 antibody showed no difference between control
and mutant samples (Fig. 7B).

In the previous study, we demonstrated that SMAD1 physically
interacts with p53, thus preventing MDM2-mediated p53
degradation in cultured cells (Chau et al., 2012). Considering the
fact that increased p53 protein levels are found in the mutants
whereas p53 transcription levels remain constant (Fig. 5I,U,V;
Fig. 7A), we hypothesized that augmented BMP signaling
increases the nuclear localization of pSMADI1/5/9 to prevent
interaction between p53 and MDM2, thus reducing MDM2-
mediated p53 degradation. We isolated cells from newborn nasal
tissues to prepare lysate. Immunoprecipitation using an antibody
against p53 followed by western blot analysis revealed that the
amount of complex between MDM2 and p53 was lower in type 1
mutants than in controls and was barely detectable in type 2
mutants (Fig. 7C). Next, we evaluated the amount of pPSMAD1/5/9
interacting with p53 in controls and mutants. Western blot analysis

A o Fig. 7. Augmentation of BMP signaling leads to p53-mediated
HE F [] Control apoptosis by preventing MDM2-mediated p53 degradation.
2 31 [ Type 1 (A) Expression levels of p53, Bax, caspase 3, p21, Gadd45a,
H Mdm2, Pten, Atm and Atr were measured by RT-PCR. Total RNA
5 l Type 2 was isolated from the nasal tissue of newborn controls, type 1 and
g 2 type 2 mutants (n=4-6 per group). Expression levels of these
s mRNAs were normalized to Gapdh mRNA. *P<0.01, **P<0.005
- (Student’s t-test). (B) p-p53-Ser15, total p53 and MDM2 levels were
E 14 examined by western blotting. GAPDH was used as a loading
& control. Protein lysate was isolated from nasal tissues of controls
(CT), type 1 (Ty1) and type 2 (Ty2) mutants. The levels of p-p53-
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cartilage. (A) Immunohistochemistry was performed in newborn
controls, type 1 and type 2 mutants using pPSMAD1/5/9 antibody
(green). pSMAD1/5/9 was accumulated in the nuclei of mutant
nasal septal chondrocytes. These images were taken by confocal
laser-scanning microscopy. Blue indicates DAPI staining. Scale
bar: 100 ym. (B) p-p53-Ser15, total p53 and GAPDH levels were
quantified by western blotting. Protein lysate was isolated from
dissected nasal cartilage of controls (CT), type 1 (Ty1) and type 2
(Ty2) mutants. The levels of p-p53-Ser15 were normalized to
GAPDH (left) or total p53 (right). The levels of p53 were normalized
to GAPDH (center). These protein levels were compared between
controls, type 1 and type 2 mutants. The data are represented as
mean + s.d. (n=3 per group). *P<0.05 (Student’s t-test). (C) Cartoon
depicting BMP signaling activating p53-mediated apoptosis.
Nuclear accumulation of pPSMAD facilitates its interaction with p53.
This p53 stabilization results in inhibition of MDM2-mediated p53
degradation. This event activates the p53-mediated apoptosis
pathway in mutant nasal cartilage.
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utilizing anti-pSMAD1/5/9 antibody revealed that mutants had
higher levels of pPSMAD1/5/9 bound to p53. In particular, type 2
mutants showed more pSMAD1/5/9 bound to p53 than type 1
(Fig. 7C).

Although BMPRI1A is expressed broadly in nasal tissue
(supplementary material Fig. S5A), p53 (Fig. 5U,V) and
apoptotic cells (Fig. 5R,S) were readily observed in mutant nasal
cartilage. To understand why the nasal cartilage is the most
affected nasal tissue, we evaluated the patterns of Cre excision in
PO0-Cre/ROSA26R"*? mice (supplementary material Fig. S5B), as
well as pPSMADI1/5/9 and cell death between controls and type 2
mutants (supplementary material Fig. S5C,D). Concordant with
the lacZ staining patterns, we observed increases in pSMAD1/5/9
in both cartilage and bones. It is, however, noteworthy that
the nasal cartilage in the mutants shows a significantly higher
number of TUNEL-positive cells when compared with either
mutant nasal bones or corresponding tissues in controls. Confocal
laser-scanning microscopy also confirmed that pSMADI1/5/9
accumulated in the nuclei of mutant cartilaginous nasal septa to
a higher degree in type 2 than typel mutants (Fig. 8A). Thus, we
repeated the immunoblot analyses using the protein lysates
extracted from dissected nasal cartilage. Total p53 levels in the
lysates from nasal cartilage increased 1.7-fold in the type 1 mutants
and 2.5-fold in the type 2 mutants, the ratio between p-p53-Serl5
and total p53 increased 4.5-fold in the type 1 mutants and 6.3-fold
in the type 2 mutants (Fig. 8B). Because the levels of p53 were
locally higher in mutant nasal cartilage (Fig. 5T-V), it is likely
that increases in total p53 were masked when proteins were
prepared from the entire nasal portion. These results strongly
suggest that increased nuclear levels of pPSMAD1/5/9 prevent the
MDM2-p53 interaction, consequently inhibiting p53 degradation,

which results in activation of apoptotic pathways as seen in nasal
cartilage of ca-Bmprla:P0-Cre mice.

DISCUSSION

Our present results provide a detailed picture of how augmented
BMP signaling through BMPR1A in neural crest cells induces p53-
mediated apoptosis in developing cartilage. In ca-Bmprla:P0-Cre
mice, increased BMP type 1 receptor kinase activity results in
increased nuclear accumulation of pSMADI1/5/9. pSMAD1/5/9
then interacts with p53, inhibiting the association between p53 and
MDM2. This decreases p53 degradation. Stabilization of p53 leads
to transcriptional activation of its downstream targets such as Bax
and caspase 3 in the nasal cartilage primordia. Such alterations
induce caspase 3-mediated apoptosis and cause abnormal nasal
structures such as short snouts and nasal cartilage defects.
Furthermore, we demonstrated that inhibition of p53 activity
reduced apoptosis in developing nasal cartilage and partially
rescued the mutant phenotype. Based on these findings, we
propose a molecular model that attempts to account for the
phenotype (Fig. 8C).

In both mouse and human embryos, a cartilaginous nasal capsule
surrounds the nasal cavity and is continuous with the cartilage of the
nasal septum (Neskey et al., 2009). This cartilaginous capsule acts
as a strut providing structural support to the nasal cavity. Therefore,
reduced nasal airway volume due to choanal atresia, nasal septal
defects or deviation leads to difficulties in nasal respiration (Hall,
1979; Tardy and Garner, 1990; Yilmaz and Altuntas, 2005). In
severe cases, the nasal obstruction leads to asphyxia or sudden death
in human infants (Shaw, 1968; Hall, 1979). Congenital septal
defects (CSDs) are also documented in humans. Failure of nasal
septum fusion to the secondary palate was discovered in these cases,
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and these patients also exhibited signs of nasal obstruction (Dogru
et al.,, 2004; Yilmaz and Altuntas, 2005). We found abdominal
distension and air bubbles in the gastrointestinal tract of type 2
mutants. Similar findings are reported in neonatal mice with cleft
palate and retrognathia (Winograd et al., 1997; Dudas et al., 2004;
Morita et al., 2004). These abnormal oral structures have been
thought to prevent normal nasal respiration and lead to neonatal
lethality in mice; however, we did not observe cleft palate in our
mutant mice. The only overt morphological changes we observed
were nasal cavity defects. We are not certain whether these defects
are the direct cause of gradual abdominal distension and neonatal
lethality observed in type 2 mutants.

Mutations in BMP inhibitors such as Noggin (Nog) and Chordin
(Chrd) are also reported to induce craniofacial abnormalities. Nog ™~
mutants show a severe skull phenotype that includes exencephaly
(McMahon et al, 1998). Nog™ ;Chrd~~ mutants exhibit
phenotypes involving medial forebrain tissue, such as cyclopia as
well as a lack of jaw elements derived from cranial neural crest cells
(Bachiller et al., 2000; Anderson et al., 2002). Consistent with our
findings in these mutants, programmed cell death in cranial tissues is
dramatically increased (Anderson et al., 2002). The origin of
abnormalities in these mice could possibly be traced back to
patterning defects developed at the gastrulation stage, because these
are global knockouts in which BMP signaling is augmented in
several tissues. Unfortunately, neural crest-specific mutation of these
genes has not been reported yet. In our ca-Bmprila:P0-Cre mice,
BMP signaling is augmented only in neural crest-derived cells after
their emergence, which provides a plausible explanation for
deviations from phenotypes reported for those mice mutant for
BMP antagonists. In chondrogenesis, condensed mesenchymal cells
give rise to chondrocytes, and SOX9 is required for this fate
(Lefebvre et al., 1997). Mounting evidence also suggests that FGF
signaling negatively regulates chondrogenesis (Coffin et al., 1995;
Colvin etal., 1996; Sahni et al., 2001; Murakami et al., 2004; Raucci
et al., 2004). FGF ligand, FGF receptors and downstream FGF
components were enhanced in the anterior frontal suture of
ca-Bmprla:P0-Cre mice (Komatsu et al., 2013). These results
prompted us to evaluate the levels of SOX9 and FGF signaling
components. In our immunohistochemistry experiments, levels of
SOX9 and FGF signaling components in mutants were comparable
to those of control mice, whereas the number of apoptotic cells was
significantly increased in mutant condensing mesenchymal cells and
chondrocytes. These results indicate that cell death in mesenchymal
cells and chondrocytes is likely to be the cause of the nasal
phenotype in our mutants.

In our study, PFT treatment successfully reduced apoptosis in
developing nasal septal primordia and rescued the nasal cartilage
phenotype. Furthermore, PFT-treated mutants exhibited comparable
PSMAD1/5/9 levels to vehicle-treated mutants. These results indicate
that p53-mediated cell death is crucial to the etiopathophysiology
underlying nasal cartilage dysmorphogenesis. TUNEL assay revealed
that cell death was increased in the chondrocytes of newborns as well
as in mesenchymal cells at E12.5. It remains unclear, however, which
of'these cells is responsible for the nasal cartilage phenotype. There is
mounting evidence that pS3 induces chondrocyte apoptosis both in
developing cartilage and in cell culture. It is known that p53 induces
cell death in articular as well as Meckel’s cartilage (Trichilis and
Wroblewski, 1997; Okazaki et al., 2003). In human chondrocyte
culture, PFT treatment suppresses p-p53-Serl5 as well as chondrocyte
apoptosis induced by mechanical stress (Hashimoto et al., 2009).
Additional studies with PFT are necessary to identify the cell type that
is responsible for the nasal phenotype.
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In ca-Bmprla:P0-Cre mutants, p-p53-Serl 5 level and downstream
targets of pS3 such as Bax and caspase 3 were upregulated. By
contrast, Atrm and Atr, DNA damage signaling kinases, and p353
mRNA expression levels were unchanged. A possible explanation of
this phenomenon is post-translational regulation of p53 by ubiquitin
ligase. It is reported that p53 is ubiquitylated by ubiquitin E3 ligases
(Brooks and Gu, 2006). Among several E3 ligases, MDM2 is
identified as a key E3 ligase in the p53 regulatory network (Montes de
Oca Luna et al., 1995). In this study, we quantified levels of MDM2-
p53 complex formation and found a reduction in the mutants.
Moreover, we previously found that SMADI decreases the
ubiquitylation level of p53 in cultured cell lines (Chau et al., 2012).
These results suggest that ubiquitylation levels of p53 might be
reduced in ca-Bmprla:P0-Cre mutants. Thus, it is an interesting
future endeavor to determine p53 ubiquitylation levels in our mutants.

We also found that levels of p27 and Gadd45a, and proliferating
cell number were unchanged in ca-Bmprla:P0O-Cre mutants. The
mechanism by which p53 mediates either apoptosis or growth arrest
is poorly understood. However, it is reported that certain viral or
mammalian proteins can direct p53 transcriptional specificity
towards apoptosis or growth arrest. For instance, BRCA1 as well
as the virus protein NS5A, both of which physically associate with
p53, have been shown to stabilize p53, thus activating p53
transcriptional specificity towards genes involved in cell cycle
arrest but not the apoptotic pathway (Majumder et al., 2001;
MacLachlan et al., 2002). Additionally, the bacterial redox protein
azurin is known to induce only p53-mediated apoptosis (Yamada
et al., 2004). Interestingly, mutations in azurin (M44KMG64E) shift
p53 specificity towards growth arrest (Yamada et al., 2004).
Although we do not have experimental results at this moment, we
speculate that complex formation between pSMAD and p53 might
direct p53 transcriptional specificity towards apoptosis.

One of the outstanding questions is whether the same
mechanisms are applicable for normal developmental processes.
There is mounting evidence that BMP signaling components, such
as BMP2, BMP4, BMP7 and MSX2, are involved in apoptosis
during skin and tooth development (Vaahtokari et al., 1996a,b;
Sharov et al., 2003). In cancer cells, BMP4 can induce apoptosis
through a p53-dependent mechanism (Fukuda et al., 2006; Kim
et al., 2006; Haubold et al., 2010). We previously found that the
BMP-Smadl pathway participates in the DNA damage response
by interacting with p53 (Chau et al., 2012). Thus, it is possible to
speculate that some BMP-induced apoptosis during embryogenesis
is p53 dependent. However, p53-null mice are viable and develop
normally (Donehower et al., 1992). By contrast, mice lacking the
Tp63 gene (encoding p63), which is closely related to p53, show
severe developmental defects in structures requiring epithelial-
mesenchymal interactions, such as hair follicles, limbs, teeth and
mammary glands (Mills et al., 1999). Notably, p63 was found to
be a direct transcriptional target of SMAD4 and SMADS in
zebrafish (Bakkers et al., 2002). These findings suggest the
possibility that BMP signaling regulates both p53 and p63 to
induce apoptosis during embryogenesis. In the nasal cartilage of
ca-Bmprla:P0-Cre mutants, we found nuclear accumulation of
PSMAD1/5/9 as well as increased expression of the proapoptotic
genes Bax and caspase 3. We also found increased levels of p-p53-
Serl5 and total p53, and increased physical interaction between
p53 and pSMADI1/5/9. In conjunction with the finding that
MDM2-p53 complex formation was reduced in mutants, we
propose a model where augmented BMP signaling through
BMPRIA enhances p53 activity by inhibiting MDM2-mediated
p53 degradation (Fig. 8C).



RESEARCH ARTICLE

Development (2015) 142, 1357-1367 doi:10.1242/dev.118802

MATERIALS AND METHODS

Animals

Generation of the mouse line expressing the constitutively active form of
Bmprla (ca-Bmprla) used in this study has been described previously
(Kamiya et al., 2008; Komatsu et al., 2013). The P0-Cre mouse line,
CS57BL/6J-Tg(P0-Cre)94Ilmeg (ID 148), was provided by CARD,
Kumamoto University, Japan (Yamauchi et al, 1999). They were
maintained in a mixed background of 129S6 and CS57BL/6J. Embryos
were collected from timed pregnant mice, and embryonic ages were
determined by the day when the vaginal plug was discovered, which was
designated as E0.5. Embryonic tails were used for PCR-based genotyping.
All mouse experiments were performed in accordance with University of
Michigan guidelines covering the humane care and use of animals in
research.

Histology, skeletal staining and immunohistochemistry

E12.5, E14.5, newborn and P7 heads were fixed in 4% paraformaldehyde
(PFA) at 4°C overnight. P7 heads were decalcified in 10% EDTA for
10 days. They were embedded in paraffin and sectioned at 7 pm for
Hematoxylin and Eosin staining or Alcian Blue and Nuclear Fast Red
staining. For immunohistochemistry, these embryos were fixed in 4% PFA
at 4°C overnight, incubated in 20% sucrose/PBS at 4°C overnight,
embedded in O.C.T. compound (Sakura Finetek, Tokyo, Japan) and
serially sectioned at 10 pum. The samples were incubated with rabbit anti-
FGF2 (1:100, AB1458, Chemicon), rabbit anti-FGFR1 (1:100, sc-121,
Santa Cruz Biotechnology), rabbit anti-FGFR2 (1:100, sc-122, Santa Cruz
Biotechnology), rabbit anti-FGFR3 (1:100, sc-123, Santa Cruz
Biotechnology), rat anti-Ki67 (1:50, M7249, Dako), rabbit anti-SOX9
(1:100, sc-20095, Santa Cruz Biotechnology), rabbit anti-p53 (1:50,
sc-6243, Santa Cruz Biotechnology), rabbit anti-BMPRI1A (1:100,
AP2004B, Abgent) and rabbit anti-pSMADI1/5/9 (1:100, 13820, Cell
Signaling Technology) at 4°C overnight. Alexa Fluor 488-conjugated
donkey anti-rabbit IgG (1:100, A21206, Invitrogen) or Alexa Fluor
488-conjugated goat anti-mouse IgG1 (1:100, A21121, Invitrogen) were
used as secondary antibodies. Sections were mounted with ProLong Gold
antifade reagent with DAPI (P36935, Invitrogen).

TUNEL assays

E12.5 and newborn heads were fixed in 4% PFA at 4°C overnight, incubated
in 20% sucrose in PBS at 4°C overnight, embedded in O.C.T. compound
and sectioned at 10 um. Levels of cell death were measured by employing
the TdT-mediated dUTP nick-end labeling (TUNEL) method using the
In Situ Cell Death Detection Kit (Roche). DNA strand breaks were labeled
with fluorescein and visualized with FITC.

Treatment of animals with the p53 inhibitor pifithrin-o

For treatment of animals, a 1.68 mg/ml stock solution of pifithrin-o (Sigma)
was made with 50% DMSO in PBS. This stock solution was diluted ten
times with PBS prior to injection and injected intraperitoneally (2.2 mg/kg)
into pregnant mice on days E8 to E18. Injection of the vehicle alone (5%
DMSO in PBS) was performed for vehicle-treated groups.

Immunoblot analysis

Nasal portions of each embryo were lysed in RIPA buffer (20 mM
Tris-HCI, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate) using a
Bio-Gen Pro200 homogenizer (Pro Scientific). The resulting lysates were
run on 10% Mini-Protean TGX gels (Bio-Rad) and transferred to
Amersham Hybond-P membrane (GE Healthcare). The following
antibodies were used for immunodetection: rabbit anti-pSMAD1/5/9
(1:1000, 9511, Cell Signaling Technology), rabbit anti-pSMADI1/5/9
(1:1000, 13820, Cell Signaling Technology), rabbit anti-p44/42 MAPK
(ERK1/2) (1:1000, 4695, Cell Signaling Technology), rabbit
anti-phospho-p44/42 MAPK (pERK1/2) (1:1000, 4376, Cell Signaling
Technology), mouse anti-MDM2 (1:500, sc-965, Santa Cruz
Biotechnology), rabbit anti-phospho-p53 (p-p53) (Serl5) (1:500,
ab1431, Abcam), rabbit anti-p53 (1:2000, sc-6243, Santa Cruz
Biotechnology) and rabbit anti-GAPDH antibody (1:2000, 2118, Cell

Signaling Technology). Super Signal West Pico Chemiluminescent
Substrate (Pierce Biotechnology) was used to detect bound antibody
against ERK1/2, pERK1/2, p-p53 (Ser37) and GAPDH. SuperSignal West
Femto Maximum Sensitivity Substrate (Pierce Biotechnology) was used to
detect bound antibodies against pPSMAD1/5/9, p-p53 (Serl15) and MDM2.

Immunoprecipitation of p53-associated protein

Primary cells from nasal tissue were lysed in co-immunoprecipitation buffer
(20 mM Tris pH 7.5, 100 mM NaCl, 0.5% NP-40, 0.5 mM EDTA) with
protease inhibitors. Immunoprecipitation was performed with anti-p53
antibody (sc-6243, Santa Cruz Biotechnology) and Dynabeads Protein G
(Life Technologies) for 12 h at 4°C. The immunoprecipitates were washed
four times in lysis buffer and analyzed by immunoblot analysis.

RNA isolation and quantitative real-time RT-PCR

Total RNA was isolated from the nasal portion of the skulls using RNeasy
(Qiagen), according to the manufacturer’s protocol. cDNA was synthesized
using Superscript First-Strand Synthesis System for RT-PCR (Invitrogen).
TagMan probes were purchased and real-time RT-PCR was performed by
using the ABI PRISM 7500 (Applied Biosystems). Data were normalized to
GAPDH mRNA levels using the 2724 method.
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