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ABSTRACT 

Skeletal growth deficiencies arising from birth defects, injury or disease exist despite 

advances in therapy; as a public health imperative, this reflects the need for a deeper 

understanding of its causes. The molecular mechanisms underlying bone growth are 

complex, however, the exact mechanism remains unclear. It is well known that the 

craniofacial skeleton forms from the neural crest, with the parietal bones forming from 

paraxial mesoderm. The cranial vault consists of the frontal and paired parietal bones, 

and interposed between them are sutures that, together with the periosteum, serve as 

active sites of osteogenesis during skull growth and repair. Interactions between the 

cranial sutures and periosteum are complex and involve a network of signaling pathways 

that determine mesenchymal lineage fate specification. Ephrins and their Eph-kinases 

constitute a unique signaling system in calvarial growth and morphogenesis, and 

mutations in genes encoding these proteins frequently result in craniosynostosis. First 

reported in 1987, Eph kinases total 14 and their ligands or ‘ephrins’ total 8 in the 

mammalian vertebrate. Of interest to us are the transmembrane B-ephrins that mediate 

diverse cell-cell contact-dependent events such as cell migration, tissue boundary 

formation during osteogenesis and axon guidance through ‘forward’ signaling into Eph-

kinases; ephrins also act as ‘receptors’ to which Eph-kinases bind in a process termed 

‘reverse’ signaling. Ephrin-B1 is crucial in mouse development, as its ablation causes 

skeletal defects arising from defective migration of neural crest and mesenchymal 

precursors, findings consistent with human CFN syndrome caused by mutations in 
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ephrin-B1. This ligand is also critical in BMSC differentiation into osteoblasts via 

upregulation of Osterix. Ephrin-B2 forward signaling promotes osteoblast differentiation 

and, via hormone-mediated effects, promotes OB maturation and bone formation 

through ephrin-B2 upregulation in OBs themselves. We observed ephrin-B2 in the 

cranial sutures/ periosteum and its upregulation at sites of injury to the adult parietal 

calvaria; further, recombinant ephrin-B2 dramatically increased bone mass in embryonic 

calvaria, implying anabolic roles for this ligand in bone. Moreover, in the developing 

embryonic calvaria, the combined ablation of ephrin-B1/B2 in Axin2 suture stem cell 

niche dramatically impaired calvarial bone growth suggesting that these ephrins work 

together in regulating the niche. 
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CHAPTER I  

INTRODUCTION  

 

1.1 Cranial development and suture biology 

Skeletal growth deficiencies arising from birth defects, injury, or disease exist despite 

advances in therapy and, as a public health imperative, this reflects the need for a deeper 

understanding of its causes before more effective therapies can be applied in the setting 

of defective bone growth. The morbidity associated with defective or deficient bone 

growth is considerable and affects the majority of the American population, with high 

management costs that inevitably burden the economy (Poenaru et al., 2016; Williams et 

al., 2020; Wu et al., 2013). The molecular underpinnings controlling bone growth are 

complex, however, the exact mechanism remains unclear. It is well known that the 

craniofacial skeleton forms from the neural crest mesenchyme, with the parietal bones 

forming from paraxial mesoderm. The cranial vault or calvaria that encases the brain 

forms by intramembranous ossification (Chai and Maxson, 2006; Jiang et al., 2002). 

Developmentally, the mesenchyme undergoes condensation and patterning to form 

presumptive cranial bones. As condensation progresses, the cells in the center begin to 

commit to an osteoprogenitor fate under Runx2, the master regulator of both 

osteoprogenitor commitment and osteoblast differentiation. Osteoblasts then begin to lay 

down osteoid (type1 collagen matrix) and, through interactions with cell-surface integrin 

a2b1 (Xiao et al., 1998), begin to secrete bone mineralizing proteins that convert the 

mature matrix to bone. The widely separated cranial bones then begin to expand 
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commensurate with growth of the underlying brain, and as the bone fronts approach each 

other they meet to form presumptive sutures. The mature cranium thus formed is a 

composite of paired frontal and parietal bones along with the supraoccipital bone with 

sutures interposed between them; the sutures and periosteum together serve as active 

sites of osteogenesis during skull growth and repair (Benson and Opperman, 2011). 

Notably, the transversely oriented coronal and lambdoid sutures are overlap type, and 

the midline metopic and sagittal sutures are butt type, the major sutures of the cranium 

that remain patent for much of postnatal life and thereafter gradually fuse in late 

adulthood (Fig. 1A) (Opperman, 2000). On the other hand, the proliferative chondrocyte 

layer of the growth plate in the appendicular skeleton is a growth center that contributes 

to trabecular bone (Ransom et al., 2016; Shi et al., 2017). 

Interactions between the cranial sutures and periosteum are complex and 

involves a network of  signaling pathways including growth factors such as PDGF, PTH 

and TGF-β1, and extensive ‘crosstalk’ between TGF-β/BMP, Wnt/β-catenin, FGFs, and 

Hedgehog pathways that ultimately specify mesenchymal lineage fate, the mutations of 

which frequently result in craniosynostosis (Fig. 1B) (Doro et al., 2017). Briefly, FGFs 

are a family of 18 soluble ligands that guide skeletal patterning through their activation 

of the four FGF receptor (FGFR) tyrosine kinases. To date, 22 highly conserved FGF 

ligands and 5 FGF receptors have been identified in mammals (Ornitz, 2000). The 

extracellular domain of the FGFRs features 3 immunoglobulin (Ig)-like domains, in 

addition to a single hydrophobic membrane-spanning segment and a split cytoplasmic  
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tyrosine kinase domain. Alternative splicing of the Ig III domain into ‘b’ and ‘c’ variants 

influences binding specificity for the subsets of FGFs, with the IIIc variant preferentially 

expressed in the mesenchyme. FGFR1 and 2 are predominantly expressed in the cranial 

sutures and mutations of these receptors in or near their IgIII domains are associated 

Figure 1 – Anatomical origins of the cranial bones (A). Gray denotes cranial neural crest derived tissue. 
Insets show the interfrontal and coronal sutures. Bone growth in the calvaria (B). The 2 opposing bones 
are buffered by the suture mesenchyme. The osteogenic layer contains osteoprogenitors that increase bone 
thickness, and cells that migrate to the leading edge of the bone promote lateral bone growth. 
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with syndromic craniosynostoses, thus emphasizing their importance in cranial growth 

(Ornitz et al., 1996). Approximately, 20% cases of cranio-synostoses are due to 

mutations in FGFR1, R2 or R3 which are found in at least 6 commonly known 

craniosynostosis syndromes such as Apert, Crouzon, Pfeiffer, Muenke, Jackson-Weiss 

and Beare-Stevenson syndromes, most often characterized by bicoronal craniosynostosis 

or cloverleaf skull, distinctive facial features and limb abnormalities (Passos-Bueno et 

al., 2008). Point mutations in FGFR1 and R2 are linked to Pfeiffer syndrome, while 

FGFR2 mutations are associated with Apert and Crouzon syndromes – all gain-of-

function/activating mutations characterized by increased ligand binding, receptor 

dimerization or tyrosine kinase activity (Wilkie, 2005; Zhang et al., 2006). The majority 

of the activating mutations (90%) are missense, and approximately 20% of these create 

unpaired cysteine residues that form intermolecular disulfide bonds between receptor 

dimers leading to constitutive activation, as seen in Pfeiffer and Crouzon syndrome. 

Mutations in splicing of exons encoding the IgIII domain account for 10% of Pfeiffer 

syndrome cases. However, two of the most common mutations – Ser252Trp and 

Pro253Arg – occur in the IgII-IgIII linker region and account for the majority of Apert 

syndrome cases. The Ser252Trp mutation accounts for 66% of Apert cases and is 

associated with a more severe phenotype that often includes cleft palate. Homologous 

mutations to the FGFR2 (Pro253Arg) mutation are also found in FGFR1 and FGFR3; 

the FGFR1(Pro252Arg) mutation accounts for 5% of Pfeiffer syndrome cases that 

exhibit a milder phenotype compared to that caused by FGFR2 mutations, while the 

FGFR3 (Pro250Arg) mutation accounts for 6-8% of all craniosynostosis patients with 
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Muenke syndrome (Passos-Bueno et al., 2008). FGFR5, also known as FGFRL1, lacks a 

split cytoplasmic tyrosine kinase domain and hence its function is still unclear, although 

a mutation within this gene has been implicated in craniosynostosis (Rieckmann et al., 

2009). 

The TGFb superfamily is grouped into three sub families based on structure and 

receptor binding – the TGFbs, the activins, and the Bone Morphogenetic Proteins 

(BMPs). Expressed in mammals, TGFb1, b2, and b3 are highly homologous secreted 

peptides and in dimerized active forms control a variety of developmental processes 

including growth, differentiation and apoptosis. The precise expression patterns of each 

during various stages of suture morphogenesis only reflects their dynamic but distinct 

roles in suture formation and stability; while all three are expressed in the bone fronts of 

patent sutures, TGFb3 is absent in fused sutures where high levels of TGFb1, 2 are 

found, suggesting that b1and b2 promote suture ossification while b3 maintains patency 

(Opperman et al., 1997; Roth et al., 1997). All three TGFb proteins confer their effects 

on target cells through a signaling complex tetramer comprising type I and type II dimer 

receptors. Heterozygosity of either receptor causes craniosynostosis in Marfan syndrome 

related disorders, while conditional deletion of the type II receptor in the cranial NCCs 

in mice leads to agenesis of cranial bones, thus, punctuating the requirement of intact 

TGFb signaling in cranial development (Ito et al., 2003; Mizuguchi and Matsumoto, 

2007). 

BMPs can promote osteogenic differentiation but only in the right context, 

however, their role in regulation of suture formation and patency is still unclear. There 
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are no mutations to the BMP pathway that result in craniosynostosis but that may be due 

to the requirement of these morphogens early on in development, as indicated by loss of 

viability of mice with mutations in the BMP pathway. Evidence has indicated that 

inhibition of bmp signaling inhibits osteogenic differentiation. Furthermore, addition of 

BMP inhibitor noggin to either naturally fusing or pathologically fusing futures can 

prevent synostosis (Wan et al., 2008). However, BMP beads placed on osteogenic fronts 

on the mid-suture did not promote suture closure in ex vivo calvaria as observed when 

FGF beads were placed, suggesting that BMP signaling is necessary but not sufficient to 

promote suture closure (Kim et al., 1998). 

Haploinsufficiency of TWIST1 is associated with Saethre-Chotzen syndrome 

(SCS), one of the most common autosomal dominant disorders of craniosynostosis with 

an incidence of 1 in 25000 to 1 in 50000 live births (el Ghouzzi et al., 1997). The most 

frequent clinical phenotypes of this disorder include misshapen skulls due to coronal 

suture synostosis, and hypertelorism associated with mid face hypoplasia.  Typical limb 

abnormalities include soft-tissue syndactyly (Passos-Bueno et al., 2008). More than 100 

different mutations have been identified within the TWIST1 gene, suggesting SCS is due 

to haploinsufficiency of TWIST1. Moreover, Twist1+/- mice exhibit phenotypes similar to 

those in humans (Carver et al., 2002). Also, mutations in FGFR2 and FGFR3 have been 

reported in patients manifesting phenotypes consistent with SCS, indicating that haplo-

insufficiency of TWIST1 produces similar phenotypes as activation of FGFR signaling 

(Passos-Bueno et al., 2008).   
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MSX2 is a highly conserved homeobox gene located on the long arm of chromosome5, 

the mutations of which result in Boston-type craniosynostosis in humans. This is an 

autosomal dominant disorder characterized by coronal suture synostosis, associated with 

variable phenotypes that include fronto-orbital recession, frontal bossing and 

turribrachycephaly, resulting from a Pro148His mutation in the DNA-binding region of 

the protein. This increases the DNA-binding affinity of the protein resulting in enhanced 

protein activity (Lenton et al., 2005). Patients with craniosynostosis have been identified 

to have an extra copy of MSX2, further supporting that MSX2 gain-of-function promotes 

craniosynostosis; associated phenotypes include microcephaly, developmental delay and 

dysmorphic features. Chromosomal studies of the proband showed 46,XY,add(2) (q37) 

dn, while those of the parents are normal. Moreover, comparative genomic hybridization 

(CGH) on the patient’s rearranged material revealed loss of 2Mb distal to 2q37.3 and 

duplication of 15Mb from 5q34 àqter. It has been proposed that the extra copy of MSX2 

maps to 5q35.2 causing premature synostosis of the sutures via an MSX2-mediated 

pathway of calvarial osteogenesis (Kariminejad et al., 2009), suggesting MSX2 

duplication in the etiology of craniosynostosis. Conversely, mutations resulting in MSX2 

haploinsufficiency cause ossification deficiencies and parietal foramina (Lenton et al., 

2005). 

 

1.2 B-ephrins (B1 and B2) in calvarial bone growth and homeostatic maintenance 

Ephrins and their Eph-kinase receptors constitute a unique signaling system in calvarial 

growth and morphogenesis, and mutations in genes encoding these proteins result in 
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synostosis of the cranial bones. First reported in 1987, these cell-surface proteins were 

isolated from an Erythropoietin-Producing Hepatocellular carcinoma cell line and were 

termed Ephs, and the proteins that specifically interacted with these kinases were called 

Ephrins – the abbreviated form of EPH Receptor-INteracting proteins (Hirai et al., 

1987). Eph kinases constitute the largest subfamily of Receptor Tyrosine 

 

 

 

 

 

 

 

 

 

Kinases, totaling 16 [EphA1-A10 and EphB1-B6] but only 14 exist in the mammalian 

vertebrate – EphB5 and EphA9 are avian – and are classified into EphA and EphB 

kinases, based on sequence of homology and ligand binding affinity (Rundle et al., 

2016). The ligands or ‘ephrins’ total 9 (ephrinA1-A6, and ephrin-B1-B3) and are 

classified in a similar manner into A-ephrins and B-ephrins, but only 8 exist in the 

mammalian genome (Fig. 2). Typically, an Eph kinase, from the extracellular N-

terminus, features an ephrin-binding domain, a cysteine-rich region, a domain 

comprising two fibronectin type III repeats, a juxtamembrane region, a tyrosine kinase 

Figure 2 – Classification of Eph kinases and ephrins, based on sequence of homology and receptor 
or ligand binding affinity.  
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domain, a sterile α-motif (SAM), and a C-terminal PDZ-domain binding motif. While 

the A-ephrins tether to the cell membrane via a GPI anchor, the B-ephrins are 

transmembrane molecules that feature a highly conserved cytoplasmic tail and a C-

terminal PDZ-domain binding motif (Kawabe et al., 2009). Receptor-ligand interactions 

are preferential for the most part, i.e. A-ephrins interact with Eph-A kinases and B-

ephrins with the Eph-Bs, with EphA4 and EphB2 being notable exceptions that further 

exhibit binding between classes (Himanen et al., 2004; Kania and Klein, 2016). The 

unique feature of this signaling system lies in its ability to initiate a two-way signaling 

event, i.e., while the ligand binds to the kinase causing signal transmission into the cell, 

termed ‘forward’ signaling, the ligand itself can act as a ‘receptor’ to which the kinase 

binds in a process termed ‘reverse’ signaling. Also, teasing out the exact function of 

each receptor and/or ligand constitutes a challenge, as functional redundancy exists 

among this large family of receptor tyrosine kinases and their cognate ligands (Kullander 

and Klein, 2002; Pasquale, 2010). For biologically relevant signaling to occur, an Eph-

bearing cell must contact an ephrin-bearing cell; following receptor-ligand dimerization, 

oligomerization and clustering ensue resulting in a two-way signaling event (Tonna and 

Sims, 2014). 

Over the last two decades, the transmembrane B-ephrins – ephrin-B1 and ephrin-

B2 – have gained attention, as mounting evidence implicates these ephrins as key 

players in bone; ephrin-B3 expression is rather restricted, with high levels only in the 

brain and heart (Zhou, 1998). These molecules mediate diverse cell-cell contact-

dependent biological events such as cell migration and sorting via repulsion and 
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adhesion, tissue boundary formation during embryogenesis, osteogenesis, angiogenesis 

and vascularization, and rewiring of neurons via axon guidance through ‘reverse’ 

signaling via their transmembrane domain (Kullander and Klein, 2002). Though 

functionally diverse, all the three B-ephrins (B1, B2, B3) possess a highly conserved 

cytoplasmic domain, of which the last 33 amino acids (in the C-terminal region) are 

100% identical between all three proteins (Davy et al., 2004). To elucidate the roles of 

ephrin-B1 in the developmental context, mouse lines carrying mutations in efnb1 gene 

were generated. While the conditional deletion of ephrin-B1 demonstrated its control 

over NCC migration autonomously (via reverse signaling, induced by a mutation in its 

PDZ binding domain), the ablation of ephrin-B1 resulted in perinatal lethality caused by 

a range of phenotypes including defects in Neural Crest Cell (NCC)-derived tissues, 

incomplete body wall closure, and abnormal skeletal patterning (Compagni et al., 2003) 

– findings consistent with human Cranio-Fronto-Nasal Syndrome (CFNS) caused by 

mutations in ephrin-B1 (Twigg et al., 2004). 

CFN syndrome, a subgroup of FND first described by Cohen, is an X-linked 

develop-mental malformation syndrome with an unusual pattern of inheritance since 

females are more severely affected than males. Proposed explanations for the genetic 

basis of CFNS include disruptive interaction between wild type and mutant alleles – 

termed ‘metabolic interference’, aberrant functional disomy of the X-chromosome, and 

compensation by a Y-linked homologue (Feldman et al., 1997; Rollnick et al., 1981). 

This syndrome is caused by heterozygous mutations or deletions in the ephrin-

B1encoding gene, EFNB1, located on chromosome X12/13, and is associated with a 
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sporadic and familial incidence. Though this syndrome presents with a spectrum of 

clinical signs and symptoms, synostosis of coronal suture is a typical manifestation. 

Thus far, 129 EFNB1 mutations including 87 distinct missense, frameshift, nonsense, 

and splice site mutations as well as 8 gene deletions exist in humans (Wieland, 2011). 

The severe manifestations of CFNS in heterozygous females have been regarded a 

consequence of the random X-inactivation of the wild-type and mutant EFNB1-carrying 

X-chromosomes (Migeon, 2007; Wieland et al., 2004), which results in a cellular mosaic 

consisting of two ephrin-B1-expressing cell populations – one that expresses the wild 

type ephrin-B1, and the other dysfunctional ephrin-B1 protein. Since loss-of function 

rather than a dominant negative mutation in EFNB1 more likely causes CFNS, 

bidirectional signaling will only be mediated by ephrin-B1-expressing cells upon cell-

cell contact with opposing Eph-expressing cells. In the mosaic females, cellular 

interference (from mutant ephrin-B1-expressing cells) presumably leads to divergent cell 

sorting and migration, ultimately causing loss of tissue boundary sharpness and 

premature fusion of the coronal suture (Merrill et al., 2006). However, in hemizygous 

males, all cells are unable to produce functional ephrin-B1 protein and so the syndrome 

does not manifest in the manner it does in mosaic females. In males, normal boundaries 

are probably maintained through alternative mechanisms such as ephrin redundancy or 

promiscuity of the ephrin-kinase system (van den Elzen et al., 2014). Other pathogenic 

mechanisms of CFNS include cellular interference combined with impaired signaling 

capacity of ephrin-B1 and pleiotropic defects due to improper regulation of gap 

junctional communication (GJC) (Davy et al., 2006; Makarov et al., 2010). Also, a 
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genotypic-phenotypic correlation in CFNS has been proven, however, studies suggest 

that it is unlikely (Davy et al., 2006; Makarov et al., 2010; Wieland et al., 2008). 

However, recent evidence in support of ephrin-B1 mosaicism, as observed in CFNS, 

suggests that the syndrome-associated craniofacial dysmorphology is the direct result of 

aberrant segregation of post-migratory NCC-derived mesenchymal precursors in the 

craniofacial primordia causing local dysmorphogenesis of craniofacial structures, and 

not by neural tissue-specific disruption of ephrin-B1; further, EphB2 and EphB3, 

signaling partners for ephrin-B1, appear to influence cell segregation in the craniofacial 

region, while EphB1 is more critical for cell segregation in the brain in the ephrin-B1 

heterozygous triple receptor knockout state (Niethamer et al., 2020). 

The association of human CFNS with mutations in ephrin-B1 implies a defect in 

NCC migration, sorting, and differentiation of mesenchymal precursors into bone 

forming cells, owing to presence of deficient functional ephrin-B1 in the precursors 

(Twigg et al., 2013). Analyzing the function of osteoblast-produced ephrin-B1 in vivo 

revealed a complex mechanism by which ephrin B1 reverse signaling regulates bone 

formation. Targeting ephrin-B1 in type1a2 collagen-producing cells resulted in severe 

calvarial defects with decreased bone size, bone mineral density (BMD) and trabecular 

bone volume (BV), caused by impaired Osterix expression and consequent osteoblast 

differentiation. It is known that the cytoplasmic domain of eprhinB1 contains a PDZ-

binding motif that interacts with PTPN13, NHERF1/2 (Lu et al., 2001) and the 

transcriptional coactivator TAZ, as they all contain that motif. Coimmunoprecipitation, 

using TAZ/PTPN13-specific antibodies, revealed a protein complex containing ephrin-
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B1, PTPN13, NHERF1 and TAZ in BMS cells; further, activation of ephrin-B1 reverse 

signaling with soluble clustered EphB2-Fc led to time-dependent increase in TAZ 

dephosphorylation and shuttling from the cytoplasm to nucleus. Moreover, Western 

blotting revealed a 4-fold increase in Osterix expression in BMS cells treated with 

exogenous EphB2-Fc. However, a more conclusive approach included silencing TAZ by 

specific lentivirus small-hairpin RNA (shRNA) that decreased TAZ mRNA by 78%, and 

ephrin-B1 reverse signaling-induced Osterix mRNA levels by 75% in BMS cells. 

Similarly, knockdown of NHERF1 expression reduced basal levels of Osterix expression 

by 90% and abolished ephrin-B1-mediated induction of Osterix expression (Xing et al., 

2010). Thus, ephrin-B1 via reverse signaling promotes osteoblast differentiation in BMS 

cells by regulating Osterix expression, thereby assuming crucial roles in bone 

homeostasis.  

Bone marrow-derived mesenchymal stem cells (MSC), through self-renewal, 

contribute to skeletal tissue formation and the regulation of hematopoiesis (Sacchetti et 

al., 2007). To that end, the Eph/ephrin family of receptor tyrosine kinases, in addition to 

bone, assume important roles in maintaining the stem cell niche within neural (Picco et 

al., 2007), intestinal (Sancho et al., 2003) and dental tissues (Arthur et al., 2009). In 

determining the molecular expression profile in human MSC and bone marrow-derived 

populations using ex vivo expansion and RT-PCR, Eph-B (EphB2/B4) and ephrin-B 

(ephrin-B1/B2) were found to be highly expressed in these cells. To further elucidate the 

contribution of these molecules in MSC recruitment, functional spreading and migration 

assays, using soluble clustered EphB2-Fc/EphB4-Fc, and ephrin-B1-Fc/ephrin-B2-Fc, 
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showed that ephrin-B reverse signaling inhibited MSC attachment and spreading, as 

indicated by cell contraction and rounding caused by activation of Src-kinase, PI3-

Kinase- and JNK-dependent signaling pathways. By contrast, EphB2 forward signaling 

promoted MSC migration by activating the Src kinase- and Abl-dependent signaling 

pathways. Furthermore, activation of ephrin-B1 and/or ephrin-B2 increased osteogenic 

differentiation (indicated by increased mineralization), while ephrin-B1 activation 

promoted chondrogenic differentiation, as indicated by increased GAG production in 

MSC treated with sEphB2-Fc. Thus, EphB/ephrin-B interactions possibly mediate MSC 

recruitment, migration and differentiation, and assume potential roles in fracture repair 

of endochondral bone (Arthur et al., 2011). 

Cleft palate is one of the many clinical manifestations of CFNS caused by 

mutations in ephrin-B1, with females exhibiting far more severe phenotypic 

manifestations than obligate hemizygous males (Niethamer et al., 2020). Further, 

EphB2/B3 kinases work together in palate development (Orioli et al., 1996). 

Specifically, ephrin-B1 plays an intrinsic role in palatal shelf outgrowth in mice by 

regulating cell proliferation in the anterior palatal shelf mesenchyme. In ephrin-B1 

heterozygous mutants, owing to random X-inactivation, the mosaic expression of ephrin-

B1 caused disruption of cell proliferation, with post-transcriptional up-regulation of 

EphB receptor expression, mainly EphB3, through relief of endocytosis and degradation. 

The alteration in proliferation rates resulting from ectopic Eph–ephrin expression 

boundaries correlated with the more severe dysmorphogenesis in ephrin-B1 

heterozygotes. Also, by integrating phospho-proteomic and transcriptomic approaches, it 
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was demonstrated that ephrin-B1 controls proliferation in the anterior palate by 

regulating the ERK/MAPK signal transduction pathway (Bush and Soriano, 2010). 

Several lines of evidence ascribe EpB2 as a high-affinity receptor for ephrin-B1 

(Arthur et al., 2011; Xing et al., 2010). Because expression of EphB2 was strongly 

induced in response to locally-applied mechanical strain i.e. 2-week four-point bending 

in mouse tibia, and because ephrin-B1 reverse signaling – with sEphB2-Fc – induced 

osteoblast differentiation through upregulation of Osterix in BMS cells, transgenic mice 

overexpressing ephrin-B1 [(under the control of a 3.6kb rat collagen1α1 promoter 

(Col3.6-Tgefnb1)] were generated to increase the interaction of the ligand with the 

receptor in vivo to induce bone formation. It was observed that Col3.6-Tgefnb1 mice 

express 6-, 12-, and 14-fold greater levels of full-length ephrin-B1 protein in osteoclasts 

(Oc), calvarial osteoblasts (Ob), and BMS cells, respectively. The long bones of both 

genders of Col3.6-Tgefnb1 mice exhibited increased trabecular bone volume (32%), 

trabecular number (10%), and trabecular thickness (10%) and decreased trabecular 

separation (8.5%). Enhanced bone formation (indicated by a 39% increase in MAR) and 

decreased bone resorption (indicated by a 23% decrease in TRAP+ Oc) contributed to 

increased trabecular bone mass in Col3.6-Tgefnb1 mice. Consistent with these findings, 

in vitro analysis revealed that over-expression of ephrin-B1 increased osteoblast 

differentiation and mineralization in BMS cells, as indicated by Osterix and collagen1α1 

expression. Interaction of ephrin-B1 with sEphB2-Fc decreased Oc precursor 

differentiation into multinucleated cells. Furthermore, the mechanical loading-induced 

expression of ephrin-B1/EphB2, and new bone formation, were significantly greater in 
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the Col3.6-Tgefnb1 mice than in WT littermate controls. Thus, manipulating ephrin-B1 

signaling may provide a means to stimulate new bone formation in the skeleton under 

mechanical strain (Cheng et al., 2013). 

Bidirectional signaling has important roles in many developmental contexts such 

as in angiogenesis, axon guidance, cell sorting, and boundary formation (Davy and 

Soriano, 2007). While ephrin-B2 and its cognate receptor EphB4 are reciprocally 

expressed in arterial and venous endothelial cells, mice deficient in ephrin-B2 or EphB4 

exhibit phenotypes of early embryonic lethality due to disorganized arteriovenous 

formation (Adams et al., 1999; Gerety et al., 1999; Wang et al., 1998). However, 

removing the C-terminal cytoplasmic domain of ephrin-B2 revealed that ephrin-B2 

reverse signaling through the cytoplasmic domain is not required for early vascular 

development but required for axon pathfinding and cardiac valve formation (Cowan et 

al., 2004). Furthermore, ephrin-Eph interactions regulate embryonic stem-cell 

differentiation (Wang et al., 2004) including the immune response (Sharfe et al., 2002; 

Yu et al., 2003), intestinal epithelial cell migration (Batlle et al., 2002), and skeletal 

patterning (Compagni et al., 2003; Davy et al., 2004)). It is well known that bone 

homeostasis requires a precise functional balance between bone-resorbing osteoclasts 

and bone-forming osteoblasts. In identifying various EphB/ephrin-B molecules that 

coordinate osteoblast and osteoclast function, it was shown that osteoclasts express 

ephrin-B2 (an NFATc1 target) while osteoblasts express EphB4. Gain- and loss-of-

function studies have demonstrated that reverse signaling through ephrin-B2 on 

osteoclast precursors suppressed their differentiation by inhibiting the osteoclasto-genic 
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c-Fos-NFATc1 cascade. In addition, forward signaling through EphB4 on osteoblasts 

enhanced their differentiation, possibly via ERK1/2 pathway activation and RhoA 

activity attenuation. To that end, transgenic mice overexpressing EphB4 showed a strong 

bone phenotype, but conditional KO mice lacking ephrin-B2 in the myeloid lineage did 

not, suggesting that ephrin-B1 may functionally compensate for ephrin-B2 in the 

osteoclast lineage in vivo. Thus, ephrin-Eph bidirectional signaling links two major 

molecular mechanisms for the differentiation of cells concerned with bone homeostasis 

(Zhao et al., 2006). 

Ephrin-B2 is one of several mediators implicated in bone remodeling, a process 

that couples bone formation and resorption in the Bone Multicellular Unit (BMU). So, 

its intuitively obvious that ephrin-B2 may assume a dual role in bone homeostasis by 

balancing the activity between osteoblasts and osteoclasts. In that regard, hormones, 

through autocrine or paracrine effects, influence bone cells that ultimately regulate 

skeletal bone mass through local bone remodeling pathways. A hormone critical to bone 

homeostasis is PTH that mobilizes calcium from bone – by increasing bone resorption – 

when serum calcium levels drop. However, exogenously administered PTH has potent 

anabolic effects on bone caused by locally produced PTH-related protein (PTHrP), 

which also binds to the common PTH/PTHrP receptor (PTHR1) found in osteoblasts 

(Miao et al., 2005). It is well-understood that osteoclast formation and activation 

function is regulated by osteoblastic RANK-L expression in linking the cellular phases 

of bone formation to resorption (Suda et al., 1999; Teitelbaum and Ross, 2003). Other 

proposed mediators include matrix-derived TGF-β (Centrella et al., 1991), IGF-I and -II 
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(Crane and Cao, 2014; Smith, 2020), released by osteoclast action and, more recently, 

the osteoclast-derived ephrin-B2 that suppresses osteoclast differentiation via reverse 

signaling through EphB4 (Zhao et al., 2006). To compare the anabolic effects of 

PTH/PTHrP treatment on PTHR1-expressing mouse Kusa4b10 cells, and whether such 

effects are ephrin-B2-mediated, mouse whole genome cDNA microarray identified 

production of ephrin-B2, EphB2 and EphB4 in these cells. Moreover, in a dose-

dependent manner, PTH/PTHrP stimulated ephrin-B2 production within the PTHR1+ 

cells causing them to differentiate into osteoblasts, while promoting osteoblast 

maturation in other precursor cells, thus, exerting autocrine and paracrine effects 

respectively (Allan et al., 2008). 

It is well known that interactions between ephrin-B2 and EphB4 within the 

osteoblast lineage play key roles in regulating osteoblast maturation (Zhao et al., 2006). 

In determining the role of the ephrin-B2/EphB4 signaling in the skeleton, sEphB4 

treatment of cultured osteoblasts specifically inhibited EphB4 and ephrin-B2 

phosphorylation and reduced mRNA levels of late markers of osteoblast/osteocyte 

differentiation (i.e., osteocalcin, DMP-1, sclerostin, MEPE), while substantially 

increasing RANK-L. Though sEphB4 treatment in vivo, with or without PTH, 

substantially increased osteoblast formation and mRNA levels of early osteoblast 

markers (i.e., Runx2, ALP, Collagen1a1, and PTHR1), there was no significant change 

in bone formation rate or expression of late markers of osteoblast/osteocyte 

differentiation. Instead, sEphB4 treatment with PTH significantly increased osteoclast 

formation, causing a decrease in trabecular number, an effect that may have dampened 
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the anabolic effect of PTH. This effect was also reproduced in cultured osteoblasts 

treated with sEphB4, significantly impairing mineralizing ability. Clearly, ephrin-

B2/EphB4 signaling within the osteoblast lineage is required for late-stage osteoblast 

differentiation and, to restrict osteoblast-mediated osteoclastogenic support by partly 

limiting RANKL production (Takyar et al., 2013). 

Ephrin-B2 on osteoclasts activates the EphB4 receptor on osteoblasts to promote 

bone formation as part of homeostasis (Zhao et al., 2006). To define the role of ephrin-B 

signaling in developmental bone formation, ephrin-B2/LacZ chimeric mice were 

generated in which the coding region of the cytoplasmic domain of ephrin-B2 is replaced 

by that of b-galactosidase that turns eprhin-B2-expressing cells blue in the presence of 

the chromogenic substrate x-gal. While Ephrin-B2 was strongly expressed in the 

periosteum, sutural bone fronts, and dura mater of embryonic and neonatal mice, in the 

adult its expression was largely confined to sutures but was strongly upregulated at sites 

of bone injury. Complimenting this was treatment of ex vivo embryonic calvariae with 

soluble clustered ephrin-B2-Fc, which doubled their bone content without alteration in 

suture width or overall calvarial morphology. More importantly, even without Ascorbate 

addition, ephrin-B2-Fc stimulated expression of osteoblastic markers, osteocalcin and 

BSP, in cultured MC3T3 preosteoblasts. In vivo analysis also indicated that EphB4 

kinase was strongly expressed in blood vessels (Gerety et al., 1999) but not in embryonic 

or adult calvaria; while EphB2 was expressed at sites of osteogenesis in both embryonic 

and postnatal calvaria, EphB1 was detected in the calvaria only after birth, implying 

crucial roles for these kinases early on in development. However, in adult mice, only 
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EphB1 knockout exhibited significant reduction in calvarial bone content compared to 

littermate control mice, not EphB2 knockout. Thus, evidence implicates ephrin-B2 in 

developmental and regenerative bone growth via activation of osteoblast-specific gene 

expression; further, though EphB1/B2 appear likely candidate receptors for ephrin-B2 

early on in development, there may yet be other ligands for EphB1 in the adult (Benson 

et al., 2012). 

 

1.3 Stem cells in suture patency and skeletal bone growth including homeostatic 

maintenance 

It was only recently that stem cell populations were characterized in terms of expression 

and function during skeletal development. Bone formation in mammals requires the 

continuous supply of osteoblasts throughout life – first during modeling that begins in 

the embryo, and later during bone remodeling that occurs in the mature skeleton (Matsuo 

and Otaki, 2012). Using lineage-tracing, Gli1 has been identified as a common 

molecular marker for all osteogenic mesenchymal progenitors in fetal or postnatal 

skeletal growth in mice – while osteoblasts in the cortical shaft and secondary 

ossification center arise from embryonic Gli1+ cells, the cancellous bone osteoblasts in 

the primary ossification center are descendants of the Gli1+ cells that reside immediately 

beneath the growth plate (in the metaphysis) and are essential for cancellous bone 

formation during postnatal growth. Besides osteoblasts, these Gli1+ progenitors also 

give rise to bone marrow adipocytes and stromal cells in vivo. To that end, RNA 

profiling of the Gli1+ progenitors revealed a molecular signature resembling that of 
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MSC, as they expressed several marker genes, including CD146/Mcam, CD44, 

CD106/Vcam1, PDGFR-a/b, aSma/Acta2, and LepR previously identified in MSCs and 

were, thus, termed “metaphyseal mesenchymal progenitors” (MMPs). Besides being a 

marker, Gli1 expression in MMPs could indicate a physiological role for HH signaling 

in those cells. As suggested, HH signaling is necessary for normal proliferation and 

osteoblast differentiation of MMPs in cancellous bone, as disruption of Hh signaling in 

Gli1-creERT2; Ai9; Smoc/c mice, impaired their proliferation and differentiation. 

Previous reports have indicated that Wnt/b-catenin functions downstream of HH 

to regulate osteoblastogenesis in the mouse embryo (Rodda and McMahon, 2006). 

Additionally, the postnatal deletion of b-catenin in Osterix+ cells not only reduced bone 

mass but also increased bone marrow adiposity (Chen and Long, 2013). In a similar 

vein, removing β-catenin in Gli1-creERT2; Ai9; b-cateninc/c mice caused MMPs to switch 

to an adipogenic fate, resulting in osteopenic cancellous bone with increased marrow 

adiposity. However, in both situations, decreased cancellous bone mass was not 

attributed to increased bone resorption but to decreased bone formation, as serum levels 

of CTX-1 levels in both the knockout and control mice were similar. While Gli1 marks 

MMPs critical for normal bone formation in postnatal mice, it was also demonstrated 

that Gli1+ identifies skeletal progenitors that contribute chondrocytes and osteoblasts 

during bone fracture healing. Thus, Gli1 labels metaphyseal progenitors for 

developmental and reparative bone growth (Shi et al., 2017). 

Bone turnover in the skeleton is constant and is supported by mesenchymal stem 

cells that reside in diverse niches such as the periosteum, sutures of the craniofacial 
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region, and the long bone growth plate. Recent studies have shown that Nestin and 

Gremlin label a subset of perivascular mesenchymal stem cells (MSC) in the long bones 

that contribute to their turnover (Méndez-Ferrer et al., 2010; Worthley et al., 2015). 

However, in the craniofacial sutures, Gli1 has been shown to mark the major MSC 

population within the suture mesenchyme. At birth, the Gli1+ cells are present 

throughout the periosteum, duramater and suture mesenchyme but gradually restrict to 

the sutures where they lie in the mid-suture region, not associated with vasculature; these 

cells no longer become detectable in the periosteum, duramater, and bones abutting the 

sutures (in 1-3month old mice). Previously it was proposed that progenitor cells 

supporting craniofacial bone repair mainly reside in the periosteum, however, calvarial 

suture-transplant studies have indicated otherwise in that only sutures possess intrinsic 

bone regenerative ability and not the calvarial bone, periosteum or duramater, as the 

transplanted suture devoid of these tissues generated new periosteum, duramater and 

bone with a significant number of Gli1-derived cells in them (Slater et al., 2008). In 

characterizing stem cell behavior of Gli1+ suture cells, culture and clonal assays 

revealed in these cells a high expression of typical MSC markers including CD44, 

CD90, Sca-1, CD146 and CD73 (not CD34) and clone-forming ability, and clone sub-

cultures were capable of osteogenic, chondrogenic and adipogenic differentiation and 

were all Gli1-derived (Xu et al., 2007); however, immunohistochemical assays on 

tissues failed to recapitulate the in vitro molecular profile of the Gli1+ suture cells, 

suggesting that while these cells have the ability to behave like MSCs under controlled 

conditions, they are not bonafide stem cells. Gli1 is a critical regulator in early growth 
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and morphogenesis of the skull, as ablation of Gli1+ cells leads to skull suture synostosis 

and growth arrest, compromised injury repair, and osteoporosis. Further, Twist-1+/- 

mice with cranio-synostosis demonstrated reduced Gli1+ cells in the sutures, suggesting 

this phenotype may result in part from a diminished Gli1+ population in the sutures. 

Thus, craniofacial sutures provide a unique niche for MSCs in craniofacial bone growth, 

homeostasis, and repair (Zhao et al., 2015). 

Gli1+ suture cells have been characterized in terms of molecular profile, 

expression, and function in the craniofacial region (Zhao et al., 2015) and, while these 

cells exhibited strong regenerative capacity in response to calvarial suture injury, such a 

response was tested in the calvaria bone at varying distances from the suture in mice. It 

was concluded that the calvarial sutures possess much stronger regenerative capacity 

than the non-suture bony areas of the calvaria, as supplemented by microCT and 

histology including Gli1 cell proliferation assays. Moreover, the healing rate of the 

calvarial bone was inversely proportional to the distance between the suture and injury 

site. i.e., injuries closer to the suture healed faster. Because the majority of the stem cell 

population of the calvarial bone resides within the suture, the ability of these cells to 

respond and migrate into an injury area in sufficient numbers for repair is dependent 

upon the distance of the injury site from the suture. Further, following complete removal 

of the (sagittal) suture, regeneration and restoration of normal organization occurred 

within 6-8 weeks, with possible contribution from the coronal and lambdoid sutures 

(Park et al., 2016). Thus, from available evidence, though Gli+ cells within the calvarial 

suture mesenchyme are the cellular source for bone injury repair and regeneration, bone 
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healing is not an evenly distributed event in the calvaria, a finding attributable to its 

diverse embryological origins (Li et al., 2010; Quarto et al., 2010). 

The bone marrow has long been shown to contain the osteogenic stem cell 

population for the skeleton; similarly, in the calvaria there is every likelihood that the 

osteogenic suture mesenchyme would regulate calvarial bone development. While the 

search continues for a cell population that satisfies the cardinal criteria for stem cells, 

evidence indicates that Gli1+ suture cells contribute to calvarial maintenance and injury 

repair (Zhao et al., 2015), suggesting that the identity and characteristics of suture stem 

cells responsible for calvarial bone maintenance and healing is yet limited. That Axin2 is 

critical in early growth and morphogenesis of the cranium by regulating suture patency, 

in addition to marking the basal cell layer of the skin, implies requirement of Axin2 for 

the maintenance of cell ‘stemness’ in diverse ecological niches of complex tissue 

systems (Lim et al., 2013; Yu et al., 2005). Further, as a transcriptional target of b-

catenin, Axin2 is essential in orchestrating the signaling interplay of Wnt, BMP and FGF 

in mesenchymal fate determination during cranial development (Maruyama et al., 2010). 

Other evidence indicates that Axin2-expressing cells are capable of long-term self-

renewal and differentiation into mature skeletal cell types during skeletal development 

and homeostasis. Moreover, like Gli1+ cells, Axin2-expressing suture cells are also 

highly responsive to injury and improve bone healing through direct engraftment. Gene-

profiling analysis has shown that Axin-2 expressing cells express high levels of Gli1, 

suggesting possible overlap of these two stem cell populations. However, while Gli1 

labels the entire suture mesenchyme, Axin2 is expressed in only 15% of mesenchymal 
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cells, is highly restricted to the suture midline, and colocalizes with slow-cycling cells. 

In vivo clonal analysis of Axin2-expressing suture cells further demonstrated their ability 

to clonally expand as a patch of cells sharing a common origin, or as a patched pattern 

with clear boundaries between them when generating ectopic bone as well as switch 

from one lineage fate to another in the presence of a bioactive cue such as BMP2, while 

having limited contribution to the maintenance of the body skeleton as Axin2-expressing 

cells are not bone marrow-associated (Maruyama et al., 2016). 

Recently, Rap1b has been identified as a signaling effector of Axin2 in skeletal 

development (Maruyama et al., 2017); initially identified as an antagonist of Ras-

induced transformation, Rap1 belongs to the Ras-like family of small GTPases with 

similar effector-binding domains (Raaijmakers and Bos, 2009). Rap1a and Rap1b, found 

in the mammalian genome, are two highly homologous and evolutionary conserved 

genes shown to possess specific as well redundant functions (Maddala et al., 2015). 

Rap1 acts as a molecular switch by cycling inactive GDP-bound and active GTP-bound 

forms, a transition that is tightly controlled by specific Guanine nucleotide Exchange 

Factors (GEFs) and GTPase-Activating Proteins (GAPs) (Caron, 2003). Rap1b has been 

identified as a downstream target of Axin2 in skeletogenesis, as immunoblot analysis 

confirmed that protein levels of Rap1b is elevated in the P3 Axin2-/- mutants. Also, 

Rap1b-GTP pull down assays using protein extracts from P3 control and Axin2-/- 

calvarial bones revealed that active Rap1b-GTP (active form of Rap1b) is enhanced in 

the absence of Axin2. Furthermore, Liquid Chromatography Tandem Mass Spectrometry 

(LC-MS) on protein extracts of P3 control and Axin2-/- calvaria revealed Rap protein 
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signal transduction and cGMP-mediated signaling are significantly affected by loss of 

Axin2 in skeletogenic modulation. To that end, double labeling in P10 calvaria (using 

LacZ staining for Axin2 and immunostaining for Rap1b) revealed Rap1b expression in 

skeletogenic mesenchyme including Axin2+ suture cells (Maruyama et al., 2016), 

suggesting potential involvement of Rap1b in Axin2-mediated signaling effects on 

suture morphogenesis and craniosynostosis. Further, while Axin2-mediated regulation of 

Rap1b is independent of β-catenin signaling in skeletogenic mesenchyme during 

calvarial morphogenesis, simultaneous knockout of Axin2 and decreased activity of 

FGFR1 signaling together with high levels of BMP signaling induced ectopic 

chondrogenesis of mesenchymal precursors and ossification in mice calvarial sutures 

(Maruyama et al., 2010). Also, BMP signaling may regulate mesenchymal cell fate 

specification through modulation of Rap1b, because inducible expression of 

constitutively active (ca) BMPR1A enhanced phosphorylation of Smad1/5/8 effectors 

and stimulated Rap1b expression in Axin2+ skeletogenic mesenchyme in P3 

caBMPR1AAx2 calvaria. This caused a switch to chondrogenic fate, suggesting that 

Rap1b is modulated by BMP signaling in mesenchymal cell fate determination, and not 

by Wnt/β-catenin alone (Mirando et al., 2010). Rap1b controls intra-membranous 

ossification in the calvaria by regulating mesenchymal progenitor commitment to an 

osteogenic fate, as ablation of Rap1b resulted in aberrant ossification and synostosis of 

the cranial sutures, suggesting enhanced osteoblast differentiation, characterized by 

Osterix and Col1 expression, in the absence of Rap1b. However, in C3H10T1/2 cells, 

Rap1b antagonizes osteoblast differentiation through modulation of FGF signaling by 
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negatively regulating MAPK-mediated osteogenesis. Rap1b also promotes chondrocyte 

differentiation in vivo, as chondrogenesis essential for endochondral ossification in 

embryonic limb development was significantly impaired in Rap1b-/- mutants. A similar 

trend was observed in in vitro chondrogenic assays on e18.5 wild type and Rap1b -/- 

mutant primary cells that revealed significant reductions in Sox9, Col2 and Aggrecan 

chondrogenic markers. Further, the inhibition of Rap1b in caBMPR1AAx2 cells resulted 

in decreased chondrogenic differentiation, thus implying a BMP-Rap1b signaling axis 

operational in chondrogenesis. Hence, Rap1b assumes a dual and fate-specifying role in 

the differentiation of skeletogenic cell types (Maruyama et al., 2017). 

Wnt signaling is critical in bone development, however, the identity and 

functions of cells that produce Wnt ligands is still unclear. While the expression profiles 

of all 19 Wnt ligands and the Wnt target gene – Axin2 – were determined in the neonatal 

mouse skeleton using in situ hybridization (Wang et al., 2012), it was further 

demonstrated that Osterix-expressing cells coexpress Wnt and Axin2, implying a subset 

of bone lineage cells that can both produce Wnt ligands and respond to Wnt signals, 

thereby regulating Wnt signaling in bone. Moreover, lineage tracing of Axin2-

expressing osteolineage cells showed that they can give rise to descendants capable of 

sustaining osteogenesis over the long term, in addition to contributing to bone injury 

repair likely through proliferation giving rise to more osteolineage cells in the adult, 

suggesting that Wnt-responding stromal population contains osteolineage progenitors. 

Because Wntless is required for Wnt secretion through endosomal transport of Wnts 

(Bänziger et al., 2006), the deletion of Wntless in Osterix-expressing cells (from neonatal 
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Osx-GFP-Cre; Wntless fl/fl mice) resulted in improper differentiation, impaired 

(decreased) proliferation, increased apoptosis, and diminished Wnt signaling response 

(as indicated by significantly lower Axin2 levels). The mutants exhibited multiple 

significantly shorter long bones with a mid-diaphyseal constriction and brittle ribs 

compared to the controls, a phenotype likely resulting from undifferentiated osteolineage 

progenitors rather than from differentiated derivatives and chondrocytes. Therefore, 

Osterix-expressing cells through Wnt signaling response regulate cell proliferation and 

differentiation in skeletal bone homeostasis (Tan et al., 2014). 

The mammalian skeleton performs a diverse range of vital functions – aside from 

providing structural support and locomotion, the skeleton acts as a supportive niche for 

hematopoiesis (Ding and Morrison, 2013) and is an active regulator of endocrine 

homeostasis (Cheloha et al., 2015), for which the skeleton relies on mechanisms of 

regeneration that restore functional skeletal cell populations, even in injury. It has been 

suggested that the Wnt pathway specifies distinct functional subsets of skeletal cell 

types; lineage tracing of Axin2 in Axin2CreER; R26mTmG mice has identified Wnt-

Responding Cells (WRC) as a population of long-lived skeletal cells in the periosteum of 

long bone. In evaluating the contribution of periosteum in long bone injury repair short-

term, local induction using tamoxifen identified injury responsive Axin2+ periosteal 

progenitor cells that have the ability to form both cartilage and bone (in the superficial 

periosteal callus), while long-term evaluation revealed a molecular phenotype of long-

lived WRCs within the intact periosteum distinct from their descendants that had a 

phenotype consistent with a progenitor characteristic. Further, the absence of endosteal 
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WRCs over the long-term and their lack of contribution to intra-membranous bone 

formation (in the deep marrow callus) suggests a skeletal phenotype that is more 

differentiated than its periosteal counterpart. Other evidence indicates that the neonatal 

skeleton contains Wnt-responsive osteoprogenitors that give rise to the post-natal 

skeleton and exhibit sustained Axin2-expression, owing to autocrine stimulation through 

secretion of Wnt (Tan et al., 2014). Ablation of these WRCs in Axin2CreER; R26mTmG; 

R26 tm1(HBEGF)Awai mice disrupts bone healing after injury, characterized by hyper-

cellularity and reduced collagen deposition in the callus, and sites of chondrogenesis 

observed in both superficial and deep callus regions with relatively less ossification in 

comparison to the control mice at 1-week post-injury. Three-dimensional finite element 

modeling (Frost, 2000) together with microCT analysis of the mineralized callus in these 

mice 2 weeks post-injury delineated the crucial role of WRCs in functional bone 

regeneration – both in terms of bony bridging and collagen deposition during bone 

repair. Thus, WRCs serve as a therapeutic target to increase and restore the regenerative 

capacity of bone in the context of impaired skeletal regeneration (Ransom et al., 2016). 

As stated earlier, the frontal bone (FB) is a major craniofacial structure that is 

NCC-derived (Chai and Maxson, 2006). In mammals, patterning and morphogenesis of 

the frontal bone begins with the migration of the frontal bone precursors into the frontal 

bone primordium (Opperman, 2000); in the mouse this migration proceeds in a caudal-

to-rostral direction beginning at e11.5, followed by apical migration at e13.5 (Yoshida et 

al., 2008). Sonic Hedge-Hog (SHH) is critical in craniofacial and limb development, as 

deletion of Shh in mice causes holoprosencephaly characterized by encephalodysplasia 
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and in extreme cases cyclopia accompanied by other facial abnormalities and cleft palate 

(St-Jacques et al., 1999). Similarly, Indian HedgeHog (IHH) is critical in endochondral 

ossification, as loss of IHH decreases the proliferation of preosteoblasts leading to a 

reduction in cranial bone size and widened cranial sutures (Jacob et al., 2007), or 

mutations in HedgeHog (HH) effectors, co-receptors or ciliary proteins result in skeletal 

and craniofacial deformities (Pan et al., 2013). However, all these in vivo genetic 

approaches do not pinpoint the period when HH signaling becomes most critical in 

mouse craniofacial/skeletal embryogenesis. To that end, FB dysplasia has been 

suggested to not only result from genetic disruption of the HH pathway but from 

chemical disruption as well (Pan et al., 2013). Evidence indicates that pregnant mice 

receiving GDC-0449 (a HH-signaling inhibitor) – a single oral dose of 150mg/kg body 

weight – between e9.5 and e10.5 caused FB dysplasia in the developing embryos in 

utero, with most pronounced effects seen at e10.5, suggesting that time-specific 

inhibition of HH signaling appears to affect NCC migration after e10.5 causing FB 

dysplasia, an effect attributable to a reduction in proliferation, migration and 

differentiation, and increased apoptosis, of the NCC-osteoblast precursors in the 

developing FB. This teratogenic effect suggests that even BMP signaling may be 

compromised at this developmental timepoint, suggesting potential crosstalk between 

BMP and HH signaling in FB genesis (Jiang et al., 2019). 

The Eph-kinase ligand, ephrin-B1 is important for normal development of bone 

and cartilage during skeletogenesis. Following long bone (femur) fracture in C57Bl/6 

wildtype mice, the expression of ephrin-B1 was increased significantly at 1- and 2-
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weeks post fracture, coinciding with the hematoma, soft-to hard callus formation, and 

remodeling stages of fracture repair (Schindeler et al., 2008). However, in investigating 

the specific role of ephrin-B1 within the osteolineage during fracture repair, 7-8-week-

old control mice and mice with deletion of ephrin-B1 under the Osterix promoter 

(EfnB1OB fl/O) were subject to a femoral fracture with internal fixation. Two weeks post-

fracture, microCT analysis revealed that EfnB1OBfl/O mice displayed a significant 

increase in callus size and decrease in bone volume relative to tissue volume, increased 

cartilaginous tissue with a disproportionate distribution of osteoclasts within the hard 

callus (Arthur et al., 2019; Jing et al., 2014) and a significant reduction in osteo-

progenitors, osteoid, and calcein-labelled bone within the fracture site, compared to Osx: 

Cre control mice, though at 8 weeks there were no significant differences between the 

two groups. Complementary in vitro studies demonstrated that, under osteogenic 

conditions, cultured EfnB1OBfl/O stromal cells derived from the 2-week fracture site 

exhibited a reduced capacity to produce mineral, as indicated by decreased Alizarin Red 

staining intensity and calcium quantitation relative to DNA, together with a significant 

decrease in Osterix expression compared to the controls, suggesting that the loss of 

ephrin-B1 delays fracture healing by impairing ability of stromal cells at migration and 

osteogenic commitment at the fracture site. While loss of ephrin-B1 within the 

osteogenic lineage inhibits osteoblast function it cannot be ruled out whether this ligand 

influences osteogenic proliferation and apoptosis – loss of ephrin-B1 within NCC 

perturbs craniofacial development but has no effect on NCC proliferation or apoptosis 

(Davy et al., 2006). Furthermore, similar to mice, treatment of human BMS cells with 
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sEphB2Fc resulted in a significant decrease in phosphorylated TAZ levels together with 

significant upregulation of Osterix downstream targets, Osteocalcin and Col1a1, thus, 

exhibiting similarities in ephrin-B1 signaling between human and mouse stromal cell 

populations (Xing et al., 2010). Overall, loss of ephrin-B in the osteogenic and 

chondrogenic lineages impairs callus formation and remodeling in long bone fracture 

repair (Arthur et al., 2018; Arthur et al., 2020). 

It is well established that ephrin-B ligands, ephrin-B1/B2, and some EphB 

kinases such as EphB2/B4 and EphA4 are expressed in osteoblasts and in osteocytes 

(Pasquale, 2010). While eprhin-B2 forward signaling promotes osteoblast 

differentiation, reverse signaling inhibits osteoclast formation and maturation (Zhao et 

al., 2006), and pharmacological inhibition of ephrin-B2/EphB4 impairs osteoblast 

differentiation (Martin et al., 2010; Takyar et al., 2013). Furthermore, via hormone-

mediated effects, ephrin-B2 stimulates osteoblast formation and bone production 

through autocrine or paracrine signaling (Allan et al., 2008). It has been suggested that 

direct interaction of ephrin-B2 on the osteoclast and EphB4 on the osteoblast couples 

bone formation to resorption. However, this is controversial since osteoclasts and 

osteoblasts appear at different times in the basic multicellular unit (BMU), implying 

these cells are rarely in contact in vivo (Zhao et al., 2006). To determine the effect of 

ephrin-B2 ablation in the osteoblastic lineage, Osx1EfnB2D/D mouse calvarial 

osteoblasts, in culture, exhibited delayed expression of early and late osteoblastic 

markers such as Runx2, Osterix, ALP, PTHR1 and Osteocalcin; to that end, siRNA 

knockdown of ephrin-B2 in Kusa4b10 osteoblasts impaired their mineralization 
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compared to control, a finding that was not reproduced by EphB4 interference, 

suggesting the effect is solely ephrin-B2 mediated. MicroCT, histomorphometry and 

biomechanical testing of femurs from Osx1EfnB2D/D adult mice revealed a 2-fold delay 

in bone mineralization, as indicated by increased osteoid thickness, a low MAR and a 

significant reduction in bone stiffness with greater flexibility and deformation compared 

to gender and age-matched controls; also, while PTH treatment had no effect on 

osteoclastogenesis, a 50% reduction in osteoblast differentiation was observed in the 

mutant mice, suggesting impairment in osteoblastic activity in the face of normal 

osteoclastogenesis in response to PTH. Furthermore, greater levels of osteoblast and 

osteocyte apoptosis were observed in the mutant bone samples, as indicated by TUNEL 

assay and Transmission Electron (TE) microscopy, together with a 2-fold increase in 

annexinV, and a 7-fold increase in caspase8 activity in cultured ephrin-B2 deficient 

osteoblasts, suggesting that ephrin-B2 deletion in osteoblasts results in caspase8 

mediated apoptosis (Tonna et al., 2014).  

Recently, postnatal skeletal stem cells expressing Pair-related Homebox1 (Prx1) 

have been identified in the calvaria and in the axial skeleton. In the calvaria of 8w 

Prx1CreER-GFP+ transgenic mice, these stem cells reside exclusively in the suture 

niche of the posterior frontal, coronal, sagittal and lambdoid sutures, and unlike Gli1+ 

stem cells (Zhao et al., 2015), Prx1+ cells are not found in other craniofacial sutures, the 

periosteum, duramater or even in calvarial bone marrow, and expression of Prx1 

decrease with age (from 2-16 weeks) in these mice. Further, they do not coexpress 

Osterix (Nakashima et al., 2002) and are not associated with post-natal Col1+ 
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osteoblasts (Ouyang et al., 2014), suggesting that Prx1+ stem cells are distinct from 

osteoprogenitors of the calvarial sutures. Lineage tracing has indicated that Prx1 is 

critical for embryonic and post-natal development of the calvarial bones and sutures 

(Yen et al., 2010), and via heterotopic suture transplantation Prx1+ cells contribute to 

regeneration of critical sized calvarial defects. To that end, lineage ablation of Prx1+ 

cells in Prx1CreER-GFP+; DTA+ mice, and suturectomy in Prx1CreER-GFP+; 

Tomato+ mice, perturb bone regeneration, suggesting that Prx1+ cells and their progeny 

are required for healing of critical-sized calvarial defects. Moreover, suturectomy and 

orthotopic transplantation of cranial sutures with traceable Prx1+ cells into wild type 

calvarial defects have shown that Prx1+ cells and their progeny migrate only from the 

transplanted suture into the defect (and not from native intact sutures) and contribute to 

bone regeneration, suggesting that calvarial suture is the exclusive niche of Prx1+ cells. 

Further, Prx1+ cells respond to Wnt signaling in vitro and in vivo by differentiating into 

osteoblasts, indicating that Prx1+ suture stem cells represent a quiescent population that 

can exit in the undifferentiated state by expressing Wnt inhibitors – Dkk1 and Sost – and 

differentiate into osteoblasts, besides presenting characteristics of bonafide stem cells. 

Finally, lineage ablation of Prx1 in 4-week-old Prx1CreER-GFP+; DTA+ mice, while 

affecting long bone length, does not interfere with calvarial development, suggesting that 

Prx1 is critical in assuming different roles in post-natal endochondral bone growth. 

However, unlike Gli1, Prx1 becomes dispensable in post-natal craniofacial bone 

development – being a subset of Gli1+ stem cell population, Prx1 expression in the 

calvarial sutures decreases and its distribution across craniofacial tissues becomes 
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limited and highly restricted. Secondly, preosteoblasts and osteoblasts represent a 

reservoir of cells able to form bone (Park et al., 2012) even in the absence of Prx1+ 

progenitors. Thus, Prx1 may influence craniofacial development only if ablation is 

performed early enough when a significant pool of skeletal stem cells is still required. 

Other evidence indicates that Prx1+ cells express low levels of Axin2 but are highly 

Wnt-responsive, thus, speculating that Prx1+ cells may yet be Axin2+ suture stem cells 

or a subset thereof since, in the long bones, the majority of Osx+ cells co-express Axin2 

(Tan et al., 2014). Thus, Prx1+ cells being distinct from Osx+ cells in the sutures, does 

not interfere with post-natal calvarial development (Wilk et al., 2017). 

Years of research on calvarial stem cells has led to the identification of three 

major subpopulations of stem cells and signaling networks that govern their fate in mice, 

using linage tracing together with in vitro gene expression analysis and clonogenic 

assays. Sutures and periosteum together serve as sites of osteogenesis in the calvaria 

(Benson and Opperman, 2011), and sutures even possess regenerative capacity following 

calvarial injury (Park et al., 2016). Thus far, Gli1, Axin2 and, more recently, Prx1 have 

been proposed as major calvarial stem cells regulating calvarial bone growth and 

homeostatic maintenance. To that end, genetic mutations and errors in signaling cause 

suture synostoses in the cranium leading to bizarre skull growth (Doro et al., 2017). 

Evidence accumulated thus far is exclusively derived from studies on mice and other 

animals (Park et al., 2016; Wilk et al., 2017), however, little is known about the 

molecular control of the human calvarial osteogenic niche, although comparative studies 

provide distinctions on osteogenic capacity and homeostatic function between BMS 
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niches depending on location in vivo (Aghaloo et al., 2010; Matsubara et al., 2005). To 

that end, the osteogenic stem cell niche has been widely studied in the appendicular 

skeleton that develops through endochondral ossification (Chan et al., 2013; Ransom et 

al., 2016; Shi et al., 2017). In the context of the human skull vault, a recent study 

evaluated the marker expression profile in mesenchymal stem cells (MSC) between 

pathologically fused sutures and physiologically patent sutures in non-syndromic cranio-

synostosis (NSC) patients, using in vitro osteogenic differentiation assays. No 

appreciable differences were found in Gli1 and Axin2 expression in the periosteum and 

endosteum including the osteogenic niche between the two suture groups. However, the 

expression of these markers was higher in calvarial MSCs compared to those of the long 

bone. Specifically, Axin2 followed a reduced expression trend in fused sutures compared 

to patent sutures in the NSC calvaria, suggesting that Axin2 undergoes depletion during 

premature ossification. To that end, Axin2 knock-down/silencing in normal calvarial 

MSCs induced activation of genes that promoted in them osteogenic commitment and 

differentiation, an effect comparable to in vitro osteogenic induction of pathologic 

calvarial MSCs (Di Pietro et al., 2020). Further supporting evidence reports of a de novo 

loss-of function mutation in exon4 of the Axin2 gene that caused synostosis of the 

sagittal suture resulting in scaphocephaly in a 3y old Turkish-Caucasian male (Yilmaz et 

al., 2018). 

Recently, several therapeutic targets for Eph-ephrin signaling in terms of 

molecular interactions and specific signaling modalities have been described in 

numerous pathological settings, leading to the development of multiple therapies 
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especially in the settings of musculo-skeletal diseases and carcinomas. These include 

kinase inhibitor, small molecules, monoclonal antibodies, antibody-drug conjugates, 

nanobodies and peptides that target either the tyrosine kinase or the ligand binding 

domain of the kinase. Examples include trametinib, a kinase inhibitor, used in treating 

osteosarcoma by downregulating EphA2 and IL-7R or silencing EphA2 to reduce cell 

proliferation and migration; the PEGylated blocking peptide TNYL-RAW selectively 

blocks EphB4 to inhibit the ephrin binding in endothelial and epicardial mesothelial 

cell co-cultures; a peptide with dual function, termed BIDEN-AP specifically targets 

EphB4/ ephrin-B2 interaction where ephrin-B2-mediated endothelial cell angiogenic 

signaling is inhibited, while activating EphB4-dependent tumor-suppressive signaling in 

ovarian tumor cells (Arthur and Gronthos, 2021). 

 

1.4 Role of Ki67, a cell proliferation maker 

First identified in Hodgkin Lymphoma (HL) cell nuclei, Ki67 is a nuclear antigen that is 

expressed in G1, S, G2 and Mitotic but not in G0 phases of the cell cycle (Gerdes et al., 

1983). In G1 phase, Ki67 is predominantly localized in the perinucleolar region, in the 

later phases of the cell cycle, the antigen is also detected throughout the nuclear interior, 

being predominantly localized in the nuclear matrix (Schlüter et al., 1993). This antigen 

is highly expressed in proliferating cells such as germinal centers of lymphoid follicles, 

cortical thymocytes, neck cells of the gastrointestinal (GI) mucosa, undifferentiated 

spermatogonia or in a number of human cell lines like L428, HL-60, U937 etc., but is 

strongly downregulated or absent in quiescent cells such as in medullary thymus, kidney, 
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brain, and parietal/Paneth cells of the GI mucosa (Gerdes et al., 1991), making Ki67 a 

clinically important proliferation marker in studies focused on grading various cancer 

types such as Breast Cancer, Gastro-Intestinal Stromal Tumors (GIST) and Pancreatic 

Neuroendocrine Neoplasms (PNEN) with well-established prognostic value (Dowsett et 

al., 2011; Pezzilli et al., 2016; Pyo et al., 2016). Ki67 is one of the best markers to assess 

cell proliferation in several tumor types and is used as a reagent to aid in determining 

patient prognosis for two reasons: critically, Ki67 it is not detected in noncycling cells 

though otherwise highly abundant. Secondly, its epitope – being present on nine of the 

sixteen Ki67 repeats – is naturally amplified when recognized by Ki67 monoclonal 

antibody (FKELF) (Booth and Earnshaw, 2017) (Booth and Earnshaw, 2017). Found in 

vertebrates, Ki67 is encoded by (Monoclonal antibody) MKI67 in humans, and the 

protein is a 3256 amino acid sequence that encompasses 15 exons and 14 introns; Ki67 

has several major functional regions namely the N-terminal Forkhead-associated (FHA) 

domain, a Protein Phosphate1(PP1) binding domain, a large unstructured central region 

comprising 16 tandem repeats of 122 residues (in primates), and a C-terminal LR 

(leucine/ arginine-rich) chromatin-binding domain (Sun and Kaufman, 2018). Analysis 

of Ki67 cDNA has shown that the center of the Ki67 protein is formed by a large 6,845-

bp exon harboring the 16 concatenated, direct repeats (called the Ki67 repeats) which 

themselves contain a highly conserved 66-bp element (called the Ki67 motif) that 

encodes the epitope recognized by Ki67 (Schlüter et al., 1993). 

Evidence indicates the MKI67 primary transcript is alternatively spliced and 

exists in two major isoforms, α long – weighing 395kDa, and β short – weighing 
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345kDa, and are encoded by the two major transcript variants that differ by alternative 

inclusion of exon7 (Gerdes et al., 1991). The other three isoforms include the γ (lacking 

exon3,4,7), δ (lacking exons3-12) as well as ε (lacking parts of exon7) (Schmidt et al., 

2004); despite having different N-termini, all five MKI67 splicing variants or isoforms 

contain identical central tandem repeats and C-terminal regions; notably, in stimulated 

peripheral blood lymphocytes, the splicing patterns changes after stimulation, with the 

long isoform (α) appearing more slowly. In addition, in HeLa cells, overexpression of 

alternative exon7 (present only in the long isoform) reduced cell proliferation, whereas 

overexpression of an N-terminal fragment had opposite effects, suggesting that Ki67 

isoforms could differentially impact cell proliferation and cell-cycle progression (Sun 

and Kaufman, 2018). In addition, Ki67 has also been implicated in major nuclear 

structural transitions during mitotic entry and exit, as initiation of mitosis requires active 

import of cyclinB to the nucleus during G2/M transition (Moore et al., 1999), and the 

mitotic localization of Ki67 is regulated by the balance of CDK/cyclin phosphorylation 

and PP1 de-phosphorylation (Takagi et al., 2014).  

The functions of each domain will now be summarized in brief. The N-terminus 

FHA domain specifically interacts with two phosphoproteins during mitosis: kinesin-like 

motor protein Hklp2/Kif15, and a putative nucleolar RNA-binding protein NIFK 

(Durocher and Jackson, 2002) which are responsible for maintaining spindle bipolarity 

and cell proliferation and cancer metastasis, respectively. Hklp2 is a kinesin that 

participates in the assembly and stabilization of the bipolar spindle by localizing to the 

mitotic microtubules in a TPX2-dependent manner and to the chromosomes through 
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ki67 (Vanneste et al., 2009). NIFK enhances Ki67-dependent proliferation and promotes 

migration invasion in vitro, and metastasis in vivo via downregulation of casein 

kinase1a (CK1α), a suppressor of prometastatic TC4/b-catenin signaling, while CK1α is 

upregulated upon NIFK knockdown. However, the silencing of CK1α expression in 

NIFK-silenced cells restores TC4/b-catenin transcriptional activity, cell migration and 

metastasis. Furthermore, RUNX1 is identified as a transcription factor of CSNK1A1 

(CK1α) that is negatively regulated by NIFK (Lin et al., 2016). The PP1 family, as it 

relates to the PP1 interaction domain of Ki67, contains 3 major isoforms – α, β, γ – and 

catalyzes approximately 1/3rd of all eukaryotic protein dephosphorylation events, 

spanning a wide variety of cellular functions such as anaphase progression, exit from 

mitosis, and is responsible for the maintenance of cells in G1 or G2 cell cycle phases. In 

addition, PP1 can promote apoptosis when cells are damaged. All PP1 isoforms can be 

found in the nucleus with PP1g  and PP1b/d showing additional accumulation in the 

nucleoli. The localization of PP1 isoforms is dynamic and changes throughout mitosis, 

with each isoform assuming specific locations during the cell cycle such as in 

centrosomes, chromosomes or in parts thereof, suggesting isoform-specific roles. Thus, 

the functional versatility in terms of specific locations of PP1 isoforms can be due to 

different affinities for regulatory subunits or proteins which themselves assume distinct 

subcellular distribution (Rebelo et al., 2015). Finally, the central region of Ki67 is 

comprised of tandem repeats that contain residues phosphorylated by CDK1 during 

mitosis, as indicated by loss of perichromosomal staining in siRNA-mediated Ki67-

depletion in HeLa cells or upon treatment with RO3306, a CDK1 inhibitor further 
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supported by immunoblot assays that detected mitotic-specific protein bands that were 

sensitive to Ki67-siRNA, RO3306 and Purvalanol A, another CDK1 inhibitor. Further, 

PP1g-Ki67 is responsible for the timely dephosphorylation of Ki67 itself in anaphase 

(Takagi et al., 2014).  

Evidence indicates that, during interphase in human dermal fibroblasts, 

dephosphorylated Ki67 forms fiber-like structures surrounding nucleoli, over-lapping the 

perinuclear chromatin (Kill, 1996). At the onset of mitosis, Ki67 becomes 

hyperphosphorylated and binds less avidly to the DNA, making it highly mobile on the 

chromosome periphery until anaphase, suggesting that Ki67 dynamically alters the 

nature of the interaction with chromatin structure during the cell cycle, an event that’s 

closely related to the reformation process of the interphase nucleolar chromatin (Saiwaki 

et al., 2005). De-phosphorylation of Ki67 during mitotic exit stimulates its dissociation 

from the perichromosomal layer. On the mitotic chromosome surface, the highly positive 

charge of Ki67 serves as an electrostatic barrier for preventing hyperaggregation of 

chromosome arms (Takagi et al., 2016; Takagi et al., 2014). Furthermore, the weakly 

conserved LR-rich C-terminal domain of Ki67 can bind to DNA in vitro (Scholzen et al., 

2002) and is required for association with chromosomes in living cells, as Ki67 

depletion immobilize mitotic chromosomes by increased adhesion rather than spatial 

confinement. Though not required for initial chromosome individualization and 

condensation during prophase, Ki67 is required for the maintenance of spatial separation 

after nuclear envelope breakdown; spatial separation of chromosomes is important for 

efficient access of spindle microtubules and progression to anaphase (Cuylen et al., 
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2016). The C-terminal domain of human Ki67 binds to all three isoforms of mammalian 

heterochromatin protein 1 (HP1) in vitro and in vivo; with over expression of HP1 in 

living cells, Ki67 is nearly exclusively found in nuclear foci and is almost entirely absent 

from the nucleoli and the nucleoplasm where its predominantly present (Kametaka et al., 

2002; Scholzen et al., 2002). Other evidence indicates that overexpression of human, 

marsupial or Xenopus Ki67 result in the accumulation of HP1 and H3K9me3 (hallmark 

of constitutive heterochromatin) at sites of high Ki67 concentration, thereby inducing 

chromatin impaction, as measured by DAPI staining intensity (Scholzen et al., 2002; 

Sobecki et al., 2017). As cells prepare for mitosis, the chromosomes undergo a series of 

structural changes through a process called chromosomal condensation. A proteinaceous 

sheath termed perichromosomal layer (PCL) exists on the outer surface of individual 

chromosomes and comprises 30%-47% of the entire chromosome volume and more than 

33% of the protein mass of isolated mitotic chromosomes, as indicated by 3D-

Correlative Light and serial block-face scanning Electron Microscopy (CLEM) (Booth et 

al., 2016). Ki67 is one of the earliest proteins associated with the PCL and remains on it 

until telophase (Van Hooser et al., 2005). Evidence has indicated that Ki67 is required 

for the formation of the human PCL as acute depletion of this protein causes dispersal of 

PCL components including nucleolar proteins nucleolin, nucleophosmin, NIFK, PES1, 

cPERP-B, C, D, F and pre-ribosomal RNAs. However, depletion of these components 

did not alter perichromosomal localization of Ki67 (Booth et al., 2014; Hayashi et al., 

2017). Two findings assign Ki67 as the essential foundational component of the PCL: 

first, disruption of the PCL upon Ki67 depletion delocalizes nucleolar components 
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during mitosis which in turn leads to their asymmetric distribution in daughter cells 

(Booth et al., 2014); second, Ki67 prevents the aggregation of mitotic chromosomes 

through its ability to act as a ‘surfactant’ on the chromosome surface. However, after 

nuclear envelope breakdown, cells depleted of Ki67 increase mitotic chromosome 

association resulting in impaired spindle assembly and metaphase plate formation 

thereby prolonging progression from prometaphase to anaphase (Cuylen et al., 2016). 

Furthermore, upon rapid removal of Ki67 in HCT116-based cell lines, using the mini–

Auxin Inducible Degron (mAID) system, resulted in aberrant swollen mitotic 

chromosomes (Takagi et al., 2016). In a recent study, it was shown that depletion of 

either Ki67 or SMC2 (a core subunit of condensins that plays a role in chromosome 

assembly) did not largely affect their localization and dynamic behavior, however, 

combined ablation of both proteins resulted in ball-like chromosome clusters devoid of 

any discernable thread-like structure, suggesting that Ki67 and condensins localize to the 

external surface and central axis of mitotic chromosomes thereby maintaining their 

structural integrity (Takagi et al., 2018). Another recent study has shown that p160 

subunit of histone chaperone Chromatin Assembly Factor1 (CAF-1) regulates Ki67 

localization and can modulate the phase transition properties of Ki67 (Sun and Kaufman, 

2018). 

In summary, several growth factors and signaling pathways regulate the 

development of the cranial bones and the patency of their sutures (Doro et al., 2017). 

The sutures are a rich source of (Gli1+ and Axin2+) stem cells capable of regenerating 

bone, and both populations participate in developmental cranial osteogenesis through 
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osteoblast differentiation, however, little is known of the molecular control of migration, 

differentiation and maintenance of Axin2+ or Gli1+ stem cell populations, either during 

development or in the mature sutures. This glaring gap in knowledge needs to be filled 

before stem cell-based therapies for bone repair can be developed. Of importance are the 

membrane-bound ephrin-B ligands because important roles for them have been 

described in osteogenesis and maintenance of bone homeostasis through bidirectional 

signaling (Xing et al., 2010; Zhao et al., 2006). Ephrin-B2, via hormone-mediated 

effects, promotes OB maturation and bone formation through upregulation of ephrin-B2 

in OBs themselves (Allan et al., 2008). Ephrin-B1 mutations in humans are linked to 

craniosynostosis (Twigg et al., 2013) thus, demonstrating its importance in cranial 

development. Further, deletion of ephrin-B1 with an Osterix-driven cre greatly impaired 

long bone growth, likely also through reverse signaling into osteoblast precursors. At the 

same time, ephrin-B1 deletion in these cells caused an increase in TRAP+ osteoclasts, 

indicating that ephrin-B1 also regulates bone remodeling (Nguyen et al., 2016). In 

addition, using a LacZ-indicator, we observed ephrin-B2-expressing cells at sites of 

osteogenesis during cranial development, in the mature sutures, and at sites of injury to 

the parietal bone; furthermore, adding soluble clustered recombinant ephrin-B2 to ex 

vivo embryonic calvariae dramatically increased their bone mass, causing a generalized 

narrowing of the sutures without obliterating them (Benson et al., 2012). These data lead 

to hypothesis that ephrin-Bs control calvarial bone growth and repair by regulating 

functions of Axin2+ and Gli1+ (osteoblastic) suture stem cells. The hypothesis will be 

tested by achieving the following specific aims. 
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Aim 1. Identify the expression of ephrin-B1/B2 in Axin2+ and Gli1+ suture stem cell 

populations. 

Our working hypothesis is that ephrin-B1/B2 expression labels a subset of Axin2+ and 

Gli1+ stem cells. For ephrin-B2, will generate mice harboring the Gli1- or Axin2-creERT2 

alleles and the Rosa26-STOP-loxP-tdTomato indicator allele along with an ephrin-

B2/GFP marker allele. The cre enzyme is expressed under the control of Gli1 or Axin2 

in a tamoxifen-inducible manner; an incorporated tomato allele produces a strong red 

fluorescence in the cell that also expresses the enzyme. The Green Fluorescent Protein 

(GFP) is expressed under the control of ephrin-B2 and is localized to the nucleus. For 

ephrin-B1, we will generate mice harboring the Gli1- or Axin2-creERT2 alleles and the 

Rosa26-STOP-loxP-eGFP indicator allele along with an ephrin-B1rtta/TetOptdTomato 

marker allele. The cre enzyme is expressed under the control of Gli1 or Axin2 promoter 

in a tamoxifen-inducible manner; an incorporated eGFP allele produces a strong green 

fluorescence in the cell that also expresses the enzyme. The tomato protein is expressed 

under the ephrin-B1 promoter in a doxycycline-inducible manner (called the Tet-On 

system) and is localized to the nucleus. Collectively, these aims will reveal the extent to 

which the two fluorescence patterns overlap and will define ephrin-B1 and ephrin-B2 as 

a feature of either or both stem cell populations, implying a subset of stem cells that is 

amenable to ephrin-B signaling. 

 

  



46 

Aim2. Identify the requirement for ephrin-B1/B2 signaling in calvarial bone 

development.  

The association of these ephrins with the calvarial suture niche implies a role for ephrin-

B signaling in the osteogenic suture mesenchyme. Our working hypothesis is that these 

ephrins, alone or together, mediate calvarial bone growth and establishment of the 

suture niche by Axin2+ or Gli1+ stem cells. We generated mice harboring a conditional 

ephrin-B1 or ephrin-B2 allele, or both, along with a tamoxifen-inducible Gli1- or Axin2-

creERT2. We will use these mouse lines to examine the effects of ablating ephrin-B1 

and/or ephrin-B2 in Axin2+ stem cells on embryonic calvarial bone formation. An 

included Rosa26-STOP-loxP-tdTomato indicator allele will allow us to observe changes 

in the presence and migration of Gli1+ and/or Axin2+ ephrin-B-deficient stem cells. 

Collectively, ablating these ephrins will reveal their effects on stem cell behavior and 

their contributions to the establishment and maintenance osteogenic stem cell niche in 

the cranial sutures. Also, individual, or combined ephrin ablation will delineate relative 

contributions of each ephrin to the developing calvaria. This will add to our 

understanding of the osteogenic mechanism underlying calvarial bone formation and 

will pave the way for possible translational use to improve bone regeneration and 

healing. 

We found ephrin-B1 and ephrin-B2 to colocalize with Axin2+ stem cells mainly 

in the transversely oriented cranial sutures and periosteum of late-stage embryonic skulls 

(e19.5), suggesting that a subset of the Axin2+ stem cell population is subject to ephrin-

B signaling in calvarial bone growth through intimate associations with the osteogenic 



47 

suture mesenchyme. For Gli1, we observed ephrin-B2 to colocalize with Gli1 in the 

sutures and periosteum of the adult cranium; further, ablating ephrin-B2 or ephrin-B1/B2 

in the Gli1+ sutures and periosteum in the injured adult cranium did not result in any 

significant differences in healing between the knockouts and controls, as analyzed on x-

ray. Even so, in late-stage Gli1+ embryonic skulls (e19.5), ablation of ephrin-B2 alone 

or in combination with ephrin-B1 in the sutures and periosteum (at e13.5-e15.5) did not 

perturb cranial growth. Hence, colocalization analysis of both these ephrins with Gli1 in 

the embryonic sutures and periosteum was not pursued further. 

To define the functional contribution of ephrin-B1 and ephrin-B2 in establishing 

and maintaining the osteoblastic suture stem cell niche during cranial development, we 

targeted these ephrins in the Axin2+ suture stem cells (at e13.5-e15.5) and looked for 

phenotypic consequences in late-stage embryonic skulls (e19.5). Ablating either ephrin-

B in this stem cell population did not result in any observable phenotype, suggesting 

possible functional redundancy amongst these ephrins in calvarial bone growth. 

However, the combined ablation of ephrin-B1/B2 in this stem cell compartment resulted 

in exencephaly, characterized by agenesis of the calvaria with bones of the face being 

affected to varying degrees. The phenotype had a 20% penetrance with a greater 

predilection for females. Thus, both ephrin-B1 and ephrin-B2 may work in tandem in 

controlling the Axin2 osteoblastic stem cell function during calvarial bone growth.  
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CHAPTER II  

MATERIAL AND METHODS 

 

2.1 Generation of ephrin-B2/GFP+/-; cre+/-; Rosa26tdTomato+ mice 

The ephrin-B2/GFP allele was used to identify ephrin-B2 expression (Davy and Soriano, 

2007). This allele contains an acetylated histone H2B promoter fused to the GFP-coding 

sequence that is knocked into the ephrin-B2 locus by homologous recombination. The 

result is constitutive GFP fluorescence in the nuclei of all ephrin-B2-expressing cells. 

The GFP knock-in allele is maintained as a heterozygote where the knock-in replaces a 

functional ephrin-B2 protein, as homozygous loss of ephrin-B2 is lethal beyond e9.5 

(Gerety and Anderson, 2002). Axin2 expression is marked with Axin2-creERT2 (van 

Amerongen et al., 2012) in which an estrogen-responsive cre is knocked into the Axin2 

locus such that administration of tamoxifen (an estrogen analog) causes the cre protein, 

expressed in the same pattern as native Axin2, to be active. When paired with the 

Rosa26-STOP-loxP-tdTomato allele, the active cre excises the STOP sequence upstream 

of the tomato allele producing a strong red fluorescence (Madisen et al., 2010). The 

tomato allele is typically maintained in the homozygous state, while the cre and GFP 

alleles are kept heterozygous. For Gli1 lineage tracing, we used the same strategy, but 

with the Gli1-creERT2 allele (Ahn and Joyner, 2004). Thus, in both lineage tracing 

experiments, Axin2 or Gli1+ cells fluoresce red, while ephrin-B2-expressing cells glow 

green.  
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2.2 Generation of ephrin-B1rTtA/TetOptdTomato+/-; cre+/-; Rosa26Ai47+ mice 

Similarly, the ephrin-B1rtta/TetOptdTomato marker allele was used to identify ephrin-

B1-expressing cells in the cranial sutures and periosteum. The ephrin-B1 gene-controlled 

reverse tetracycline trans-activator (rtta) binds to the Tet Operator sequence (TRE) to 

drive the expression of tomato in the presence of doxycycline (Tet-On system), causing 

ephrin-B1-expressing cells to fluoresce red. Axin2 expression is marked with Axin-

2creERT2 in which an estrogen-responsive cre is knocked into the Axin2 locus such that 

administration of tamoxifen (an estrogen analog) causes the cre protein, expressed in the 

same pattern as native Axin2, to be active. When paired with the Rosa26-STOP-loxP-

eGFP allele, the active cre excises the STOP sequence upstream of the eGFP allele 

producing a strong green fluorescence. For Gli1 lineage tracing, we used the same 

strategy, but with the Gli-1creERT2 allele. These allele pairs are typically maintained in a 

heterozygous state. Thus, in both lineage tracing experiments, Axin2 or Gli1+ cells 

fluoresce green, while ephrin-B1-expressing cells glow red.  

Formation and ossification of the cranial vault begins at around e13.5 in the 

mouse; therefore, we injected tamoxifen into timed pregnant ephrin-B2/GFP+/-; cre+/-; 

tdtomato+ females at e13.5, 14.5, and 15.5. At late-stage embryogenesis (e19.5), the 

embryos were harvested by cesarean section. In ephrin-B1rtta/TetOptdTomato+/-; cre+/-; 

eGFP+ females, we followed the same tamoxifen injection protocol followed by oral 

doxycycline 48-72h before late-stage (e19.5) embryo harvest via cesarean section. After 

light fixation in 4% PFA, the calvaria was whole-mount fluorescence imaged in TEXAS 

RED and GFP channels to visualize the distribution of tomato+ and GFP+ cells within 
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the sutures and periosteum, independently, and in merge, keeping the exposure settings 

for each fluorophore constant within each group (n=3). After demineralization (by 

immersion in 0.5M EDTA and gentle agitation at 4deg C/1-2d), the skulls were 

cryoprotected for 1-2d in 30% sucrose [prepared by dissolving 75g sucrose in 250ml 1X 

Phosphate-Buffered Saline (PBS) at room temperature], before immersion in Optical 

Cutting Medium (OCT) and immediate freezing in liquid nitrogen. The skulls were then 

cryosectioned in series at 12μm on to TOMO IHC adhesive (Sta-on coated) glass slides 

in either sagittal or coronal orientation to bisect the coronal, lambdoid and sagittal 

sutures. Tricolor confocal microscopy was carried out on these sections to count the 

number of tomato+ cells as a percentage of GFP+ cells and the vice versa (visualized by 

nuclear Hoechst stain) and double positive (Axin2+/EB1+ or Axin2+/EB2+) cells as a 

percentage of total cells for each ephrin-B; 10 sections from each suture in 3 different 

skulls were included using Fiji (Image J).  

 

2.3 Generation of Ephrin-B1loxP-/- or -/y; Ephrin-B2loxP-/-; cre +/-; 

Rosa26tdTomato+ mice 

We generated mice homozygous for the ephrin-B1loxP (EB1loxP) and ephrin-B2loxP 

(EB2loxP) alleles ((Davy et al., 2004; Gerety and Anderson, 2002) with tdTomato also 

in homozygous state, but heterozygous for either Axin2cre or Gli1cre. Conditional 

knockout embryos and wild type littermates were simultaneously generated by mating 

one cre-heterozygous parent to another cre-negative parent. Under these conditions, cre+ 

pups (conditional knockouts, cko) will have tomato-labeled cells to track their number 



75 

and location, but cre- (controls) will not. To compare these parameters in cko mice to 

wild type, we will use cre+ mice under Aim1 that do not have the ephrin-B-loxP alleles, 

as controls, rather than knockout littermates. Various combinations of cko mice relative 

to stem cell population were generated. As described earlier, formation and ossification 

of the cranial vault begins at around e13.5 in the mouse; therefore, we injected 

tamoxifen into timed pregnant EB1loxP-/-; EB2loxP-/-; cre+/-; tdtomato+ females at 

e13.5, 14.5, and 15.5. At late-stage embryogenesis (e19.5), the embryos were harvested 

by cesarean section.  

After light fixation in 4% PFA, the pups were x-ray imaged to detect gross 

changes in skeletal phenotype, with exposure settings (26Kv/6secs) kept constant for 

each group. Bright field imaging of the entire embryo (upper and lower half each side) 

and of the skull separately was done, keeping exposure settings constant within each 

group. The calvaria was then whole-mount fluorescence imaged in the TEXAS RED 

Channel to visualize the distribution of tomato+ cells within the sutures and periosteum, 

keeping the exposure settings constant within each group (n=3). After demineralization 

(by immersion in 0.5M EDTA and gentle agitation at 4deg C/1-2d), the skulls were 

cryoprotected in 30% sucrose [prepared by dissolving 75g sucrose in 250ml 1X 

Phosphate-Buffered Saline (PBS) at room temperature] for 1-2d, before immersion in 

Optical Cutting Medium (OCT) and immediate freezing in liquid nitrogen. The skulls 

were then cryosectioned in series at 12μm on to TOMO IHC adhesive (Sta-on coated) 

glass slides in either sagittal or coronal orientation to bisect the coronal, lambdoid and 

sagittal sutures, and the sections were stained with Hematoxylin and Eosin to detect 
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changes in bone thickness, trabecular architecture, and osteoid thickness. Additionally, 

cell proliferation is a critical influence or parameter in the developing calvarial bone 

primordia (Jiang et al., 2019; Li et al., 2013; Sun and Kaufman, 2018), and specific 

markers such as Ki67 has been identified to quantify this parameter. We carried out 

immunofluorescence (IF) experiments on skull cryosections using a monoclonal 

antibody against Ki67 to identify changes in the levels of proliferation in ephrin-B1/B2-

deficient tomato-labeled Axin2+ cells and compared the signal intensity overlap with 

that of the control to examine the effect of ephrin-B1/B2 knockout on proliferation.  

 

2.3.1 Immunofluorescence protocol for Ki67   

The slides were fixed in 4% PFA for 10mins, then washed in 1X PBS for 5mins (gentle 

rotation). The slides were then rinsed in PBS-T/Tween20 – 3 times (gentle rotation for 

10mins, with 0.3% PBS-T/0.1% Tween20 changed each time) and washed in 1X PBS – 

3 times (gentle rotation for 5mins, with 1X PBS changed each time). The slides were 

then drip-dried around the edges and sections. Once isolated with a PAP pen, the 

sections were covered with 5% donkey serum as blocking solution (BS) [prepared by 

adding 50µl DS to 950µl 1X PBS] and incubated for 1hour at RT. The BS was then 

replaced with the Ki67 primary antibody (1:100 dilution in the same BS) and the 

sections were incubated at 4deg. C, overnight. Following aspiration of the primary 

antibody, the slides were then rinsed in 1X PBS – 3 times (gentle rotation for 5mins, 

with 1X PBS changed each time). The sections were then covered with a fluorophore-

conjugated secondary antibody (1:500 dilution) with the slides incubated for 1hour in a 
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humidified chamber kept in the dark. Following aspiration of the secondary antibody, 

the slides were then rinsed in 1X PBS 4 times (gentle rotation for 5mins, with 1X PBS 

changed each time). The slides were then drip-dried and cover-slipped with aqueous 

mounting medium until dry, after which a sealant was applied along the edges of the 

coverslip, and stored at 4deg C. 
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CHAPTER III  

RESULTS 

 

3.1. Colocalization of Ephrin-B2 with Axin2+ stem cells in the embryonic calvarial 

sutures and periosteum 

Using the lacZ indicator allele, a robust expression of ephrin-B2-expressing cells was 

seen in the embryonic calvarial sutures and periosteum at e15.5, with a gradual down 

regulation of the protein in the suture mesenchyme, periosteum and osteogenic fronts of 

the calvarial bones at birth (p0). However, in the adult cranium ephrin-B2 expression 

was mainly restricted to the advancing cranial bone fronts and periosteum with 

occasional expression in the osteocytes (Fig. 3D). Additionally, treatment of ex vivo 

cultured embryonic calvaria (e17.5) with soluble clustered recombinant ephrin-B2-Fc 

resulted in a significant increase in bone mass (p<0.05) compared to those treated with 

Ig-Fc control protein (Fig. 3A-C). Furthermore, using the same lacZ indicator in the 

injured adult calvaria, ephrin-B2 mirrored its expression pattern in the intact calvaria 

with strong upregulation at the site of injury in the parietal bone adjacent to the sagittal 

suture (Fig. 4A&B). These observational findings suggest ephrin-B2 as a potential 

mediator of bone growth.  
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Figure 3 – Treatment of ex vivo embryonic calvaria with soluble, clustered recombinant ephrin-B2 and 
Ig-Fc control protein (A, B). Graph depicting significant increase in bone mass in embryonic calvaria 
treated with ephrin-B2-Fc compared to the Ig-Fc treated control (C). Expression of ephrin-B2 is robust in 
the calvarial sutures at e15.5 embryonic, is still visible in the sutures at p0, but is restricted to the suture 
in the adult (D). 
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Figure 4 – Wholemount dark-field image of ephrin-B2 expression in the adult 
calvaria, as indicated by LacZ (A). The sutures and injury defect strongly stain with 
LacZ. An NFR-stained sagittal section indicating upregulation of ephrin-B2 at the 
margins of the defect, as indicated by the LacZ indicator (B). 
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To identify these ephrin-B2-expressing cells in the cranial sutures and periosteum, we 

hypothesized whether these cells also express Axin2, stem cell marker. Axin2+ stem 

cells reside in the calvarial suture mesenchyme and are injury responsive. They 

contribute to calvarial bone injury repair in a cell-autonomous fashion through their 

long-term clonal expanding, self-renewing and differentiating abilities. Axin2 is critical 

in calvarial growth and morphogenesis through the regulation of suture patency, as 

Axin2 null mutants exhibit synostosis of the metopic suture resulting in foreshortening 

of the anterior cranium including nasal bones, caused by accelerated mineralization and 

ossification of the sutures through enhanced osteogenic marker expression and increased 

osteoprogenitor commitment. This suggests that Axin2 is required for ‘stemness’ or the 

maintenance of stem cells in their undifferentiated state.  

To test the hypothesis, we used a constitutively expressed GFP indicator allele to 

mark the ephrin-B2-expressing cell and a tomato indicator allele to label Axin2-

expressing cells. On wholemount fluorescence imaging of the late-stage embryonic 

skull, coexpression of Axin2 (in red) and ephrin-B2 (in green) was visible in the 

calvarial sutures, particularly the coronal and lambdoid sutures. However, in the midline 

sutures – metopic and sagittal, co-expression of ephrion-B2 and Axin2 was largely 

confined to the bone fronts flanking the mesenchyme of these sutures. Using confocal 

microscopy, we found a number of ephrin-B2-expressing cells (green) also expressing 

Axin2 (red cells) in the e19.5 cranial sutures – mainly in coronal (Fig. 5A-E) and 

lambdoid sutures (Fig. 7A-E) and periosteum. There was greater variability in the extent 

of colocalization of ephrin-B2 with Axin2 than in the ratio of double positive cells to 
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total cells in the coronal (Fig. 6A&B) and lambdoid sutures and periosteum (Fig. 

8A&B). However, in the metopic and sagittal sutures, ephrin-B2+ cells colocalized with 

Axin2+ cells only in the parietal bone fronts (Fig. 9A-E), with absence of this 

colocalization pattern in the suture mesenchyme (Fig. 10A&B). A total of 12 sutures 

each for coronal and lambdoid (12 sections/skull – 24 sutures) and 16 for the 

metopic/sagittal suture (16 sections/skull) were included in the colocalization analysis 

(n=3). Robust expression of ephrin-B2 (green cells) was also seen in the underlying 

brain, with Axin2 seen to colocalize with the green cells, though sparse. Some of the 

chondrocytes in the occipital bone were seen to express both ephrin-B2 and Axin2 

suggesting that chondrocytic ephrin-B2 may be required for endochondral bone 

formation during post-natal growth of the basal cranium. This colocalization pattern 

therefore suggests that a subset of Axin2+ stem cells is subject to ephrin-B signaling, 

implying a role for ephrin-B2 signaling in the Axin2+ osteogenic suture mesenchyme. 

This defines ephrin-B2 as a feature of the Axin2 stem cell niche in the sutures and 

periosteum of the developing cranium. 

  



84 

 

 

 

 

 

 

 

 

 

  

Frontal bone 

Parietal bone 

Coronal suture 

Brain 
A B C 

Axin2 Ephrin-B2 Ephrin-B2 Axin2 

Control Ephrin-B2 Axin2 Coronal suture 

Frontal bone 

Parietal bone 
Coronal suture 

Frontal bone 
Parietal bone 

Figure 5 –Green ephrin-B2+ cells (B) colocalize with red Axin2+ stem cells (A) in the Coronal suture and 
periosteum (C). Inset: corresponding wholemount fluorescent images of an e19.5 calvaria in red, green and merge. 
H/E-stained images of an adjacent sagittal section (D, E)– Coronal suture – in a GFP+/Tomato+ skull, and a 
control skull 
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Figure 6 – Hoechst-stained image of the Coronal suture of a GFP+/Tomato+ e19.5 skull (A) to quantify the 
number of EB2+ cells that also express Axin2, and ratio of Axin2+/EB2+ cells to total cells (B). Hoechst 
stain was used at 1:1000 dilution. 
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Figure 7 – Green ephrin-B2+ cells (B) colocalize with red Axin2+ stem cells (A) in the Lambdoid suture and 
periosteum (C). Inset: corresponding wholemount fluorescent images of an e19.5 calvaria in red, green and 
merge. H/E-stained images of an adjacent sagittal section (D, E) – Lambdoid suture – in a GFP+/Tomato+ 
skull, and a control skull.  
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Figure 8 – Hoechst-stained image of the Coronal suture of a GFP+/Tomato+ e19.5 skull (A) to quantify the number 
of EB2+ cells that also express Axin2, and ratio of Axin2+/EB2+ cells to total cells (B). Hoechst stain was used at 
a 1:1000 dilution.  
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Figure 9 – Green ephrin-B2+ cells (B) colocalize with red Axin2+ stem cells (A) in the periosteum of the parietal 
bone fronts flanking the Sagittal suture mesenchyme (C). Inset: corresponding wholemount fluorescent images of 
an e19.5 calvaria in red, green and merge. H/E-stained images of an adjacent coronal section (D, E) – Sagittal 
suture – in a GFP+/Tomato+ skull, and a control skull. 
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was used at a 1:1000 dilution. 
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3.2. Colocalization of Ephrin-B1 with Axin2+ stem cells in the embryonic calvarial 

sutures and periosteum 

We generated the EB1rtta+/TetOptdTomato+; Axin2Cre+/Rosa26GteGFP+ line to 

determine whether ephrin-B1-expressing cells also express Axin2 in late-stage (e19.5) 

embryonic calvaria. The tomato allele marks ephrin-B1, and eGFP marks the Axin2+ 

suture stem cells and periosteum. Typically, one of the breeders was heterozygous for 

Axin2cre-recombinase, with the other three alleles – EB1rtta, TetOp-tdTomato and 

eGFP – constant in both breeders used for the timed/plug breeding. After 5 attempts, we 

obtained the desired proportion of embryos in which the expression patterns of ephrin-

B1 and Axin2 in the cranial sutures and periosteum were found to be consistent on 

wholemount fluorescence microscopy. Using confocal microscopy, we found ephrin-B1-

expressing cells (red) colocalizing with Axin2-expressing cells (green) in the e19.5 

cranial sutures – mainly in coronal (Fig. 11A-E) and lambdoid sutures (Fig. 13A-E) and 

periosteum, with variability in the extent of colocalization of ephrin-B1 with Axin2 and 

variability in the ratio of double positive cells to total cells in the coronal (Fig. 12A&B) 

and lambdoid sutures and periosteum (Fig. 14A&B). A total of 13 sutures each for 

coronal and lambdoid (13 sections/skull – 26 sutures), and 16 for the sagittal suture (16 

sections/skull) were included for colocalization analysis (n=3). However, in the metopic 

or sagittal sutures (Fig. 15A-E) only the parietal bone fronts flanking the mesenchyme of 

these sutures were positive for Axin2 (green cells) but not ephrin-B1(red cells); the 

mesenchyme exhibited no overlap of red with green, as indicated by the quantification 

results (Fig. 16A&B). Ephrin-B1 expression was robust in the underlying brain, with 
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Axin2 sparsely colocalizing with ephrin-B1+ neurons. This colocalization pattern 

suggests that a subset of Axin2+ stem cells is subject to ephrin-B signaling, implying a 

role for ephrin-B1 signaling in the Axin2+ osteogenic suture mesenchyme. This defines 

ephrin-B1 a feature of the Axin2 stem cell niche in the sutures and periosteum of the 

developing calvaria.  
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Figure 11 – Red ephrin-B1+ cells colocalize (A) with green Axin2+ stem cells (B) in the Coronal suture 
and periosteum (C). Inset: corresponding wholemount fluorescence images of an e19.5 calvaria in red, 
green and merge. H/E-stained images of an adjacent sagittal section (D, E) – Coronal suture – in a 
Tomato+/eGFP+ skull, and a control skull. 
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Figure 12 – Hoechst-stained image of the Coronal suture of a Tomato+/eGFP+ e19.5 skull (A) to quantify the 
number of EB1+ cells that also express Axin2, and ratio of Axin2+/EB1+ cells to total cells (B). Hoechst stain was 
used at a 1:1000 dilution. 
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Figure 13 – Red ephrin-B1+ cells (A) colocalize with green Axin2+ stem cells (B) in the 
Lambdoid suture and periosteum (C). Inset: corresponding wholemount fluorescence images of 
an e19.5 calvaria in red, green and in merge. H/E-stained images of an adjacent sagittal section 
(D, E) – Lambdoid suture – in a Tomato+/eGFP+ skull, and a control skull. 
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Figure 14 – Hoechst-stained image of the Lambdoid suture of a Tomato+/eGFP+ e19.5 skull (A) to quantify the 
number of EB1+ cells that also express Axin2, and ratio of Axin2+/EB1+ cells to total cells (B). Hoechst stain was 
used at a 1:1000 dilution. 
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3.3 Colocalization of ephrin-B2 with Gli1+ stem cells in the calvarial sutures and 

periosteum  

In the adult calvaria, ephrin-B2 colocalized with the Gli1+ stem cells and periosteum of 

the coronal (Fig. 18A, D, G), lambdoid (Fig. 18B, E, H), and sagittal sutures (Fig. 18C, 

F, I). Several ephrin-B2-expressing cells were seen to colocalize with Gli1+ cells in the 

sagittal suture when compared to the coronal and lambdoid sutures. Furthermore, 

ablation of ephrin-B1/B2 in the Gli1+ sutures and periosteum of the injured adult 

calvaria (4-6w old mice) did not significantly alter bone healing (Fig. 17C) in both the 

knockout and control calvaria, as visualized on x-ray (Fig. 17A&B). Moreover, 

knocking out both these B-ephrins (Fig. 19A-D, E) or ephrin-B2 alone (Fig. 20A-D, E) 

from e13.5 – e15.5 in the Gli1+ sutures and periosteum of the developing calvaria did 

not impair cranial or skeletal growth, when analyzed at late gestation (e19.5) using x-

ray, bright field imaging, and wholemount fluorescence microscopy (not shown). A total 
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of 43 late-stage embryos were generated for the combined ephrin-B ablation, and 101 

embryos for ablation of ephrin-B2 alone. Because the combined ablation of ephrin-

B1/B2 did not perturb cranial growth in the developing Gli1+ embryo, we did not 

generate Gli1cre/ephrin-B1floxed allele embryos. Thus, further Gli1 conditional 

knockout studies were discontinued. Hence, colocalization analysis of ephrin-B2 with 

Gli1+ suture stem cells and periosteum in late-stage embryonic calvaria was not carried 

out. For similar reasons, colocalization of ephrin-B1 with Gli1 (using the monoclonal 

ephrin-B1 antibody on cryosections of late-stage ephrin-B2/GFP-; Gli1+/Tomato+ 

skulls) was not performed. 
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Figure 18 – Robust expression of Axin2+ stem cells in the sutures and periosteum of the adult calvaria 
(A-C, red panel). Ephrin-B2+ cells seen in the same sutures and periosteum of the calvaria (D-F, green 
panel). Green ephrin-B2+ cells colocalize with red Axin2+ stem cells in all the cranial sutures and 
periosteum (C-I). Inset: corresponding wholemount fluorescence images of the adult calvaria in red, 
green and merge.  
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Figure 19 – X-ray and bright field images of late-stage Gli1 double knockout (B) and control 
embryos (A) and calvaria (D, C) respectively. A total of 43 pups were included in the analysis 
(n=3). Pie chart depicting proportions of cre- and cre+ late-stage embryos in a 1:6 ratio (E). 
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Figure 20 – X-ray and bright field images of late-stage Gli1(ephrin-B2) knockout (B)and control 
embryos (A) and calvaria (D, C) respectively. A total of 101 pups were included in the analysis 
(n=3). Pie chart depicting proportions of cre- and cre+ late-stage embryos in a 1:5 ratio (E). 
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3.4 Role of ephrin-B2 in Axin2+ osteogenic stem cell niche of the developing 

calvaria  

Knocking out ephrin-B2 alone in the Axin2+ suture mesenchyme and periosteum did not 

impair cranial growth when analyzed at late gestation (e19.5) using x-ray, bright field 

imaging, and wholemount fluorescence microscopy (not shown) (Fig. 21A-D, E). Fifty-

four late-stage embryos were generated of which 31 were cre+ (57%), and the ratio of 

cre- to cre+ embryos was 2:3. The induction time-points in the pregnant dams were 

consistently maintained (e13.5-e15.5) and the pups were surgically harvested at e19.5. 

Ephrin-B2 was maintained in the homozygous state, with ephrin-B1 maintained in the 

wild-type state, and the tomato-indicator allele identified those embryos with site-

specific recombination in the Axin2+ calvarial suture mesenchyme and periosteum. The 

height and weight of the harvested embryos were not recorded; also, gender assay was 

done because ephrin-B2 mutations are not sex-linked, but the absence of a cranial 

phenotype suggests possible functional redundancy between ephrin-B2 and ephrin-B1. 
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Figure 21 – X-ray and bright field images of late-stage Axin2 (ephrin-B2) knockout (B) 
and control embryos (A) and calvaria (D, C) respectively. A total of 54 pups were included 
in the analysis (n=3). Pie chart depicting proportions of cre- and cre+ late-stage embryos in 
a 2:3 ratio (E). 
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3.5. Role of ephrin-B1/B2 in Axin2+ osteogenic stem cell niche of the developing 

calvaria  

In applying the same experimental conditions, we analyzed the effect of combined 

ablation of ephrin-B1/B2 in Axin2+ developing suture niche. The ablation of both these 

ephrins in the Axin2+ osteogenic niche and periosteum of the developing calvaria 

resulted in significant perturbation of calvarial bone growth. The bones of both the 

neural crest and paraxial mesoderm failed to form resulting in exposure of the 

underlying brain, a condition termed exencephaly. Calvarial agenesis was accompanied 

by varying degrees of facial dysmorphogenesis with foreshortening of the cranial base 

and cervical spine disruption, while the remainder of skeleton appeared normal on x-ray. 

A range of craniofacial phenotypes including exencephaly were appreciable on bright 

field imaging (Fig. 22A-F). A total of 181 pups were generated of which 74 were cre+ 

(Fig. 22G&H); of these, 15 embryos exhibited exencephaly at a 20% penetrance that was 

consistently maintained during individual timed breedings, with females exhibiting the 

phenotype more frequently than males in the ratio of ~3:1. The height and weight of the 

embryos harvested from rounds 3, 4 and 5 were recorded, but gender determination (Y 

allele, 185bp) was done for all the embryos, as mutation in ephrin-B1 is sex-linked. 

Though there was a significant difference in weight (p<0.05), though not in height 

between the knockout and control embryos. Though height was not greatly affected, the 

embryos with exencephaly had significantly lower body weight, when compared to the 

non-knockout littermates (Fig. 23A&B). This could be due to an actual decrease in body 

weight without any effect on body length (height) in each of the affected pups. 
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Interestingly, 59 of the 74 pups were also cre+ but did not exhibit exencephaly, 

suggesting possible presence of a threshold for site-specific recombination in the cranial 

sutures and periosteum in this proportion of knockouts, while in those that exhibited 

exencephaly the threshold was achieved. Further, knocking out both ephrin-B1/B2 

adversely impaired Axin2+ stem cell function in the osteogenic suture niche, suggesting 

that these ephrins work in tandem in regulating the suture niche.  
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Figure 22 – Bright field and x-ray images of late-stage Axin2 double 
knockout (B, E/ C, F) and control embryos (A, D). Pie chart depicting 
proportions of late-stage male and female embryos with or without 
exencephaly. The ratio of male to female embryos with exencephaly was 
1:3, with a phenotypic penetrance of 20% (G, H). 
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It may also be hypothesized that calvarial agenesis may be the direct result of 

failure of stem cell migration from the cranial neural crest i.e., from the supraorbital 

ridge where they initially condense before migrating to the apex of the calvaria – in a 

caudal-to-rostral direction, beginning at e11.5, followed by apical migration at e13.5, to 

form the frontal bone primordia – including those precursors from the paraxial 

mesoderm. This failure of migration may occur in conjunction with other effects such as 

decreased stem cell proliferation or increased apoptosis of the neural crest and 

mesoderm mesenchymal precursors. Further experiments are warranted to test these 

hypotheses. On histology, the mutant skull was devoid of the cranial bones with an 

apparent overall decrease in length of the cranial base synchondrosis with varying 

degrees of facial bone dysmorphogenesis. The tooth germs also appeared smaller in the 

mutant compared to the littermate control. Tooth growth arrest in the mutant resulted in 

tooth buds acquiring a cap-stage phenotype in comparison to those of the control 

littermate that exhibited the relatively normal bell-stage phenotype. (Fig. 24A-E).  
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Figure 23 – Graphs representing average weight (A) and height (B)between Axin2 double mutants and 
littermate controls. p<0.05 was considered significant, using student ‘t’ test. At p<0.05, there was significant 
difference in weight (p=0.003) but not height (p=0.058) between the two groups. 
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The failure of the calvarial bones to form following ablation of ephrin-B1/B2 in 

the Axin2 suture stem cell population may be more attributable to a failure in stem cell 

migration than a decrease in cell proliferation, as Ki67+/Axin2+ cells were seen to 

aggregate at the edge of the posterior calvarial defect (Fig. 25A&B, C-F) However, the 

effect of this combined ephrin-B ablation on Axin2 stem cell apoptosis or differentiation 

to form the frontal and parietal bone primordia cannot be ruled out. Moreover, earlier 

serial induction-harvest timepoints would provide a more informative picture of the 

effect of combined ephrin-B ablation in the Axin2 stem cell migration, proliferation, 

apoptosis and differentiation.  Hence, more experiments are warranted to confirm these.   
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Figure 24 – H/E-stained sagittal sections of the control and exencephalic mutant skull. The calvarial sutures noted 
in the control skull (A) are not seen in the mutant (B), owing to agenesis of the calvarial bones. Skull growth arrest 
caused by foreshortening of the cranial base synchondrosis, as visualized on x-ray (C, D). An adjacent sagittal 
section of the exencephalic mutant showing tomato-labeled ephrin-B1/B2-deficient Axin2-expressing cells 
throughout the skull (E). 
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Further, we wanted to analyze the effect of combined ablation of these ephrins on 

postnatal calvarial and/or skeletal bone growth, using the same prenatal induction 

protocol (e13.5 -e15.5). Initially, we allowed the induced pregnant dams to deliver their 

babies at full term, but on both the occasions we lost two dams to respiratory distress 

following extreme labor. To overcome this, we surgically harvested the pups at e20.5 

and surrogate them to another nursing/ lactating dam belonging to the same line. 
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Figure 25 – NFR-stained sagittal section of an exencephalic mutant skull 
(A, B). Inset depicting a schematic representation of the exencephalic 
skull. Adjacent section in B exhibiting an aggregation of Ki67+/Axin2+ 
cells at the edge of the posterior calvarial defect, suggesting that actively 
proliferating Axin2-expressing cells fail to migrate in a caudal-to-rostral 
direction following ablation of ephrin-B1/B2 in these cells (C-F). 
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Unfortunately, the surrogated pups did not survive for more than a day because the 

induced pups were not functionally viable and so the nursing dam rejected them. This 

procedure was repeated at least 8 times and on all the occasions we failed to obtain 

progeny that would permit analysis of a post-natal skeletal phenotype. 

Stochastic events, possibly arising from epigenetic factors, gene pleiotropism or 

teratogenesis occurred in three late-stage embryos – two that exhibited exencephaly 

following combined ablation of ephrin-B1/B2 in the Axin2+ suture stem cell population, 

and one embryo that exhibited anencephaly following ablation of only ephrin-B1 from 

this stem cell population.  To that end, it is possible that one of the double knockout 

embryos exhibited exencephaly through Axin2cre-mediated excision of the cre-coding 

domain of the genomic DNA (called gene auto-excision or self-excision), as the embryo 

typed negative for the Axin2cre allele (as indicated by a 500bp band) on GE; in the other 

embryo, the phenotype was clearly a consequence of Axin2cre homozygosity, as the 

embryo typed positive for an extra copy of the Axin2cre knock-in allele (as indicated by 

a 300bp band) on GE. The anencephalic phenotype in the ephrin-B1 single knockout 

embryo may be the result of gene auto-excision, because it typed negative for both 

Axin2cre allele (as indicated by a 500bp band) and Ephrin-B1 ‘del’ allele (as indicated 

by a 700bp band) on GE, or it could be a consequence of drug-induced teratogenesis. 

Therefore, these embryos were not included in the analysis.  Further, in generating late-

stage embryos for ephrin-B1/Axin2 colocalization analysis, we did obtain two embryos 

that exhibited exencephaly following tamoxifen induction (at e13.5-e15.5) together with 

oral doxycycline but both the embryos typed positive for EB1rtta (as indicated by a 
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400bp band) and cre (as indicated by a 534bp band) on GE, implying that this 

phenotypic consequence may be the result of drug-induced teratogenesis only. 

 

3.6. Role of ephrin-B1 in Axin2+ osteogenic stem cell niche of the developing 

calvaria  

Because ephrin-B2 failed to perturb cranial bone growth following its ablation in the 

Axin2+ suture stem cells and periosteum, Axin2cre/EB1loxP embryos were generated to 

define the functional contribution of ephrin-B1 in niche establishment and maintenance 

during calvarial growth and morphogenesis. This ephrin is important in calvarial bone 

growth, because mutations in ephrin-B1 result in human cranio-frontonasal syndrome in 

which synostosis of the coronal suture is a typical manifestation. Eighty-one late-stage 

embryos were harvested following ablation of ephrin-B1 (e13.5-e15.5); of these, 28 pups 

were cre+ i.e., 10 males and 18 females. Only 1 male embryo exhibited considerable 

facial dysmorphogenesis sparing the frontal bones and the rest of the cranial vault when 

examined on bright field imaging and wholemount fluorescence microscopy (not 

shown), with the remainder of the skeleton appearing unaffected on x-ray (Fig. 26A-D, 

E). The height and weight including gender determination of all the pups were recorded. 

The differences in height and weight between the ephrin-B1 knockout and control 

embryos was significant (p<0.05), possibly due to deficient functional ephrin-B1 protein 

in the mutant skeleton (Fig. 27A&B) and again in those embryos where ephrin-B1 was 

knocked out, there was no observable phenotype in the cranial vault, suggesting possible 
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functional redundancy between ephrin-B1 and ephrin-B2. Interestingly, none of the 

female embryos exhibited the phenotype of exencephaly. 
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Figure 26 – X-ray and bright field images of late-stage Axin2 (ephrin-B1) knockout (B) and control (A) 
embryos and skulls (D, C), respectively. Graph depicting twice as many females compared to males that did 
not exhibit the calvarial phenotype, though only one male exhibited facial dysmorphogenesis sparing the 
frontal calvaria (E). 
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Figure 27 – Graphs representing average weight (A) and height (B) between Axin2 ephrin-B1 mutants and 
littermate controls. p<0.05 was considered significant, using student t test. At p<0.05, there was significant 
difference in weight (p=0.001) and height (p=0.03) between the two groups. 
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CHAPTER IV  

DISCUSSION 

 

Skeletal growth deficiencies arising from birth defects, injury or disease exist despite 

advances in therapy, and this reflects the need for a deeper understanding of its causes 

before more effective therapies can be designed and applied in the setting of defective 

bone growth. The morbidity associated with defective or deficient bone growth is 

considerable and affects the majority of the American population, with high 

management costs that inevitably burden the economy (Williams et al., 2020). Though 

autogenous bone grafts remain the cornerstone of treatment for bone growth 

deficiencies, cell-based therapies offer viable treatment alternatives in this setting. 

The molecular underpinnings controlling bone growth are complex, however, the 

exact mechanism remains unclear. It is well known that the craniofacial skeleton forms 

from the neural crest mesenchyme, with the parietal bones forming from paraxial 

mesoderm. Calvarial bone growth is regulated by interactions between the cranial 

sutures and periosteum and involves a complex network of signaling pathways and 

growth factors that ultimately specify mesenchymal lineage fate, the mutations of which 

frequently result in craniosynostosis (Benson and Opperman, 2011). Ephrins and Eph-

kinases constitute a unique signaling system in calvarial bone growth, and mutations in 

genes encoding these proteins result in synostosis of the cranial sutures. Discovered in 

1987, Eph kinases constitute the largest subfamily of Receptor Tyrosine Kinases, 

totaling 14 and are classified into EphA and EphB kinases, based on sequence of 
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homology and ligand binding affinity. The ligands or ‘ephrins’ total 8 and are classified 

in a similar manner into A-ephrins and B-ephrins (Hirai et al., 1987; Rundle et al., 

2016). The membrane-bound ephrin-B ligands are of importance because important roles 

for them have been described in developmental and reparative osteogenesis including 

bone homeostasis through bidirectional signaling events (Xing et al., 2010; Zhao et al., 

2006). 

Using the lacZ indicator allele, we found a robust expression of ephrin-B2-

expressing cells in the embryonic calvarial sutures and periosteum at e15.5, with a 

gradual down regulation of the B-ephrin in the suture mesenchyme and periosteum, and 

osteogenic fronts of the calvarial bones at birth (p0). However, in the adult cranium 

ephrin-B2 expression was mainly restricted to the suture mesenchyme and periosteum 

with occasional expression in the osteocytes. Furthermore, using the same lacZ indicator 

in the injured adult calvaria, ephrin-B2 mirrored the expression pattern in the sutures of 

the (intact) calvaria with strong upregulation at the site of injury in the parietal bone 

adjacent to the sagittal suture. This suggests that ephrin-B2 controls the migration of 

stem cells from the suture mesenchyme to the site of injury. Additionally, treatment of 

ex vivo embryonic calvaria with soluble, clustered recombinant ephrin-B2 resulted in a 

dramatic increase in calvarial bone mass compared to those treated with Ig-Fc control 

protein (Benson et al., 2012). These findings therefore hypothesized ephrin-B2 as a 

potential mediator of bone growth. To identify these ephrin-B2-expressing cells in the 

cranial sutures and periosteum, we hypothesized whether these cells also express Axin2, 

stem cell marker. Axin2+ is one of two major stem cell populations central to calvarial 
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growth and maintenance, the other being Gli1(Zhao et al., 2015). Axin2+ stem cells 

reside in the central portion of the calvarial sutures; being injury responsive, they 

contribute to calvarial bone injury repair in a cell-autonomous fashion through clonal 

expansion, self-renewal and in vivo multipotency (Maruyama et al., 2016). Axin2 is 

critical for suture patency during calvarial growth and morphogenesis, as Axin2 null 

mutants exhibit foreshortening of the frontonasal region resulting from synostosis of the 

metopic suture, caused by accelerated mineralization and ossification of the sutures 

through increased osteoprogenitor commitment. This suggests that Axin2 is required for 

the ‘stemness’ of suture stem cells (Yu et al., 2005).  

Ephrin-B1 is the other B-ephrin of concern. To our knowledge, ephrin-B1 

expression in the sutures and periosteum has never been characterized, though mutations 

in ephrin-B1 cause skeletal defects consistent with human craniofrontonasal syndrome. 

Proposed mechanisms underlying this syndrome include aberrant functional disomy of 

chromosome X, disruptive interaction between the functional and mutant ephrin-B1 

protein (termed “metabolic interference”) and compensation by Y-linked homologue 

(Twigg et al., 2004). However, cellular interference is a more recent concept that 

proposes divergent cellular behavior as a consequence of random inactivation of wild 

type and mutant EFNB1-carrying X chromosomes in heterozygous females with CFNS 

(Niethamer et al., 2020).  That coronal suture synostosis is a typical manifestation of this 

syndrome implies the requirement of functional ephrin-B1 in coronal suture patency and 

maintenance during anterior cranial patterning and growth. Moreover, exencephaly in 

the late-stage embryo is a phenotypic consequence of the combined ablation of ephrin-
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B1 and ephrin-B2 in the Axin2+ stem cells, suggesting that ephrin-B1 may possibly 

label the Axin2+ calvarial suture mesenchyme and periosteum. To identify these ephrin-

B1-expressing cells in the cranial sutures and periosteum, we hypothesized whether 

these cells also express Axin2, a stem cell marker. 

Using confocal microscopy, a significant number of green ephrin-B2-expressing 

cells colocalized with red Axin2+ cells in the e19.5 cranial sutures, mainly in coronal 

and lambdoid sutures and periosteum; however, in the metopic/sagittal sutures, ephrin-

B2-expressing cells colocalized with Axin2 in the parietal bone fronts but not in the 

mesenchyme of these sutures. Interestingly, Axin2-expressing cells were faintly visible 

in the mesenchyme of these sutures.  This expression patten may be attributable to the 

dual origin of the midline sutures as well as differences in the rates of stem cell division 

in these sutures i.e., the presence of slow cycling cells in the middle of the suture 

mesenchyme and fast cycling cells in the bone fronts contiguous with the lateral 

mesenchyme. Temporal and spatial patterns of expression may also influence the extent 

of colocalization of ephrin-B2 with Axin2. However, expression of ephrin-B2 (green 

cells) in the underlying brain was robust, with Axin2 sparsely colocalizing with ephrin-

B2+ neurons. Some of the ephrin-B2+ chondrocytes in the occipital bone also 

coexpressed Axin2, suggesting that chondrocytic ephrin-B2 may have a role in postnatal 

endochondral bone growth of the basal cranium. Similarly, ephrin-B1-expressing cells 

almost mirrored the expression pattern of ephrin-B2 with respect to Axin2 in the cranial 

sutures and periosteum; however, in the metopic/sagittal suture, ephrin-B1 did not 

colocalize with the Axin2-expressing cells seen in the parietal bone fronts as well as 
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mesenchyme of these midline sutures. Again, the expression patten may be attributable 

to the dual origin of the midline sutures as well as differences in the rate of division of 

stem cells in these sutures. While the stem cells are fast cycling in the lateral portions of 

the suture mesenchyme where the bone fronts contiguously meet the mesenchyme, those 

in the central portion of the sutures are not. Temporal and spatial patterns of expression 

may also influence the extent of colocalization of ephrin-B1 with Axin2. Taken together, 

the overlap of ephrin-B1/B2 with Axin2 suggests that a subset of this stem cell 

population is subject to ephrin-B signaling in the osteogenic suture niche. This define 

ephrin-B1 and eprhin-B2 as features of the Axin2+ calvarial suture mesenchyme and 

periosteum in the developing embryo. 

Another important stem-cell marker is Gli1 that identifies the major stem cell 

population and gives rise to all the bones and sutures of the craniofacial region including 

the duramater. They are highly injury responsive and contribute to bone regeneration in 

the calvaria and long bone (Shi et al., 2017; Zhao et al., 2015). In the adult calvaria, 

ephrin-B2 colocalized with the Gli1+ stem cells in the coronal, lambdoid and sagittal 

sutures including periosteum, with a significant number of ephrin-B2-expressing cells 

colocalizing with Gli1+ cells in the sagittal suture compared to the other two sutures. 

Furthermore, ablation of ephrin-B1/B2 in the Gli1+ sutures of the injured adult calvaria 

(4-6w old mice) did not significantly alter bone healing in both the knockout and control 

calvaria. This outcome may be attributed to the downregulation of ephrin-B2 in the adult 

calvarial sutures and periosteum; the same may be regarded for ephrin-B1 in the adult 

though expression studies by way of wholemount fluorescence imaging, histology and 
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confocal microscopy are warranted. Moreover, knocking out both these B-ephrins or 

ephrin-B2 alone (from e13.5 – e15.5) in the Gli1+ suture mesenchyme and periosteum of 

the developing calvaria did not impair cranial or skeletal bone growth when analyzed 

late gestation (e19.5) using x-ray, wholemount fluorescence microscopy (not shown) 

including bright field imaging. In the late stage Axin2+ embryonic calvaria, barring the 

mesenchyme of the midline sutures, the coronal and lambdoid sutures including the 

parietal bone fronts fluoresced red. By contrast, in the late-stage Gli1+ embryonic 

calvaria, only the lateral portions of the coronal sutures emitted the red fluorescence; 

none of the other sutures did, suggesting that stem cell populations other than Gli1 – 

such as Prx1 – may account for the growth and maintenance of the calvaria before birth, 

while in the postnatal period Gli1 may ramp up production to control bone growth 

through to adulthood. This may account for the absence of a calvarial phenotype in the 

Gli1 mutants. Because the combined ablation of ephrin-B1/B2 did not perturb cranial 

growth in the developing Gli1+ embryo, we did not generate Gli1cre/ ephrin-B1floxed 

allele embryos. Thus, further Gli1 conditional knockout studies were discontinued. 

Hence, colocalization analysis of ephrin-B2 with Gli1+ suture and periosteum in late-

stage embryonic calvaria was not carried out. For similar reasons, colocalization of 

ephrin-B1 with Gli1 was not performed. 

Next, we identified the requirement of ephrin-B signaling in the osteogenic niche 

of the developing calvaria. Knocking out ephrin-B2 alone in the Axin2+ suture 

mesenchyme and periosteum did not impair cranial growth when analyzed late gestation; 

57% of the embryos were cre+ and the ratio of cre- to cre+ embryos was 2:3. All in all, 
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the lack of a cranial phenotype suggests possible functional redundancy between ephrin-

B2 and ephrin-B1, with the latter compensating for ephrin-B2. Further analysis such as 

microCT and RT-PCR including Western blot is warranted to look for effects of ephrin-

B2 ablation on ephrinB1 function in the skull cap/skeleton.  

Because ephrin-B2 failed to perturb cranial bone growth following its ablation in 

the Axin2+ suture stem cells and periosteum, Axin2cre/EB1loxP embryos were 

generated to define the functional contribution of ephrin-B1 in calvarial growth and 

morphogenesis. Of the 81 late-stage embryos harvested, only 1 male embryo exhibited 

considerable facial dysmorphogenesis sparing the frontal bones and the rest of the 

cranial vault, with the remainder of the skeleton appearing unaffected. There were 

significant differences in height and weight between the ephrin-B1 knockout and control 

embryos, suggesting decreased skeletal bone mass as result of loss of ephrin-B1. 

MicroCT is warranted to further assess differences in skeletal bone volume and bone 

mineral density between the mutant and control littermates. Again, in those embryos 

where ephrin-B1 was knocked out, there was no observable phenotypic differences in 

the cranial vault, suggesting possible functional redundancy between ephrin-B1 and 

ephrin-B2 in Axin2 stem cell niche maintenance. Further analysis such as microCT and 

RT-PCR including Western blot is warranted to look for effects of ephrin-B1 ablation on 

ephrin-B2 function in the skull cap/skeleton. 

However, the ablation of both ephrin-B1/B2 in the Axin2+ stem cells resulted in 

significant perturbation of calvarial bone growth resulting in exencephaly that was 

accompanied by varying degrees of facial dysmorphogenesis with foreshortening of the 



111 

cranial base and cervical spine disruption, while the remainder of skeleton appeared 

normal on x-ray. Forty percent of the double knockout embryos were cre+; of these, 15 

embryos exhibited exencephaly at a 20% penetrance with females being more frequently 

affected than males in the ratio of ~3:1. Though there was a significant difference in 

weight, there was no significant difference in height between the knockout and control 

embryos. Though height was not greatly affected, the exencephalic embryos had 

significantly lower body weight, when compared to the non-knockouts. This could be 

due to an actual decrease in body weight without any effect on body length (height) in 

each of the affected pups. Interestingly, 59 non-phenotypic pups were also cre+ but did 

not exhibit exencephaly, suggesting a threshold for site-specific recombination in this 

proportion of knockouts, while in those with exencephaly the threshold for such 

recombination was achieved in the Axin2+ suture stem cell niche. Since knocking out 

both ephrin-B1/B2 adversely impairs ephrin-B signaling in the Axin2 osteogenic suture 

niche, it may be suggested that not only do these ephrins work in tandem in establishing 

and maintaining the osteogenic niche but also jointly influence stem cell behavior in 

terms of migration, proliferation, apoptosis and differentiation during calvarial growth 

and development. It may further be hypothesized that calvarial agenesis may be the 

direct result of failure of migration of stem cell precursors from the cranial neural crest 

in a caudal-to-rostral direction from e11.5 to e13.5 to form the frontal bone primordia 

(Jiang et al., 2019), including those from the paraxial mesoderm that form the parietal 

bones. This failure of migration may occur in conjunction with increased apoptosis 
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(Tonna et al., 2014) of mesenchymal precursors from both the neural crest and 

mesoderm.  

The failure of the calvarial bones to form following ablation of ephrin-B1/B2 in 

the Axin2 suture stem cell population may be more attributable to a failure in stem cell 

migration than a decrease in cell proliferation, as Ki67+/Axin2+ cells were seen to 

aggregate at the edge of the posterior calvarial defect (Fig. 25A&B, C-F). However, the 

effect of this combined ephrin-B ablation on Axin2 stem cell apoptosis or differentiation 

to form the frontal and parietal bone primordia cannot be ruled out. Moreover, earlier 

serial induction-harvest timepoints are warranted i.e., induce pregnant female mice at 

e13.5 and harvest at e14.5, this being repeated through to e18.5/e19.5 and this would 

provide a more informative picture of the effect of combined ephrin-B ablation on Axin2 

suture stem cell migration, proliferation, apoptosis and differentiation, rather than 

harvesting the embryos directly at e19.5 after the consecutive 3-day induction timepoint 

for calvarial phenotypic analysis. Hence, more experiments are warranted to confirm 

these.  

Further, we wanted to analyze the effect of combined ablation of these ephrins on 

postnatal calvarial and skeletal bone growth, using the same prenatal induction protocol 

(e13.5 -e15.5). Initially, we allowed two induced pregnant dams to deliver their babies at 

full term, but on both the occasions we lost the dams to respiratory distress following 

extreme labor. To overcome this, we decided to surgically harvest the pups at e20.5 and 

surrogate them to another nursing/ lactating dam belonging to the same line. 

Unfortunately, the surrogated pups did not survive for more than a day either because the 
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induced pups were not functionally viable as they acquired a bluish tinge, or the nursing 

dam may have inherently rejected them. This procedure was repeated at least 8 times and 

all the occasions we failed to obtain a post-natal skeletal phenotype for analysis. 

Stochastic events, possibly arising from epigenetic factors, gene pleiotropism or 

teratogenesis, occurred in three late-stage embryos – two that exhibited exencephaly 

following the combined ablation of ephrin-B1/B2 in the Axin2 stem cell population, and 

one embryo that exhibited anencephaly following ablation of only ephrin-B1 from this 

stem cell population.  To that end, it is possible that one of the double knockout embryos 

exhibited exencephaly through Axin2cre-mediated excision of the cre-coding domain of 

the genomic DNA (called gene auto-excision or self-excision), as the embryo typed 

negative for the Axin2cre allele; in the other embryo, the phenotype was clearly a 

consequence of Axin2cre homozygosity, as the embryo typed positive for an extra copy 

of the Axin2cre knock-in allele. The anencephalic phenotype in the ephrin-B1 single 

knockout embryo may also be the result of gene auto-excision, because it typed negative 

for both Axin2cre and Ephrin-B1 ‘del’ alleles, or the phenotype could be the 

consequence of drug-induced teratogenesis. For a craniofacial phenotype to manifest in 

the embryo, only one copy of the native Axin2 gene should be replaced by the Axin2cre 

knock-in allele i.e., the embryo must be heterozygous only: not wild type or 

homozygous. Therefore, these embryos were not included in the analysis. Further, in 

generating late-stage embryos for ephrin-B1/Axin2 colocalization analysis we obtained 

two embryos with exencephaly, but both the embryos typed positive for the EB1rtta and 
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cre alleles, implying that this phenotypic consequence may be the result of drug-induced 

teratogenesis and not cre-mediated gene auto excision. 

To summarize, removing ephrin-B1/B2 in the Axin2 stem cell population 

dramatically impairs growth of the skull bones from both the cranial neural crest and 

paraxial mesoderm. There were no observable phenotypic differences in the Gli1 

mutants, following the individual or combined ablation ephrin-B1 and/or ephrin-B2 in 

this stem cell population. This suggests that Gli1 and Axin2 are not identical stem cell 

populations in the developing embryo; further, ephrin-B signaling may be more 

important in the Axin2 than in the Gli1 suture stem cell population in the cranial vault. 

Thus, from evidence, ephrin-B1 and ephrin-B2 appear to function coordinately in 

establishing and maintaining the Axin2 osteogenic niche in the cranial sutures and 

periosteum of the developing embryo.  
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CHAPTER V  

CONCLUSIONS 

 

In summary, Axin2 stem cells are one of two major stem cell populations that reside in 

the calvarial suture midline and contribute to bone regeneration in a cell autonomous 

fashion. Both ephrin-B1 and ephrin-B2 colocalize with the Axin2 suture stem cell 

population in the coronal and lambdoid sutures of the developing calvaria. In the midline 

sutures, however, both ephrin-B1 and ephrin-B2 do not colocalize with the Axin2 stem 

cells, though ephrin-B2 did overlap with these stem cells in the parietal bone fronts 

flanking the midline suture mesenchyme. This varied expression patten may be 

attributable to the dual origin of the midline sutures as well as to differences in the rates 

of stem cell division i.e., the presence of slow cycling versus fast cycling cells in 

different portions of these sutures. Temporal and spatial patterns of expression may also 

influence the extent of colocalization of ephrin-B1/B2 with Axin2 in the midline sutures.  

In defining the functional requirement for ephrin-B signaling in the Axin2 

osteogenic suture niche of the developing calvaria, the individual ablations of ephrin-B1 

or ephrin-B2 did not impair Axin2 osteoblastic stem cell function in the suture niche. 

This suggests possible functional redundancy among the two B-ephrins in regulating the 

developing niche. However, ablating ephrin-B1/B2 in the Axin2 stem cell population 

dramatically impaired growth of the skull bones from both the cranial neural crest and 

paraxial mesoderm, resulting in exencephaly that may or may not be associated with a 

range of facial dysmorphogenic phenotypes. But analysis at e19.5 would only give the 
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‘end point’ phenotype when much of stem cell function dysregulation – in terms of 

migration, proliferation, differentiation and apoptosis – would have already occurred. On 

the other hand, serial induction-harvest timepoints would catch the ‘live picture’ as and 

when and the extent to which stem cell function dysregulation occurs. Additionally, 

mutations in ephrin-B1 result in human CFNS, the manifestations of which range from 

mild to severe without loss of functional viability. However, the combined ablation of 

ephrin-B1/B2 results in dramatic phenotypic consequences with loss of functional 

viability.  

Similarly, Gli1 identifies the major skeletal stem cell population and is central to 

calvarial bone growth and homeostasis. They are highly injury responsive and contribute 

to skeletal/calvarial bone regeneration. There were no observable phenotypic differences 

in the Gli1+ embryonic calvaria, following individual or combined ablation of ephrin-B1 

and/or ephrin-B2 in this stem cell population. This may be attributed to the expression 

pattern of Gli1+ stem cells which is quite distinct from that of Axin2+ stem cells in the 

embryonic sutures. Failure to obtain a phenotype in the Gli1 mutants may be also 

ascribed to the presence of stem cell populations other than Gli1, such as Prx1, as well as 

to temporal and spatial patterns of expression of these B-ephrins in relation to Gli1 in the 

embryonic sutures. These therefore suggest that Gli1 and Axin2 are not identical suture 

stem cell populations of the calvaria in the developing embryo.  

Taken together, ephrin-B signaling may be more important in the Axin2 than in 

the Gli1 stem cell population in the cranial vault. Thus, from evidence, ephrin-B1 and 
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ephrin-B2 appear to function coordinately in establishing and maintaining the Axin2 

osteogenic niche in the cranial sutures and periosteum of the developing embryo.  




