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Abstract 

The skull development is an elaborate sequence of cellular processes, featuring two distinct 

tissue lineages, a unique transient pluripotent population of neural crest cells and mesodermal 

cells. Several differences in molecular mechanisms operating during chondrogenesis and 

skeletogenesis have been demonstrated in cranial bones originating from these different cell 

lineages. The bones comprising the cranial skeleton are formed through both intramembranous 

and endochondral ossification, regardless of the origin. The cellular processes involved in the 

formation of cranial skeletal elements include induction, migration, condensation, 

differentiation, and proliferation, all of which require sophisticated genetic control. Recent 

discoveries provide evidence of several signaling pathways and their target genes contributing 

to cranial skeleton development. The interconnection between individual signaling cascades is 

extremely complex and creates an entire gene regulatory network. This thesis focuses primarily 

on genetic programmes controlling the development of neural crest-derived skeletal structures. 

Keywords: neural crest cells, osteogenesis, chondrogenesis, mesenchymal condensation, gene 

regulatory network 

Abstrakt 

Vývoj lebky zahrnuje řadu komplexních buněčných procesů, kterých se účastní dvě různé 

buněčné linie – jedinečná populace tranzientních pluripotentních buněk neurální lišty a buňky 

pocházející z mezodermu. Mezi kostmi lebky pocházejících z těchto odlišných buněčných linií 

bylo prokázáno několik rozdílů v molekulárních mechanismech probíhajících v chondrogenezi 

a osteogenezi. Hlavové kosti vznikají intramembránovou i endochondrální osifikací bez ohledu 

na svůj původ. Indukce, migrace, kondenzace, diferenciace a proliferace patří mezi buněčné 

procesy, které vedou k tvorbě hlavových kostí a vyžadují sofistikovanou genovou kontrolu. 

Výsledky nejnovějších studií dokazují roli několika signálních drah a jejich cílových genů ve 

vývoji lebky. Jednotlivé signální kaskády jsou velmi složitě propojené a společně vytvářejí 

genovou regulační síť. Tato práce se věnuje především genetickým programům, které ovládají 

vývoj kosterních struktur pocházejících z neurální lišty. 

Klíčová slova: buňky neurální lišty, osteogeneze, chondrogeneze, mezenchymální 

kondenzace, genová regulační síť
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1 Introduction 

The vertebrate skull is a complex skeletal structure. Apart from its obvious functions, such as 

protection of the brain and some sensory organs or musculature support, the head is a distinctive 

feature of the vertebrate body plan. The remarkable diversity of the cranial skeleton shapes in 

vertebrates demonstrates the power wielded by evolution and various genetic programmes. In 

contrast to the highly preserved, less complicated morphology of the appendicular and axial 

skeleton, the cranial structure is composed of a complex arrangement of bones and cartilages 

that have been significantly modified and adapted by evolution. 

To figure out how such a variety of cranial architecture arises, it is first essential to understand 

the molecular machinery involved in controlling the induction, migration, differentiation, and 

proliferation of the cells that give rise to bone and cartilage formation. Such cellular processes 

are coordinated by many morphogens, growth and transcription factors, and their signaling 

pathways that regulate the gene expression of these cells. 

The vertebrate skull consists of the neurocranium (skull vault and base) and the viscerocranium 

(facial skeleton). Two different skeletogenic mesenchymal cell lineages take part in its 

construction. The cranial neural crest cells (NCCs) migrate from the dorsal to the anterior region 

of the developing embryo and give rise to numerous components of the craniofacial skeleton, 

dentin, and connective tissue. Secondly, the paraxial mesodermal cells form bones and 

cartilages in the posterior part of the head (Noden & Trainor, 2005). 

The more profound knowledge of molecular pathways dictating cranial patterning and 

osteogenesis may contribute to the mitigation or prevention of human craniofacial 

abnormalities. This thesis summarizes the results of recent research on molecular mechanisms 

of chondrogenesis and osteogenesis in the cranial region of the vertebrates, focusing on the role 

of neural crest cells and mesenchymal condensations. Furthermore, my goal is to include a few 

differences as well as conserved patterns in several species concerning cranial skeleton 

formation. 
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2 Neural crest cells 

The neural crest cells are transient multipotent (Bronner-Fraser & Fraser, 1988) cells that 

Wilhelm His first discovered in 1868. It is a unique cell population, often referred 

to as the fourth germ layer due to its fascinating characteristics. The NCCs emerge at the border 

of the neural plate tissue and non-neural ectoderm along almost the entire axis of the neural 

tube of the developing embryo. Once induced by a combination of signals (Anderson et al., 

2006; Garcı́a-Castro et al., 2002), the neural crest (NC) precursors express several specific 

markers, e.g., Snail2, Sox10 (sex-determining region Y box 10), Foxd3 (forkhead box D3), 

Sox9, and AP2 (activating protein 2) (Bronner & le Douarin, 2012). Subsequently, these pre-

migratory NCCs undergo epithelial-mesenchymal transition and lose the cell-cell connections 

to the neural tube via the process of delamination. The cells acquire mesenchymal properties 

and migrate to different locations within the embryo. During their journey, the NCCs are 

exposed to a wide range of positive and negative environmental cues (for instance, 

chemoattractants and chemorepellents) (reviewed in Kulesa et al., 2010). Upon arrival, the cells 

differentiate into sundry derivatives.  

Considering the region of their starting point along the anterior-posterior axis and the goal 

destination of the migration, the cells are categorized as cranial, cardiac, vagal (including 

enteric), trunk, and sacral NCCs (Rothstein et al., 2018). The cranial NCCs give rise to a vast 

array of cell types, such as melanocytes, peripheral neurons, glial cells, smooth muscle cells, 

odontoblasts, and finally, chondrocytes and osteoblasts (le Douarin & Kalcheim, 1999; Lièvre 

& Douarin, 1975). 

2.1 Migratory strategies of the NCCs 

On the route away from the neural tube, the NCCs split into distinct streams. These dorsolateral 

migratory pathways are conserved and stereotypical among vertebrates (Minoux & Rijli, 2010). 

The NCCs arising from the diencephalon populate the nasofrontal bud, while the NCCs 

originating from the rhombomeres make their way to the pharyngeal (in fish branchial) arches 

(Noden, 1983) (see Fig. 1). The spatiotemporal separation of the streams plays an essential role 

in craniofacial patterning. Chick-quail fate mapping shows that subpopulations of NCCs 

originating from individual rhombomeres remain segregated during ontogenesis and form 

cryptic intraskeletal interfaces within multi-rhombomeric structures (Köntges & Lumsden, 

1996). However, in ovo time-lapse imaging reveals that, in the area lateral to the auditory 

vesicle, several NCCs from different streams divert from their migration route to the pharyngeal 
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arches. Instead, they migrate around the auditory vesicle and establish cell-cell contact between 

those streams (Kulesa & Fraser, 2000). Seemingly, such communication between individual 

pathways is vital for migration guidance. 

 

Figure 1 – Cranial NCCs migration. Migratory streams of cranial NCCs from rhombomeres 

(r) and from mesencephalic and diencephalic areas to the nasofrontal bud (NFB) and branchial 

arches (BA) are shown in the diagram, indicating the cells’ origin. The NCCs arising from the 

1-3 rhombomeres populate the first branchial arch. The second branchial is mainly colonized 

by r4-derived NCCs with a small contribution of NCCs from r3 and r5 (cartoon from Dupin et 

al., 2006). 

Recent discoveries show that cell-cell interactions strongly affect the migrating neural crest 

cells’ directionality, motility, and interpretation of environmental signals (Carmona-Fontaine 

et al., 2008; Kulesa & Fraser, 2000). The critical role of cell contacts indicates that, rather than 

solitarily, cranial NCCs migrate collectively. Unlike the trunk NCCs that migrate as a chain of 

cells requiring a leader cell to dictate the direction to follow, the cranial NCCs travel as a multi-

layered dynamic homogenous unit composed of cells sharing similar migratory properties. The 

cells within the unit rearrange continuously, and there is no distinct leader cell population. If 

the assumed cranial leader cell is ablated, the directional migration of cranial neural crest cells 

is still achieved. The migrating cranial NCCs appear to rely primarily on cell-cell interactions 

(Richardson et al., 2016). 
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Besides cell-cell communication, perturbation studies highlight the importance of cell-ECM 

(extracellular matrix) interactions in navigating the cranial NCCs through an embryo. 

On the surface, the NCCs express integrin receptors which enable the bonding to various ECM 

components (e.g., collagen, fibronectin, and laminin), many of which have been identified 

along the NCCs’ migration routes (Bronner-Fraser, 1993). The cranial NCCs also express 

CD44 surface protein, which serves as a receptor for an ECM macromolecule, hyaluronan 

(HA), facilitating the migration throughout HA-rich ECM (Casini et al., 2012). 

2.2 Development of NCC-derived craniofacial structures 

The final destinations of cranial NCCs migration include the craniofacial and pharyngeal 

regions. While the rostral cranial NCCs significantly participate in the frontonasal skeleton and 

some calvarial bones formation, more posterior cranial NCCs populate the pharyngeal arches, 

a series of repeated structures arising in anterior-posterior order within the ventral vertebrate 

head area, where they give rise to various cartilaginous and bone elements (Couly et al., 1993; 

Köntges & Lumsden, 1996; Noden, 1983).  

The first pharyngeal arch is linked with the development of palatoquadrate cartilage and 

Meckel’s cartilage, which lays the foundations of the mandible, malleus, and incus (Köntges & 

Lumsden, 1996). The second arch gives rise to the upper segment of the body and the lesser 

horns of the hyoid bone, styloid process, and stapes (de Beer, 1985, as cited in Qiu et al., 1995). 

The rest of the body and the greater horns of hyoid bone are derived from the third pharyngeal 

arch. The fourth and the sixth pharyngeal arches are involved in the thyroid and cricoid cartilage 

development. 

As each pharyngeal arch gives rise to different skeletal elements, it is not surprising that the 

positional identities of cranial NCCs populating individual pharyngeal arches are determined 

by distinct extrinsic environmental cues and intrinsic genetic programmes. Among the intrinsic 

genetic patterns, there is Hox (homeobox) code establishing the NCCs’ inter-arch anterior-

posterior identity (see Fig. 2) and Dlx (distal-less homeobox) code governing the intra-arch 

dorsoventral identity (reviewed in Minoux & Rijli, 2010). Hox gene family already determines 

the anterior-posterior identity prior to migration in segmented rhombomeres from which the 

NCCs delaminate (Köntges & Lumsden, 1996). The first pharyngeal arch is characterized by 

no Hox gene expression, while the expression of two Hox genes, Hoxa2 and Hoxb2, is typical 

for the second arch. The inactivation of Hoxa2 causes the second pharyngeal arch to give rise 

to the first pharyngeal arch-like skeletal elements in both zebrafish (Hunter & Prince, 2002) 
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and mice (Gendron-Maguire et al., 1993). Likewise, ectopic Hoxa2 expression in the first 

pharyngeal arch causes its derived elements to mimic the identity of the second pharyngeal arch 

derivatives (Hunter & Prince, 2002). Besides Hoxa2 and Hoxb2, the third pharyngeal arch 

exhibits Hoxa3, Hoxb3, and Hoxd3 expression. The fourth pharyngeal arch strongly expresses 

an additional Hox gene, Hoxd4 (Minoux & Rijli, 2010).   

 

Figure 2 – Transcriptional programme determining the positional anterior-posterior identity 

of the NCCs invading the pharyngeal arches (PA). Each pharyngeal arch is displayed in a 

different colour representing the characteristic Hox gene set (edited cartoon from Minoux & 

Rijli, 2010). 

The development of the craniofacial region involves the emergence of facial swellings around 

the future oral cavity due to the continuous proliferating activity of the NCCs. The prominences 

(frontonasal and first pharyngeal arch-derived maxillary and mandibular) grow, expand, and 

eventually fuse to establish the facial structure (Noden & Trainor, 2005) (see Fig. 3). The 

mandibular primordia fuse to form the mandible. The frontonasal prominence grows 

downward, giving rise to the forehead, the bridge of the nose, and the median and lateral nasal 

prominence that form around invaginating nasal pits. While the median nasal primordia 

contribute to the primary palate and the upper lip containing the philtrum, the lateral nasal 

processes shape the nose alae. As development proceeds, the maxillary processes expand 

towards the face midline and fuse with the lateral nose prominences to establish the 

nasolacrimal groove on each side of the future nose. In addition, the maxillary processes also 

grow together with the frontonasal prominence. With the continuous growth of the maxillary 

primordia towards the middle of the face, the median and the lateral nose processes are pushed 
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together to fuse and form the nose. A disruption of primordia development, including fusion, 

causes craniofacial malformations, such as cleft palate. A failure of orofacial prominence fusion 

was displayed in several Wnt (wingless/int-1) signaling inhibition studies (Lan et al., 2006; 

Song et al., 2009), indicating a significant role of Wnt signaling cascade in prominence fusion 

and midfacial morphogenesis. 

 

Figure 3 – Frontal view of developing processes that form the main structures of the face. Red 

marks the median nasal prominence, lateral nasal primordium is indicated by blue, and 

maxillomandibular primordium is displayed in green. The diagram shows developing eyes, 

olfactory pits, nasolacrimal grooves, and stomodeum (edited cartoon from Helms et al., 2005). 

2.3 Skeletogenic potential of the NCCs 

As mentioned above, the NCCs generate a wide range of derivatives. As a matter of fact, there 

is no tissue within an embryo or an adult body that is not at least partially comprised of neural 

crest-derived structures. The neural crest is at the origin of Schwann cells, endocrine cells 

(adrenal medulla, parafollicular cells), sensory receptor cells, etc. (le Douarin & Kalcheim, 

1999). However, only cranial and trunk NCCs possess the ability to form skeletal components. 

In 2002, McGonnell and Graham revealed minimal skeletogenic potential in avian trunk NCCs 

if cultured in adequate media. If these cultured quail cells are planted in the chick head, they 

participate in forming skeletal elements. Despite the ability to differentiate into chondrocytes 

and osteoblasts, the trunk NCCs do not partake in generating axial or appendicular skeleton. 

With that considered, cranial NCCs are the only neural crest cells that contribute to cartilage 

and bone development fully by themselves. 
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3 Contribution of NCCs and paraxial mesoderm to the skull 

The vertebrate cranial skeleton is constructed from mesenchymal cells originating from two 

separate embryonic sources – the cranial neural crest and the paraxial mesoderm. The border 

between neural crest-derived and mesoderm-derived tissues has attracted scientists’ attention 

for the past four decades. While the neural crest origin of the viscerocranium and the anterior 

skull base has been well recognized (le Douarin & Kalcheim, 1999), the origin of the skull vault 

(i.e., frontal, parietal, and interparietal bones) was a mystery for a long time. 

Studies using quail-chick transplantation provided differing results. In 1978 and 1983, Noden 

suggested the origin was mixed. In contrast, in 1993, G. F. Couly and colleagues argued that 

the skull vault was solely derived from the neural crest. For this subject matter, the start 

of Cre transgenic mice use (Danielian et al., 1998) for lineage tracing was a giant breakthrough. 

This invention relies on the Cre-loxP system, a genome editing tool, in which expression of the 

Cre-reporter allele is enabled by the expression of Cre-recombinase in NCCs or their progeny, 

therefore allowing cell fate mapping. Multiple genes were recognized to express in neural crest 

specific-manner, and several Cre transgenic mouse lines were devised using these tissue-

specific promoters. For example, P0-Cre (Yamauchi et al., 1999), Sox10-Cre (Simon et al., 

2012), or AP2α-Cre (Machon et al., 2015) have been utilized to mark migratory cranial NCCs 

and their derivatives. Whereas Wnt1-Cre (X. Jiang et al., 2002) and Pax3-Cre (Jarad & Miner, 

2009) have been used to identify pre-migratory cranial NCCs and their progeny. However, in 

2013, Lewis and colleagues found ectopic activation of the Wnt1 signaling pathway in the 

previously most used Wnt1-Cre transgene to induce defective midbrain development. 

Therefore, they developed a Wnt1-Cre2 transgenic mouse line, which does not display the 

ectopic Wnt1 expression or midbrain enlargement but is still effective in NC lineage tracing. 

Since then, the Wnt1-Cre2 mouse has been standardly and widely used in most NCCs fate 

mapping studies. 

Using Wnt1-Cre/R26R transgene, research revealed that, in mice, the neural crest-mesoderm 

boundary matches the coronal suture, meaning the frontal bones are neural crest-derived, and 

the parietal bones are mesodermal (X. Jiang et al., 2002) (see Fig. 4).  This boundary position 

probably remains constant relative to the brain and pharynx among vertebrates, which explains 

the dual developmental origin of the avian frontoparietal bone (Noden & Trainor, 2005). The 

interparietal bone was also discovered to have a mixed origin: the middle portion is composed 

of NCCs, and the lateral part is mesoderm-derived (X. Jiang et al., 2002). The dual source of 
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the interparietal bone is an evolutionary consequence of fusion between NCC-derived 

“postparietals” and mesoderm-derived “tabulars” (Koyabu et al., 2012).  

 

Figure 4 – Origins of mammalian cranial bones and sutures. Blue defines neural-crest derived 

structures, and pink indicates mesodermal derivatives. For clarity, this figure does not display 

several bones forming the skull base (from Mishina & Snider, 2014). 

3.1 Mesoderm-derived vs. neural crest-derived osteochondroprogenitors 

The development of bone cartilage inevitably involves chondrocytes and osteoblasts, which 

derive from a common mesenchymal precursor (osteochondroprogenitor). The differences 

in osteochondral progenitor cells' skeletogenic potential and skeletal regenerative capacity are 

linked with the cells’ embryonic origin. To study the differences, the properties of neural crest-

derived osteoblasts from the frontal bone and mesoderm-derived osteoblasts from the parietal 

bones are compared in vitro.  

Utilizing this method, Xu and co-workers observed that NC-derived osteoblasts are less 

differentiated, grow faster, and form bone nodules more rapidly than mesoderm-derived 

osteoblasts. In the osteoblasts from the frontal bone, enhanced activation of FGF (fibroblast 

growth factor) signaling pathways was detected (Quarto et al., 2009). The FGF signaling is 

linked with osteogenic (S. Li et al., 2010) and healing (Behr et al., 2010) potential, meaning 
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that frontal osteoblasts have higher osteogenic and regenerative potential than parietal 

osteoblasts. Active canonical Wnt signaling (Quarto et al., 2010) and BMP (bone morphogenic 

protein) signaling (Chen et al., 2020) also contribute to the frontal bone's skeletogenic potential. 

Next, the NC-derived osteoblasts demonstrate lower apoptotic response and higher osteogenic 

capacity than mesodermal osteoblasts when stimulated by TGFB (transforming growth factor 

β) signaling (Senarath-Yapa et al., 2013). A study using Axin2 (a negative regulator of Wnt 

signaling) knockout transgenic mouse model showed that increased canonical Wnt signaling in 

mesoderm-derived parietal bone brings about the “neural crest-derived frontal bone” properties 

(i.e., higher osteogenic and healing potential, increased proliferation, reduced apoptotic 

response) in the parietal bone (S. Li et al., 2015). 

Research revealed that mice and humans share a conserved gene regulatory network in 

canonical Wnt, BMP, FGF, and TGFB signaling pathways (see Fig. 5). The shared signaling 

patterns govern the regional differences in the osteogenic potential of the cranial vault (Menon 

et al., 2021). Now that conserved similarities on a functional and molecular level in mouse and 

human calvarial bones are recognized, findings from mouse models are appropriate for 

translational research and thus can be helpful in clinical practice. 

 

Figure 5 – Diagram of shared gene regulatory network in calvarial bones in mice and humans. 

Green indicates neural crest-derived frontal bone, which displays increased proliferation and 

osteogenesis and higher Wnt, BMP, and FGF signaling activity. Purple shows mesodermal 

parietal bone, exhibiting high TGF signaling, apoptosis, and differentiation activity. Created 

with BioRender.com 
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4 Development of cranial skeletal elements 

Bones comprising the vertebrates’ head skeleton are formed by both endochondral and 

intramembranous ossification. During intramembranous ossification, the mesenchymal 

progenitor cells of both neural crest and mesoderm origin differentiate straight into osteoblasts 

and form a membrane bone, for example, the cranial vault (Noden & Trainor, 2005). 

In contrast, in the embryonic stage, mesodermal chondroprogenitors differentiate into 

chondroblasts (which mature into chondrocytes) and form a cartilaginous cranial base that 

establishes a chondrocranium structure, most of which is postnatally remodeled into bone 

(McBratney-Owen et al., 2008). This process in which precursor cells first differentiate into 

chondrocytes and form a hyaline cartilage blueprint of future bones is known as endochondral 

ossification. In both ossification mechanisms, the osteoblasts lay down a non-mineralized bone 

matrix (osteoid) and become osteocytes after being embedded in this gradually mineralizing 

matrix (reviewed in Franz-Odendaal et al., 2006). The osteocytes buried in lacunae form a vast 

communication and distribution network connecting their cytoplasmic processes that run 

through bone canaliculi, microscopic channels joining lacunae (Palumbo et al., 1990). While 

osteoblasts are considered the bone forming cells, osteocytes are known as the bone maintaining 

cells. 

Skeletogenesis can be broken down into three primary stages (Franz-Odendaal, 2011) (see Fig. 

6). First, a skeletogenic cell population is induced by the contact between mesenchymal cells 

and epithelial tissue. Once epithelial-mesenchymal induction occurs, the mesenchymal cells 

aggregate and form a skeletogenic condensation. The last step involves differentiation of the 

cells within the condensation into chondroblasts or osteoblasts, depending on the ossification 

type. All of these phases include different cellular activities and distinct gene regulatory 

programmes. Below, the focus is put on the induction and condensation phase. 

 

Figure 6 – Phases of development of the skeletal elements. The mesenchymal precursor cells 

(in red) establish an interaction with the epithelium (in blue) and basal lamina (in green). This 
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epithelial-mesenchymal communication induces skeletogenesis and results in condensation 

forming (in yellow). The final step involves differentiation (in purple) of 

osteochondroprogenitor cells into osteoblasts, which this figure presents, or chondroblasts. 

Created with BioRender.com 

4.1 Induction 

In embryology, induction describes a process in which one cell or tissue influences the behavior 

of a usually adjacent cell group. There are at least two elements in inductive interaction. First, 

the tissue producing a signal that alters another cell’s or tissue’s fate is necessary. The second 

element is the responder, a cell or tissue being induced that reacts by changing its cellular 

identity. Since the first studies by Grobstein published in 1953, epithelial (regardless of the 

embryonic origin) and mesenchymal tissues have been considered mutually dependent on one 

another’s signals to differentiate correctly. Epithelial-mesenchymal interactions are believed to 

stand at the beginning of the development of multiple vertebrate structures, including bone and 

cartilage (Grobstein, 1953). Research revealed that basal lamina, a layer of extracellular matrix 

that anchors epithelial cells, serves as a platform for this complex reciprocal signaling 

communication (Bissell & Barcellos-Hoff, 1987). 

The interaction between the mesenchyme and epithelium may occur before the mesenchymal 

cells migrate to their destined sites, during the cells’ migration, or after the cells arrive at their 

final location (Hall, 2015). For example, the development of mandibular and maxillary arch 

bones in aves results from communication between the maxillary and mandibular 

arch epithelium with recently arrived mesenchymal cells (Tyler & Hall, 1977). The 

intramembranous calvarial bones also start to construct after the mesodermal or neural crest-

derived mesenchymal cell population reaches the destined region and associates with the neural 

crest-derived epithelium, the dura mater (Schowing, 1968, as cited in Franz-Odendaal, 2011). 

In both cases, the epithelium presence at the mesenchymal cells’ final destination is necessary 

for generating the cells’ osteogenic fate. In amphibians, the mesenchymal cells that form the 

pharyngeal arch skeletal structures are induced to osteogenesis by the interaction with the 

pharyngeal endoderm, which occurs during the cells’ migration towards their target area 

(Epperlein & Lehmann, 1975). 
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FGF signaling plays a crucial role in inducing cranial NCCs differentiation into chondrocytes 

secreting cartilage matrix. With FGF signaling present, long-term cultured cranial NCCs form 

both intramembranous and endochondral bone in vitro (Sarkar et al., 2001). To illustrate the 

importance of FGF signaling, early expression of Fgf3 and Fgf8 in the pharyngeal endoderm 

and ventral brain is essential for pharyngeal mesenchyme osteogenesis promotion (Walshe & 

Mason, 2003). Zebrafish with the Fgf3 gene inhibited completely lack cartilaginous structures 

derived from the third, fourth, and fifth pharyngeal arches, whereas cartilage elements 

originating from the first, second, and seventh arches remain unaffected. Furthermore, 

simultaneous inhibition of Fgf3 and Fgf8 completely prevents pharyngeal cartilage 

development and results in a nearly complete lack of neurocranial cartilage. (Walshe & Mason, 

2003). In contrast to early FGF endodermal signaling, FGF signals from the surface ectoderm 

are involved in the outgrowth and chondrogenesis of the facial primordia in the later cranial 

development stage (Richman et al., 1997). The results of the mentioned studies suggest how 

vital the spatiotemporal context of the inductive signals is, as each signaling pathway occurs at 

a particular time in a specific site within the cranial region. 

The research conducted by Hall and his co-workers, using the chick (Dunlop & Hall, 1995) and 

mouse (Hall, 1980) models, confirms the importance of the timing of the epithelial-

mesenchymal interactions. Ablation of the mandibular epithelial tissue before a particular stage 

of development, embryonic day 10 in the mouse and Hamburger-Hamilton (HH) stage 24 in 

the chicken, prevents mandibular bones and cartilage formation, which suggests post-migratory 

induction. On the other hand, if the grafted mesenchymal tissues removed in embryonic day 10 

(HH24 in chicken) or from earlier stages are recombined with epithelium from the same 

developmental period, chondro- and skeletogenesis follows. Meckel’s cartilage construction is 

not impacted by ablation of pharyngeal epithelium in any developmental phase (Hall, 1980), as 

its formation is induced by the communication between cranial epithelium and premigratory 

cranial NCCs (Hall & Tremaine, 1979). In addition, interspecies tissue recombination revealed 

that separated mandibular mouse mesenchyme responds to chick epithelium by bone and 

cartilage formation and vice versa when recombination occurs at embryonic day 9 (HH22 in 

chicken). However, chondrogenesis in chicken embryo mesenchyme only comes about on the 

condition that 10-day-old mouse epithelium is used (Hall, 1980), meaning that the mouse 

mandibular epithelium does not gain the ability to induce skeletogenesis in mesenchyme until 

the embryonic day 10.  
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The studies support the proposal that epithelium presence at a specific developmental period is 

essential for inducing bone and cartilage formation, as epithelial-mesenchymal interactions are 

enabled. The mentioned heterospecific tissue recombination experiments imply skeletogenic 

epithelial signaling factors, such as Msx1 (muscle segment homeobox 1), Msx2, Bmp2, TGFB1, 

and tenascin (Hall & Miyake, 1995), are conserved among aves and mammals. 

4.2 Mesenchymal condensations 

After osteogenesis is induced, previously dispersed mesenchymal cells aggregate to form a 

skeletogenic condensation. Grüneberg (1963) referred to condensations collectively as the 

“membranous skeleton” for them to be perceived equally as important as the cartilaginous and 

osseous skeletons. Grüneberg’s research demonstrates that a condensation formation is a 

pivotal event in osteogenesis, as the differentiation phase is delayed or even prevented if the 

condensation development is negatively affected by a mutation. The “membranous skeleton” 

lays a foundation for future skeletal elements and specifies their size and shape (Grüneberg, 

1963). 

Such clustered cellular formation can be achieved through several mechanisms or at least one 

of them (Hall & Miyake, 1992). The mechanisms include a higher proliferation rate within the 

condensation than within the surrounding non-condensing mesenchyme, and vice versa. 

Blocking the cells’ migration away from the condensation centre or directing the cells’ 

movement towards the condensation area is also very efficient in condensation formation. 

Further, lower death rate and shorter cell cycle time of the condensing cell group also contribute 

significantly to the establishment of aggregation. Regardless of which of the listed processes 

takes part in forming this densely packed cellular unit, the condensation needs to expand so that 

it reaches a critical size for differentiation to begin. The size of the condensation is limited by 

a well-defined boundary (Hall & Miyake, 2000). 

The development of condensations determines whether the future skeletal elements are 

constructed properly (Grüneberg, 1963), hence each phase requires different cellular processes 

and needs to be under sophisticated genetic control (see Fig. 7). Not only is the way the 

condensation progresses complicated, but the patterning within the condensations is also very 

complex. Surprisingly, a single condensation can subdivide and produce more than one 

cartilage or bone. For instance, in mouse, symphyseal cartilage, Meckel’s cartilage, and two of 

three ossicles (incus and malleus) are all derived from a single first pharyngeal arch 

skeletogenic condensation (Hall & Miyake, 1995). In chicken, seven bones of the lower beak 
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derived from the first and second pharyngeal arch originate from a single condensation as well 

(Dunlop & Hall, 1995). Besides that, the ceratohyal, symplectic, and hyomandibular cartilages 

in zebrafish are also a product of a single chondrogenic condensation (Schilling & Kimmel, 

1997). In some cases, the expanding adjacent condensations can also fuse together. For 

example, in humans, the frontal, parietal, and interparietal bones each start as two individual 

condensations that eventually merge as the development proceeds (Cohen & MacLean, 2000). 

The majority of research on skeletogenic mesenchymal condensations has been done on 

endochondrally ossifying appendicular skeleton, primarily devoting the attention to 

prechondrogenic condensations. However, the expression patterns of transcription factors in 

endochondral cranial bones were shown to be identical to the expression patterns in limb 

skeleton (Eames & Helms, 2004). Considering the importance of cartilaginous elements in the 

skull development (Meckel’s cartilage, chondrocranium) and the fact that precartilage 

condensations are well documented, below, the focus is put on the formation and characteristic 

genetic regulation of prechondrogenic condensations (see Fig. 7).  

One of the distinctive features of a precartilage condensation is an elevated level of intracellular 

cyclic adenosine monophosphate, which acts as a second messenger and promotes cartilage-

specific gene expression (Zhang et al., 1996). Closely related Pax (paired box) genes, Pax1 and 

Pax9, are also strongly expressed within the prechondrogenic cell aggregation (Hall & Miyake, 

2000). However, Sox9 transcription factor is the most salient player. Sox9 is expressed in all 

cartilage primordia during embryonic development, and in Sox9 knockout murine, the 

prechondrogenic condensations fail to form ultimately (Bi et al., 1999). In humans, Sox9 

heterozygous mutations result in campomelic dysplasia (Lee & Saint-Jeannet, 2011), which 

severely affects endochondral bone development. As for craniofacial development, the patients 

suffering from campomelic dysplasia may have cleft palate and micrognathia (small lower jaw). 

4.2.1 Initiation of condensation 

Through the condensation process, a completely new ultrastructure of cells is established. As 

the cells are brought into proximity, gap junction forming dramatically increases (Coelho & 

Kosher, 1991), intensifying already intimate cell-cell interactions.  Moreover, the neural cell 

adhesion molecule (N-CAM) plays a significant role in maintaining and stabilizing the cell-cell 

connection within the condensation. Therefore, TGFB and fibronectin are critical elements in 

the initiation of condensation as TGFB upregulates fibronectin (ECM molecule), which then 

upregulates the expression of N-CAM in condensing cells (Hall & Miyake, 1992). Activin (T. 
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X. Jiang et al., 1993), paired-related homeobox (Prx) 1 and 2, and chicken forkhead helix (Cfkh) 

1 (Hall & Miyake, 2000) were also found to affect the expression of N-CAM positively, ergo 

being critical in condensation initiation. 

 

Figure 7 – Main genes and molecules involved in the cellular processes contributing to 

chondrogenic condensation (in yellow) establishment and in the following differentiation to 

chondroblasts (in blue). Increased levels of genes and molecules characteristic of precartilage 

condensation, including Sox9, Pax1, Pax9, and cyclic adenosine monophosphate (cAMP) are 

displayed. The figure presents the genes and molecules associated with precartilage 

condensation initiation, proliferation, boundary establishment, adhesion, and growth, which 

are discussed in further detail below. Subsequent differentiation to chondroblasts requires 

halting the condensation phase and upregulation of genes that initiate the differentiation phase. 

Created with BioRender.com 

4.2.2 Condensation boundary establishment 

The tissue boundary (future perichondrium, periosteum) setting is a key step in condensation 

formation as it keeps the condensation size within bounds. Syndecans, transmembrane heparan-

sulfate proteoglycans, serve as receptors binding some ECM molecules (fibronectin and 

tenascin) and as coreceptors for signaling molecules and growth factors (Hall, 2015). 
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Possessing those abilities, Syndecans mediate cell-ECM contact and cell-cell adhesion, 

interaction, and signaling (Bernfield & Sanderson, 1990). The cell layer surrounding the 

condensation displays a strong expression of Syndecan3 molecules (Koyama et al., 1995). In 

addition, Tenascin-C, an ECM glycoprotein, is also expressed at the condensation boundary 

(Gluhak et al., 1996). Both molecules are associated with establishing the boundary conditions 

of cranial skeletogenic condensations. However, a study discovered that the Tenascin gene 

knockout mouse model demonstrates no detectable defected phenotype (Saga et al., 1992). 

Thus, Tenascin does not appear to be necessary for skeletal development.  Although, the 

possibility of another gene or a group of genes compensating for the Tenascin functions needs 

to be considered and investigated, as the knockout analyses are not as precise as previously 

believed.  

In mouse, Hoxa2 displays a similar pattern of expression outlining the skeletogenic cell 

aggregations within the second pharyngeal arch (Kanzler et al., 1998). Hoxa2 moderates the 

development of skeletal elements defining the skeletogenic and chondrogenic domains 

(Kanzler et al., 1998). Indeed, the boundary establishment is a complex process demanding 

strict genetic control that allows balance maintenance between keeping the cells locked within 

the aggregation and enabling the incoming cells to enter the condensation.   

4.2.3 Condensation maintenance and growth 

To maintain the densely packed structure of closely associated cells, the cells involved in 

condensation formation make surface contact with one another. Several molecules participate 

in cell adhesion. Along with the N-CAM mentioned above, N-cadherin is an adhesion molecule 

that keeps mesenchymal cells condensed (DeLise & Tuan, 2002). N-cadherin is a 

transmembrane protein containing extracellular calcium-binding domains mediating cell-cell 

contacts. TGFB1, TGFB2, TGFB3, and TGFB5 were discovered to increase N-cadherin 

expression in prechondrogenic condensations (Chimal-Monroy & de León, 1999), suggesting 

that TGFB isoforms engage in setting up the cell-cell interactions within precartilage 

condensations. In addition, Hoxa13 is another member of Hox gene family playing a role in 

condensation development. However, unlike Hoxa2, Hoxa13 promotes cell-cell adhesion in 

precartilaginous cells (Yokouchi et al., 1995). 

The condensation requires growth in order to attain a critical size for differentiation to occur. 

Several leading players are known to regulate condensation growth. Pax2 gene contributes to 

the growth and is upregulated by BMP7 (Dahl et al., 1997), which is, like all BMPs, under the 
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control of Shh (Sonic hedgehog). BMP2, BMP4, and BMP7 regulate the expression of some 

other Hox genes (Hoxd11, Hoxa2) involved in condensation expansion (Hall & Miyake, 1995). 

Noggin acts as an inhibitor of BMP2 and BMP4 and therefore causes the condensation growth 

cessation (Celá et al., 2016). Hyaluronan, an ECM macromolecule, also participates in 

regulating the condensation size. A high concentration of HA blocks the aggregation forming, 

whereas low HA levels increase the condensation growth (Miyake et al., 1990).  

Naturally, the condensation enlarges as the number of cells within increases by proliferation. 

Cfkh1 transcription factor contributes to proliferation initiation by mediating the influence of 

TGFB on its target genes, e.g., fibronectin, via interaction with Smads (Hall, 2015). The 

engagement of Mfh1 (mesenchyme forkhead 1), Scleraxis, Hoxd11, Sox9, and Fgf2 in cell 

proliferation has been familiar for over 20 years (Hall & Miyake, 2000). Except for Sox9, which 

is not downregulated until chondrocytes hypertrophy (Q. Zhao et al., 1997), the transcription 

factors, genes, and other molecules associated with proliferation, growth, and initiation are 

downregulated with the upcoming differentiation. For example, when Syndecan binds to 

fibronectin in the late condensation phase, N-CAM expression is downregulated, and, 

consequently, the condensation growth halts and differentiation may occur (Hall & Miyake, 

1995). In addition, the expression of genes stimulating differentiating, i.e., Hoxd11, Hoxd12, 

Hoxd13, Cbfa1 (core-binding factor subunit α 1), and Msx1, Msx2 regulated by Foxc1 (forkhead 

box 1) mediated (Sun et al., 2013) BMP2, BMP4 and BMP5 in precartilage condensation, is 

increased (Hall & Miyake, 2000), and the differentiation finally takes place.  

4.3 Endochondral ossification 

In endochondrally ossifying bones, the condensed cells first differentiate into chondroblasts, 

which contribute to forming of cartilaginous anlage (model) gradually replaced by bone tissue. 

Chondroblasts are located in perichondrium, a layer of connective tissue covering the surface 

of the cartilage. These cells add to cartilage development by actively secreting the cartilage 

matrix and maturing into chondrocytes when embedded in the matrix. As chondrogenesis 

progresses, vigorously proliferating chondrocytes in the cartilage centre stop proliferating and 

become hypertrophic (the cell growth dramatically increases). Subsequently, the hypertrophic 

chondrocytes secrete ECM components (type X collagen) that result in calcification, blocking 

the incoming nutrients’ passage. The lack of nutrients causes the chondrocytes to undergo 

apoptosis, creating empty space in the cartilage centre, which is invaded by blood vessels, 

endothelial cells, hematopoietic cells, osteoclasts (chondroclasts), and osteoprogenitors, 
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triggering the perichondrium transformation to the periosteum. This central point serves as the 

ossification centre, and cartilage replacement by bone ensues. Osteoprogenitor cells transform 

into osteoblasts after upregulation of expression of Cbfa1 (also known as Runx2, runt-related 

transcription factor 2) triggered by BMPs (Otto et al., 1997). The primary role of osteoblasts is 

depositing the bone matrix (osteoid) and maturing into osteocytes if trapped in the matrix. 

Osteoclasts are multinucleated cells that resorb the bone. Their activity requires strict regulation 

by osteoblasts, as too much activity leads to osteoporosis, and too little activity results in 

osteopetrosis. While bone marrow is being established by endothelial and hematopoietic cells 

and cartilage is being substituted by bone in the ossification centre, the chondrocytes located at 

the anlage periphery continue proliferating, thus expanding and shaping the cartilaginous 

blueprint of the future bone. Once the cartilage template shape is set and no longer expands, the 

ongoing ossification eventually reaches the edges, and fully ossified bone is formed. The 

endochondral ossification process is thoroughly described in Long & Ornitz, 2013. 

Within the mammalian skull, endochondrally ossifying bones are neural crest-derived ethmoid 

bone, zygomatic bone, presphenoid bone, ossicles (stapes, incus, malleus), styloid process, and 

hyoid components. Mesodermal endochondral skull bones include the basisphenoid and 

basioccipital bone (D’Souza et al., 2010) 

4.4 Intramembranous ossification 

The majority of the mammalian cranial skeleton is formed by intramembranous ossification. 

The dermal (intramembranous) bones include the rest of the viscerocranium (the lacrimal, nasal, 

and premaxillary bone, etc.) and the skull vault composed of the calvarial convex flat bones 

(D’Souza et al., 2010). The intramembranous ossification process is less complicated than 

endochondral ossification, as the dermal bones develop directly within membranous tissue, and 

no cartilaginous phase or association with cartilage is necessary. 

As mentioned above, in dermal bone development, condensed mesenchymal cells (Fig. 8a) 

differentiate into osteoblasts. Runx2 gene was discovered to be essential in differentiation into 

osteoblast in both endochondral and intramembranous ossification (Otto et al., 1997). In all 

Runx2 knockout mice, bone structures were utterly absent. The mice only developed the 

cartilaginous anlages, as both ossification processes had been prevented (Otto et al., 1997). 

Indeed, the differentiation into osteoblasts ensues after the BMPs upregulate the expression of 

Runx2. The osteoblasts first secrete non-mineralized ECM, such as collagen type I. The 

surrounding non-condensing mesenchymal cells form an avascular area around the 
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differentiated osteoblasts (Fig. 8b). Soon, the ossification core is vascularized by ingrowing 

blood vessels (Fig 8c). VEGF (vascular endothelial growth factor A) plays a significant role in 

regulating the vascularization and ossification of bone. In mouse, conditional VEGF deletion 

in cranial NCCs causes cleft palate due to reduced vascularization and cell proliferation (Hill 

et al., 2015). Vascularization is followed by mineralization (calcification) of the collagenous 

scaffold produced by differentiating osteoblasts. Within the mineralized matrix, the osteoblasts 

are trapped and mature into osteocytes (Fig 8d). Subsequently, the periosteum is formed, and 

under this membrane cover, compact and spongy bone structures are established (Fig 8e). 

 

Figure 8 – Stages of intramembranous bone development (from left to right). Condensed 

mesenchymal cells (a) differentiate into osteoblasts and secrete non-mineralized ECM (b). The 

subsequent invasion of blood vessels (c) is followed by mineralization of the matrix (d). 

Osteoblasts mature into osteocytes, having been entrapped in the bone matrix (d). Compact and 

spongy bone develop under newly established periosteum (e). Created with BioRender.com 

5 Gene regulatory network of NCCs 

Now that the main cellular processes involved in the development of cranial skeletal elements 

derived from the mesodermal tissue and the NCCs have been elucidated, associated molecular 

mediators can be introduced in detail. As most of the craniofacial skeleton originates from 

cranial NCCs, this chapter aims to focus on the inductive environmental cues and gene 

expression controlling the transformation of cranial NCCs to cells composing head skeletal 

structures. The interconnection of gene regulatory and signaling pathways is so complex it 

creates a gene regulatory network. The signaling pathways (Wnt, BMP, TGFB, Hedgehog, and 

FGF) and some of their target genes are summarized below. 
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5.1 Wnt signaling 

The Wnt signaling pathway is known to play a vital role in the induction, production, and 

migration of NCCs (Garcı́a-Castro et al., 2002). Its inactivation entirely prevents the NCCs 

from being generated from the margins of the neural folds (Garcı́a-Castro et al., 2002). The Wnt 

signaling pathway is either non-canonical (β-catenin independent) or canonical (β-catenin 

dependent) utilizing Frizzled transmembrane proteins, which serve as Wnt ligand receptors. 

The canonical pathway leads to elevated levels of intracellular signaling molecule β-catenin, 

which, upon activation, translocates to the cell nucleus and serves as a transcription factor. 

Frizzled 7 activates both canonical and non-canonical Wnt pathways, and its expression is 

necessary for the induction of NC-specific markers (Sox10, Sox9, Snail2, Twist) (Abu-Elmagd 

et al., 2006).  

Besides previously mentioned Axin2, adenomatous polyposis coli protein also acts as a 

negative regulator of intracellular β-catenin concentration, keeping the canonical Wnt signaling 

under control. Adenomatous polyposis coli inhibition in mice results in craniofacial defects due 

to a massive increase in apoptotic activity of the NCCs (Hasegawa et al., 2002). Therefore, the 

Wnt signaling cascade is believed to affect the proliferation and apoptosis of the NCCs. On the 

contrary, aberrant activation of β-catenin in mice causes abnormalities in calvarial bone 

development, such as an expansion of osteoprogenitor cells, which fail to mature and 

differentiate into osteoblasts (Mirando et al., 2010). Furthermore, temporal Wnt/β-catenin 

control of the cranial NCCs generates their distinct cell fate decisions (Hari et al., 2012). To 

sum up, the Wnt signaling cascade significantly participates in regulating the entire process of 

the cranial NCCs’ transformation to craniofacial bones and cartilages. 

5.2 BMP signaling 

BMP signal is transduced through BMP ligands binding to specific transmembrane 

serine/threonine kinase receptors on the cell surface, BMP receptors (BMPRs). Activated 

BMPRs transmit the signal by mobilizing the intracellular Smad proteins (Smad1, Smad5, 

Smad8), which associate with co-Smad4, forming a complex that regulates the transcription of 

BMP target genes (reviewed in Massagué & Wotton, 2000). Several BMPs (BMP2, BMP4, 

BMP6, BMP7) have been discovered to activate ectopic bone formation (Wozney et al., 1988).  

In mice, Bmp2 inactivation causes failure of cranial migratory NCCs production and 

development of skeletal elements derived from branchial arches (Kanzler et al., 2000). Bmp2 

mutant mice demonstrate symptoms, including facial bone size reduction, cleft palate, and 
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micrognathia, which are characteristic of human Pierre Robin syndrome, also caused by 

heterozygous loss of Bmp2 (Y. Chen et al., 2019). Loss of Bmp2, Bmp4, and Bmp7 gene 

function in cranial NCCs results in drastically reduced NC-derived craniofacial skeletal 

elements such as the frontal bone and mandible (Bonilla-Claudio et al., 2012), supporting the 

proposal that the BMP signaling cascade regulates craniofacial skeletal morphogenesis. In 

Xenopus, controlled BMP concentration levels were shown to contribute to NCCs induction 

and activation of NC-specific markers expression (LaBonne & Bronner-Fraser, 1998).  

Noggin and Chordin are extracellular molecules that can bind to BMPs, making it impossible 

for the BMPs to activate the BMPRs, thus regulating the BMP signal transduction. The function 

of keeping the BMP signaling under control makes Noggin and Chordin presence crucial for 

standard craniofacial skeleton construction, as mice with decreased BMP antagonism display 

craniofacial defects (Anderson et al., 2006). In addition, the BMP signaling pathway also 

balances bone mass by downregulating the canonical Wnt signaling cascade via Wnt inhibitors 

Sclerostin and Dickkopf 1 (Kamiya et al., 2008). Fhl3 (four and a half LIM domains 3), a 

scaffold protein, acts as a key modulator of finely orchestrated dynamics of BMP and Wnt 

levels at multiple stages of NC formation (Alkobtawi et al., 2021). Indeed, BMP signaling 

requires strict regulation, as it plays a remarkable role in cranial cartilage and membrane bone 

development, especially by inducing the NCC lineage origin and promoting the NCCs 

differentiation to osteoblasts or chondroblasts. 

5.3 TGFB signaling 

TGFB superfamily members, like the BMPs, also transduce signals utilizing the intracellular 

Smads. However, TGFB molecules bind to different receptors, Alk5 (activin receptor-like 

kinase 5) and Tgfbr2 (TGFB type II receptor). In 2008, H. Zhao and colleagues proposed that 

Alk5 plays a role in cranial NCCs survival and their fate regulation, as the loss of Alk5 caused 

defected mandible patterning due to an altered patterning genes expression. Craniofacial 

skeletal defects, including cleft palate, also develop in mice with conditional Tgfbr2 gene 

inactivation (Ito et al., 2003). In Tgfbr2 gene knockout mice, controlled regulation of non-

canonical TGFB signaling was discovered to prevent those congenital craniofacial 

malformations (Iwata et al., 2012). 

Smad4 acts as a common mediator of both TGFB and BMP signaling cascadesli. The ablation 

of Smad4 leads to downregulation of Wnt antagonists, Dickkopf 1 and Secreted frizzled-related 

protein 1, resulting in an increased activity of Wnt signaling (J. Li et al., 2011). Furthermore, 
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in 2008, Nie and colleagues observed cranial skeletal defects in Smad4 knockout mice caused 

by the downregulation of genes essential for NCCs development (Msx1, Msx2, So9, Pax-3, 

AP2α) resulting from the Smad4 disruption. These findings suggest that the Smad4-mediated 

crosstalk between the TGFB/BMP and Wnt signaling cascades is crucial for proper NC-derived 

cranial skeleton development. 

5.4 Hedgehog signaling 

In vertebrates, the Hedgehog (Hh) family includes three members, desert hedgehog, Indian 

hedgehog (Ihh), and sonic hedgehog (Shh). The Hh signaling transduces via transmembrane 

proteins Ptc (patched) and Smo (smoothened). Ptc keeps the Hh cascade inactive by inhibiting 

Smo. The Hh signaling activates after the Hh molecule binds to Ptc, and subsequently, Smo 

inhibition is prevented, making the signal transduction resulting in Hh target genes activation 

possible. 

Hh signaling is involved in regulating several steps of NC-derived skeletal elements formation. 

To illustrate, Shh contributes to the survival of NCCs migrating to the first pharyngeal arch by 

mediating pro-apoptotic molecules (Delloye-Bourgeois et al., 2014). Considering the role of 

Shh in mesenchymal condensations introduced above, it does not come as a surprise that a 

severely defected skull base and an almost complete absence of cranial skeletal components 

derived from the NC were observed in Shh mutant mice (Jeong et al., 2004) and birds (Cordero 

et al., 2004). In humans, Shh mutations result in holoprosencephaly, a disorder in which the 

brain fails to sufficiently divide into two individual hemispheres (Roessler et al., 1996). As for 

Ihh, in cranial NC-specific Ihh deletion mice, craniofacial abnormalities (midline defects, 

reduced midface structures, shortened mandible, etc.) were demonstrated as well (Amano et al., 

2020). Likewise, overexpression of Ihh in the NC cell population in mice also caused skull 

malformations, such as cleft palate, micrognathia, and dysplastic temporomandibular joint 

(Yang et al., 2016), suggesting that Ihh signaling requires fine-tuning in a properly developing 

cranial skeleton. Clearly, the Hh signaling cascade is crucial for the development of head 

skeletal components as it is a critical factor in craniofacial midline establishment, growth of 

facial primordia, and patterning, proliferation, and survival of the NCCs. 

5.5 FGF signaling 

The FGF family and the cell surface tyrosine kinase receptors (FGF receptors, FGFRs) are the 

following members of the ingeniously interconnected signaling team involved in the formation 

of NC-derived cranial structures. The FGF signaling cascade is activated once FGF molecules 
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bind to the cell surface tyrosine kinase receptors (FGF receptors, FGFRs), followed by 

activation of pathways (mitogen-activated protein-kinase, protein kinase C, and 

phosphoinositide 3-kinases) transducing the signal to the cell nucleus. The leading roles of the 

FGF pathway, including healing potential, skeletogenic and chondrogenic differentiation 

induction, and proliferation promotion in the NCCs, have been described above. In addition to 

these functions, the FGF cascade can initiate Wnt expression (Fgf8 maintains Fgf10 signaling, 

which promotes Wnt3a expression) (ten Berge et al., 2008), thus participating in the complex 

arrangement of signaling pathways. For example, this synergistic cooperation of Fgf8 and 

Wnt3a promotes cell proliferation within a mesenchymal condensation while maintaining the 

cells in an undifferentiated state through repression of Sox9, a chondrogenic factor (ten Berge 

et al., 2008). These FGF signaling effects, such as cell proliferation, can be inhibited by TGFB 

signaling (Lorda-Diez et al., 2010).  

NC-specific Fgfr1 knockout mice display cleft palate and other facial defects, along with 

heterotopic chondrogenesis and osteogenesis in the frontal bone (Kawai et al., 2019). In 

humans, Fgfr3 mutations are associated with achondroplasia, a disorder characterized by short 

limbs, enlarged head, midfrontal hypoplasia, frontal bone bossing, and flattened nasal bridge 

(reviewed in Horton & Lunstrum, 2002). 

5.6 Target genes as transcription factors 

Numerous genes have been described as key molecular downstream targets of listed signaling 

pathways. For instance, Msx1 and Msx2 homeobox genes are closely associated with 

craniofacial bone formation. Deletion of both of these genes results in the mixing of distinct 

migratory streams of NCCs, increased apoptotic activity in NCCs, and mispatterning of 

pharyngeal arch derivatives (Ishii et al., 2005). The results of research conducted by Roybal 

and colleagues in 2010 indicate that Msx1 and Msx2 control osteoprogenitor differentiation and 

proliferation and also suppress osteogenesis in head tissues, which are supposed to remain non-

osteogenic. Twist genes cooperate with Msx2, and the Twist-Msx2 double mutant mice display 

a reduced cranial skeletogenic mesenchymal cell population (Ishii et al., 2003). Twist1 is a 

downstream target of the Wnt cascade. Also, it maintains the cells’ responsiveness to Wnt 

signaling, which is an essential factor in the osteogenic fate commitment of cranial NC lineage 

(Goodnough et al., 2016). Dlx genes also significantly contribute to controlling the 

development of NC-derived head skeletal elements. Dlx2 and Dlx3 gene ablation causes 

skeletal malformations in mice (McKeown et al., 2005). 
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Moreover, Runx2 and Sox9 are believed to be critical regulators of chondro- and osteogenesis. 

Runx2 is a leading osteogenic transcription factor governing the differentiation into osteoblasts. 

Runx2 inhibition prevents the formation of several craniofacial bones and causes defective 

mineralization in the mandible, maxilla, premaxilla, and nasal bones (Shirai et al., 2019). Sox9, 

on the other hand, not only is an NC specifier but also plays a main role in chondrogenesis. 

Eames and colleagues in 2004 revealed that in permanent cartilage (e.g., Meckel’s cartilage), 

the Sox9 gene is upregulated, and Runx2 is downregulated. On the contrary, in osteogenic 

condensations, the expression of Sox9 is downregulated while Runx2 is upregulated. Both Sox9 

and Runx2 are upregulated in cartilage later undergoing bone tissue replacement. 

Next, AP2 gene knockout mice are anencephalic and display severe craniofacial 

dysmorphogenesis (Schorle et al., 1996), which indicates the significant contribution of AP2 in 

NCCs migration. Meis2 (myeloid ectopic viral integration site 2) is another gene necessary for 

proper NC development, as perturbed craniofacial development and drastic cranial bone 

malformation are shown in Meis2 deficient AP2α-Cre mouse embryos (Machon et al., 2015). 

Last but not least, as the skull development requires NCCs differentiation in precise locations 

at a precise time, the Alx3 gene needs to be included since it has been shown to regulate the 

timing of NCCs differentiation in the zebrafish frontonasal region (Mitchell et al., 2021).  

6 Conclusion 

This thesis attempted to define current knowledge on the process of craniofacial skeleton 

formation, in which the mesoderm and cranial NC lineage play a key role. Recent research 

provides increasing evidence of the importance of NC’s skeletogenic potential in vertebrate 

head development. Therefore, most attention was dedicated to NC-derived cranial structures. 

Although the NCC population has been recognized for over 150 years, major discoveries have 

been made within the last few decades thanks to innovative technologies (e.g., transgenic 

models, lineage tracing methods). 

The elements comprising the vertebrate skull arising from NC and mesoderm lineage were 

summarized, along with the differences between them. Despite the differences, both cell 

populations can give rise to intramembranous and endochondral cranial bones. Both 

ossification modes include three main steps (induction, mesenchymal condensation, 

differentiation). This thesis aimed to elucidate molecular machinery regulating mesenchymal 

condensation formation to highlight its significance in chondrogenesis and osteogenesis. 

Moreover, this thesis summarized the complex interactions and interconnections between 
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several signaling cascades and their gene targets creating a vast gene regulatory network, which 

keeps the craniofacial skeleton development under tight control. 

Indeed, the coordinated development of craniofacial skeletal structures requires strict regulation 

of complex gene expression patterns and finely tuned crosstalk between several signaling 

pathways, along with well-orchestrated regulation of cell-ECM and cell-cell interactions. It is 

becoming progressively clearer that disordered molecular processes involved in NCCs 

development, such as initiation, migration, patterning, proliferation, and differentiation, may be 

the root of craniofacial anomalies. A further understanding of mechanisms that underlie the 

vertebrate head development closely linked with the NCCs formation might provide insights 

into why specific congenital disorders associated with craniofacial malformations originate and 

how they may be mitigated and even entirely prevented. Therefore, I believe that, despite the 

complexity, research on cranial NC development is truly perspective and should continue to 

attract scientists’ attention. 
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