1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Dev Biol. Author manuscript; available in PMC 2018 September 01.

-, HHS Public Access
«

Published in final edited form as:
Dev Biol. 2017 September 01; 429(1): 260-270. doi:10.1016/j.ydbio.2017.06.020.

BmpR1A is a major type 1 BMP receptor for BMP-Smad
signaling during skull development

Haichun Pan!, Honghao Zhang!, Ponnu Abraham?, Yoshihiro Komatsul:3, Karen Lyons?,
Vesa Kaartinen?, and Yuji Mishinal:*

1Department of Biologic & Materials Sciences, School of Dentistry, University Michigan, Ann
Arbor, Ml 48109, USA

2Department of Molecular, Cell and Developmental Biology, University of California, Los Angeles,
Los Angeles, CA, USA

3Department of Pediatrics, The University of Texas Medical School at Houston, Houston, Texas,
USA

Abstract

Craniosynostosis is caused by premature fusion of one or more sutures in an infant skull, resulting
in abnormal facial features. The molecular and cellular mechanisms by which genetic mutations
cause craniosynostosis are incompletely characterized, and many of the causative genes for diverse
types of syndromic craniosynostosis have not yet been identified. We previously demonstrated that
augmentation of BMP signaling mediated by a constitutively active BMP type IA receptor (ca-
BmpR1A) in neural crest cells (calA hereafter) causes craniosynostosis and superimposition of
heterozygous null mutation of Bmprla rescues premature suture fusion (calA;laH hereafter). In
this study, we superimposed heterozygous null mutations of the other two BMP type I receptors,
Bmprlb and Acvrl (calA;1bH and calA;AcH respectively hereafter) to further dissect
involvement of BMP-Smad signaling. Unlike caAl;1aH, calA;1bH and calA;AcH did not restore
the craniosynostosis phenotypes. In our in vivo study, Smad-dependent BMP signaling was
decreased to normal levels in mut;1aH mice. However, BMP receptor-regulated Smads (R-Smads;
pSmad1/5/9 hereafter) levels were comparable between calA, calA;1bH and calA;AcH mice, and
elevated compared to control mice. Bmprla, Bmprlb and Acvrl null cells were used to examine
potential mechanisms underlying the differences in ability of heterozygosity for Bmprla vs.
Bmprlb or Acvrl to rescue the mut phenotype. pSmad1/5/9 level was undetectable in Bmprla
homozygous null cells while pSmad1/5/9 levels did not decrease in Bmprlb or Acvrl homozygous
null cells. Taken together, our study indicates that different levels of expression and subsequent
activation of Smad signaling differentially contribute each BMP type | receptor to BMP-Smad
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signaling and craniofacial development. These results also suggest differential involvement of each
type 1 receptor in pathogenesis of syndromic craniosynostoses.
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Introduction

Craniofacial sutures are actively growing sites supporting the continuous growth of facial
and calvarial bones. Premature fusion of sutures leads to craniosynostosis. Occurring in
approximately 1 in 2,500 live births, craniosynostosis leads to abnormal growth of calvarial
bones, increases pressure inside the skull, which affects vision and in the extreme cases, may
affect brain development (Mishina and Snider, 2014; Morriss-Kay and Wilkie, 2005; Snider
and Mishina, 2014; Wilkie and Morriss-Kay, 2001). Studies in the past have successfully
linked craniosynostosis to more than 20 genetic mutations; however, 70% of observed cases
have no known genetic etiology (Lajeunie et al., 1995; Mishina and Snider, 2014; Twigg and
Wilkie, 2015; Wilkie et al., 2010; Wilkie and Morriss-Kay, 2001). Therefore, it is necessary
for further analysis to uncover genetic and pathophysiological mechanisms for diagnosis and
development of treatments.

Bone morphogenetic proteins (BMPs), members of the transforming growth factor-g (TGF-
B) super family, play important roles in embryonic development, including craniofacial and
calvarial bone development (Ishii et al., 2005; Kim et al., 1998; Liu et al., 2007; Urist,
1965). Activation of BMP signaling is through ligand-induced heterotertrameric complex
formation. These complexes include type 1 and type 1l serine threonine kinase receptors.
Heterotetrameric complex formation will thereafter lead to activation of type | receptor
kinases, which phosphorylate R-Smads (de Caestecker, 2004; Heldin et al., 1997).
Phosphorylated Smads will then accumulate into the nucleus where they function as
transcriptional co-regulators. Genetics studies have linked BMP signaling with craniofacial
and calvarial bone development. Particularly, our recent work demonstrated that a small
increase of BMP-Smad signaling in mouse cranial neural crest leads to pre-mature fusion of
the anterior frontal suture, which can be rescued by Bmprla heterozygosity (Komatsu et al.,
2013).

BMP type I receptors play indispensable roles in transducing BMP signaling. In mammals,
each BMP type | receptor has a distinct role during embryogenesis. For example, germ-line
knockout of Bmprla or Acvrl leads to embryonic lethality at different stages of gastrulation
(Gu et al., 1999; Mishina et al., 1999; Mishina et al., 1995); germ-line knockout of Bmprlb
has no lethal impact during embryogenesis (Baur et al., 2000; Yi et al., 2000). On the other
hand, during chondrogenesis, all three types of BMP type | receptors play overlapping roles;
double and triple mutations of these receptors show more severe phenotypes in
chondrogenesis than the loss of a single BMP type | receptor (Rigueur et al., 2015; Yoon et
al., 2005; Yoon et al., 2006). Despite the evidence that all BMP type | receptors are
expressed during craniofacial and skull development, there is no knowledge available
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regarding how each of them is involved in transducing BMP signaling in these tissues during
development. Particularly, it is unknown whether BmpR1B or AcvR1 are involved in
regulating BMP signaling in craniosynostosis.

In this current study, we investigated the functions of BMP signaling mediated by each type
| receptor during craniofacial development and potential involvement in pathogenesis of
craniosynostosis by introducing heterozygous null mutations of each BMP type | receptor to
the craniosynostosis model mouse we have reported (Hayano et al., 2015; Komatsu et al.,
2013). The in vivo studies to rescue craniosynostosis phenotypes and subsequent in vitro
studies to contribute BMP-Smad signaling activity demonstrated that BmpR1A plays
distinct and major roles in skull development and in pathogenesis of craniosynostosis.

Materials and Methods

Mouse breeding and isolation of primary osteoblasts

The mouse line carrying the Cre-inducible constitutively active Bmprla (ca-Bmprla,
hereafter) transgene was described previously (Kamiya et al., 2008b; Komatsu et al., 2013).
We first crossed Bmprla*/~ (Mishina et al., 1995), Bmprib*/~ (Yi et al., 2000) and Acvrl*/~
(Mishina et al., 1999) mice with PO-Cre mice (C57BL/6J-Tg(P0-Cre)94Imeg (ID 148)
provided by CARD, Kumamoto University, Japan) (Yamauchi et al., 1999) to generate mice
Bmprla*/~;P0-Cre, Bmprilb*/~;P0-Cre and Acvr1*/~;P0-Cre mice. Subsequently, these mice
were bred with ca-Bmprla mice to obtain ca-Bmprla;P0- Cre;Bmprla*/~ (calA;laH,
hereafter), ca-Bmprila;P0-Cre;Bmprlb*/~ (calA;1bH, hereafter) and ca-Bmprila;P0-
Cre;Acvr1*/~ (calA;AcH, hereafter) mice. Littermates that did not carry either ca-Bmprila
or PO-Cre and were wild type for the endogenous type | receptors were used as controls
(Cont, hereafter). Littermates that carried ca-Bmprla and PO-Cre but were wild type for the
endogenous type | receptors were used as mutants (calA, hereafter). We interbred
Bmprib*/~ mice to generate homozygous null mutant osteoblasts from newborn calvaria
(Mansukhani et al., 2000; Yu et al., 2005). For Bmprla and Acvrl, we used the following
conditional mutant mice to generate homozygous null osteoblasts: Bmprla floxed mice
(Mishina et al., 2002), Acvrl floxed mice (Kaartinen et al., 2004), and Ubiquitin-CreERT2
mice (No. 008085, The Jackson Laboratory) were intercrossed in order to isolate primary
osteoblasts from newborn calvaria of which the genotype was either Bmpria™/=; Ubi-
CreERT2:R26R/+ or Acvrla™~;Ubi-CreERTZ:R26R/+. Cre activity was induced in culture by
adding tamoxifen (100 ng/ml) for 6 days to convert the floxed allele to the Cre-recombined
null allele (designated as dE). The degree of Cre-dependent recombination was monitored
using the R26R Cre reporter allele (Soriano, 1999), and subsequently quantified by genomic
QPCR, directly measuring the deleted exons. All mice were maintained on a mixed 129S6
and C57BL6/J background. They were housed in cages in a 20°C room with a 12-hour light/
dark cycle. All animal experiments were performed in accordance with the policy and
federal law of judicious use of vertebrate animals as approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Michigan.
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Micro-computed tomography (UCT)

Skulls were dissected, cleaned of extra tissue, and fixed with 10% formalin overnight.
Whole heads were embedded in 1% agarose, placed in a 19 mm diameter tube, and scanned
over their entire length using a micro-CT system (UCT40 Scanco Medical). Scan settings
were: voxel size 10 um, medium resolution, 70 kVp, 114 YA, 0.5 mm AL filter, and
integration time 500 ms. Surface images were generated as described previously (Komatsu
etal., 2013).

Histology, skeletal staining and picrosirious staining

Tissue fixation and section preparation was performed as described previously (Komatsu et
al., 2013). The skulls dissected by postnatal day 9 were decalcified in 14% EDTA solution.
Hematoxylin & Eosin and Von Kossa staining were performed according to standard
protocols. Cranial bones were stained with alizarin red and alcian blue by a standard method
(Hogan, 1994; Komatsu et al., 2013). Picrosirius red staining for sections was performed the
standard procedure as described previously (Stern et al., 2012). Samples were observed
under a polarized light microscope (Olympus BX51 microscope) and photographed.

Cell apoptosis and proliferation assays, immunohistochemistry

Apoptosis in calvaria at E18.5 stage was evaluated via Terminal deoxynucleotidyl
transferase dUTP nick end-labeling (TUNEL) assay according to the instruction of ApopTag
Red in Situ Apoptosis Detection Kit (Millipore, #S7165). In brief, frozen sections were
subsequently heated in citrate buffer in the water bath for 5 min and then were immersed in
5% Donkey serum for 60 min. Slides were incubated with TUNEL reaction mixture at 37°C,
60min in the dark then incubated in Anti-digoxigenin conjugate rhododamine 30 min. After
washing with PBS, slides were mounted with ProLong Gold antifade reagent with 4,6-
diamidino-2-phenylindole (DAPI; Invitrogen, #P36931). Sections were examined under a
fluorescence microscope (Olympus) with a TRITC set filter and positive cells were counted
in the frontal suture and the frontal bone. Statistical analysis was performed using Student’s
T-test. Significance was accepted at p<0.05.

Cell proliferation in E18.5 calvaria was detected via examining presence of Ki67. Slides
were incubated with an anti-ki67 antibody (Cell Signaling, #D3D5, 1:500) for overnight at
4°C, and incubated with an anti-rabbit 1gG conjugated with Alexa Fluor 488 (Invitrogen,
#A-21206, 1:200) for 1h at room temperature. Sections were mounted with ProLong Gold
antifade reagent with DAPI; Invitrogen. We counted the number of Ki67 positive cells in the
frontal suture and the frontal bones. Statistical analysis was performed using Student’s T-
test. Significance was accepted at p<0.05.

For immunohistochemistry, embryos were fixed in 4% PFA at 4°C for 2 hours, incubated in
30% sucrose/PBS at 4°C overnight, embedded in O.C.T. compound (Sakura Finetek, Tokyo,
Japan), and serially sectioned at 10 um. The following antibodies were used in our study:
pSmad1/5/9 (Cell Signaling, #13820, 1:100), and E11/Podoplanin (Santa cruz, #sc-53533,
1:100). The samples were incubated with these primary antibodies at 4°C overnight. Alexa
Fluor 488 donkey anti-rabbit IgG (Invitrogen, #A21206, 1:100) for pSmad1/5/9 and Alexa
Fluor 488 goat anti-hamster IgG (Invitrogen, #A21110, 1:100) for E11/Podoplanin were
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used as secondary antibodies. Sections were mounted with ProLong Gold antifade reagent
with DAPI (Invitrogen, #P36935).

RNA extraction and gRT-PCR

Total RNA was isolated from a nasal-frontal bone portion at postnatal day 3 using TRIzol
(Invitrogen). cDNA was synthesized using SuperScript I1 cDNA Synthesis (Invitrogen).
PCR probes and Random hexamer primers were from Tagman (Life technologies). Primers
were: Bmprla: Mm00477650_m1; Bmprlb: Mm00432117_m1; Acvrl: Mm01331069 _m1l
and Gapdh: Mm99999915 g1. Data were normalized to Gapdh by 2-AAct method (Livak
and Schmittgen, 2001). RT-PCR primers to detect deletion of either Acvrl exon 5 or exon 7
are 5’-CTCTCGGTGGTGTTTGCAGT-3’ and 5’-GGGTTGTTTCCCACATCAAGC-3".

Genomic real-time quantitative PCR was performed using TagMan Gene Expression Assays
to quantify deletion of Bmprla and Acvrl (Bmprla: custom designed TagMan primer set to
detect exon 4 (AI89LJI8_F 5’-GACCAGAAGAAGCCAGAAAATGGA-3’, Al8ILJI8_R 5’-
TGTCCTGAGCAATAGCACTTTAAGAA-3’, Alg9LI8_M FAM 5°-
CCTCTGGTGCTAAAGTC-3); Acvrl: custom designed TagMan primer set to detect exon
7(AIKALS5S_F 5’-CTCACTACTCTGGATACGGTTAGCT-3’, AIKAL5S_R5’-
GGGTCCCAAATATCTCTATGTGCAA-3’, AIKAL5S M FAM 5’-
CTATGGACAGTACAATCCG-3’)

Primary calvarial osteoblast isolation and culture

Calvarial pre-osteoblasts were isolated from the nasal-frontal bones of neonatal skulls as
described previously (Mansukhani et al., 2000; Yu et al., 2005). Pre-osteoblasts were
maintained in minimum essential medium (alpha-MEM) (Invitrogen, #12561) supplemented
with 10% fetal bovine serum (Hyclone) and 1% of penicillin/streptomycin (Sigma,
#P-0781). To prepare homozygous mutant pre-osteoblasts for Bmprla and Acvrl, isolated
cells were treated with 100 ng/ml 4-hydroxytamoxifen for 6 days, exchanging media every
other day before sorting. Cells were stained with fluorescein di p-D-galactopyranoside
(FDG) and fractionated by FACS according to manufacturer's procedures for FluoReporter
® lacZ Flow Cytometry Kits (Thermo Fisher Scientific, #F-1930)(Komatsu et al., 2011).
BMP2 treatment for pre-osteoblasts was done at 100ng/ml for 30 minutes (R&D, #355-BM).

Western blot analysis

Protein extracts were prepared either from frontal calvaria of postnatal day 3 mice or
preosteoblasts isolated from calvaria as described above. Cells and tissues were lysed using
RIPA buffer (20mM Tris-HCI, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate).
Subsequently, cell lysates were separated by 10% SDS-PAGE and transferred to PVDF
membrane (Millipore, #IPVVH00010). Immunoblotting was performed with a rabbit anti-
phospho-Smad1/5/9 antibody (Cell signaling: #13820). Mouse anti-vinculin antibody
(Sigma-Aldrich, #V4505) was used as a loading control. Signal detection was performed
with ECL Western blotting detection reagents (GE Healthcare) and images were quantified
by Image J software.
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Gene silencing and Noggin treatment

Results

siRNA for negative control (scrambled, #4390843), targeting Bmprla (#4390771, siRNAID
$201097) and Acvrl (#4390771, siRNAID s61924) were from Thermofisher. Sequences
used in this study were as follows: sense siRNA for Bmprla,
CAACAGUGAUACAAAUGAALL; sense siRNA sequence for Acvrl,
GAAUGGACAGUGCUGCAUALt. Transfection procedure was performed according to
Lipofectamine 2000 reagent (Invitrogen, #11668-027) protocol. Final sSiRNA amount was
25pmol for each 6-well dish. Three days after transfection, cells were treated with 100ng/ml
Noggin (R &D systems, #6057-NG-CF) for 2 hours before collecting protein and RNA.

Craniosynostosis phenotypes were partially rescued by a heterozygous null mutation of
Bmprla, but not by those of Bmprilb or Acvrl

Our previous studies indicated that enhanced BMP signaling through ca-BmpR1A in cranial
neural crest cells leads to craniosynostosis (ca-Bmprla;P0-Cre or calA, hereafter), and that
heterozygous null mutation of endogenous Bmprla can partially rescue the skull deformity
(Komatsu et al., 2013). To evaluate if other BMP type | receptors are involved in transducing
BMP signaling during the pathogenesis of craniosynostosis, we introduced individual BMP
type | receptor null heterozygosity: ca- Bmprla;P0-Cre;Bmprila*/~ (calA;laH), ca-
Bmprila;P0-Cre;Bmprib*/~ (calA;1bH) and ca-Bmprla;P0-Cre;Acvrl*/~ (calA;AcH).
Unlike calA;laH, the skull deformities were not rescued in either calA;1bH or calA;AcH
mice (Fig. 1Ac-Ae). Both calA;1bH and calA;AcH still showed short snouts, wider
distance between eyes and dome-shaped skull vaults similar to calA, while calA;laH
showed a largely normal nose and slightly dome head (Fig. 1A). Whole mount skeletal
staining at postnatal day 17 (P17) demonstrated patent anterior frontal sutures in control
(Cont, hereafter) and calA;laH mice; there is no patent anterior frontal suture observed in
calA, calA;1bH and calA;AcH mice (Fig. 1Af-Aj). We also observed large cavities in nasal
and frontal bones in calA, calA;1bH and calA;AcH mice (Fig. 1Ag, Aj, Ak, An, Ao).
Micro-CT analysis of frontal bones revealed a significant decrease (63% (p<10~7), 66%
(p<107), and 75% (p<1078) respectively) in trabecular bone volume (BV/TV) in calA,
calA;1bH and calA;AcH mice. In contrast, a lesser decrease in BV/TV (38%, p<0.01) was
observed in calA;laH mice (Fig. 1B). The average length from the nose tip to middle of the
coronal suture was significantly decreased to 74%, 71% and 66% of control in mutant mice,
calA;1bH mice and calA;AcH mice respectively. calA;laH mice showed a milder decrease
to 90% of control (Fig. 1C). Bmprlb™~; ca-Bmprila;P0-Cre mice showed the same limb
abnormalities same as in Bmprlb~~ mice and the same skull deformities as
caBmprla(+);POCre(+) mice (Komatsu et al., 2013; Yi et al., 2000) (Supplementary Fig. 1).
Bmprlb~~ mice without caA1 mutation did not develop any overt suture phenotypes
(Supplementary Fig. 2). These results suggest that phenotypes developed in the ca-
Bmprla;P0-Cre mice can only be rescued by Bmprla heterozygosity but not by Bmprlb or
Acvrl heterozygosity.

To confirm the results from gross observations, we made histological assessments on all
types of mutant and control mice at different stages. At birth (postnatal day 0), the stage
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before any sign of clear premature fusion of the anterior frontal (AF) suture, we were able to
observe decreased bone formation in calA mice (Fig. 2B, G). Additionally, von Kossa
staining confirmed decreased mineral deposition, and abnormal calcification in the suture
region. In contrast, calA;laH showed no signs of abnormal calcification in the suture region
in both histology and von Kossa staining similar to controls (Cont) (Fig. 2A, C, F, H). In
calA;1bH and calA;AcH mice, we did not observe additional calcification in the suture
region. Rather, we observed thicker staining domains at deeper positions in the frontal bones
(Fig. 2D, E, I, J). At P9, bone ossification appeared to be irregular at the anterior frontal
suture region (Fig. 2K-T). At this stage, the anterior frontal (AF) suture was prematurely
fused in calA;1bH and calA;AcH mice (Fig. 2N, O), similar to that observed in calA (Fig.
2L). In contract, we observed patent the AF sutures in calA;laH mice at P9, similar to Cont
mice (Fig. 2M, K). Calvaria of calA, calA;1bH and calA;AcH mice were thinner, but the
calvaria from calA;laH mice showed similar thickness with those from Cont mice. On the
other hand, in calA, calA;laH, calA;1bH and calA;AcH mice, the coronal, sagittal, and
lambdoidal sutures developed normally and are patent at newborns and P9 (data not shown).
These histological assessments confirm that only heterozygous null mutation of Bmrpla
partially rescues the craniosynostosis caused by calA.

To investigate alterations in cellular phenotypes in each genotype, we measured presence of
phospho-Smadl, 5, 9 (pSmad1/5/9) as a readout of BMP-Smad signaling, levels of apoptosis
with TUNEL assay and cell proliferation with anti-Ki67 immunohistochemistry staining at
E18.5. Calvaria of calA mice showed a robust increase of pSmad1/5/9 immunosignals and a
narrow space between pSmad1/5/9 positive domains in the presentative anterior frontal
suture (Fig. 3A, white bracket). Calvaria from calA;laH mice showed more intensive
pSmad1/5/9 signals, however, the space between pSmad1/5/9 positive domains was wider
than that of caAl mice. In contrast, calvaria from caA1;1bH and calA;AcH mice showed
similar patterns of immunosignals with that of caAl (Fig. 3A).

Proportions of TUNEL-positive cells in the mesenchyme of the midline and the calvaria in
the all 4 genotypes were higher than those in control (Fig. 3A, B, n=3 or more). However,
those in calA;laH were significantly lower than those in caAl mice. Proportions of
TUNEL-positive cells in calA;1bH and calA;AcH were lower than calA, but higher than
those in calA;laH (Fig 3A, B). Levels of Ki67 positive cells in the same region did not
show significant difference among the five groups (n=3, p> 0.05 for all combinations) (Fig.
3A, C).

We also examined the status of osteogenic differentiation in calvaria from each genotype
using an antibody for Podoplanin, a marker for early osteocytes (Stern et al., 2012). We also
visualized collagen fibers by picrosirius red staining (Kaku et al., 2016). No overt changes
were found in both E18.5 and P9 samples (Supplementary Fig. 3 and Supplementary Fig. 4,
respectively).

Bmprla, Bmprlb and Acvrl are differentially expressed during skull development.
BmpR1A, BmpR1B and AcvR1 are structurally similar type | receptors, but their
heterozygosity led to different efficacy in the rescue of skull deformities caused by enhanced
BMP-Smad signaling. To examine the underline reasons, we performed a thorough analysis
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on the level of expression levels of these receptors. We first examined the expression in
nasal-frontal bones in Cont, calA, calA;laH, calA;1bH and calA;AcH mice by
quantitative reverse-transcribed PCR (qRT-PCR) at P3 (Fig. 4A). Comparisons of the
relative expression levels of Bmprla, Acvrl, and Bmprlb showed that Bmprlb was
expressed at extremely low levels (approx. 0.1% of Bmprla) in control and mice of the other
four genotypes (Fig. 4). PCR results indicated that Bmprla mRNA levels decreased to 59%
of that in Cont in calA;laH, and Bmprlb mRNA levels decreased to 67% of that in Cont in
calA;1bH; while expression levels of Acvrl were not affected in calA;AcH (p>0.1).
Meanwhile, heterozygosity of Bmprla in calA;laH, of Bmprlb in calA;1bH and of Acvrl
in calA;AcH did not lead to changes in expression of other two BMP type | receptors (Fig.
4A,A"). Similarly, the expression levels of Bmprla and Bmprlb in the corresponding
heterozygote mutant skulls showed approximately 50% of reduction while expression of
Acvrl was not changed in Acvr1*/~ mice (Fig. 4B, B’). Unlike the Bmprla null allele in
which the promoter region is deleted, the Acvrl null allele was made by deletion of exon 5
that is critical for its receptor kinase activity (Mishina et al., 1999; Mishina et al., 1995).
Thus, all regions except exon 5 remain intact in the Acvrl null allele that could explain
comparable levels of Acvrl expression in the heterozygous null tissues with those in
controls.

Each type | receptor differentially contributes to BMP-Smad signaling

caBmprla; PO-Cre mutant mice showed increase levels of BMP signaling in neural crest-
derived tissues including osteoblasts (Komatsu et al., 2013). To investigate the impact of
heterozygous null mutations for each BMP type | receptor on BMP signaling in vivo, we
examined the levels of phosphorylated Smad1/5/9 (pSmad1/5/9) in nasal and frontal bones.
In calA;laH mice, we observed apparent decrease of pSmad1/5/9 levels while in calA;1bH
and calA;AcH mice, no obvious decreases was observed (Fig. 5A). Similarly, approximately
50% of reduction in BMP-Smad signaling was observed in nasal and frontal bones from
Bmprla*/~ mutant mice, whereas no alterations were observed in those of Bmprib*/~ and
Acvrl*/~ mutant mice (Fig. 5B). Similarly, when in vitro induction of BMP signaling in pre-
osteoblast suggested that loss of one copy or two copies of Bmprlb showed no alterations in
pSmad1/5/9, either (Supplementary Fig. 5). These results suggest the BmpR1A is the major
type | receptor for transducing BMP signaling in preosteoblasts.

The lack of an impact of deletion of Bmprlb on the mutant phenotypes can be explained by
the very low expression of Bmprib in calvarial cells. However, Acvrl is expressed in these
cells but heterozygosity for this receptor does not rescue the mutant phenotypes. To
determine the extent of involvement of AcvR1 to BMP-Smad signaling, we generated
homozygous null pre-osteoblasts for Acvrl to compare levels of pSmad1/5/9 with control
and Bmprla mutant preosteoblasts. Since Bmprla and Acvrl homozygous mutations lead to
embryonic lethality at early gastrulation, we isolated pre-osteoblast from calvaria of Ubi-
CreERT2:Bmpri1a™/~ and Ubi-CreERT2; Acvr1™/~ mice, and induced the deletion through in
vitro treatment with tamoxifen. To further purify homozygous null cells, mice were also
bred with ROSA26-LacZ Cre reporter line (Soriano, 1999) and tamoxifen-treated calvarial
preosteoblasts that express beta-galactosidase were stained with a fluorescent substrate then
enriched through cell sorting (Fig. 6A). For Bmprla, exon 4 is deleted in the null allele and
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is floxed in the floxed allele (Mishina et al., 1999; Mishina et al., 2002). Both quantitative
PCR on genomic DNA and gRT-PCR on Bmprla mRNA designed to detect exon 4
demonstrated a nearly complete deletion of Bmprla (Fig. 5B, left and right panels,
respectively). Results shown in Fig. 4 suggest that the transcriptional activity of the Acvrl
null allele is comparable to that of the wild-type (wt) allele.

Genomic quantitative PCR detecting exon 7 of Acvrl showed about 60% of reduction
(expected value is 50% because Acvrl null allele has intact exon 7), suggesting that
Credependent recombination of exon 7 is nearly complete (Fig. 6C). The transcripts from
the Cre-recombined Acvrl allele (dE allele) lack exon 7 (Kaartinen and Nagy, 2001;
Komatsu et al., 2007). Thus, efficiency of Acvrl deletion was evaluated using RT-PCR
amplifying between exon 4 and 8 by detecting a loss of either exon 5 or 7. After enrichment
of LacZ expressing cells, we detected nearly no wt transcript for Acvrl that contains both
exon 5 and 7 (data not shown).

Subsequently, these pre-osteoblast cells were used to evaluate BMP signaling with BMP2
treatment (Fig. 6D). For the cells after FACS purification, only deletion of Bmprla led to
significant decrease of pSmad1/5/9 levels, while deletion of Acvrl led to nearly no impact
on pSmad1/5/9 levels (Fig. 6D). These results confirmed our aforementioned finding that in
calvarial pre-osteoblasts, BmpR1A, but not AcvR1 or BmpR1B transduces BMP-Smad
signaling.

Previously mentioned data strongly suggest that endogenous BMPR1A has higher capacity
to transduce BMP-Smad signaling than BMPR1B or ACVR1. However, it is possible that
caBMPR1A transduce BMP-Smad signaling specifically through direct interaction with the
endogenous BMPR1A, which would have nothing to do with endogenous BMPR1B or
ACVRL1. This is a plausible explanation because we previously show that a constitutively
active form of BMP type 1 receptor requires presence of type 2 receptors (Bagarova et al.,
2013). To exclude this possibility, we established primary preosteoblasts carrying caBmprila,
but knocked-down expression of either Bmprla or Acvrl by siRNA treatment. Levels of
gene silencing were checked by Q-RT-PCR (Fig. 7, bottom). As expected, cells without
Noggin treatment showed reduced pSmad1/5/9 levels when Bmprla was silenced suggesting
that BMP ligands possibly from serum stimulates endogenous BMPR1A (Fig. 7, lane 1-3
and 7-9). Next, we treated the cells with Noggin to block ligands that could possibly be
introduced into culture media through serum. In this condition, we expected most of the
BMP-Smad signaling, if not all, induced by ligand-receptor interaction would be blocked,
thus pSmad1/5/9 should reflect levels of BMP-SMAD signaling transduced by caBMPR1A.
Western blot analyses to measure levels of pSmad1/5/9 demonstrated that BMP-Smad
signaling levels are comparable between control and each receptor knocked-down cells in
the caBmprla mutant cells with Noggin (Fig. 7, lane 10-12), and higher than those in
control cells treated with Noggin (Fig. 7, lane 4-6). These results strongly suggest that
caBMPR1A transduced BMP-Smad signaling does not require a specific BMP type 1
receptor.
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Discussion

Our previous work indicated that enhanced BMP signaling in neural crest cells resulted in
pre-mature fusion of anterior frontal sutures in mice (Komatsu et al., 2013). Here we
demonstrated that the skull deformity phenotypes, including short nose, prematurely fused
sutures and domed skull shape, which are observed in the mutant mice were largely rescued
by heterozygous null mutation of endogenous Bmprla, but not by that of Bmprlb or Acvrl,
revealing different contributions of each receptor in skull development. Our mechanistic
studies further suggest that in calvarial pre-osteoblasts, BmpR1A is the major type | receptor
in transducing BMP-Smad signaling. Overall, our work presented here demonstrates the first
effort to identify a specific BMP type | receptor for skull development and potential
involvement of craniosynostosis.

BmpR1A, BmpR1B and AcvR1 are BMP type 1 receptors with highly similar structures.
They can individually activate BMP signaling upon ligand binding (Chen et al., 2004;
Koenig et al., 1994; Kotzsch et al., 2008). Each type 1 receptor shows different affinities to
distinct BMP ligands (Graff et al., 1994; Koenig et al., 1994; Suzuki et al., 1994; ten Dijke et
al., 1994). Different phenotypes found in their homozygous mutant mice demonstrated that
BMP signaling mediated by each receptor has unique tissue functions (Mishina et al., 1999;
Mishina et al., 1995; Rigueur et al., 2015; Yi et al., 2000; Yoon et al., 2005). The expression
patterns and levels of Bmprla and Bmprlb are different in chick and mouse (Merrill et al.,
2008; Yoon et al., 2005). Similarly, different and restricted functions and expression levels
of three type | receptors for BMPs were observed in this study. All of this prompted us to
understand if the various BMP type | receptors play differential roles in skull development
and in craniosynostosis.

BMP signaling is mediated by intracellular signal transducers Smads1/5/9. Premature fusion
of cranial sutures in ca-Bmprla;P0-Cre mice was attributed to an increase in Smad
signaling. Previous studies have demonstrated that Smads1, —4 and -5 are required for
skeletogenesis (Retting et al., 2009; Tan et al., 2007). Osteoblast-specific Smadl or Smad4
mutants showed decreased bone formation (Tan et al., 2007; Wang et al., 2011). As
expected, heterozygous null mutation of Bmprlb resulted in 50% reduction of Bmprilb
expression in calA;1bH and Bmprlb*/~ (Fig. 4A’, B*). However, Phospho- Smad1/5/9
levels did not decrease accordingly in the nasal and frontal bones in calA;1bH or Bmprib*/~
mice (Fig. 5). Our in vitro cellular mechanistic studies further indicated that
haploinsufficiency or even the knockout of Bmprlb did not apparently affect cellular
response to BMP ligands (Shi et al., 2016). Consistent with this, we observed that
homozygous knockout of Bmprlb did not rescue skull deformities (Supplementary Fig. 1).
Together with the observation that Bmprlb is expressed at low levels in the skull, it is likely
that BMP signaling mediated by BmpR1B does not play a significant role during skull
development.

Our in vivo and in vitro studies also indicated that deletion of Acvrl did not alter levels of
BMP-Smad signaling either. These results suggested that the role of AcvR1 in transducing
BMP-Smad signaling is limited to calvarial pre-osteoblasts. Indeed, very small changes in
pSmad1/5/9 levels have been reported in conditional Acvrl mutants (Dudas et al., 2004;
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Rigueur et al., 2015). On the other hand, a number of studies showed dramatic decrease of
pSmad1/5/9 level in Bmprla conditional knockout studies (Andl et al., 2004; Huang et al.,
2014; Kamiya et al., 2008b; Murali et al., 2005), further suggesting the primary role of
BmpR1A in BMP-Smad signaling in vivo as well.

Our previous studies demonstrated that osteoblast-specific Acvrl mutants show nearly
identical phenotypes to those found in an osteoblast-specific knockout of Bmprla (Kamiya
et al., 2010; Kamiya and Mishina, 2011; Kamiya et al., 2008a; Kamiya et al., 2008Db).
Together with our current data, it is tempting to speculate that in the Acvrl mutant
osteoblasts still maintain normal levels of BMP-Smad signaling activity and thus the
phenotypes are likely caused by a loss of non-Smad signaling activity such as a TAK1-
mediated signaling pathway. Similarly, we previously reported that compound homozygous
mutant embryos for Bmprla (cKO with Col2al-Cre) and Bmprlb develop severely reduced
cartilage, whereas mutant embryos deficient either for Bmprla or Bmprlb develop relatively
normal cartilage primordia (Yoon et al., 2005). It is possible that BMP-Smad signaling levels
in double mutant embryos are similar to those seen in Bmprla cKOs, but further alterations
in non-Smad signaling by compound mutations of Bmprla and Bmprlb results in severe
phenotypes in chondrogenesis. Further studies are needed to address this possibility.

Overall, our in vivo and in vitro data in this study suggest that BmpRZ1A but not BmpR1B or
AcvR1 is the key BMP type | receptor that transduces BMP-Smad signaling during calvarial
bone development. BmpR1A is solely responsible for the pathogenetic changes found in the
craniosynostosis mouse model caused by an increase of BMP-Smad signaling in neural crest
cells. Although no human craniosynostosis case has been reported with mutations in
BMPR1A, there are several pieces of supporting evidence to hypothesize that BMPR1A may
play a pivotal role for pathogenesis of craniosynostosis. Recent genome-wide association
studies (GWAS) identify several single-nucleotide polymorphisms (SNPs) associated with
non-syndromic midline craniosynostosis. The most significant SNP is located close to
BMP2 that prompted to hypothesize that this region may act as an enhancer for BMP2
(Justice et al., 2012) and resulted augmentation of BMP signaling is the molecular reason of
the pathogenesis (a BMP2 risk allele). A recent publication demonstrates that in non-
syndromic midline craniosynostosis only 9% penetrance for SMAD6 mutations and 0.08 %
for the BMP2 risk allele, but 100% penetrance is observed when both alleles are present in
one individual (Komatsu and Mishina, 2016; Timberlake et al., 2016). Since SMAD6
negatively regulates BMP-Smad signaling, it is reasonable to speculate that increased BMP-
Smad signaling due to the bigenic mutations in BMP2 and SMD6 genes is a cause of
premature suture fusion in these patients (Komatsu and Mishina, 2016; Timberlake et al.,
2016). Based on our findings described in this submission, it is tempting to speculate that
BMPR1A is the type 1 receptor responsible for the pathogenesis of these clinical cases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. BMPR1A is a major type 1 receptor for BMP-Smad signaling in the

craniofacial region.

. Heterozygosity of Bmprla partially rescues craniosynostosis in

caBmprla;POCre mice.

. Heterozygosity of other BMP type 1 receptor does not rescue

craniosynostosis in mice.

. Each BMP type 1 receptor differentially contribute BMP-Smad signaling.

. These results suggest differential involvement of each receptor in

craniosynostoses.
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Fig. 1.
Skull deformities developed in caBmprla;P0-Cre mice were rescued by a heterozygosity of

Bmpria. (A) (a—e) ca-Bmprla;P0-Cre;Bmprib*/~ (calA;1bH) and ca-Bmpria;P0-
Cre;Acvr1*’~ (calA;AcH) displayed short, broad snouts and hypertelorism same as ca-
Bmprla;P0-Cre (calA) while ca-Bmprla;P0-Cre;Bmprla*~ (calA;laH) showed
phenotypes similar to Control (Cont) at P17. (f—j) Skeletal staining at P17 revealed
premature fusion at the anterior frontal (AF) suture in calA, calA;1bH and calA;AcH
whereas the AF suture in Cont and calA;laH was still patent. (k—0) MicroCT image showed
more skull cavities in calA, calA;1bH and calA;AcH compared with calA;laH. (B) Bone
volume (BV/TV) in nasal and frontal bones were quantified by microCT. Data presented
were means + SD of five different skulls and three independent experiments. AF, anterior
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frontal suture; N, nasal bone; PF, posterior frontal suture. n=5 per group, * p<1 x1076, **
p<0.01.
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Fig. 2.
Histologic observation of sutures and mineral deposition in the anterior frontal bone of Cont,

calA, calA;laH, calA;1bH and calA;AcH mice. (A-J) Mineral deposition visualized by
Von Kossa staining demonstrated that abnormal mineralized domains in the anterior frontal
(AF) suture of calA, calA;1bH and calA;AcH mice at newborn. (K-T) Histological
sections at P9 showed that the frontal sutures were prematurely fused in the calA, calA;1bH
and calA;AcH mice; but were kept patent in Cont and calA;1aH mice. Scale bars: 100 pm
in A and B; 200 pm in C-G; 50 pm in Hand I.
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Fig. 3.
Levels of BMP-Smad signaling, cell death and proliferation were examined by

immunohistochemistry. (A) Frontal sections (eye levels) of E18.5 calvaria from five
genotypes of mice that include the presumptive anterior frontal sutures were used for
immunodetection of pSmad1/5/9 (green), cell death (TUNEL assay, red)) and Ki67 (green),
respectively. White brackets indicate a space between pSmad1/5/9 positive domains. (B, C)
Quantification of TUNEL positive and Ki67 positive cells, respectively (n=3). *, p<0.05, **,
p<0.001. Scale bars: 100 um.
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Fig. 4.
Expressions of Bmprla, Bmprlb and Acvrl were examined by quantitative real-time PCR

(gRT-PCR). (A) Expression levels of Bmprla, Bmprlb and Acvrl were measured from
nasal-frontal bone tissues of indicated genotypes of mice at P3. (A’) Expression levels of
Bmprlb were examined from nasal-frontal bone tissues of indicated genotypes of mice at
P3. (Enlarged expression levels of Bmprlb part in A.) (B) Expressions of Bmprla, Bmprlb
and Acvrl were examined from the nasal and the frontal bones of Cont, Bmpria*/~,
Bmprlb*/~ and Acvrl*/~ mice at P3. (B’) Expressions of Bmprlb were examined from the
nasal and the frontal bones of Cont, Bmpria*/~, Bmprib*~ and Acvr1*/~ mice at P3.
(Enlarged expression levels of Bmprlb part in B.) n>4 per group. * p<0.05.

Dev Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pan et al. Page 22

*
*

A Cont 1A ca1A calA; calA; 2 &

e aH 1bH' AcH £ 5.
° >

osmadi/so e TR U R R >
BC

- — . S ;g 15 9

Vincuin M A -

Q 0.5-]
0-

ca1A calA calA;
1‘6_C°"t oulA: “Tel’ BT Aeh

1.2: !j
]II[

Cont  Bmpria* Bmprib* Acwr1*

Cont Bmpria*” Bmpr1b* Acvr1*

pSmad1/5/9 TR * e e

Vinculin s s S s

pSmad1/5/9 relative
intensity
o
o]

Fig. 5.
Enhanced BMP signaling is responsible for development of craniosynostosis. (A) Levels of

Phospho-Smad1/5/9 (pSmad1/5/9) were examined by Western blotting using protein
samples extracted from nasal-frontal bone of Cont, calA, calA;laH, calA;1bH and
calA;AcH mice at P3. (B) Levels of Phospho-Smad1/5/9 were examined using protein
samples extracted from nasal-frontal bone of Cont, Bmprla*/~, Bmprib*/~ and Acvr1i*~
mice at P3. Western blot results were quantified by densitometry (Image J). n=3, * p<0.05.
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Bmprla, but not Acvrl played important role in activating BMP signaling in pre-osteoblast.
(A) Workflow of collecting Bmpriad&/~ or Acvr195/~ cells. Pre-osteoblasts isolated from
calvaria of Ubi-CreERT2;Bmpr1af/~, and Ubi-CreERT2; Acvr1™/~ then treated with
tamoxifen for 6 days. Cells were stained with FDG to separate lacZ(+) and lacZ(-) fractions.
Cre-recombined homozygous null cells (Bmpr1adE/~ and Acvr19E/-) should be enriched in
the lacZ(+) fractions. (B) Deletion of Bmprla exon 4 measured by genomic gPCR and
expression levels of Bmprla measured by qRT-PCR. (C) Schemes of expected Acvrl wt and
fx, Acvrl null and Acvrl dE exon structures and resulted sizes of PCR products. RT-PCR
for a series samples indicated successful deletion of Acvrl in cells after enrichment of LacZ
expressing cells. LacZ in figure indicated sorted populations. To get Acvrl™~ DNA and
RNA, intercross of Acvrl*/~ mice was set up and embryos were isolated at E7.5 because of
their lethality. (C right) Deletion of Acvrl exon 7 measured by genomic qPCR. (D) Levels
of Phospho-Smad1/5/9 (pSmad1/5/9) were examined in different cells with Bmprla mutant
and Acvrl mutant cells. Western blot results were quantified by densitometry (Image J). *,

p<0.05.
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Fig. 7.

ca%M PR1A did not require specific endogenous type 1 receptors for its BMP-Smad
signaling. Calvarial preosteoblasts were prepared from control (caBmprla(-);P0-Cre(+))
and mutant (caBmprla(+);P0-Cre(+)) mice, and expression of endogenous type 1 receptors
were reduced by siRNA for Bmprla or Acvrl. Cells were treated by Noggin to block ligand-
dependent BMP signaling to visualize BMP-Smad signaling transduced only by
caBMPR1A. Vinculin was used for loading control. Levels of gene silencing in the mutant
cells were measured by Q-RT-PCR. Scr, scrambled, *, p<0.01, N, not significant.
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