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Introduction
Cleft palate affects about 1 in 1,000 live births worldwide and 
is one of the most common structural birth defects in humans 
(Dixon et al. 2011). Although genetic and genome-wide asso-
ciation studies of human populations, as well as genetic and 
developmental biology studies in animal models, have identi-
fied a large number of genes associated with cleft palate forma-
tion, the molecular mechanisms regulating palate development 
are still not well understood (Dixon et al. 2011; Bush and Jiang 
2012; Funato et al. 2015; Lan et al. 2015). In particular, 
whereas tissue-specific genetic studies have shown that many 
signaling pathways and transcription factors play crucial roles 
in palatal shelf growth and patterning (Bush and Jiang 2012; 
Lane and Kaartinen 2014; Lan et al. 2015), little is known 
about the transcriptional regulatory networks functioning in the 
signaling pathways and the cellular processes during palatogenesis.

Through developmental gene expression screening and tar-
geted mutagenesis studies in mice, we previously identified the 
odd-skipped related 2 (Osr2) transcription factor as a key regu-
lator of palatal shelf growth and patterning (Lan et al. 2001; 
Lan et al. 2004). During mouse embryogenesis, Osr2 mRNA 
expression is specifically activated in the palatal mesenchyme 
at the onset of palatal shelf outgrowth (Lan et al. 2001; Lan et al. 

2004). As palatal shelves grow vertically along the sides of the 
developing tongue, expression of Osr2 mRNAs exhibits a lateral-
to-medial gradient in the palatal mesenchyme (Lan et al. 2004). 
Mice lacking Osr2 exhibit cleft palate due to impaired palatal 
mesenchyme proliferation and delay in palatal shelf elevation 
(Lan et al. 2004). Although no pathogenic mutation in OSR2 
has been reported in cleft palate patients, the human OSR2 
gene is located at chromosome 8q23, a region strongly associ-
ated with nonsyndromic orofacial clefting (Prescott et al. 
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Abstract
Previous studies have identified the odd-skipped related 2 (Osr2) transcription factor as a key intrinsic regulator of palatal shelf 
growth and morphogenesis. However, little is known about the molecular program acting downstream of Osr2 in the regulation of 
palatogenesis. In this study, we isolated palatal mesenchyme cells from embryonic day 12.5 (E12.5) and E13.5 Osr2RFP/+ and Osr2RFP/- 
mutant mouse embryos and performed whole transcriptome RNA sequencing analyses. Differential expression analysis of the RNA 
sequencing datasets revealed that expression of 70 genes was upregulated and expression of 61 genes was downregulated by >1.5-fold at 
both E12.5 and E13.5 in the Osr2RFP/- palatal mesenchyme cells, in comparison with Osr2RFP/+ littermates. Gene ontology analysis revealed 
enrichment of signaling molecules and transcription factors crucial for skeletal development and osteoblast differentiation among those 
significantly upregulated in the Osr2 mutant palatal mesenchyme. Using quantitative real-time polymerase chain reaction (RT-PCR)
and in situ hybridization assays, we validated that the Osr2-/- embryos exhibit significantly increased and expanded expression of many 
osteogenic pathway genes, including Bmp3, Bmp5, Bmp7, Mef2c, Sox6, and Sp7 in the developing palatal mesenchyme. Furthermore, we 
demonstrate that expression of Sema3a, Sema3d, and Sema3e, is ectopically activated in the developing palatal mesenchyme in Osr2-/- 
embryos. Through chromatin immunoprecipitation, followed by RT-PCR analysis, we demonstrate that endogenous Osr2 protein binds 
to the promoter regions of the Sema3a and Sema3d genes in the embryonic palatal mesenchyme. Moreover, Osr2 expression repressed 
the transcription from the Sema3a and Sema3d promoters in cotransfected cells. Since the Sema3 subfamily of signaling molecules plays 
diverse roles in the regulation of cell proliferation, migration, and differentiation, these data reveal a novel role for Osr2 in regulation 
of palatal morphogenesis through preventing aberrant activation of Sema3 signaling. Together, these data indicate that Osr2 controls 
multiple molecular pathways, including BMP and Sema3 signaling, in palate development.
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2000). Moreover, mice with palatal mesenchyme-specific 
inactivation of Smoothened, which encodes an obligatory 
transducer of hedgehog signaling, exhibit loss of Osr2 expres-
sion in the palatal mesenchyme and significant reduction in 
palatal mesenchyme proliferation, suggesting that Osr2 acts 
downstream of hedgehog signaling to control palatal shelf 
growth (Lan and Jiang 2009). Furthermore, mice lacking the 
Pax9 transcription factor exhibit cleft palate due to defects in 
palatal mesenchyme proliferation and failure of palatal shelf 
elevation (Peters et al. 1998; Zhou et al. 2013). Pax9 function 
is required for maintenance of Osr2 expression in the palatal 
mesenchyme and for restoration of Osr2 expression in the pal-
atal mesenchyme partly rescued palatogenesis in the absence 
of Pax9 function (Zhou et al. 2013), indicating that Osr2 is an 
important mediator of Pax9 regulation of palate development. 
Recently, Almaidhan et al. (2014) showed that mice with neu-
ral crest–specific deletion of Ldb1—which encodes LIM 
domain–binding protein-1 that can interact with multiple LIM 
domain–containing transcription factors—exhibit defects in 
palatal shelf growth and elevation, accompanied by aberrant 
upregulation of Osr2 expression in the palatal mesenchyme. 
Together, these studies indicate that multiple molecular path-
ways converge on the regulation of Osr2 expression during 
palate development. However, little is known about the target 
genes that mediate Osr2 function in palate development.

In this study, we used fluorescence-activated cell sorting 
(FACS) to isolate developing palatal mesenchyme from Osr2 
heterozygous and homozygous mutant mouse embryos and 
performed RNA sequencing (RNA-seq) analyses. Gene ontology 
analysis of Osr2-dependent gene expression profiles identified 
a major role for Osr2 in suppressing osteogenic differentiation 
of the palatal mesenchyme. Moreover, we found that Osr2 
directly represses expression of several members of the class 3 
semaphorins in the developing palatal mesenchyme. These 
results provide novel insight into the molecular mechanisms 
involving Osr2 in palate development.

Materials and Methods

Mouse Strains

The Osr2+/- (Osr2tm1Jian/+), Osr2RFP/+, Osr2Myc-Osr2AKi/+ mice 
have been described (Lan et al. 2004; Gao et al. 2009; Xu et al. 
2016). Osr2+/- and Osr2RFP/+ mice were maintained by crossing 
to C57BL/6J inbred mice. Osr2Myc-Osr2AKi/Myc-Osr2AKi mice were 
maintained by intercrossing males and females in the stock 
background. For timed pregnancies, embryonic day 0.5 (E0.5) 
was defined as noon of the day that a vaginal plug was identi-
fied. This study was performed in accordance with the recom-
mendations in the “Guide for the Care and Use of Laboratory 
Animals” by the National Institutes of Health. The animal use 
protocol was approved by the Institutional Animal Care and 
Use Committee of Cincinnati Children’s Hospital Medical 
Center (permit IACUC2016-0095). This study conformed with 
ARRIVE guidelines for preclinical animal studies.

Isolation of Palatal Mesenchyme with FACS

The palatal shelves of E12.5 and E13.5 Osr2RFP/+ and Osr2RFP/- 
embryos were manually microdissected in cold sterile phos-
phate buffered saline (PBS) and digested with trypsin-EDTA 
(Invitrogen) at 37 °C for 4 min. After inactivation of trypsin 
with Dulbecco’s Modified Eagle’s Medium containing 10% 
fetal bovine serum (FBS), cells were dissociated by pipetting. 
The dissociated cells were suspended in PBS with 2% FBS and 
10mM ethylenediaminetetraacetic acid (EDTA) and filtered 
through a 40-μm nylon cell strainer (352340; BD Falcon). Red 
fluorescent protein (RFP)–positive cells were isolated with BD 
FACSAria II and immediately processed for total RNA isolation.

RNA-Seq and Data Analysis

Total RNAs were extracted from FACS-isolated palatal mesen-
chyme cells with the Qiagen RNeasy Micro Kit (74004; 
Qiagen). Sequencing libraries were generated with Illumina 
Nextera DNA Sample Prep Kit and sequenced with Illumina 
HiSeq 2000. Sequence reads were mapped to the reference 
mouse genome (mm9) with Bowtie. RNA-seq data were ana-
lyzed with Strand NGS software, with the FPKM value (frag-
ments per kilobase exon per million mapped sequences) 
calculated for each RefSeq gene. For analyses of differential 
expression, the fold change cutoff was set at ≥1.5-fold, and P 
values <0.01 from the Audic-Claverie test were considered sta-
tistically significant, with Benjamini-Hochberg false discovery 
rate multiple testing correction (Brunskill and Potter 2012). 
Functional annotation analysis was carried out with online 
tools at https://toppgene.cchmc.org, as previously described 
(Chen et al. 2009). The RNA-seq data of this study have  
been deposited into the National Center for Biotechnology 
Information Gene Expression Omnibus database (accession 
GSE95638).

Quantitative RT-PCR

First-strand cDNAs were synthesized with the SuperScript 
First-Strand Synthesis System (11904-018; Invitrogen). Real-
time polymerase chain reaction (RT-PCR) was performed with 
a Bio-Rad CFX96 Real-Time System with conditions recom-
mended by the manufacturer. Each reaction was performed at 
least in triplicates. The quantity of each mRNA was first deter-
mined with a standard curve method and normalized to the 
level of Hprt mRNAs. The sequences of primers used for the 
quantitative RT-PCR (RT-qPCR) are listed in Appendix Table 1.

In Situ Hybridization

Whole mount and section in situ hybridization was performed 
as previously described (Zhang et al. 1999). At least 3 embryos 
of each genotype were hybridized to each probe, and only 
probes that detected consistent patterns of expression in all 
samples were considered valid results.



Osr2 Transcriptional Target Genes 1453

Chromatin Immunoprecipitation

The palatal shelves were microdissected from E13.5 Osr2Myc-Osr2AKi 
homozygous embryos and crosslinked with 1.5% paraformal-
dehyde in crosslinking buffer (10mM NaCl, 0.1mM EDTA, 
0.05mM egtazic acid [EGTA], 5mM hydroxyethyl pipera-
zineethanesulfonic acid [HEPES], pH 8.0) at 37 °C for 45 min 
with constant shaking. Glycine was added to a final concentra-
tion of 125mM and incubated at 37 °C for 10 min to stop cross-
linking. After washing with ice-cold PBS, cells were transferred 
into 1 mL of precooled lysis buffer (50mM HEPES, pH7.5, 
0.14M NaCl, 1mM EDTA, 10% glycerol, 0.5% NP40, 0.25% 
Triton X-100) with protease inhibitors (SC-24948; Santa Cruz) 
and incubated at 4 °C for 10 min to release the cell nuclei. The 
sample was centrifuged at 3,600 rpm for 5 min. The cell nuclei 
pellet was suspended in buffer 2 (0.2M NaCl, 1mM EDTA, 
0.5mM EGTA, 10mM Tris, pH 8.0), incubated at 4 °C for  
5 min, and centrifuged at 3,600 rpm for 5 min. The pellet was 
then resuspended in buffer 3 (1mM EDTA, 0.5mM EGTA, 
10mM Tris, pH 8.0), containing protease inhibitors, and soni-
cated 8 times at 30 s each, with 1-min intervals, on ice. 
Chromatin fragments were isolated by centrifuging at 8,000 rpm 
for 5 min. The chromatin solution was incubated with anti-c-MYC 

monoclonal antibody (clone 4A6, 16-219; Millipore) for 2 h at 
4 °C, followed by addition of protein G–conjugated Dynabeads 
and rotation overnight at 4 °C. The Dynabeads were washed  
5 times with radio immunoprecipitation assay (RIPA) buffer 
(1% NP-40, 1% sodium deoxycholate, 1mM EDTA, 50mM 
HEPES pH 7.5, 0.5M LiCl). DNA was isolated from the immu-
noprecipitated complex, eluted in 150 μL of elution buffer 
(50mM Tris pH 8.0, 10mM EDTA, 1% sodium dodecyl sulfate 
[SDS]), and amplified by real-time PCR with specific primers 
flanking candidate Osr2 binding sites.

Cell Culture, Transfection, and Dual-Luciferase 
Reporter Assay

NIH/3T3 cells (CRL-1658; ATCC) were cultured in high- 
glucose Dulbecco’s Modified Eagle’s Medium containing 10% 
FBS, penicillin (100 IU/mL), and streptomycin (100 μg/mL; 
Invitrogen) in 48-well plates and transfected with 1 μL of 
Lipofectamine 3000 Reagent (Thermo Fisher Scientific) for 
each well, according to the manufacturer’s instructions. Each 
luciferase reporter construct (0.4 μg each: pGL3-Sema3a-3k, 
pGL3-Sema3d-3k, pGL3-Sema3e-3k) was transfected with or 

Figure 1. Effects of loss of Osr2 function on palatal mesenchyme gene expression profiles revealed by RNA sequencing and RT-qPCR analyses. (A) 
Venn diagrams comparing genes whose expression was significantly up- or downregulated by at least 1.5-fold in the palatal mesenchyme in Osr2RFP/- 
embryos as compared with Osr2RFP/+ embryos at embryonic day (E) 12.5 and E13.5. (B) Gene ontology (GO) analysis of the biological processes 
affected by the differentially expressed genes. (C) RT-qPCR validation of differential expression of select osteogenic pathway genes in E13.5 palatal 
mesenchyme cells in Osr2RFP/- embryos in comparison with Osr2RFP/+ embryos. The level of expression of each gene in the Osr2RFP/+ samples is set at 1 for 
direct visualization of fold increase of expression in the Osr2RFP/- samples. Error bars indicates standard error of the mean.
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without 0.2 μg of pCMV-3XFLAG-Osr2 expression vector 
(Zhou et al. 2011) and 10 ng of pRL-TK plasmid (internal con-
trol). Luciferase activities of firefly and Renilla were measured 
48 h after transfection with the dual-luciferase reporter assay 
system (Promega). Data were collected from at least 3 inde-
pendent replicate assays.

Results

Effects of Loss of Osr2 Function on Palatal 
Mesenchyme Gene Expression

To gain a better understanding of the molecular mechanisms 
mediating Osr2 function in palate development, we performed 
RNA-seq analysis of transcriptome expression profiles of the 
developing palatal mesenchyme in Osr2-/- and control litter-
mates. As we have shown previously, mice carrying the 
Osr2RFP knockin/knockout allele express the RFP reporter in 
all Osr2-expressing cells, including embryonic palatal shelf 
mesenchyme (Xu et al. 2016). We crossed Osr2RFP/+ male mice 
with Osr2+/- female mice—which carry a lacZ reporter cassette 
replacing the coding region of the Osr2 gene (Lan et al. 

2004)—microdissected palatal shelves from Osr2RFP/+ and 
Osr2RFP/- embryos at E12.5 and E13.5, respectively, and pro-
cessed for FACS isolation of RFP-positive cells from each 
embryo. RNA-seq analyses were carried for 1 pair of E12.5 
and 2 pairs of E13.5 embryos. Differential expression analysis 
of the RNA-seq data sets identified 280 genes, in addition to 
Osr2 itself, the expression of which was up- or downregulated 
by >1.5-fold in the Osr2RFP/- palatal mesenchyme in compari-
son with the Osr2RFP/+ littermates, in which 70 genes were 
upregulated in E12.5 and E13.5 Osr2RFP/- mutant palatal mes-
enchyme, whereas 61 genes were downregulated in E12.5 and 
E13.5 Osr2RFP/- mutant palatal mesenchyme (Fig. 1A, 
Appendix Tables 2 and 3). We performed RT-qPCR analyses 
and verified that a number of signaling molecules and tran-
scription factors important for the regulation of osteoblast dif-
ferentiation or ossification—including Bmp3, Bmp5, Bmp7, 
Dlx5, Mef2c, Runx2, Runx3, Sox6, and Sp7—are upregulated 
by ≥2-fold in the palatal mesenchyme in Osr2RFP/- mutant 
embryos in comparison with the Osr2RFP/+ control littermates 
(Fig. 1C). The significant downregulation of several genes in 
the palatal mesenchyme in Osr2RFP/- mutant embryos, includ-
ing Igf1, Lhx8, Osr1, and Pcdh17, was also validated by 
RT-qPCR analyses (Appendix Fig. 1).

Figure 2. Comparison of patterns of expression of Bmp3, Bmp5, and Bmp7 mRNAs in the palatal tissues in E13.5 Osr2-/- mutant and wild-type 
embryos with whole mount and section in situ hybridization. Whole mount images (top row) show oral views of the palatal shelves, whereas the 
“anterior,” “middle,” and “posterior” rows show coronal sections from regions of the palatal shelves. (A–H) Expression patterns of Bmp3 mRNAs. 
(I–P) Expression patterns of Bmp5 mRNAs. (Q–X) Expression patterns of Bmp7 mRNAs. Arrows point to regions of differential expression. p, palatal 
shelf; t, tongue. Scale bars, 100 μm.
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Validation of Osr2-Dependent 
Gene Expression in the Developing 
Palatal Mesenchyme with  
In Situ Hybridization

To further validate effects of loss of Osr2 
function on palatal mesenchyme gene 
expression, we compared patterns of expres-
sion of select differentially expressed genes 
in the Osr2RFP/+ and Osr2RFP/- embryonic 
palatal shelves by whole mount and sec-
tion in situ hybridization. Bmp3, Bmp5, 
and Bmp7 are expressed in distinct pat-
terns along the anterior-posterior axis of 
the developing palatal shelves in wild-
type embryos at E13.5, with Bmp3 
mRNAs expressed in the medial region of 
posterior palatal mesenchyme (Fig. 2A, 
C, E, G), Bmp5 mRNAs preferentially 
expressed in the lateral side of anterior 
palatal mesenchyme (Fig. 2I, K, M, O), 
and Bmp7 mRNAs strongly expressed 
throughout palatal epithelium (Fig. 2Q, S, 
U, W). In E13.5 Osr2-/- mutant embryos, 
expression of Bmp3 mRNAs is ectopi-
cally activated in the distal palatal mesen-
chyme in the anterior and middle regions 
of the palatal shelves (Fig. 2B, D, F), 
expression of Bmp5 mRNAs is expanded 
to the middle and posterior regions of 
palatal mesenchyme (Fig. 2J, L, N, P), 
whereas expression of Bmp7 mRNAs is 
increased in subepithelial regions of the 
palatal mesenchyme throughout the anterior-
posterior axis (Fig. 2R, T, V, X). These 
results indicate that, although Bmp3, 
Bmp5, and Bmp7 are differentially regu-
lated during palate development, Osr2 
plays an important role in regulating 
expression of each in the developing pala-
tal mesenchyme.

Comparative analysis of expression of genes associated with 
osteogenic differentiation, including Aspn, Mef2c, Sox6, and 
Sp7, confirmed that expression domain of each of these genes is 
expanded in the Osr2-/- palatal mesenchyme in comparison with 
their wildtype littermates at E13.5 (Fig. 3). These data, with the 
previous finding that the Osr2-/- embryos exhibit reduced pala-
tal mesenchyme proliferation (Lan et al. 2004), suggest that 
Osr2 regulates palate development in part through preventing 
premature osteogenic differentiation of palatal mesenchyme.

Osr2 Binds to the Promoter Regions and Negatively 
Regulates Expression of the Sema3a and Sema3d 
Genes in the Developing Palatal Mesenchyme

From differential expression analysis of the RNA-seq data sets, 
we found that 3 structurally homologous and physically linked 

genes encoding members of class 3 semaphorins, Sema3a, 
Sema3d, and Sema3e (Ryynanen et al. 2017), were each sig-
nificantly upregulated in the Osr2RFP/- mutant palatal mesen-
chyme in comparison with that in the Osr2RFP/+ littermates. 
RT-qPCR analyses validated significant upregulation of expression 
of each of these genes in Osr2RFP/- palatal mesenchyme (Fig. 
1C). In situ hybridization analysis revealed that expression of 
Sema3a and Sema3d mRNAs were dramatically upregulated in 
the middle and posterior regions of palatal shelf mesenchyme 
in Osr2-/- embryos in comparison with wild-type littermates at 
E13.5 (Fig. 4A–P). Whereas Sema3e mRNA expression was 
restricted to the medial side of anterior palatal mesenchyme in 
E13.5 wild-type embryos (Fig. 4Q, S, U, W), it was upregu-
lated in the anterior and posterior, but not in the middle regions 
of palatal mesenchyme in Osr2-/- embryos (Fig. 4R, T, V, X).

The class 3 semaphorins are secreted proteins and function 
through binding to receptor complexes consisting of neuropilins 

Figure 3. Comparison of patterns of expression of Aspn, Mef2c, Sox6, and Sp7 mRNAs in 
embryonic day 13.5 Osr2-/- mutant and wild-type embryos by whole mount and section in situ 
hybridization. Whole mount images show oral views of the palatal shelves, whereas the “middle” 
rows show coronal sections from the middle region of the palatal shelves. (A–D) Expression 
patterns of Aspn mRNAs. (E–H) Expression patterns of Mef2c mRNAs. (I–L) Expression 
patterns of Sox6 mRNAs. (M–P) Expression patterns of Sp7 mRNAs. Arrows point to regions of 
differential expression. p, palatal shelf; t, tongue. Scale bars, 100 μm.
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and plexins (reviewed by Valdembri et al. 2016). Nrp1, Nrp2, 
and Plexin1 were expressed at relatively low levels throughout 
the palatal mesenchyme at E13.5 (Appendix Fig. 2). RNA-seq 
and RT-qPCR analyses showed that expression of Nrp2 mRNAs 
was upregulated in Osr2 mutant palatal mesenchyme at E13.5 in 
comparison with control embryos (Appendix Fig. 2, Appendix 
Table 1). In addition, Sema3e has been shown to bind to 
PlexinD1 to regulate vascular pattern in a neuropilin-independent 
manner (Gu et al. 2005). We found that PlexinD1 mRNAs were 
highly expressed in endothelial cells in the palatal shelves in 
both control and Osr2 mutant embryos (Appendix Fig. 2M–P). 
Thus, increased expression of the Sema3 ligands in Osr2 mutant 
palatal mesenchyme might affect palate development directly 
through signaling to palatal mesenchyme cells or indirectly 
through regulating the vasculature.

We next examined the promoter sequences of each of these 
Sema3 genes and found that each contains several sites match-
ing the previously determined Osr2-binding core sequence, 
GCTAC(T/C)GT (Kawai et al. 2007; Badis et al. 2009; Fig. 
5A). To test if Osr2 is able to repress the promoter activity of 
these genes, we constructed luciferase reporter vectors con-
taining 3 kb of genomic sequence immediately upstream of  
the transcriptional start site of these genes and performed 

cotransfection assays with an Osr2 expression vector in 
NIH/3T3 cells. As shown in Figure 5B, luciferase reporter 
expression driven by the Sema3a and Sema3d promoters, 
respectively, was significantly suppressed by Osr2 coexpres-
sion, whereas luciferase expression from the Sema3e promoter 
was not significantly affected.

To verify that Osr2 directly regulates expression of the 
Sema3a and Sema3d genes in developing palatal mesenchyme 
in vivo, we took advantage of the Osr2Myc-Osr2AKi/+ mice, which carry 
the Osr2A cDNA knockin at the endogenous Osr2 locus and con-
tain an in-frame fusion of a 6xMYC epitope tag coding sequence 
immediately 5′ to the translation start codon. Osr2Myc-Osr2Aki/- mice 
exhibit normal palate development, indicating that the Myc-
Osr2A protein expressed from the knockin allele is sufficient to 
replace endogenous Osr2 function in palate development (Gao 
et al. 2009). We performed chromatin immunoprecipitation 
(ChIP) analysis of microdissected palatal shelf tissues from 
E13.5 Osr2Myc-Osr2AKi/Myc-Osr2Aki embryos with a monoclonal 
antibody specific for the MYC epitope tag, followed by real-
time PCR analysis of enrichment of DNA fragments contain-
ing the Osr2-binding core sequence in the promoter regions of 
the Sema3a, Sema3d, and Sema3e genes. As shown in Figure 
5C, Osr2 protein bound to 1 and 3 predicted sites in the 3-kb 

Figure 4. Comparison of patterns of expression of Sema3a, Sema3d, and Sema3e mRNAs in embryonic day 13.5 Osr2-/- mutant and wild-type 
embryos. Whole mount images (top row) show oral views of the palatal shelves, whereas the “anterior,” “middle,” and “posterior” rows show coronal 
sections from regions of the palatal shelves. (A–H) Expression patterns of Sema3a mRNAs. (I–P) Expression patterns of Sema3d mRNAs. (Q–X) 
Expression patterns of Sema3e mRNAs. Arrows point to regions of differential expression. p, palatal shelf; t, tongue. Scale bar, 100 μm.
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promoter region of the Sema3a and Sema3d genes, respec-
tively, in the developing palatal mesenchyme. With the differ-
ential expression of Sema3a and Sema3d mRNAs in the palatal 
mesenchyme in Osr2-/- and control embryos and the effects of 
Osr2 on expression of the promoter-luciferase constructs in 
transfected NIH/3T3 cells, these results indicate that Osr2 
directly regulates expression of Sema3a and Sema3d in the 
developing palatal mesenchyme.

Discussion
Although previous studies have clearly demonstrated a crucial 
role for Osr2 in palatal shelf growth and morphogenesis, the 
molecular mechanism mediating Osr2 function in palate devel-
opment is largely unknown. In this study, we used whole  
transcriptome expression profiling, RT-qPCR, and in situ hybrid-
ization analyses, in combination with ChIP-qPCR identification 
of endogenous Osr2 binding at promoter sequences in the 

developing palatal shelves and promoter-luciferase reporter 
assays to uncover transcriptional target genes regulated by Osr2 
in palate development. Gene ontology analysis of differentially 
expressed genes between Osr2RFP/- and Osr2RFP/+ embryonic 
palatal mesenchyme showed that expression of many signaling 
molecules and transcription factors involved in osteoblast differ-
entiation is significantly increased in the Osr2 mutant palatal 
mesenchyme cells. A previous study showed that overexpression 
of only the Osr2 DNA-binding domain caused decreased prolif-
eration and differentiation of calvarial osteoblasts in transgenic 
mice, which led to the hypothesis that Osr2 positively regulates 
osteoblastic cell proliferation (Kawai et al. 2007). The increase in 
expression of multiple positive regulators of osteogenesis in the 
Osr2 mutant palatal mesenchyme, with our previous finding that 
Osr2-/- embryos exhibit a significant reduction in palatal mesen-
chyme proliferation (Lan et al. 2004), suggests that enhanced 
osteogenic differentiation of the developing palatal mesenchyme 
contributes to cleft palate pathogenesis in Osr2-deficient mice.

Figure 5. Osr2 binds to the promoter regions of Sema3a and Sema3d genes in the developing palatal mesenchyme and represses luciferase reporter 
gene expression driven by these promoters. (A) Diagram of putative Osr2-binding sites in the promoter regions of Sema3a, Sema3d, and Sema3e. (B) 
Coexpression of Osr2 repressed activity of Sema3a and Sema3d, but not Sema3e, promoters in cotransfected NIH/3T3 cells. (C) ChIP-qPCR analyses 
revealed enrichment of Osr2-binding to specific sites in the Sema3a and Sema3d promoter sequences. OBS, Osr2-binding site (2, 5, 6, 7 correspond to 
the putative sites marked in panel A). Error bars indicates standard error of the mean.
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Our RNA-seq and in situ hybridization assays reveal a cru-
cial role for Osr2 in preventing aberrant activation of expres-
sion of 3 closely related class 3 semaphorins. Semaphorins 
were initially isolated as negative regulators of axonal guidance 
in neural development (Kolodkin et al. 1993; Luo et al. 1993). 
Subsequent studies have shown that these signaling molecules 
regulate many developmental and pathologic processes outside 
the nervous system, including cardiovascular development, 
endothelial motility, bone and lung morphogenesis, neural crest 
cell migration, cancer angiogenesis, and metastasis (Kruger  
et al. 2005; Yu and Moens 2005; Roth et al. 2009; Neufeld et al. 
2012; Epstein et al. 2015; Valdembri et al. 2016). Whereas the 
cellular effects of the dramatically increased expression of 
Sema3a, Sema3d, and Sema3e in the Osr2 mutant palatal mes-
enchyme remain to be determined, recent studies have demon-
strated a crucial role for these molecules, particularly Sema3a, 
in osteoblast differentiation (Hayashi et al. 2012; Fukuda et al. 
2013; Ryynanen et al. 2017). It is possible that the increased 
Sema3 signaling contributes to cleft palate pathogenesis 
through enhancing osteogenic differentiation of the palatal 
mesenchyme in Osr2 mutant embryos. In addition, the increased 
expression of Sema3e might affect palate morphogenesis sec-
ondarily by affecting vascular pattern in the palatal shelves. 
Further studies are necessary to elucidate the contribution of 
Osr2-mediated regulation of class 3 semaphorins in palatal 
shelf growth and morphogenesis.
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