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Abstract

Fibroblast growth factor (FGF) signaling has been implicated in the regulation of osteogenesis in both intramembranous and endochondral
ossifications. In the developing palate, the anterior bony palate forms by direct differentiation of cranial neural crest (CNC)—derived
mesenchymal cells, but the signals that regulate the osteogenic cell fate in the developing palate remain unclear. In the present study,
we investigated the potential role of FGF signaling in osteogenic fate determination of the palatal mesenchymal cells. We showed that
locally activated FGF8 signaling in the anterior palate using a Shox2"™ knock-in allele and an R26R™"® allele leads to a unique palatal
defect: a complete loss of the palatine process of the maxilla as well as formation of ectopic cartilaginous tissues in the anterior palate.
This aberrant developmental process was accompanied by a significantly elevated level of cell proliferation, which contributes to an
abnormally thickened palatal tissue, where the palatine process of the maxilla would normally form, and by a complete inhibition of
Osterix expression, which accounts for the lack of bone formation. The coexpression of Runx2 initially with Sox9 and subsequently with
Col Il in the ectopic cartilaginous tissues indicates a conversion of osteogenic fate to a chondrogenic one. Consistent with the unique
palatal phenotype, RNA-Sequencing analysis revealed that the augmented FGF8 signaling downregulated genes involved in ossification,
biomineral tissue development, and bone mineralization but upregulated genes involved in cell proliferation, cartilage development, and
cell fate commitment, which was further supported by quantitative real-time reverse transcription polymerase chain reaction validation
of selected genes. Our results demonstrate that FGF8 signaling functions as a negative regulator of osteogenic fate and is sufficient to
convert a subset of CNC cell-derived mesenchymal cells into cartilage in the anterior hard palate, which will have implications in future
directed differentiation of CNC-derived precursor cells for clinical application.
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osteoblast differentiation in mesenchymal progenitor cells

lacking B-catenin (Nakashima et al. 2002; Day et al. 2005).
Fibroblast growth factor (FGF) signaling has been implicated

in the regulation of craniofacial skeletal development. Mutations

Introduction

Intramembranous and endochondral ossifications are 2 mecha-
nisms that mediate bone formation in vertebrate skeletal devel-
opment (Zelzer and Olsen 2003). Mesenchymal cells either
differentiate directly into osteoblasts (intramembranous ossifi-
cation) or differentiate into chondrocytes and lay down a carti-
laginous model that is later replaced by bone (endochondral
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ossification). In the craniofacial region, skeletons develop
from cranial neural crest (CNC) cell-derived chondrocytes and
osteoblasts, but most of the craniofacial bones, including the
skull, maxillomandibular bone, and palate, form through intra-
membranous ossification (Santagati and Rijli 2003). It is gen-
erally accepted that cell fate determination is controlled by
multiple signaling pathways and specific transcriptional fac-
tors. Runx2 controls osteogenic fate of osteoprogenitor cells
(Pratap et al. 2003), while Sox9 is required for chondrogenic
fate (Mori-Akiyama et al. 2003). Osterix, the downstream tran-
scription factor of Runx2, marks osteoblasts and is required to
ensure full differentiation of osteoblasts (Nakashima et al.
2002). Inactivation of key transcription factors for osteogene-
sis could also lead to cell fate change, as exemplified by the
presence of ectopic chondrocytes in the regions where intra-
membranous bone would form in mice lacking Osferix and
abnormal chondrogenic differentiation at the expense of
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in FGF receptors, including FGFRI, FGFR2, and FGFR3, result
in craniosynostosis and maxillary hypoplasia (Malcolm and
Reardon 1996; Wilkie 1997; Burke et al. 1998). Figf18 is required
for both osteogenesis and chondrogenesis, as disruption of
Fgf18 has led to defective calvarial and long bones (Ohbayashi
et al. 2002). Although Fgf-3 inactivation caused skeletal abnor-
malities and reduced bone density (Yu et al. 2003), Figfi3 over-
activation in both humans and mice also resulted in mandibular
bone hypoplasia and dysmorphogenesis (Biosse Duplan et al.
2016), indicating the importance of finely tuned FGF signaling
in osteogenesis. In the developing craniofacial region, Figf8 was
shown to be essential for the first pharyngeal arch development
in humans and mice, evidenced by bilateral cleft palate in
humans carrying D73H missense mutation in FGF8§ and defec-
tive maxillomandibular bone formation in Fgf8 hypomorphic
Fgf$"™°~ mice (Abu-Issa et al. 2002; Riley et al. 2007). We
showed previously that ectopic activation of Fgf8 in CNC cells
in mice inhibits differentiation of CNC-derived mesenchymal
cells in the orofacial region and sustains their progenitor status
(Shao et al. 2015). Interestingly, in vitro cell differentiation
assays demonstrated that FGFS8 signaling promotes differentia-
tion of adipogenic, chondrogenic, or neurogenic differentiation
but inhibits osteogenic differentiation of CNC-derived mesen-
chymal cells, suggesting a role for FGF signaling in cell fate
determination of CNC-derived cells (Shao et al. 2015).

In mice, the secondary palate develops from the maxillary
prominences at embryonic day 11.5 (E11.5). After bilateral
palatal shelves contact and fusion around E14.5, osteoblastic
differentiation occurs subsequently in the anterior two-thirds
of the secondary palate and forms the bony hard palate (Bush
and Jiang 2012). The palatine process of the maxilla makes the
anterior three-quarters of the hard palate, with the horizontal
plate of the palatine bone forming the rest. In the developing
palate, short stature homeobox 2 gene (Shox2) is specifically
expressed in the anterior palatal mesenchyme from E11.5 on
and is required for normal palate development and palatal bone
formation (Yu et al. 2005; Gu et al. 2008). In the present study,
we took advantage of a Shox2“™ allele (Sun et al. 2013) to
explore the role of augmented FGF8 signaling in cell fate
determination of CNC-derived mesenchymal cells specifically
in the anterior hard palate.

Materials and Methods

Animals

The generation and genotyping protocols of R26R™¢™, Shox2",
and R26R™"™S mice have been described previously (Muzumdar
etal. 2007; Lin et al. 2013; Sun et al. 2013). The animal experi-
ments in this study were approved by the Institutional Animal
Care and Use Committee, Tulane University.

Embryo Collection, Histology, Imnmunofluorescence,
X-gal Staining, and Skeletal Staining

Embryonic heads harvested from timed pregnant female mice
or newborn pups were fixed in 4% paraformaldehyde (PFA) at

4°C, paraffin embedded, and sectioned at 8 pm for Azon red/
Aniline blue, Alcian blue, or immunofluorescent staining as
described previously (Gu et al. 2008; Li et al. 2013; Ye et al.
2015). Information for antibodies used in this study is provided
in the Appendix. Alcian blue/Alizarin red skeletal staining was
performed as described previously (Bobick and Cobb 2012).
Unless specifically indicated, all experiments were repeated at
least 3 times.

RNA-Sequencing and Quantitative Reverse
Transcription Polymerase Chain Reaction Analyses

For RNA-Seq, the future palatine process of the maxilla was
dissected out from E14.5 and E16.5 Shox2°:R26R"¢® and
control mice (Shox2™*) (n = 3 for each group), respectively,
and subjected to RNA extraction (RNeasy Micro Kit, cat.
74004; Qiagen). RNAs were quantified using a Qubit 2.0
Fluorometric Quantitation system (Life Technologies). The
libraries for RNA-Seq were prepared with TruSeq RNA
Sample Preparation Kit v2 (cat. RS-122-2001; Illumina) fol-
lowing the manufacturer’s instruction. Libraries were pooled
and sequenced on the [llumina HiSeq 4000 platform using the
100-bp pairend-read configuration. Reads were aligned to
NCBI37/mm9 genome with HISAT2 (Pertea et al. 2016). For
each library, raw counts for each annotated gene were obtained
using the featureCounts software from the Subread package
(Liao et al. 2013). Differentially expressed genes were identi-
fied using DESeq2 (Love et al. 2014). The clusterProfiler was
used to perform gene ontology (GO) analysis (Yu et al. 2012).
The RNA-Seq data were deposited in the Gene Expression
Omnibus (GEO) database with accession number GSE101909.

For quantitative reverse transcription polymerase chain
reaction (RT-PCR), the future palatine process of the maxilla
was isolated from Shox2";R26R"¢™ and wild-type mice (n = 6
for each genotype) at E14.5 and E16.5, respectively, and sub-
jected to RNA extraction (RNeasy Micro Kit; Qiagen). The
RNAs were subsequently reversely transcribed into comple-
mentary DNAs (cDNAs). SYBR green and gene-specific
primers (Appendix Table) were used and transcript levels were
examined by a 7500 Fast Real-Time PCR System (Applied
Biosystems). Statistical difference of the quantitative RT-PCR
(qPCR) was analyzed by analysis of variance (ANOVA), and
results were presented as mean + standard deviation. P < 0.05
was considered significant.

Results

A Unique Shox2" Mesenchymal Cell Lineage
Contributes to the Anterior Hard Palate

We showed previously that Shox2 is specifically expressed in
the anterior palate from E11.5 on and is required for correct
bone formation in the hard palate (Yu et al. 2005; Gu et al.
2008). To establish a fate map of Shox2" cells during palate
development, we compounded the R26R™™ allele with a
Shox2-Cre knock-in allele (Shox2“™) that has been shown
to delete floxed DNA fragments with high efficiency in our
previous studies (Sun et al. 2013; Ye etal. 2015; Ye et al. 2016).
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Closer examination and comparison
of the Shox2"-labeled domain with
stained palatal bone at postnatal day 0
(PO) revealed restricted Shox2" cells in
the palatine process of the maxilla that
we further divided into the anterior
part (ma-a) and posterior part (ma-p)
(Fig. 1A, A’). To our surprise, the
Shox2" domain did not overlap with
the palatine bone. To confirm these
observations, we conducted coimmu-

Shox2¢re; R26RmTmG

Palatine

E13.5

nostaining of green fluorescent pro- ‘
tein (GFP) that was activated by

E15.5

Shox2“" and Runx2 on the developing
Shox2°"; R26R™™C palate from E13.5
to E15.5. The results revealed a
restricted Shox2 expression only in the
palatal mesenchyme throughout the
stages examined (Fig. 1), contradict-
ing our previous report that Shox2 is
also expressed in the palatal epithe-
lium, a result that was likely caused by r%
overstained in situ hybridization (Yu £
et al. 2005). At E13.5, most mesen-
chymal cells in the ma-a domain were
Shox2 positive, while in the ma-p
domain, Shox2" cells were present
only in the regions adjacent to the
medial edge epithelium and the future
oral side, in a complementary manner
to Runx2 expression domains in the
maxilla (Fig. 1B, B'). Shox2" cells
were not found in the future palatine

ma-a

Palatine

Shox2Crel*;R26RmTmG

Runx2

i Rum_(2

region at this stage (Fig. 1B”). At
E14.5 and E15.5, an osteogenic lin-
eage of Shox2" cells was found in the
ma-a domain only, as revealed by
coexpression of Runx2 and Shox2"-
labeled mGFP (Fig. 1C, D). However,
in the ma-p domain, Shox2" cells were
present in the midline and ventral
regions in a complementary manner to
the future ossification sites as marked
by Runx2 expression (Fig. 1C’, D’). Similarly, Shox2" cells
were not found in the future palatine domain (Fig. 1C", D").

Enhanced FGF Signaling Causes Complete
Absence of the Palatine Process of the Maxilla

Multiple FGF ligands and receptors are expressed in the early
developing palatal shelves, implicating FGF signaling in palate
patterning and cell fate determination. While it was reported
that enhanced FGF8 signaling in the CNC lineage inhibited
osteogenic differentiation, ectopic activation of FGF8 signal-
ing by Wnt-Cre or Osr2-Cre led to lethality at mid-gestation or
complete cleft palate (Shao et al. 2015; Wu et al. 2015),

Figure |. Lineage tracing of Shox2" cells in the anterior hard palate. (A=A’) Comparison of
whole-mount skeletal staining and fluorescent images of PO Shox2“";R26R™ ™ palate (oral view)
reveals localization of Shox2" cells in the palatine process of the maxilla, which is further divided
into the anterior part (ma-a) and the posterior part (ma-p) but not in the1palatine. (B-D"") Double
immunofluorescent staining on sections of the developing Shox2<";R26R™
patterns of Runx2 and mGFP at E13.5 (B-B"’), E14.5 (C—C""), and EI5.5 (D-D"). Note that the
expression of Runx2 and mGFP overlaps in the ma-a domain (C, D) but exhibits a complementary
localization in the ma-p part (C’, D’). Shox2" cells are not present in the future palatine domain (C”,
D"). Scale bars = | mm (A-A’); 50 ym (B-B", C-D’); 100 uym (C"”, D"). ma-a, the anterior part of the
palatine process of the maxilla; ma-p, the posterior part of the palatine process of the maxilla.

G .
™ palate shows expression

preventing analysis of osteogenic fate and structure of the hard
palate. We therefore took advantage of the Shox2“™ allele to
locally activate FGFS signaling in the anterior palate by com-
pounding the Shox2“™ allele with the R26R"® allele (Lin et al.
2013). Although Shox2“";R26R™™ mice died soon after birth,
likely due to severe cardiac defects (Appendix Fig. 1), the
mutants did not exhibit a cleft palate defect (Fig. 2B). However,
whole-mount skeletal staining unraveled a unique palatal
defect: a complete loss of the palatine process of the maxilla
(Fig. 2B’) at 100% penetrance (n = 12). The mutant mice also
exhibited virtual loss of the stylopodial bone and severely trun-
cated zeugopods (Appendix Fig. 1). Histological analysis of
Shox2°*;R26R™® mice at E16.5 and PO showed an absent


https://journals.sagepub.com/doi/suppl/10.1177/0022034517750141
https://journals.sagepub.com/doi/suppl/10.1177/0022034517750141

592

Journal of Dental Research 97(5)

| Wildtype |

Shox2Cre; R26R a6 |

ma-a

ma-p

Palatine

Palatine

Figure 2. Augmented fibroblast growth factor 8 (FGF8) signaling leads to loss of the palatine process of the maxilla. (A-B’) Oral views and whole-
mount skeletal preparations of palatal bone of controls and Shox2";R26R™® mice demonstrate the lack of cleft palate defect but a complete loss of
the palatine process of the maxilla (marked by asterisk) in the mutant. (C-F"") Histological analyses of control and Shox2“";R26R™® palate at E16.5 and
PO show aberrant thickening and complete lack of osteogenesis in the ma-a (D, F) and the ma-p (D', F) in the mutants compared to the controls (C,
C', E, E'). However, osteogenesis in the palatine appears identical in both control and mutant (C"—F"). Cartilage-like structures (yellow arrowheads)
were found in the ma-p region in the mutants (D', F'). Cartilaginous tissues were assessed by histology (inset in D’) and by Alcian blue staining (inset in
F’, which came from a separate experiment). Green arrowheads point to forming bones in the ma-a and ma-p. ma-a, the anterior part of the palatine
process of the maxilla; ma-p, the posterior part of the palatine process of the maxilla. Scale bars = | mm (A-B’) and 400 ym (C-F").

osteogenesis in the palatine process of the maxilla (Fig. 2C—
F'). However, in the palatine domain, osteogenic differentia-
tion occurred normally in mutants compared to controls (Fig.
2C"-F"). To investigate which downstream signaling
pathway(s) and FGF receptor(s) may be involved in mediating
the effect of elevated FGFS signaling, we conducted immunos-
taining and qRT-PCR assays. We found that elevated FGF8
signaling did not alter the levels of pERK1/2 and PLCy in the
palate at E14.5 and E15 (data not shown). The expression lev-
els of Fgfirl-4 were also comparable in the control and mutant
palate at E13.5 to E16.5 (data not shown). However, PI3K lev-
els were largely reduced in the mutant palatine process of the
maxilla domain at E15 (Appendix Fig. 2), suggesting a poten-
tial engagement of decreased PI3K in the inhibition of osteo-
genesis. In addition, the mutant anterior palate where the
palatine process of the maxilla would form became much
thickened compared to controls. Interestingly, ectopic cartilage-
like tissues were identified in the mutant ma-p domain, assessed
by histology and Alcian blue staining (Fig. 2D’, F’ and insets).
These observations demonstrate that elevated FGFS signaling
inhibits osteogenic differentiation of the anterior palatal

mesenchymal cells and induces formation of ectopic cartilage-
like tissues.

Augmented Fgf8 Alters Cellular Behavior and
Cell Fate in the Palatine Process of the Makxilla

To determine the cellular mechanisms contributing to the aber-
rant thickening of the palatine process of the maxilla region in
Shox2°";R26R™™ mice, we conducted a cell proliferation
assay using Ki67 antibody at E14.5 before the thickened phe-
notype became recognizable. The results demonstrated a statis-
tically significantly increased number of Ki67" cells in the
mutants compared to controls (Fig. 3; P < 0.05). However, the
levels of cell apoptosis, as assayed by anti—cleaved caspase-3
antibody staining, were found comparable between mutants
and controls (data not shown).

To ensure that enhanced FGF8 signaling inhibited the osteo-
genic fate of the anterior palatal mesenchyme, we analyzed the
expression of Runx2, a marker for osteoblast precursors (Fujita
et al. 2004), and Osterix, an established osteogenic fate marker
(Nakashima et al. 2002). In controls at E14.5, the expression of
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Runx2 and Osterix was initially detected in an overlapped man-
ner in the future ossification centers within the ma-a and ma-p
parts (Fig. 4A, B). However, in the mutants, Runx2 expression
was inhibited significantly in the ma-a domain but reduced at a
moderate level in the ma-p region, while Osterix expression
was inhibited completely (Fig. 4A’, B’). The same results were
also observed at E15.5 (data not shown), indicating the lack of
osteogenic fate in the mutant anterior palatal mesenchyme.
FGF signaling is known to act upstream of Runx2 (Komori
2011), but in the context of the anterior palatal mesenchyme,
elevated FGF signaling appears to contribute to Osterix repres-
sion via an additional pathway as well, because Runx2 expres-
sion was only moderately inhibited in the mutant ma-p domain.
To confirm that the ectopic cartilaginous tissues in the
mutant ma-p domain were indeed chondrogenic fate, we per-
formed coimmunostaining of Runx2 and Sox9 at E15 before
the cartilage-like structures became discernible. We found that
Sox9 expression was ectopically activated in the mutant ma-p
domain, overlapping with Runx2 (Fig. 4D’). Immunostaining
of type II Collagen (Col II) further verified the chondrogenic
fate of the cartilage-like tissues (Fig. 4F’, H"). Runx2 expres-
sion was found in Col II" cells in the mutant ma-p domain at
E16.5 (Fig. 4F’) but was absent in Col IT" cells at PO (Fig. 4H).
The coexpression of Runx2, initially with Sox9 and subse-
quently with Col II, indicates an osteogenic to chondrogenic
cell fate change. Double immunostaining of mGFP and Col II
on the Shox2“";R26R"¢™; R26R™™C palate showed that Shox2"
cells did not contribute to the Col II" cells, indicating a para-
crine effect of overexpressed FGF8 (Fig. 4H"). The different
response to FGF8 signaling in terms of ectopic cartilage for-
mation in the ma-p part but not the ma-a domain suggests a
distinct property or origin of these 2 groups of cells. This is also
supported by the results of the Shox2“" lineage tracing study in
which Shox2" cells were found within the future ossification
centers in the ma-a part but were present in a complementary
manner to the future ossification sites in the ma-p region.

FGF8 Signaling Inhibits Osteogenic Genes but
Upregulates Chondrogenic Genes

To establish a genome-wide gene expression profile regulated
by elevated FGFS signaling in the palatal mesenchymal cells,
we conducted RNA-Seq on the future palatine process of the
maxilla from control (Shox2") and Shox2“";R26R*¢™ embryos
at E14.5 and E16.5. Comparison of RNA-Seq data between
controls and mutants revealed highly activated transgenic Fgf8
in the anterior palate, which was verified by qRT-PCR (Fig.
5A). GO analysis showed that in the mutant palate, downregu-
lated genes are primarily involved in ossification and upregu-
lated genes are primarily implicated in cell proliferation and
cartilage development (Fig. 5B). Among those genes with
altered expression, we identified a number of genes that are
crucial for bone and cartilage development, as well as genes
that are implicated in cell proliferation and cell fate commit-
ment, as exemplified in Figure 5C. We further validated RNA-
Seq results by qPCR on some selected genes that are implicated
in cell cycle, osteogenic differentiation, mineralization, and

Wildtype Shox2Cre; R26Rraf

A A

E14.5

Proliferation index

[ wildtype
E& shoxzere; R26RFo

KiBT postive cells (%)

Figure 3. Abnormal cell proliferation in the palatine process of the
maxilla of Shox2";R26R™"® mice. (A-B') Ki67 staining on sections of
E14.5 control (A, B) and Shox2“";R26R™® palate (A', B') at the levels of
the ma-a (A, A’) and ma-p (B, B'). (C) Quantification of Ki67-positive
cells in control (n = 3) and Shox2“";R26R™® (n = 3) palates at E14.5.
ma-a, the anterior part of the palatine process of the maxilla; ma-p,

the posterior part of the palatine process of the maxilla. Error bars
represent standard deviation. *P < 0.05.

chondrogenic differentiation (Fig. 5D). The RNA-Seq results
are therefore consistent with the phenotype observed in the
mutants and provide a genome-wide molecular basis for the
effects of FGF8 signaling on cell fate determination, cell pro-
liferation, and osteogenic or cartilaginous differentiation of
palatal mesenchymal cells.

Discussion

In this study, we present evidence that augmented FGFS sig-
naling in the developing anterior palate inhibits osteogenesis
and alters cell fate of a population of CNC-derived palatal mes-
enchyme. CNC-derived cells play a central role in craniofacial
development and regeneration, being able to differentiate into
a broad range of tissues and participating in the formation of
multiple craniofacial organs (Santagati and Rijli 2003; Le
Douarin et al. 2004). Proper fate determination and differentia-
tion of CNC-derived cells require precise regulations by sig-
naling molecules from several families of growth factors
(Minoux and Rijli 2010). FGF8 has been implicated in the
induction, migration, and differentiation of neural crest cells. It
is also essential for craniofacial development, evidenced by
structure loss in mice carrying Fgf8 inactivation in the first
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A Runx2 Runx2

ma-a

B Runx2(

Wildtype | Shox2Cre; R26RFaf | Wildtype Shox2¢re; R26RFats

H Runx2

Figure 4. Inhibition of osteogenesis and formation of ectopic cartilage by locally enhanced fibroblast growth factor 8 (FGF8) signaling in the hard

palate. (A-B’) Immunostaining shows coexpression of Runx2 and Osterix in the future ossification centers of the ma-a and ma-p regions of the EI4.5
control palate (A, B) but a complete absence of Osterix expression in both regions in Shox2<";R26R™® mice (A’, B'). Runx2 expression is also reduced
significantly in the ma-a domain but decreased at a moderate level in the ma-p region of the mutant. Red arrowheads point to Runx2*/Osterix” cells;
red asterisks mark the sites where Osterix" cells would have presented in the mutants. (C-D’) Coimmunostaining shows ectopic activation of Sox9
that is coexpressed with Runx2 in the mutant ma-p domain but not the ma-a part at EI5 compared to controls (E=F') Coimmunostaining of Runx2
and Col Il on the palatine process of the maxilla of the E16.5 control (E, F) and Shox2“";R26R"€® mice (E', F'). The results show ectopic expression of
Col Il in a subset of Runx2* Ealatal mesenchymal cells in the ma-p portion (F'). (G-H") C0|mmunosta|n|ng on the palatine process of the maxilla of
control and Shox2<";R26R™®;R26R™™™C mice at PO shows strong Runx2 expression in ossifying the palatine process of the maxilla in control mice but
an almost complete absent Runx2 expression in the mutant mice (G, G’, H, H'). However, strong Col Il expression is seen in the mutant ma-p domain
only, which does not overlap with Shox2" cells (G’ G", H’, H""). Green arrowheads point to ossification sites. Yellow arrowheads point to Col II* cells.
Green asterisks mark the regions where ossification would have begun in the mutants. ma-a, the anterior part of the palatine process of the maxilla;

ma-p, the posterior part of the palatine process of the maxilla. Scale bars = 50 pm.

branchial arch (Trumpp et al. 1999; Abu-Issa et al. 2002). Fgf8
ectopic expression by the Wnt1" or Osr2““ allele resulted in
severe craniofacial defects or complete cleft palate, respectively
(Shao et al. 2015; Wu et al. 2015), indicating the importance of
finely tuned FGF8 signaling in craniofacial development.
Interestingly, FGF8 can exert dual effects on osteogenic dif-
ferentiation. For example, osteogenic differentiation assays on
mouse bone marrow mesenchymal stem cells, the mouse myo-
blast cell line, and the rat osteogenic cell line support a positive
role for FGF8 (Valta et al. 2006; Omoteyama and Takagi 2009),
but FGF8 could inhibit osteogenic differentiation in primary
rat osteogenic cells and mouse CNC-derived cells (Lin et al.
2009; Shao et al. 2015). In our current study, the complete lack
of Osterix " cells in the future domain of the palatine process of
the maxilla where the transgenic Fgf8 was activated demon-
strates that FGF8 signaling exerts its inhibitory effect on

osteogenic fate determination of the palatal mesenchymal cells.
In addition to its inhibitory effect on osteogenic fate determination,
FGF8 could also restrain the full differentiation of osteoblasts.
This conclusion is based on the observations that Fgf8 overex-
pression in differentiated osteoblasts, activated by the Dmpl“™
allele that is expressed in late osteoblasts (Kalajzic et al. 2004),
caused osteopenia in both the maxilla and mandible (Appendix
Fig. 3). The negative effect of FGF8 signaling on Osterix expres-
sion and osteogenic fate could be mediated partially by the
downregulation of Runx2, because the expression of Runx2 in
the mutant ma-p domain was reduced only moderately.
Consistent with our previous report that FGF8 signaling
favors chondrogenic differentiation of CNC-derived cells in
vitro in cell culture (Shao et al. 2015), the augmented FGFS8
signaling in the anterior palate not only inhibited osteogenesis
but also induced ectopic cartilage formation in the place of
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Figure 5. RNA-Seq analysis identifies gene expression profile regulated by fibroblast growth factor (FGF) signaling. (A) RNA-Seq and quantitative
reverse transcription polymerase chain reaction (PCR) results demonstrate significantly elevated level of Fgf8 expression in the anterior palate of
E14.5 and E16.5 Shox2“";R26R™® embryos compared with controls. (B) Gene ontology analysis shows that genes that were downregulated in the
Shox2°";R26R™® palate are primarily those involved in ossification. Upregulated genes in the mutant palate include those that positively regulate

cell proliferation and cartilage development. (C) Heatmaps show Z scores (interpreted as a measure of SD away from the mean) for some selected
genes from E14.5 and E16.5 RNA-Seq data. Downregulated genes in the Shox2“";R26R™® palate include osteogenic differentiation factors (Runx2,
Sp7, Collal, Bglap, Mnl1, Phospho I, AsxI2, DIx5, Smad5), and the upregulated genes include cell cycle and proliferation (Myc, Cdk4, Cdké,Wnt5aq, Prrx|,
Sox9), chondrogenic (Sox9, Col2al, Col9al, DIx2, Acan), and cell fate commitment factors (Prrx/, Trp53, Tbx3, Wnt5a, Sox5, Sox9). The color scheme is
based on the Z scores, with upregulation in red, downregulation in blue, and undetermined directionality in gray. (D) Validation of RNA-Seq data by

quantitative PCR shows decreased expression levels of selected genes im
involved in the regulation of cell cycle and chondrogenesis. *P < 0.05.

palatal bone. It has been demonstrated that cell fate plasticity
remains sustained in Runx2" osteoblast precursors during long
bone formation (Fujita et al. 2004). In line with this notion,
our observations that ectopic Sox9 and Col II expression is
restricted to the Runx2' cells in the anterior palate of
Shox2“";R26R"¢™® mice further indicate a cell fate change
from Runx2" osteoblast precursors to Col II-positive chondro-
cytes. It was reported previously that FGF9 signaling can
induce endochondral ossification in the cranial mesenchyme by
converting the osteogenic differentiation program to the carti-
laginous differentiation program of mesoderm-derived cranial
mesenchymal cells (Govindarajan and Overbeek 2006).
Although the functional mechanisms warrant future investiga-
tion, FGF signaling appears to play similar role in promoting
chondrogenic fate in mesenchymal cells with both CNC and
mesodermal origins.

In line with the palatal phenotype seen in Shox2";R26R"®
mice, our RNA-Seq results reveal a dramatic downregulation
of genes involved in osteogenesis, such as Runx2, Sp7, and

plicated in osteoblast differentiation and elevated expression levels of genes

Bglap, in the Fgf8 overexpressing palate, compared to con-
trols. On the other hand, genes that are implicated in cartilage
development, including Sox9 and Col2al, were significantly
upregulated in the Shox2"*;R26R™™ palate. Together with the
upregulation of genes involved in the regulation of cell prolif-
eration that account for the increased cell proliferation rate in
the Shox2“";R26R"¢™ palate, our RNA-Seq data, validated by
qRT-PCR on some selected genes, provide a molecular basis
for the production of the phenotype.

In sum, our results present evidence that augmented FGF8
signaling alters cell proliferation, cell fate determination, and
differentiation of CNC-derived osteoblast precursors in the
anterior palate. Although the gene overexpression approach
has its limitation for studying normal gene function in develop-
ment, given the fact that multiple FGF ligands and receptors
are expressed in the early developing palate, our results impli-
cate the importance of FGF signaling in the regulation of cell
fate determination and differentiation of osteoblast precursors
during palatogenesis.
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