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Abstract

Cleft palate, including submucous cleft palate, is among the most common birth defects in
humans. While overt cleft palate results from defects in growth or fusion of the developing palatal
shelves, submucous cleft palate is characterized by defects in palatal bones. In this report, we
show that the Bmprla gene, encoding a type | receptor for bone morphogenetic proteins (Bmp), is
preferentially expressed in the primary palate and anterior secondary palate during palatal
outgrowth. Following palatal fusion, Bmprla mRNA expression was upregulated in the condensed
mesenchyme progenitors of palatal bone. Tissue-specific inactivation of Bmprla in the developing
palatal mesenchyme in mice caused reduced cell proliferation in the primary and anterior
secondary palate, resulting in partial cleft of the anterior palate at birth. Expression of Msx1 and
Fgf10 was downregulated in the anterior palate mesenchyme and expression of Shh was
downregulated in the anterior palatal epithelium in the Bmprla conditional mutant embryos,
indicating that Bmp signaling regulates mesenchymal-epithelial interactions during palatal
outgrowth. In addition, formation of the palatal processes of the maxilla was blocked while
formation of the palatal processes of the palatine was significantly delayed, resulting in
submucous cleft of the hard palate in the mutant mice. Our data indicate that Bmp signaling plays
critical roles in the regulation of palatal mesenchyme condensation and osteoblast differentiation
during palatal bone formation.
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Introduction

During mammalian embryonic development, the secondary palate initiates from the oral
sides of the maxillary processes and grow initially vertically down the sides of the
developing tongue. At a precise developmental stage the bilateral palatal shelves elevate to a

"Author for correspondence: Center for Oral Biology and Department of Biomedical Genetics, University of Rochester School of
Medicine and Dentistry, 601 EImwood Avenue, Box 611, Rochester, New York 14642, USA. Phone: 1-585-273-1426. Fax:
1-585-276-0190. Rulang_Jiang@urmc.rochester.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baek et al.

Page 2

horizontal position above the dorsum of the tongue and fuse with each other at the midline.
In addition, the bilateral palatal shelves fuse anteriorly with the primary palate, derived from
medial nasal processes, to form the intact roof of the oral cavity. Any disturbance of the
growth, elevation or fusion of the palatal shelves could result in cleft palate, one of the most
common birth defects in humans (reviewed by Ferguson, 1988; Gritli-Linde, 2007).

The secondary palate is anatomically divided into the anterior bony region (hard palate) and
posterior muscular region (soft palate) (Sperber, 2002). Cleft palate defects affecting the
entire secondary palate or either the anterior or posterior regions have been documented
(reviewed by Hilliard et al., 2005). Consistent with the morphological and pathological
differences in the anterior and posterior palate, recent studies have clearly demonstrated that
there is molecular heterogeneity along the anterior-posterior axis of the developing
secondary palate in mice (reviewed by Hilliard et al., 2005; Li and Ding, 2007; Welsh and
O’Brien, 2009). During early palate development, expression of several transcription
factors, including Barx1, Mn1, Msx1, Meox2, Shox2, and Thx22, is highly restricted along
the anterior-posterior axis. Expression of Msx1 and Shox2 mRNASs is restricted to the
anterior region whereas Meox2 and Thx22 mRNASs are restricted to the posterior region,
with the anterior-posterior gene expression boundary coinciding with a morphological
landmark, the first formed palatal rugae, a thickened palatal epithelial structure
perpendicular to the anterior-posterior axis on the oral side of the developing palatal shelves
(Zhang et al., 2002; Yu et al., 2005; Hilliard et al., 2005; Li and Ding, 2007, Pantalacci et
al., 2008; Welsh and O’Brien, 2009). Barx1 and Mn1 mRNAs are also preferentially
expressed in the posterior regions of the developing palatal mesenchyme during palatal
outgrowth (Liu et al., 2008; Welsh and O’Brien, 2009). Although mice lacking either Msx1
or Mn1 exhibited complete cleft palate, the Msx1~~ mutant mice exhibited specific cell
proliferation defects in the anterior region whereas Mn1~~mutant mice showed preferential
growth deficit in the posterior regions of the developing palatal shelves (Zhang et al., 2002;
Liu et al., 2008). Shox2 is required for growth of the anterior palate and mice lacking Shox2
exhibited incomplete cleft within the anterior palate while the mutant posterior palate fused
normally (Yu et al., 2005). In contrast, mice lacking Thx22 showed submucous cleft palate,
with delayed palatal bone development (Pauws et al., 2009).

In addition to findings of distinct transcription factors involved in the growth of the anterior
and posterior regions of the developing palatal shelves, recent studies showed that the
growth and elongation of palatal shelves along the anterior-posterior axis are associated with
periodic addition of new palatal rugae just anterior to the first formed rugae (Pantalacci et
al., 2008; Welsh and O’Brien, 2009). Palatal rugae express high levels of Shh, which has
been shown to play critical roles in regulating cell proliferation and expression of the
fibroblast growth factor Fgf10 in the developing palatal mesenchyme (Pantalacci et al.,
2008; Lan and Jiang, 2009; Welsh and O’Brien, 2009). Fgf10 function in the developing
palate is required for palatal ruga formation and maintenance of Shh mRNA expression in
the palatal epithelium (Rice et al., 2004; Welsh and O’Brien, 2009). Thus, the periodic
formation of palatal rugae is believed to play critical roles in palatal outgrowth (Welsh and
O’Brien, 2009).

Previous studies have also suggested important roles for bone morphogenetic protein (Bmp)
signaling in secondary palate development. Zhang et al. (2002) reported that Bmp4
expression in the anterior palate was lost in the Msx1 7~ mutant mouse embryos and that
transgenic expression of Bmp4 under the control of an Msx1 promoter rescued anterior
palatal growth defects of the Msx1 7~ mutant mice, suggesting that Bmp4 acts downstream
of Msx1 to regulate anterior palatal growth. However, whereas Bmp4 null mutant mouse
embryos died before palate development, tissue-specific inactivation of the Bmp4 gene in
the early developing maxillary mesenchyme did not disrupt secondary palate development
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(Winnier et al., 1995; Liu et al., 2005). In contrast, inactivation of the mouse Bmprla gene,
encoding one of the type-1 Bmp receptors, in the early maxillary mesenchyme caused
significant reduction in maxillary mesenchyme proliferation prior to the onset of secondary
palate outgrowth and resulted in smaller palatal shelves and subsequently cleft palate at birth
(Liu et al., 2005). It is not known, however, whether Bmprla signaling plays a critical role
in the developing secondary palate. Moreover, while it is well known that Bmp signaling
plays critical roles in bone development, and although submucous cleft palate with defects
in the palatal bones is as common as overt cleft palate (Garcia et al., 1988; Weather-White et
al., 1972), little is known about the molecular mechanisms regulating palatal bone
formation. Here we report the generation of mice with tissue-specific inactivation of Bmprla
in the developing palatal mesenchyme and show that Bmprla is required for palatal shelf
growth as well as palatal bone formation.

Materials and Methods

Mouse strains

The Bmpria® conditional mice and the Osr2-IresCre mice have been described previously
(Mishina et al., 2002; Lan et al., 2007). Both mouse strains were maintained as homozygotes
in their own strain background. Osr2!resCre/lresCre homozygous male mice were crossed to
Bmpriaf/f female mice to generate the Osr2-IresCre;Bmpriaf* male mice, which were
subsequently crossed to Bmpria'f female mice to generate Osr2-IresCre;Bmpriaf embryos
for analysis. Although the IresCre cassette in the Osr2-IresCre allele did not disrupt Osr2
gene function (Lan et al., 2007), all experimental analysis of Osr2-IresCre;Bmpria’f
embryos used Osr2-IresCre;Bmprilaf* littermates as controls. Genotyping of mice and
embryos were carried out by allele-specific PCR as previously described (Mishina et al.,
2002; Lan et al., 2007).

Histology, in situ hybridization analysis, and skeletal preparations

For histology, embryos were harvested from euthanized timed pregnant mice, fixed in
Bouin’s fixative, dehydrated through graded alcohols, embedded in paraffin wax, sectioned
at 7-um thickness. The sections were stained with hematoxylin and eosin or the trichrome
reagents for morphological observations. Sections from late-term and newborn pups were
stained with alcian blue and van Gieson’s picrofuchsin to visualize bone (red) and cartilage
(blue).

For whole mount in situ hybridization, embryos were dissected from euthanized timed
pregnant mice, fixed overnight in 4% paraformaldehyde in PBS at 4°C. The fixed embryos
were washed in cold PBS, the embryonic head separated from the body using a sharp razor,
and the mandible was removed from the upper jaw to expose the secondary palate. The fixed
embryonic heads were washed with PBS, dehydrated through 25%, 50%, 75%, and 100%
methanol, and stored in 100% methanol at —20°C. Following identification of genotypes, the
samples of the same genotype were pooled and whole mount in situ hybridization carried
out using previously described protocol (Jiang et al., 1998).

For section in situ hybridization, embryos were fixed overnight at 4°C in 4%
paraformaldehyde in PBS, dehydrated through graded alcohols, embedded in paraffin and
sectioned at 5-um thickness. In situ hybridization of tissue sections were performed as
described previously (Zhang et al., 1999).

Skeletal preparations of newborn pups and of E18.5 embryos were made according to the
protocol of Martin et al. (1995).
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Quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR)

For quantitative analysis of gene expression in the developing primary palate, the primary
palate tissues were dissected from E14.0 embryos in cold DEPC-treated PBS, quickly frozen
in liquid nitrogen and stored individually at —80 °C. Following identification of the
genotypes of the embryos by allele-specific PCR, tissues were pooled by genotype and total
RNA extracted using Trizol reagents (Invitrogen). Following total RNA extraction and
quantification, first-strand cDNA was synthesized using SuperScript™ First-Strand
Synthesis System for RT-PCR (Invitrogen). Quantitative PCR amplifications were
performed in an iCycler real-time PCR machine (Bio-Rad) using the SYBR GreenER™
gPCR Supermix (Invitrogen). The reaction was run in a PCR program of 50 °C for 2
minutes, 95 °C for 8.5 minutes, followed by 40 cycles of 95 °C for 15 seconds and 60 °C for
60 seconds, with a melt curve generation cycle at the end. For each gene, the PCR reaction
was carried out in triplicates and the relative levels of MRNAs were normalized to that of
Hprt using the standard curve method. Student’s t-test was used to analyze the significance
of difference and a P value less than 0.05 was considered statistically significant.

Assay of osteoblast differentiation by alkaline phosphatase staining

Embryos were harvested from euthanized timed pregnant mice, fixed in 4%
paraformaldehyde overnight at 4°C. After washing with PBS, the embryos were equilibrated
in 10%, 20%, and then 30% sucrose in PBS, embedded in Negative-50 cryomedium, frozen
sectioned at 10-um thickness. The sections were incubated in the N™T buffer (100 mM
NaCl, 100 mM TrisHCI pH 9.5, 50 mM MgCI2, 0.1% Tween-20) containing 4.5 pl/ml
nitroblue tetrazolium (NBT) and 3.5 pl/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP).
When staining was complete, the slides were washed in PBT containing 20mM EDTA.
Sections were counterstained with Nuclear Fast Red, dehydrated through graded alcohols
and mounted with Permount.

Detection of cell proliferation and apoptosis

For detection of cell proliferation in the palatal shelves, timed pregnant female mice were
injected once intraperitoneally at gestational day 13.5, 14.5, 15.5, or 16.5 (with 12 pm on the
day of plug was observed counted as 0.5 day of gestation) with the BrdU Labeling Reagent
(Roche, 45 ng/g body weight). One hour after injection, embryos were dissected, fixed with
Carnoy’s fixatives at 4°C overnight, embedded in paraffin and sectioned at 5 um thickness
in the coronal plane for immunodetection of BrdU using the BrdU Labeling and Detection
kit (Roche) as described previously (Lan et al., 2004). Following BrdU immunostaining, the
embryonic sections were counterstained with Nuclear Fast Red to visualize all cellular
nuclei. Cell counts were recorded separately for the primary palate and each of the bilateral
palatal shelves from five continuous sections of matching areas of the primary palate,
anterior secondary palate (from section between the palatal rugae 2 and 3), and of the mid-
palate (from sections through the middle of the maxillary first molar tooth germs) regions in
the control and mutant samples. The cell proliferation rate was calculated as a percentage of
the cell nuclei with BrdU labeling. Data were collected from at least three pairs of mutant
and control littermates at each developmental stage. Students’ t-test was used to analyze the
significance of difference and a P-value less than 0.05 was considered statistically
significant.

Apoptotic cell death in the developing palate was assessed by staining paraffin sections
using the DeadEnd™ Fluorometric TUNEL System reagents (Promega) following the
manufacturer’s instructions. Following TUNEL staining, sections were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI).
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Results

Expression pattern of Bmprlain the developing palate

We used whole mount and section in situ hybridization analyses to examine the expression
patterns of Bmprla mRNA during palate development. By whole mount in situ
hybridization, strong Bmprla mRNA expression was detected in the medial nasal processes
and in the anterior half of the developing palatal shelves while its expression in the posterior
half of the palatal shelves was significantly weaker at E13.5 (Fig. 1A). Section in situ
hybridization analyses detected strong Bmprla mRNA expression in the mesenchyme of the
medial nasal processes and in the anterior secondary palate at this stage (Fig. 1B). Strong
Bmprla mRNA expression was also detected in the mesenchyme of the distal mandible and
tongue (Fig. 1B). Consistent with the whole mount data, expression of Bmprla in the
posterior palate was much weaker although strong signals were detected in the ventricular
zone cells of the brain and in the developing eyelid and retina tissues on the same sections
(Fig. 1C). At E14.5, strong Bmprla mRNA expression was detected in the mesenchyme of
the developing primary palate, in the olfactory and dental epithelia, and in the precursor
cells of the facial and palatal bone (Fig. 1D, E). By E16.5, Bmprla mRNA is highly
expressed in the dental epithelium and mesenchyme, and in the condensed mesenchyme
precursor cells of the palatal processes of the maxilla (Fig. 1F). These results suggest that
Bmprla signaling may be involved in the outgrowth of the primary and secondary palate as
well as in palatal bone formation.

Bmprlais required in the palatal mesenchyme for normal palatogenesis

To specifically investigate the roles of Bmprla signaling in palate development, we used the
Osr2-IresCre mouse strain (Lan et al., 2007) in combination with the Bmpria”® mouse strain
(Mishina et al., 2002) to inactivate Bmprla in the developing palatal mesenchyme. In
contrast to the Wnt1Cre and Nestin-cre transgenic mouse lines, in which Cre activity was
present in the premigratory neural crest cells and in the early developing facial tissues,
respectively (Chai et al., 2000; Liu et al., 2005), Cre expression was activated in the nascent
palatal mesenchyme at E10.5 and Cre/loxP-mediated recombination occurred highly
specifically throughout the early developing palatal mesenchyme by E12.5 in the Osr2-
IresCre mice (Lan et al., 2007; Lan and Jiang, 2009). Thus, whereas Wnt1Cre;Bmprilaf -
mouse embryos died at midgestation and Nestin-cre;Bmpria~ mouse embryos had
significantly reduced maxillary mesenchyme cell proliferation prior to the onset of palatal
outgrowth (Stottmann et al., 2002; Liu et al., 2005), we expected that using the Osr2-IresCre
mouse strain in combination with the Bmpria®f mice would reveal specific roles of Bmprila
signaling within the developing palate.

Osr2-IresCre;Bmpriaff mice were born alive but died shortly after birth (n = 10). In
comparison with their control littermates, Osr2-IresCre;Bmprlaff pups exhibited shortened
snout (Fig. 2A). Anatomical analysis showed that these mutants had an open gap between
the primary and secondary palate (Fig. 2B, C). In addition, the mutant pups exhibited
disorganization of the palatal rugae and submucous cleft of the anterior palate (Fig. 2C).
Examination of skeletal preparations and histological sections of newborn pups showed that
the Osr2-1resCre;Bmprila’f mice lacked the palatal processes of the maxilla and had
severely retarded palatal processes of the palatine (Fig. 2, D-M). The mutant primary palate
was also significantly retarded compared with control littermates (Fig. 2H, K). In addition,
the Osr2-1resCre;Bmprila’’f mutants had deficiency in the alveolar bones on the lingual side
of the incisor and molar teeth (Fig. 2, D—M), indicating a requirement for Bmprla signaling
in alveolar bone development. The lingual bias of the alveolar bone defect seen in these
mutants is most likely due to the lingual bias of Cre expression from the Osr2-IresCre allele
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in the mesenchyme surrounding the developing tooth germs (Lan et al., 2007;Chen et al.,
2009).

To investigate the pathogenic processes of the palatal defects in Osr2-IresCre;Bmpriaff
mutant mice, we carried out detailed morphological and histological analyses of embryos
collected at various stages from the beginning of palatal outgrowth to the completion of
palate fusion. Since the secondary palate develop at the time of significant rostral expansion
of the jaws, we used whole mount detection of Shh mRNA expression in the developing
palatal rugae to reveal possible differences in growth patterns along the anterior-posterior
axis and used histology to visualize differences in palatal shelf growth, elevation, and fusion
in the Osr2-1resCre;Bmprlaff mutant and control littermates. At E12.5, palatal shelves are
comparable in size and two Shh-expressing palatal rugae had formed on each palatal shelf in
the control and mutant embryos (Fig. 3, A and F). At E13.5, while the palatal shelves in the
control and mutant embryos were still comparable in shape and size (Fig. 3, B and G; Fig. 4,
A-F), Shh mRNA expression in ruga-3, the most anterior palatal ruga, was reduced in the
mutant embryos in comparison with the control littermates (Fig. 3, B and G). By E14.5, the
bilateral palatal shelves had elevated to the horizontal position above the developing tongue
and initiated contact at the midline in the mid-palatal region in the control embryos (Fig. 3C;
Fig. 4, G-I). In contrast, the mutant palatal shelves exhibited delay in elevation (Fig. 3H;
Fig. 4, J-L). The rostral expansion of the mutant palatal shelves was also slower than that in
the control littermate, as detected by the delay in formation of ruga-6 and by the shorter
distance between ruga-1 and ruga-4 (Fig. 3, compare C and H). In addition, expression of
Shh mRNA in the mutant ruga-3 was significantly weaker than that in the control
littermates. Expression of Shh mRNA was also significantly weaker in the primary palate in
the mutant embryos than that in the control littermates (Fig. 3, compare C and H;
Supplementary Fig. 1). By E15.0, while the palatal shelves had expanded further rostrally in
both control and mutant embryos (Fig. 3, D and I), the delay in palatal fusion and rostral
expansion in the mutant embryos was consistently detected, with the control embryo
forming the 7t palatal rugae while the mutant embryo was still forming the 61 rugae. By
E15.5, fusion between the bilateral palatal shelves was nearly complete in the control
embryos, with disintegration of the midline epithelial seam and mesenchymal confluence
through much of the secondary palate and with the anterior ends of the secondary palatal
shelves making contact with the primary palate (Fig. 3E; Fig. 4, M—R). In contrast, the
bilateral palatal shelves failed to contact each other in the region anterior to ruga-2 in the
mutant embryos although fusion occurred in the middle and posterior regions of the
secondary palate (Fig. 3J; Fig. 4, P-R). In addition, Shh mRNA expression in the primary
palate and in rugae 2 and 3 was dramatically downregulated in the mutant embryos in
comparison with the control littermates (Fig. 3, E and J). Together, these data indicate that
development of both the primary palate and anterior secondary palate was impaired in the
Osr2-IresCre;Bmprilaff mutant mice.

To examine further whether inactivation of Bmprla impaired palatal shelf growth, we
compared palatal mesenchyme cell proliferation in the control and mutant embryos from
E13.5 through E16.5. We found that the cell proliferation rate was significantly reduced in
the anterior secondary palate at E13.5 in the mutant embryos in comparison with control
littermates (Fig. 5A). At E14.5 and E15.5, we detected significantly reduced cell
proliferation in both the primary palate and the anterior secondary palate in the mutant
embryos compared with control littermates (Fig. 5, B and C). At E16.5, the cell proliferation
rate was still reduced in the primary palate of the mutant in comparison with control
littermates (Fig. 5D). These data indicate that Bmprla signaling plays a critical role in the
outgrowth of the primary and anterior secondary palate and that defects in both the primary
and anterior secondary palate contributed to the partial anterior cleft palate in the newborn
mutant mice.
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Defects in mesenchymal-epithelial signaling in the developing primary and secondary
palate in Osr2-IresCre;Bmprila’f mutant embryos

Since Shh is expressed in the palatal epithelium whereas Cre expression is highly specific in
the developing palatal mesenchyme (Lan et al., 2007; Lan and Jiang, 2009), the reduction in
Shh mRNA expression in the developing primary and anterior secondary palate in the Osr2-
IresCre;Bmprilaff mutant embryos suggests defective mesenchymal-epithelial signaling in
the these tissues. Previous studies identified Bmp4 and Fgf10, both expressed in the anterior
palate mesenchyme, as important factors for the maintenance of Shh mRNA expression in
the palatal epithelium (Zhang et al., 2002; Rice et al., 2004). Zhang et al. (2002) suggested
that Bmp4 and Msx1 function in a positive regulatory loop in the anterior palatal
mesenchyme. We compared expression of Bmp2, Bmp4, Msx1, and Fgf10 in the developing
anterior secondary palate in control and mutant embryos by section in situ hybridization. At
E13.5, expression of Bmp2 and Bmp4 mRNAs was upregulated while expression of Msx1
appeared moderately decreased in the anterior palate mesenchyme in the Osr2-
IresCre;Bmpriaf/f mutant embryos in comparison with the control littermates (Fig. 6, A, B,
E, F, I, J). At E14.5, changes in the expression of these genes were more apparent, with
significant increases in expression of Bmp2 and Bmp4 and apparent downregulation of
expression of Msx1 mRNAs in the anterior palate mesenchyme in the mutant embryos (Fig.
6, C, D, G, H, K, L). While the decrease in Msx1 mRNA expression is likely a direct effect
of inactivation of Bmprla in the palatal mesenchyme, the increase in Bmp2 and Bmp4
MRNA expression suggests that the reduction in Shh expression is not direct effect of
decreased Bmp signaling in the palatal epithelium. Similar to the changes in Msx1 mRNA
expression, expression of Fgf10 mMRNA was moderately decreased at E13.5 and more
significantly downregulated by E14.5 in the anterior palatal mesenchyme in the Osr2-
IresCre;Bmpriaf/f mutant embryos (Fig. 6, M—-P). Quantitative RT-PCR analyses also
revealed increased levels of Bmp2 and Bmp4 mRNAs and decreased levels of Fgf10 mRNAs
in the developing primary palate in the Osr2-IresCre;Bmpriaf mutant embryos
(Supplementary Fig. 1). These results suggest that Fgf10 acts downstream of Bmprla
signaling to regulate the mesenchymal-epithelial interactions during palatal outgrowth.

Previous studies suggested that Bmp signaling patterns gene expression along the anterior-
posterior axis of the secondary palate (Zhang et al., 2002; Hilliard et al., 2005; Liu et al.,
2005, Yu et al., 2005). To examine whether defects in the rostral expansion of the
developing secondary palate was accompanied by defects in anterior-posterior patterning,
we compared expression of molecular markers of anterior and posterior regions of the
developing secondary palate, respectively, in the Osr2-IresCre;Bmpriaff mutant and control
littermates by whole mount in situ hybridization. As shown in Fig. 7, the restricted
expression patterns of Shox2 mMRNA in the anterior palate and of Meox2 and Thx22 in the
posterior palate were not significantly altered in the Osr2-IresCre;Bmpria”f mutant
embryos in comparison with control littermates (Fig. 7, A-F). A similar pattern of
expression of Pax9 mRNA, which is differentially expressed along the anterior-posterior
axis, was also detected in the developing palatal shelves in the Osr2-IresCre;Bmpria’f
mutant and control littermates (Fig. 7, G and H). These data indicate that the defects in
rostral expansion of the developing secondary palate is likely due to the decreased palatal
mesenchyme proliferation, as described above, and not defects in anterior-posterior
patterning.

Bmprla signaling in the palatal mesenchyme is required for palatal bone formation

The palatal bones include the palatal processes of the maxilla in the anterior secondary
palate and palatal processes of the palatine in the middle section of the secondary palate,
both of which are deficient in the newborn Osr2-IresCre;Bmpriaf mutant mice (Fig. 2).
Like most craniofacial bones, the palatal bones form by intramembranous ossification,
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which involves condensation of the neural crest derived mesenchyme cells that differentiate
directly into osteoblasts. We carried out trichrome staining of serial paraffin sections to
compare the cell condensation and ossification processes during palatal bone formation in
the control and Osr2-IresCre;Bmpriaf mutant embryos. The palatal mesenchyme in the
anterior secondary palate started to condense near the midline shortly after palatal fusion at
E15.5 in the control embryos (Fig. 8A). In the middle section of the secondary palate,
formation of the palatal processes of the palatine starts from mesenchymal condensations in
close association with the osteogenic fronts of the palatine bone in the lateral regions (Fig.
8C). In the E15.5 Osr2-IresCre;Bmpriaf mutant embryos, no obvious mesenchymal
condensations were detected in the anterior secondary palate and formation of the palatal
processes of the palatine was also delayed (Fig. 8B, D). At E16.5, extensive mesenchymal
condensations forming the primordia of the palatal processes of both the maxilla and
palatine are clearly visible in the control embryos (Fig. 8E, G). In the E16.5 Osr2-
IresCre;Bmpriaf mutant embryos, while the midline epithelial seam had completely
disintegrated in most parts of the secondary palate, no mesenchyml condensations
comparable to the primordia of the palatal processes of the maxillary bone were detected
and formation of the palatal processes of the palatine was significantly delayed (Fig. 8F, H).

Consistent with the morphological defects observed, we found that osteoblast differentiation
in the secondary palate was significantly impaired in Osr2-1resCre;Bmpriaff mutant
embryos. Expression of alkaline phosphatase, an early osteoblast differentiation marker, was
activated in the progenitor cells of the palatal bones by E15.5 and significantly upregulated
in the condensed palatal mesenchyme by E16.5 in the control embryos (Fig. 9A, C, E, G).
No alkaline phosphatase expression was detected in the anterior palatal mesenchyme in the
Osr2-IresCre;Bmprilaff mutant embryos at these stages (Fig. 11, A, B, E, F). In the mid-
palate region, alkaline phosphatase expression in the palatal mesenchyme at the osteogenic
fronts of the palatal processes of the palatine bones was significantly reduced in the Osr2-
IresCre;Bmprilaf/f mutant embryos in comparison with the control littermates at E15.5 and
E16.5, respectively (Fig. 9, C, D, G, H).

Expression of several transcription factors critical for osteoblast differentiation in vivo,
including Runx2, Osterix (Osx), and DIx5, have been shown to respond to Bmp induction of
osteoblast differentiation from mesenchymal progenitor cells (Komori et al., 1997; Otto et
al., 1997; Miyama et al., 1999; Lee et al., 2000; Nakashima et al., 2002; Holleville et al.,
2007; Matsubara et al., 2008). Osx acts downstream of Runx2 and both Osx and Runx2 are
essential for osteoblast differentiation in vivo (Komori et al., 1997; Otto et al., 1997;
Nakashima et al., 2002). DIx5 7~ mutant mice had delayed ossification during craniofacial
skeletogenesis, including defects in the palatal processes of both the maxilla and palatine
(Acampora et al., 1999; Depew et al., 1999; Depew et al., 2005). Thus, we examined
whether the expression of these transcription factors was affected in the developing palate in
Osr2-1resCre;Bmpria’f mutant embryos. At E15.5, similar to alkaline phosphatase
expression, Runx2 mRNA expression was activated in a subset of progenitor cells of the
palatal processes of the maxilla in the control embryos but not in the corresponding regions
of the secondary palate in the mutant embryos (Fig. 10A, B). In addition, Runx2 mRNA
expression was significantly reduced in the progenitor cells of the palatal processes of the
palatine in the mutant embryos compared with that in the control littermates (Fig. 10C, D).
In contrast, expression of DIxX5 mMRNA was not significantly altered in the Osr2-
IresCre;Bmpria’f mutant embryos compared with control littermates (Fig. 10, E-H). At
E16.5, expression of both Runx2 and Osx mRNAs was strongly upregulated in the
condensed mesenchyme progenitor cells of the palatal processes of the maxilla in control
embryos (Fig. 10, | and M). Little expression of Runx2 or Osx mRNAS was detected in the
corresponding region of the anterior secondary palate in the Osr2-IresCre;Bmpriaff mutant
embryos (Fig. 10, J and N). In the developing palatal processes of the palatine bones, the
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Osr2-IresCre;Bmprilaff mutant embryos exhibited delayed ossification, but high levels of
expression of both Runx2 and Osx mRNAs were detected in the condensed mesenchyme
progenitor cells at the osteogenic fronts at this stage (Fig. 10, K, L, O, P). Taken together,
these data indicate that Bmprla signaling in the palatal mesenchyme is required for the
initiation of the palatal processes of the maxilla and plays critical roles in the osteogenesis of
the palatal processes of the palatine.

In the newborn mice, the midline of the Osr2-1resCre;Bmprlaff mutant secondary palate
appeared to contain little mesenchyme (Fig. 2L, M). At E16.5, the mutant secondary palate
was visibly thinner than that in the control littermates, especially in the anterior secondary
palate (Fig. 8E, F; Fig. 10, J and N). We investigated whether there was increased palatal
mesenchyme cell death in the Osr2-1resCre;Bmprilaf’f mutant secondary palate by using
TUNEL assays. While we clearly detected apoptosis of the midline epithelial seam during
palatal fusion in both the control and mutant embryos, we did not find any increase in cell
death in the palatal mesenchyme in the mutant embryos (Supplementary Fig. 2, and data not
shown). Taken together, our data indicate that the submucous cleft phenotype of the Osr2-
IresCre;Bmpriaf/f mutant mice resulted from the combination of significantly reduced
palatal mesenchyme proliferation from E13.5 to E15.5 and lack of palatal bone support in
late gestation.

Discussion

By using Cre/loxP-mediated palate mesenchyme-specific inactivation of the Bmprla gene in
mice, this study has gained new insights into the roles of Bmp signaling in mammalian
palatogenesis. We found that Bmprla mRNA is preferentially expressed in the primary and
anterior secondary palate during palatal outgrowth and is upregulated during palatal
mesenchyme differentiation into osteoblasts. Inactivation of Bmprla in the palatal
mesenchyme caused partial anterior cleft palate and disruption of palatal bone formation.

Bmprlais required in the palatal mesenchyme for mesenchymal-epithelial interactions
controlling palatal outgrowth

Previous analysis of the Msx1 7~ mutant mice uncovered a genetic pathway in which Msx1
controls Bmp4 expression in the anterior palatal mesenchyme and Bmp4 signals to maintain
Shh expression in the anterior palatal epithelium to control palatal shelf growth (Zhang et
al., 2002). However, there is no direct evidence that Bmp signaling in the palatal epithelium
is necessary for Shh expression during palate development. Our data show that inactivation
of Bmprla in the palatal mesenchyme resulted in downregulation of Shh expression in the
primary and anterior secondary palate during palatal outgrowth. It is likely that Bmp
signaling activates other signaling molecules in the palatal mesenchyme, which in turn
signals to the palatal epithelium to maintain Shh expression. Studies of Fgf10 7~ and
Fgfr2b~~ mutant mice have shown that both mesenchymally expressed Fgf10 and the
epithelial Fgfr2b are required for maintenance of Shh mRNA expression in the palatal
epithelium (Rice et al., 2004). We found that Fgf10 mRNA expression was also
downregulated in the anterior palatal mesenchyme in Osr2-IresCre;Bmpria®f mutant
embryos. Taken together, these data suggest that Bmp4, Fgf10, and Shh signaling pathways
function in an integrated molecular network controlling anterior palatal growth.

In contrast to the loss of Bmp4 mRNA expression in the palatal mesenchyme in Msx1 7~
mutant embryos (Zhang et al., 2002), we found that Msx1 mRNA expression was
downregulated but Bmp4 mRNA expression was upregulated in the anterior palatal
mesenchyme from E13.5 to E14.5 in the Osr2-IresCre;Bmprlaff mutant embryos. The
increase of Bmp4 mRNA expression may be due to activation of a compensatory mechanism
that is Msx1-independent in the Osr2-1resCre;Bmprila’’f mutant embryos. Further studies are
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necessary to identify the molecular mechanism and to investigate whether the increase in
expression of Bmp2 and Bmp4 may have contributed to the developmental defects in the
anterior palate of Osr2-IresCre;Bmpria’f mutant embryos.

The role of Bmprlain palatal bone formation and submucous cleft palate pathogenesis

We found that the palatal processes of the maxilla and of the palatine are formed through
distinct skeletogenic processes, with the formation of palatal process of the maxilla
involving mesenchymal condensation to form de novo ossification centers separate from the
maxillary bones while formation of palatal process of the palatine involves expansion of
osteogenic fronts from the bilateral palatine toward the midline. In the Osr2-
IresCre;Bmprilaf/f mutant mice, the palatal processes of the maxilla failed to form and the
palatal processes of the palatine were reduced. We found that the palatal mesenchyme
progenitor cells of the palatal processes of the maxilla in the Osr2-1resCre;Bmpriaff mutant
embryos failed to condense and did not express the essential osteogenic transcription factor
genes Runx2 and Osx. Since Runx2 induction occurred concurrently with palatal
mesenchyme condensation, further studies will be necessary to investigate whether Bmprla
signaling directly activates Runx2 expression to initiate palatal bone formation.

The differences in severity of defects in the palatal processes of the maxilla and of the
palatine likely result from partial functional complementation by other type | Bmp receptors.
Although mice lacking Bmpr1b did not have obvious craniofacial defects (Baur et al., 2000;
Yi et al., 2000), mice with neural crest-specific inactivation of another type | Bmp receptor
Alk2 had overt cleft palate (Dudas et al., 2004). Generation of mice with palate-specific
inactivation of two or all three type I receptors will provide additional insights into the roles
of Bmp signaling in palate morphogenesis.

Although submucous cleft palate forms a clinically important subgroup and has a reported
incidence of 1:1250 to 1:5000 (Garcia et al., 1988; Weatherley-White et al., 1972), little is
known about the pathogenic mechanisms. Only two other mutant mouse strains have been
reported to exhibit submucous cleft palate phenotypes (Pauws et al., 2009; Xu et al., 2006).
Mice lacking Thx22 had reduced palatal bone formation at the posterior palatine region
(Pauws et al., 2009). We examined expression of Tbx22 mRNA in the developing palate in
the control and Osr2-IresCre;Bmprlaf mutant embryos at various developmental stages
and did not find any significant differences (Fig. 7, E and F, and data not shown). Mice with
epithelium-specific deletion of the type Il receptor for the transforming growth factor-beta
family ligands, K14-Cre; Tgfbr2f/fl: exhibited submucous cleft palate in the hard palate
region due to incomplete disintegration of the midline epithelial seam during palate fusion
(Xu et al., 2006). While we found that Bmprla expression is upregulated in the condensing
palatal mesenchyme and that the Osr2-IresCre;Bmpriaf mutant embryos had clear defects
in palatal bone formation, most of these mutant embryos also had delayed palatal fusion. It
is possible that the early defects in anterior palatal mesenchyme proliferation might have
contributed to the delay in palatal shelf elevation and fusion, which in turn contributed to the
delay in palatal bone formation. The failure of anterior palatal mesenchyme to form the
ossification centers of the palatal processes of the maxilla in the Osr2-IresCre;Bmpriaff
mutant embryos, however, identify a specific role for Bmprla signaling in palatal bone
formation and distinguishes the submucous cleft palate phenotype in this mouse strain from
those in the Tbx22 null and K14-Cre; Tgfbr2/f mutant mice.

Research highlights

e Insitu hybridization analysis showed differential expression of Bmprla mRNA
along the anterior-posterior axis of the developing palate during palatal
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outgrowth and upregulation of Bmprla mRNA during palatal bone formation in
mice;

e Tissue-specific inactivation of Bmprla in the developing palatal mesenchyme
caused defects in primary palate and anterior secondary palate outgrowth;

e Bmprla signaling in the palatal mesenchyme is required for palatal bone
formation;

e In addition to providing new insights into the roles of Bmp signaling in
palatogenesis, this study also revealed distinct processes in the formation of the
palatal processes of the maxilla and palatine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Expression of Bmprla mRNA in the developing palate. (A) Whole mount in situ
hybridization detection of Bmprla mRNA expression at E13.5. Purple color indicates
MRNA expression. Arrowheads point to the primary palate outgrowth. Strong Bmprla
MRNA expression was detected in the medial nasal processes, the primary palate, and the
anterior part of the secondary palate shelves. (B) A frontal section through the primary and
anterior secondary palate of an E13.5 embryo. Strong Bmprla mRNA expression was
detected in the medial nasal processes, including the primary palatal outgrowth, in the
anterior secondary palate (arrows), in the distal tongue, and mandibular tissues. (C) A
frontal section through the posterior secondary palate of an E13.5 embryo. Strong Bmprla
MRNA expression was detected in the ventricular zones of the developing brain (arrows), in
the retina and eyelids. The signal in the palatal shelves was not significantly above
background. (D) A frontal section through the developing primary palate of an E14.5
embryo. High levels of Bmprla mRNAs were detected in the developing primary palate
(arrows) and in the osteogenic mesenchyme (red arrowheads). (E) A frontal section through
the midpalate and the developing first molar tooth germs. Strong Bmprla mRNA expression
was detected in the developing dental epithelium (black arrows), olfactory epithelium (black
arrowhead), and in the condensed mesenchyme at the osteogenic fronts (red arrowheads).
(F) A frontal section through the first molar tooth germs of an E16.5 embryo. Strong
Bmprla mRNA expression was detected in developing dental epithelium and mesenchyme
(black arrows) and in the condensed mesenchyme forming the osteogenic centers of the
palatal processes of the maxilla (red arrows). a, anterior end of the developing secondary
palate; ey, eye; mn, medial nasal processes; ns, nasal septum; p, posterior end of the
secondary palate; ps, palatal shelf; t, tongue.
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Fig. 2.

Ogrz-lresCre;Bmprlaf’f mutant mice exhibited shortened snout, anterior palatal cleft, and
defects in palatal and alveolar bone formation. (A) Whole mount pictures of newborn Osr2-
IresCre;Bmpriaff (mutant) and Osr2-IresCre;Bmpria®* (control) pups. Arrowhead points
to the snout. (B,C) Oral view of the secondary palate of the control (B) and mutant (C) pups.
Black arrow points to the midline of the hard palate. White arrow in C points to the cleft at
the anterior end of the secondary palate. (D,E) Ventral view of the cranial skeleton of the
newborn control (D) and mutant (E) pups. Black arrowheads point to the palatal processes of
the maxilla, while the white arrows point to the palatal processes of the palatal processes of
the palatine bones. The mutant lacked the palatal processes of the maxilla, allowing direct
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visualization of the vomer bones, which are normally hidden above. (F,G) Comparison of
the mandibular skeletons of the newborn control (F) and mutant (G) samples. Arrows point
to the molar alveolar bones and arrowheads point to the incisor alveolar bones. (H-M) Van
Gieson stained frontal sections of newborn control (H-J) and mutant (K-M) littermates.
Bone was stained red while cartilage blue. H and K show sections from the anterior end of
the secondary palate, | and L show sections through the middle of the maxillary first molars,
J and M show sections through the maxillary second molars. Black arrowheads in H and K
point to the junction of primary and secondary palate. Red arrowheads in | and L point to the
lingual alveolar crest of the maxillary first molars. Black arrows in L and M point to the
arched midline mucosa without underlying bone in the mutant palate. ab, alveolar bone; m1,
first molar; m2, second molar; ns, nasal septum; ppmx, palatal process of the maxilla; pppl,
palatal process of the palatine; pr, palatal ruga; ps, palatal shelf; vm, vomer; t, tongue.
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Fig. 3.

Os?rZ—IresCre;Bmprlaf’f mutant mouse embryos exhibited slower palatal growth and delayed
palatal elevation. (A—E) Oral views of the developing secondary palate showing pattern of
formation of Shh-expressing palatal rugae from E12.5 (A), E13.5 (B), E14.5 (C), E15.0 (D),
and E15.5 (E) control embryos. Each ruga is marked with “r” followed by the number
according to the temporal sequence of formation, with the first ruga labeled as “r1”. gs,
geschmacksstreifen. (F-J) Oral views of the developing secondary palate showing pattern of
Shh-expressing palatal rugae from E12.5 (F), E13.5 (G), E14.5 (H), E15.0 (1), and E15.5 (J)
Osr2-IresCre;Bmprilaf mutant littermates of those shown in A-E, respectively.
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Fig. 4.

Higstology of frontal sections of the developing palate in Osr2-IresCre;Bmpriaff mutant and
control mouse embryos. (A-F) Selected position matched sections of E13.5 control (A-C)
and mutant (D-F) littermates. (G-L) Selected position matched sections of E14.5 control
(G-I) and mutant (J-L) littermates. (M—R) Selected position matched sections of E15.5
control (M-0) and mutant (P-R) littermates. Sections shown in the left column (A, D, G, J,
M, P) are from the anterior end of the developing secondary palate. Sections in the middle
column (B, E, H, K, N, Q) were cut through the middle of the maxillary first molar tooth
germs. Sections shown in the right column (C, F, I, L, O, R) are from the posterior soft
palate region. m1, first molar; ns, nasal septum; pp, primary palate; ps, palatal shelf: t,
tongue.
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Fig. 5.

Os?rZ—IresCre;Bmprlaf’f mutant embryos had defects in palatal growth. The percentage of
BrdU-labeled palatal mesenchyme cells were recorded and compared between Osr2-
IresCre;Bmpriaf mutant and control littermates at E13.5 (A), E14.5 (B), E15.5 (C), and
E16.5 (D). Standard deviation values were used for the error bars. Asteroid marks
statistically significant reduction in palatal mesenchyme proliferation in the mutant in
comparison with the control littermates.
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Fig. 6.

Changes in gene expression in the developing anterior secondary palate in the Osr2-
IresCre;Bmpriaff mutant embryos. Frontal sections through the anterior secondary palate of
E13.5 and E14.5 embryos are shown. mRNA signals are shown in blue/purple color. Control
embryos (A, C, E, G, I, K, M, O) are of Osr2-IresCre;Bmprla’* genotype and mutant
embryos (B, D, F, H, J, L, N, P) are of Osr2-IresCre;Bmprla®f genotype. Arrowheads point
to the palatal shelves. (A-D) Bmp2 mRNA expression. (E-H) Bmp4 mRNA expression. (I-
L) Msx1 mRNA expression. (M-P) Fgf10 mRNA expression. t, tongue.
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Fig. 7.

Anterior and posterior regional identities of the developing secondary palate are maintained
in the Osr2-1resCre;Bmpria’f mutant mice. (A,B) Shox2 mRNA expression was restricted
to the anterior half of the palatal shelves in E13.5 control (A) and mutant (B) littermates.
The red line with arrows at both ends in A mark the length of the palatal shelf, with “a”
marking the anterior end and “p” marking the posterior end. Black arrowhead point to the
posterior boundary of Shox2 mRNA expression domain. (C—F) Expression of Meox2 (C and
D) and Thx22 (E and F) mRNAs was restricted to the posterior side of the E13.5 palatal
shelves in both control (C and E) and mutant (D and F) embryos. Arrowheads point to the
anterior boundary of mMRNA expression domain in these samples. (G,H) Expression of Pax9
mRNAs exhibited similar patterns along the anterior-posterior axis of the developing palatal
shelves at E13.5 in the control (G) and mutant (H) littermates.
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Dgfects in palatal bone formation in the Osr2-IresCre;Bmprlaff mutant embryos. (A, B) At
E15.5, anterior palatal mesenchyme started to condense adjacent to the midline in the
control embryo (A) while the corresponding cells (arrows) in the mutant (B) are loosely
distributed. (C, D) At E15.5, palatal mesenchyme condensed at the bilateral osteogenic
fronts (arrows) of the palatine in the control (C) and mutant (D) embryos. Arrowheads point
to the midline of the palate, which is occupied by the midline epithelial seam in the mutant
(B, D) while the midline epithelial seam had almost completely disappeared in the control
embryo (A, C). (E, F) At E16.5, condensed palatal mesenchyme in the anterior secondary
palate formed the osteogenic centers of the palatal processes of the maxilla in the control
embryo (E) but the corresponding region of the secondary palate in the mutant embryo still
contain loose mesenchyme. Arrows point to corresponding regions of the palatal
mesenchyme in the control and mutant samples. (G, H) At E16.5, palatal mesenchyme
condensation in the future palatal bone region was significantly delayed in the mutant
embryo (H) in comparison with the control embryo (G). Arrows point to the medial edge of
the condensed palatal mesenchyme.
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Fig. 9.

Detection of alkaline phosphatase expression in the palatal mesenchyme in the Osr2-
IresCre;Bmpria®f mutant and control littermates. Alkaline phosphatase staining is shown in
blue color. (A-D) Position-matched frontal sections from the E15.5 control (A and C) and
mutant (B and D) littermates through either the middle of the first molar tooth germs (A and
B) or the developing palatal process of the palatine bone (C and D). Arrows point to
corresponding regions of the palatal mesenchyme. Arrowheads in A and B point to the
developing alveolar bone. Arrows in C and D point to alkaline phosphatase staining in the
prospective palatal processes of the palatine bone. (E-H) Position-matched frontal sections
from the E16.5 control (E and G) and mutant (F and H) littermates through either the middle
of the first molar tooth germs (E and F) or the developing palatal process of the palatine
bone (G and H). Black arrows in E point to the alkaline phosphatase-positive osteogenic
centers of the developing palatal processes of the maxilla. Black arrows in F point to the
absence of the palatal processes of the maxilla in the mutant. Black arrowheads in E and F
point to the developing alveolar bone of the maxillary first molars. Blue arrows in E and F
point to the developing alveolar bone of the mandibular first molars. Arrows in G and H
point to alkaline phosphatase staining in the developing palatal processes of the palatine
bone.
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Fig. 10.

Comparison of expression of osteogenic transcription factor genes during palatal bone
formation in the Osr2-IresCre;Bmprlaff mutant and control littermates. (A—D) Compared
with the control littermates (A, C), the Osr2-IresCre;Bmprlaf/f mutant embryos (C and D)
exhibited reduced expression of Runx2 mRNA in the mesenchymal precursors of the palatal
processes of the maxilla (A and B) and palatine (C and D) at E15.5. Arrows point to the
palatal mesenchyme in the prospective palatal processes of the maxilla (A and B) and
palatine (C and D). (E-H) DIx5 mRNA was expressed in the mesenchymal progenitor cells
of the palatal processes of the maxilla (E and F) and palatine (G and H) in both the control
(E and G) and mutant (F and H) littermates at E15.5. (I, J) In contrast to the strong Runx2
MRNA expression in the developing palatal processes of the maxilla in the control embryo
(), little Runx2 mRNA expression was detected in the corresponding regions of the
secondary palate in the mutant littermate (J) at E16.5. (K,L) Although strong Runx2 mRNA
expression was detected in the mesenchymal cells at the osteogenic fronts of the developing
palatal processes of the palatine bone in both the control (K) and mutant (L) littermates at
E16.5, the delay in osteogenesis of the palatal processes of the palatine was apparent in the
mutant (L), with the bilateral osteogenic fronts separated by a much wider midline area
devoid of Runx2 mRNA expression, compared with the control littermate (K). (M,N) Strong
expression of Osx MRNA was detected in the developing palatal processes of the maxilla in
the E16.5 control embryo (M) but no Osx mRNA expression was detected in the palatal
mesenchyme in the corresponding regions of the mutant embryo (N). (O,P) While strong
Osx mRNA expression was detected in the osteablasts at the osteogenic fronts of the
developing palatal processes of the palatine in both the control (O) and mutant (P)
littermates at E16.5, the bilateral osteogenic fronts failed to expand toward the midline of
the secondary palate in the mutant embryo (P) compared with the control (O).
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