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Abstract 

Craniosynostosis, is the premature fusion of one or more cranial sutures which is the second most 
common cranial facial anomalies. The premature cranial sutures leads to deformity of skull shape 
and restricts the growth of brain, which might elicit severe neurologic damage. Craniosynostosis 
exhibit close correlations with a varieties of syndromes. During the past two decades, as the 
appliance of high throughput DNA sequencing techniques, steady progresses has been made in 
identifying gene mutations in both syndromic and nonsyndromic cases, which allow researchers to 
better understanding the genetic roles in the development of cranial vault. As the enrichment of 
known mutations involved in the pathogenic of premature sutures fusion, multiple signaling 
pathways have been investigated to dissect the underlying mechanisms beneath the disease. In 
addition to genetic etiology, environment factors, especially mechanics, have also been proposed to 
have vital roles during the pathophysiological of craniosynostosis. However, the influence of 
mechanics factors in the cranial development remains largely unknown. In this review, we present a 
brief overview of the updated genetic mutations and environmental factors identified in both 
syndromic and nonsyndromic craniosynostosis. Furthermore, potential molecular signaling 
pathways and its relations have been described. 
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1. Introduction 
The mammalian skull vault is composed of five 

bones: the paired frontal bones, the paired parietal 
bones, and the isolated occipital bone. The cranial 
bones are connected at the osteogenic edges via 
fibrocellular structures, which is termed as cranial 
sutures [1, 2]. The cranial sutures mainly consist of 
metopic suture, coronal suture, sagittal suture, and 
lambdoid suture (Fig. 1) [1]. The fusion of metopic 
suture, which is located between the paired frontal 
bones, starts as early as 3 months postnatal, and 
revealed completely fused pattern at the age of 9 
months postnatal [3]. In addition, the coronal sutures, 
sagittal sutures and lambdoid suture fuse at the age of 
twenties [4]. The cranial sutures play as growth 

centers, which allow proportional amount of skull 
growth in accordance with the expansion of the 
developing brain.  

Craniosynostosis is the premature fusion of one 
or more cranial sutures, which is the second most 
common craniofacial anomalies, just listed behind 
oralfacial clefts [5, 6]. In a majority of cases, 
craniosynostosis expresses as an isolated and 
nonsyndromic disease, which composed about 85% of 
all cases [7]. The incidence of nonsyndromic 
craniosynostosis ranges from 0.7 to 6.4 per 10,000 live 
births [8, 9]. About 15-30% of cases occurs in 
association with additional clinical symptoms, which 
may include malformation of hand and feet, defection 
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of skeletal and cardiac, and others. The prevalence of 
syndromic craniosynostosis is approximately 1 in 
25,000 newborns [10-12]. The sagittal suture (47.1%) is 
mostly involved in the premature sutures, followed 
by metopic (21.5%), unilateral coronal (17.1%), 
bilateral coronal (3.3%), lambdoid (2.8%), and 
combinations (8.2%) [8]. To be different, some 
investigations revealed that the prevalence of coronal 
suture (20-25%) might be higher than metopic suture 
(5-15%) [13]. Also, higher frequency of the sagittal 
synostosis among males than females was observed 
[7, 14]. While, the prevalence of the coronal synostosis 
was higher in females than that of males [14, 15]. No 
significant gender predominance was observed in 
metopic and lambdoid suture synostosis [14, 16]. As 
the premature suture could restrict the growth 
perpendicular to the fused suture, it is difficult to 
create adequate space for the growth of brain, thus 
elicit compensatory overgrowth at other sutures [15]. 
The overgrowth could result in typical skull shapes 
according to the involvement of the special suture. 
The premature sagittal suture might exhibit 
compensatory growth in anteroposterior direction, 
which results in dolichocephaly or scaphocephaly. 
The bicoronal synostosis restricts the anteroposterior 
growth and results in brachycephaly. The unicoronal 
synostosis would result in flattened head of the 
affected side in accompany with compensatory 
growth of the contralateral side, which is termed as 
anterior plagiocephaly. The triangular shape of the 

skull from the top view is the typical feature of 
metopic synostosis, and such head shape is called 
trigocephaly. The synostosis of lambdoid is rare, and 
the unilateral lambdoid synostosis and bilateral 
synostosis would result in posterior plagiocephaly 
and turricephaly, respectively (Figure 1) [1, 5, 17]. In 
spite of the compensatory growth of uninvolved 
suture, the abnormalities may give rise to the 
intracranial pressure. If the high intracranial pressure 
was left without appropriate treatment, it could result 
in permanent injury of brain [12]. Moreover, 
craniosynostosis is also associated with other 
abnormalities, such as midfacial deformity, 
malformation of dentin, orbital deformation, hearing 
loss, breathing, and intellectual disability. These 
disabilities could both expressed in the nonsyndromic 
and syndromic craniosynostosis [12, 18, 19]. 

The abnormal fusion of suture could be caused 
by varieties of factors. The etiology of 
craniosynostosis includes both genetic factors and 
environmental interference. In recent years, as the 
application of exome and genome sequencing, 
mutations of several genes have been identified 
[20-22]. As for the syndromic craniosynostosis, up till 
now, over 180 syndromes have been identified to be 
related to the syndromic craniosynostosis, and 
specific gene mutations or chromosome abnormalities 
have been checked out over 20% of all cases [13, 23, 
24]. Among them, mutations in FGFR1, FGFR2, 
FGFR3, Twist1, EFNB1 are frequently reported 

 

 
Figure 1. (a) is a schematic photograph of normal cranial bones and sutures [1]. (b) is 3D reconstruction of sagittal suture premature fusion, which presented 
scaphocephalus; (c) is 3D reconstruction of metopic suture premature fusion, which presented trigonocephalus; (d) and (e) represent the synostosis of bilateral 
(brachycephalus) and unilateral (plagiocephalus anterior) coronal sutures, respectively; (f) exhibits the synostosis of unilateral lambdoid sutures, respectively.” [17]. 
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[25-29]. On the other hand, nonsyndromic 
craniosynostosis has been recognized as a 
multifactorial disorder but not a truly genetic 
condition. However, genome and exome sequencing 
results indicated strength correlations between 
genetic factors and nonsyndromic craniosynostosis 
[30]. Therefore, the understanding of genetic 
pathophysiological framework and its underlying 
molecular mechanisms are of vital importance for our 
comprehension of the etiology of craniosynostosis, 
and the development of effective pharmacological 
treatment. However, as only minority of 
craniosynostosis patients could identify definite 
mutations, the etiology of majorities is still unknown. 
Thus, some authors proposed that environmental 
interactions, including environmental exposure in 
utero and during juvenile stages, and the aberrant 
mechanistic forces during development, might play 
key roles in the etiology of craniosynostosis [5]. 
Unfortunately, up till now, the interaction of 
environmental factors and craniosynostosis is largely 
unknown and need to be further investigated. Even 
though, there still be some studies trying to figure out 
the significant roles of environmental exposure and 
abnormal mechanical forces during development, 
which would be reviewed in the later sections. 

Throughout this review, the etiology of 
craniosynostosis, including genetic, environmental 
and mechanical factors, have been reviewed. 
Moreover, signaling pathways underling the disease 
were involved for a better understanding of the 
interplay between the factors mentioned above. 

2. Genetic parameters in skull vault 
developmental biology 

The pathophysiology of craniosynostosis is so 
complex, which could be influenced by both genetic 
and environmental factors. Moreover, the mechanical 
factor has also been considered as a vital factor [31]. 
As the development of high throughput sequencing 
technics, abnormalities of monogene or oligogene, 
and even the deletion or duplication of chromosomes 
have been identified in the involved cases, with a 
prevalence of at least 20% [24]. Syndromic 
craniosynostosis have been reckoned as having strong 
association with genetic factor, however, numbers of 
abnormalities have been identified in nonsyndromic 
craniosynostosis patients in recent years [30]. 
Moreover, considering the heterogeneous 
manifestations of both syndromic and nonsyndromic 
cases and the diversity of genes, genetic factor have 
been recognized as a nonnegligible etiology of 
craniosynostosis. In this chapter, the genetic 
parameters in skull bone and suture development are 
stated. 

2.1. Specification and migration of stem cells 
Three dimensional growth of developing cranial 

bones and craniofacial bone reparation are initiated 
from the specification and migration of stem cells. 
Some studies presumed that stem cell from 
periosteum participate in the generation of skull 
bones [32-35], whereas recent studies have identified 
mesenchyme stem cells distributed in the middle of 
sutures [36, 37]. Zhao et al. [36] reported a typical kind 
of Gli+ cells distributed within the cranial sutures, 
which could give rise to the cranial bones, periosteum, 
and dura mater. Selective ablation of Gli1+ cells of 
mice leads to craniosynostosis. Moreover, in Twist1 
haploinsufficiency mice with craniosynostosis, the 
Gli1+ cells in the sutures reduced significantly. In 
addition, Maruyama et al. [37] recently identified 
Axin2+ cells, which presented long term self-renewal 
properties and could produce osteogenic cell types. 
Compared with the Gli1+ cells identified by Zhao and 
his co-workers, overlap of these two types of cells has 
been observed, whereas the author proposed that 
Axin2 is a more specific marker to isolate the suture 
stem cells. Moreover, the author demonstrated 
previously that knockout of Axin2, which is a 
regulator of Wnt signaling pathway, cooperated with 
FGFR disturbance result in the differentiation of stem 
cells into chondrocytes, which might participate in the 
process of craniosynostosis [38]. Therefore, the 
homeostasis of Axin2 might play critical roles in 
maintaining the functions of stem cells in cranial 
sutures. Mutations associated with the expression of 
such markers, such as hedgehog and Twist1, might 
disturb the function of suture stem cells, thus results 
in craniofacial disorders. 

Studies have been processed for years to 
investigate the correlations between craniosynostosis 
and dysregulation of cellular proliferation and 
differentiation, while the role of apoptosis of cells 
during cranial development have been proposed by 
some authors [39-43]. Studies indicated that apoptosis 
is involved in the development of both nasal cartilage 
and calvarial bones [44, 45]. Premature fusion of 
anterior frontal suture has been depicted in BMPR1a 
mice, whose expression of BMP signaling has been 
specifically enhanced in neural crest derived tissues, 
and increased apoptosis was observed in cranial 
bones [45]. Meanwhile, the critical role of apoptosis in 
cranial sutures have also been illustrated [40, 42, 43]. 
Opperman et al. [42] found that additional of TGF- β3 
might prevent suture obliteration with less apoptotic 
cell within sutures. Conversely, additional of TGF- β2 
facilitate premature fusion of sutures with higher 
numbers of apoptotic cells in cranial sutures. Behr and 
co-workers [40] demonstrated impaired endochon-
dral ossification within posterior frontal suture of 
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Axin2-/- Mice, where higher level of chondrocyte 
apoptosis has been observed. As the identification of 
mesenchymal stem cells within cranial sutures, some 
authors hold the query that if apoptosis of 
mesenchymal stem cells might directly or indirectly 
induce craniosynostosis. A study published recently 
implied that, when enhancing the expression of BMP 
signaling in neural crest cells, loss of suture 
mesenchymal stem cells have been observed. 
Moreover, higher degree of cell death has also been 
illustrated in mutant mice [43]. Although studies 
published till now are far from making a conclusion, a 
speculation could be provided here is that depletion 
of mesenchymal stem cells within cranial sutures 
resulted from cell death /apoptosis might be a cellular 
mechanism of suture premature fusion. 

2.2. Lineage specification and boundary 
formation 

The somites developed from paraxial mesoderm 
display physical and molecular metamerism, also 
form fate specific in the seven cranial somitomeres. As 
the neural crest cells subsequently migrate and spread 
around the loosely arranged mesoderm cells, the 
homeostasis of mesoderm-neural crest cells boundary 
is important for the smooth development of cranial 
structures [46]. Deckelbaum et al. [47] processed fate 
mapping experiments in mice and demonstrated 
significant roles of Engrailed1 in lineage specification 
and mesoderm-neural crest lineage boundary. Merrill 
et al. [48] demonstrated that mutations of Twist1 and 
Msx2 are associated with the defection of 
mesoderm-neural crest lineage boundary via 
disturbing the expression of ephrin-A2 and A4. 
Moreover, mutations of Engrailed1 also showed 
perturbations in the expression of both Twist1 and 
Msx2 [49]. Mutation of Jag1 has also been implicated 
to disturb the boundary of sutural lineage [49, 50]. In 
all, the transcription factors, including Engrailed1, 
Twist1, Msx2, ephrin-A2/A4, Jag1, are of vital 
importance in maintaining the boundary of 
mesoderm-neural crest lineage. 

2.3. Osteogenic differentiation 
After mesoderm cells and neural crest cells 

migrate to their target areas successfully, cells become 
condensed and differentiate into osteoblast cells [51]. 
The differentiated osteoblast cells then secrete 
extracellular matrix, and promote mineral deposition 
subsequently [52-54]. That results in the formation of 
cranial vault bones. Disruption of the osteogenic 
differentiation might lead to overgrowth of bone 
tissues in the primary patent sutures and results in 
craniosynostosis. Genetic studies of craniosynostosis 
cases have proposed plenty of genes, which involves 

in the process of osteogenic differentiation. The 
mostly identified mutations associated with 
osteogenic differentiation have been stated below. 

Indian hedgehog (Ihh) is a member of hedgehog 
signaling pathway, and has been recognized as a 
master gene in the skeletal development and 
osteogenic differentiation. Ihh-/- mice exhibited 
alleviated-sizing frontal and parietal bones, 
attenuated BMP expression, and widened sutures. 
And such phenotypes have been recognized as a 
result from the defections of osteogenic differentiation 
[36, 55]. Moreover, Will et al. [20] identified nine 
enhancer clusters of Ihh, and demonstrated that 
deletion of the enhancer clusters of Ihh could result in 
delayed skull ossification. In addition, duplications of 
such clusters could lead to upregulation of Ihh 
expression and result in complete metopic suture 
fusion. The study above implied that disturbance of 
Ihh expression might influence the osteogenic 
differentiation of cells and result in craniosynostosis.  

As for the high relevance ratio of Twist1 in 
craniosynostosis cases, studies associated with the 
functions of Twist1 have been processed for years [26, 
56]. Results indicated that Twist1, as a basic 
helix-loop-helix transcription factor, plays as a 
negative regulator during osteogenic differentiation. 
Twist1+/- mice displayed increased skull bone 
formation within the cranial sutures, thus exhibited 
craniosynostosis phenotype [57]. In accordance with 
the results above, Bialek et al. [58] demonstrated that 
the decreased expression of Twist1 could elicit 
osteoblast differentiation via interfering with the 
functions of Runx2. The study indicated that Twist 
box is an antiosteogenic domain and could inhibit the 
transactivation function of Runx2. Moreover, Twist1 
also attenuated the expressions of BSP and OCN [59]. 
Besides, interactions of TCF12 and Twist1 have been 
proposed [21, 60]. At the same time, mutations of 
TCF12 have been identified by Sharma et al. [21]. The 
study further revealed synergistic effects of TCF12 
and Twist1 in the coronal synostosis. Furthermore, the 
authors proposed that the heterodimer of 
TCF12-Twist1 might both influences on the fate 
specification and mesoderm-neural crest cells 
boundary, and the osteogenic differentiation. 
Intragenic exon deletions and duplications of TCF12 
have also been identified in individuals with 
craniosynostosis [60]. In all, Twist1 acts as a negative 
regulator for osteogenic differentiation by interacting 
with osteogenic factors such as Runx2 and thus 
mutations in Twist1 lead to increased osteogenesis 
resulting in premature fusion of the suture 
mesenchyme.  

Fibroblast growth factors (FGF) are positive 
regulators of the process of osteogenic differentiation 
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[61]. Most importantly, the receptors of FGF (FGFR), 
especially FGFR1, FGFR2, and FGFR3, are the most 
frequently identified mutations in craniosynostosis 
cases [62-65]. Thus, the studies of the functions of 
FGF/FGFR are of vital importance. Studies from Kim 
et al. [64] revealed that FGF2 could induce 
mesenchymal stem cells osteogenic differentiation via 
activating of protein kinase C (PKC) and the 
downstream Runx2. Also, Miraoui et al. [65] 
demonstrated that the positive regulation of FGFR2 in 
inducing osteogenic differentiation of mesenchymal 
stem cells is achieved via activation of PKC and 
Erk1/2. FGF18 has also been demonstrated to be 
closely related to the osteogenic differentiation of rat 
bone marrow-derived mesenchymal stem cells 
(BMSCs) [66]. Furthermore, PI3k/Akt signaling 
pathway also involved in the osteogenic 
differentiation of mesenchymal cells induced by FGF 
[67]. Taken together, FGF/FGFR signaling pathways 
might act as positive regulators in the process of 
osteogenic differentiation of stem cells, and many 
molecules, such as Runx2, PKC, etc., might act as 
downstream in this process. Runx2 is a positive 
regulator to osteogenic differentiation, and strongly 
interacted with many molecules, such as Twist1 and 
FGF stated above. Haploinsufficiency of Runx2 has 
been proved to be associated with widened sutures 
displayed both in mice and human [31]. In contrast, 
craniosynostosis exhibited closely relations with 
overexpression of Runx2 [68, 69].  

Genetic studies have identified mutations of 
POR, who could bind to NADPH and transfers 
electrons from Flavine adenine dinucleotide (FAD) to 
flavin mononucleotide, and the electrons are donated 
to P450 enzymes subsequently. Such mutations are 
associated with Antley-Bixler syndrome [70]. Laue et 
al. [71] demonstrated that mutations of CYP26B1, 
encoding one of the P450 enzymes, exhibited 
long-bone fusion, differentiation of osteoblasts into 
osteocytes, and cranial suture fusion, which 
emphasized the vital roles of P450 enzymes in 
osteogenic differentiation of cells. Moreover, 
CYP26B1 is necessary for the degradation of retinoic 
acid, while high levels of retinoic acid have been 
observed in POR mutation cases [72, 73]. Taken 
together, mutations in POR might contribute to 
craniosynostosis via disturb the process of osteogenic 
differentiation. Altogether, osteogenic differentiation 
of stem cells is vital during the intramembranous 
ossification procedures, and abnormal expressions of 
associated genes might lead to the abnormity of bone 
formation in sutures.  

Moreover, genetic mutations identified till now 
are mostly associated with osteogenic differentiation 
of stem cells, thus further evaluation about the roles of 

such genes in the etiology of craniosynostosis are of 
vital significance, which need to be deeply studied. 

2.4. Bone remolding 
The balance of osteogenesis and bone resorption 

is of vital importance in bone remolding to adapt the 
mechanical forces, and maintaining the patency of 
sutures. Thus, loss-of-function mutations of osteoclast 
cells might also influence suture patency. Nieminen et 
al. [74] identified missense mutations of IL11RA in 
craniosynostosis patients, which encodes interleukin 
11 receptor alpha, and further investigations indicated 
that IL11RA mutations might elicit loss of gene 
function, and truncate the transduction of IL11 signal. 
The study proposed that IL11 signaling is critical for 
the development of cranial bones and the maintaining 
of suture patency. Mutations of IL11RA have also 
been identified recently. It is proved previously that 
IL11 could stimulate osteoblast differentiation [75-77]. 
Suga et al. [76, 77] indicated that IL-11 alone or 
accompany with BMP-2 could induce osteogenic 
differentiation of cells, and these studies implied the 
potential role of IL-11 signaling during osteogenesis. 
Furthermore, studies processed by Sims et al. [78] 
indicated that deletion of IL11 receptor alpha could 
also inhibit osteoclast differentiation, and IL11 
signaling is essential for the bone remolding. Up till 
now, as most studies, including the studies stated 
above, focus on the role of IL11 in long bones 
remolding, the effects of IL11 signaling in cranial bone 
remolding are largely unknown. Considering that 
IL11RA mutations have been identified in the patients 
with craniosynostosis and the potential influence of 
such mutations on both osteoblast and osteoclast, the 
critical roles of IL11 signaling should not be ignored.  

3. Environmental factors in 
craniosynostosis 

Although the acknowledgement of genetic 
factors in the etiology of craniosynostosis becomes 
richer and more thorough, there still some 
manifestations could not closely connect with 
mutations of genes. The heterogeneous clinical 
features with parallel mutations indicted that other 
factors might take part in the pathogenic processes. 
Besides, only a small fraction of patients could be 
identified with genetic variations, while the etiology 
of approximately 70% patients is unknown. Therefore, 
the exploration of the pathophysiological roles of 
environmental risk factors, both environmental 
exposure and mechanistic force during development, 
is apparently significant. 
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3.1. Environmental exposure during 
development 

Alderman et al. [79] estimated the relative odds 
between craniosynostosis cases and maternal 
smoking, and alcohol consumption. Results indicated 
strength relations between maternal smoking and 
craniosynostosis. The relative odds were significantly 
higher in those who smoked over one pack per day. 
However, no statistically significance was observed 
between alcohol consumption and premature 
synostosis. Similarly, Kallen [80] investigated the 
possible association between maternal smoking and 
craniosynostosis, in which 304 craniosynostosis 
infants without known genetic mutation were 
involved. The study revealed significant relationship 
between maternal smoking and craniosynostosis, 
while, to be different from the results of Alderman 
and his colleagues [79], intense association with 
sagittal synostosis but no correlation with coronal 
synostosis were detected. Increased sagittal and/or 
lambdoid premature fusion has been reported in 
infants, whose mothers have certain nitrosatable 
drugs intake histories, including chlorpheniramine, 
nitrofurantoin, and chlordiazepoxide [81]. 
Hyperthyroidism has also been recognized as the 
etiology of craniosynostosis. Higashino et al.[82] 
reported a secondary craniosynostosis with all skull 
sutures premature fusion, which is associated with 
juvenile hyperthyroidism. Moreover, craniosynostosis 
of squamosal suture due to hyperthyroidism has also 
been published [83]. In addition, male and parental 
education were also proposed to be associated with 
sagittal craniosynostosis [84]. Boulet et al. [9] also 
proposed higher risk of sagittal synostosis in male. 
The author also suggested that maternal age 35 years 
or older, multiple birth, and birth weight over 4,000g 
suffers a higher risk for craniosynostosis. Paternal 
occupations have also been estimated, and workers of 
agriculture and forestry, repairmen, and mechanics 
have been identified as higher risk to have an affected 
infant [85].  

3.2. Mechanistic force during development 
Among the multitudinous environmental risk 

factors that associated with craniosynostosis, extrinsic 
forces acting on cranial bones play vital importance, 
while the acknowledge of its functions and potential 
mechanisms are still unknown.  

It is hypothesized that fetal head constraint 
might be associated with craniosynostosis. 
Sanchez-Lara et al. [86] estimated associations 
between craniosynostosis and plurality, macrosomia, 
post-germ gestational age, and nulliparity. The results 
indicated higher prevalence of metopic 
craniosynostosis in plurality and nulliparity groups. 

Meanwhile, higher risk of coronal premature fusion 
was observed in macrosomia cases. Moreover, early 
descent of a fetal head into the lower uterine, 
malformation of maternal uterine, and 
oligohydramnios could also generate head constraint, 
thus result in higher risks of craniosynostosis [12, 86]. 
Jacob et al. [87] investigated the roles of Indian 
hedgehog (Ihh), BMP-4, and Noggin in the process of 
craniosynostosis secondary to fetal constraint. Results 
indicated that intrauterine constraint might elicit 
partially premature fusion of coronal and squamosal 
sutures. The expression of Ihh and Noggin decreased 
within the fused sutures. To be different from that, 
BMP-4 expressed comparably in constrained and 
unconstrained sutures, which might be assigned to 
the suture specificity of BMP signaling. Besides, after 
24 and 48 hours intrauterine constraint, the 
up-regulated expressions of TGF-β receptors type I 
and II, and FGFR2 have been detected in the area of 
osteogenic fronts, midsutural mesenchyme, and the 
dura beneath the fusing coronal sutures [88]. Except 
for the constraint generated by utero, microcephaly is 
also considered to be associated with premature 
fusion [89]. As the microcephaly exhibited reduced 
growth of brain, lower stretch might generate in the 
dura mater, which further reduced quasi-static tensile 
strain across the sutures. Similarly, ventriculoperi-
toneal shunting used for the treatment of 
hydrocephalus could also lead to craniosynostosis via 
alleviate the tensile strain of the sutures [90, 91]. These 
results indicated that the mechanical forces could 
change the tensile stress of the sutures, thus alter the 
regional microenvironment, and result in premature 
fusion of cranial sutures. Heller et al. [92] imposed 
forces on the cranial sutures with either oscillate or 
distract forces. Results indicated that, as mechanical 
stress was applied, increased expression of Runx2 and 
attenuated expression of Noggin were observed. In 
general, either the abnormal external constraints 
and/or absence of internal tensile stress might lead to 
craniosynostosis. Moreover, molecules, such as Ihh, 
Noggin, TGF-β, FGFR2, and Runx2, might be 
associated with the premature fusion of cranial 
sutures induced by mechanical stress. Even though 
results about BMP is not positive in Jacob’s study [87], 
the function of BMP should be nonnegligible 
considering the suture specificity and sophisticated 
interactions of BMP with molecules stated above.  

4. Molecular mechanisms of 
craniosynostosis 
4.1. FGF/FGFR and related signaling 

Fibroblast growth factor (FGF) pathway has been 
recognized as playing fundamental roles during the 
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processes of embryonic development and organ 
formation. FGFs are composed of 23 ligands, and 
studies implied that at least 18 ligands, including 
FGF1-FGF10 and FGF16-FGF23, could interact with 
FGFR1-4 and heparin. However, FGF11-14 displayed 
highly homologies with other FGFs but low heparin 
binding affinity [93]. The activation of FGFRs further 
elicit the cascade signals to mediate the processes of 
cellular proliferation, migration, differentiation, and 
angiogenesis [94]. FGFRs are highly conserved 
transmembrane receptors, which includes three 
extracellular immunoglobulins like domains (D1, D2, 
and D3), a transmembrane domain, and a cytoplasmic 
tyrosine kinase domain [95, 96] (Figure 2(a)). The D1 
domain and the acid box, which is identified as the 
linker of D1 and D2 domains, are proposed to 
participate into the autoinhibitory process of 
receptors [97, 98]. The D2 domain exhibit binding 
affinity with heparin sulphate or heparin. The 
N-terminal of D3 domain is encoded by exon IIIa, and 

the C-terminal is encoded by either exon IIIb or exon 
IIIc [99, 100]. As the D3 region experienced alternative 
splicing, different types of FGFRs exhibited distinct 
affinities and specificities to different FGFs [101]. Up 
till now, 5 types of FGFRs have been identified in 
human. Among them, FGFR5 was identified in recent 
years and also be designated as FGFR like 1 [102-104]. 
The initial of FGF/FGFR signaling pathway is the 
binding of FGFs with FGFRs. Afterward, in the 
presence of heparin sulphate, a dimerization event 
would occur. The dimers consisted of two FGFRs, two 
heparin sulphate, and two FGFs [98].  

The dimerization might phosphorylate each 
other at the intracellular tyrosine kinase domains, and 
serve as a docking region for adaptor proteins to 
regulate the cascade signals [105]. The downstream 
signaling pathways of FGF/FGFRs includes 
PI3K/Akt, Ras/MAPK, and phospholipase C γ 
(PLCγ) signaling pathways [106]. The Ras/MAPK 
signaling pathway, which is associated with the 

 

 
Figure 2. FGFRs signaling pathway could be elicited by FGFs with the existence of heparin. The conformation of dimerized FGFRs could phosphorylate intracellular 
domain of FGFRs (a), which could further interact with MAPK (b), PI3K/Akt (d), PLCγ (c) signaling pathways [1, 145]. 
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proliferation and differentiation of cells, is the most 
common thread resulted from the mutations of FGFRs 
[107] (Figure 2(b)). The PI3K/Akt pathway has also 
been implied to be involved in the fate determination 
and cellular polarity [96, 108] (Figure 2(d)). Besides, 
the binding of PLCγ might generate inositol 
triphosphate (IP3) and diacylglycerol (DAG). IP3 
could elicit the release of calcium from endoplasmic 
reticulum and, together with DAG, activate protein 
kinase C (PKC), thus influence the migration, 
adhesion, and morphology of cells [96, 106, 108] 
(Figure 2(c)). The majority of mutations occurred in 
FGFRs were gain-of-function mutations, which would 
excessive activate the downstream signals, thus 
disturb the physiological processes and induce 
craniosynostosis. It is worthy to note that the 
perturbation of TGF-β also influenced the expression 
of Erk1/2 and resulted in craniosynostosis [109]. The 
convergence of multi-signals on the Erk1/2 signaling 
pathway indicated the vital role of Erk1/2 in the 
pathogenic processes of craniosynostosis. Over the 
past years, researchers tried to interfere the processes 
of suture fusion via molecule mechanisms, especially 
FGFs and related signaling [110-112]. A soluble form 
of FGFR2IIIcS252w, which could competitively bind to 
FGFs avoiding their binding to FGFRs, has been 
introduced into Apert mutant mice, and the 
syndromic manifestations, including craniosynos-
tosis, have been partially rescued [111]. Besides, 
Erk1/2 plays a role as the downstream signaling of 
FGFs, which have attracted enormous attention. 
Studies implied that genetic inhibition of the Erk1/2 
expression with hairpin RNA might prevent the 
craniosynostosis. Moreover, U0126 has also been used 
to pharmacologically inhibit the activation of MEK1/2 
both pre- and post-natal, and results revealed 
partially rescue of the suture premature fusion [110]. 
Being consistent with the results above, Yin et al. [112] 
proved the potential application of MEK1 inhibitor 
PD98059. The molecule mechanisms-based treatments 
of craniosynostosis processed above gave potential 
strategy and new acknowledges to the 
pharmacological treatment of craniosynostosis, while 
we still confront some difficulties, such as the 
side-effects of drugs, the unwillingly blockage of 
other tissues development, and the rest. 

4.2. Twist1 and related signaling 
Twist1 is a basic helix-loop-helix transcription 

factor, whose mutations were mostly identified in the 
patients of Saethre-Chotzen syndrome [21]. Up till 
now, there are two proposals pathways associated 
with the coronal synostosis induced by Twist1 
mutations. The first speculation is established by 
Connerney et al. [113]. The author proposed that 

Twist1 could either generate homodimers (T/T) or 
interact with E protein to generate heterodimers 
(T/E). The homodimers could activate FGFR2 
expression in the osteogenic fronts and facilitate the 
osteogenic differentiation of cells. However, the 
heterodimers could inhibit the expression of FGFR2 in 
the midsutural mesenchyme. The regulation of the 
dimerization is achieved via inhibitor proteins of 
DNA binding/differentiation, which is called ID 
proteins. The ID proteins are preferentially existed in 
the osteogenic fronts, and competitively binding to E 
proteins, which lead to the homodimerization of 
Twist1 (Figure 3(a)). However, in the midsutural 
mesenchyme where ID proteins are absent, Twist1 
dimerize with E proteins and inhibited the osteogenic 
differentiation of cells, thus maintain the patency of 
sutures (Figure 3(b)). The ID proteins could be 
up-regulated by BMP, and BMP are upregulated by 
FGFR2 via downregulation of Noggin [56, 113]. In 
addition, TCF12, whose mutations have been 
identified in the craniosynostosis cases, is one of the E 
proteins. The phenotypes of TCF12 and Twist1 
mutations are in accordance with the speculation 
stated here. Thus, it is proposed that the homeostatic 
of BMP, Noggin, FGFR2, ID proteins, and E proteins 
are of vital importance in the development of cranial 
sutures. Another signaling pathway being implied to 
be associated with Twist1 pathophysiology is 
Eph/Ephrin signaling pathway. Eph/Ephrin signals 
have been proposed to interact with Twist1 and Msx2, 
and disrupt the mesoderm-neural crest lineage 
boundary. Eph/Ephrin signaling pathway plays 
downstream signals of Twist1 and Msx2 [48, 49] 
(Figure 3(c)). Studies implied that haploinsufficiency 
of Twist1 could augment the expression of Msx2, 
which further alleviate the expressions of EphrinA2 
and A4. The downregulation of Ephrin leads to the 
invasion of neural crest cells into mesenchymal cells 
of coronal sutures, thus displayed coronal suture 
synostosis [48]. Furthermore, mutations of Msx2, 
EphrinB1, EphrinA4 have been identified in coronal 
synostosis cases [48, 114, 115]. Taken together, the 
speculation implied the vital role of Twist1 in the 
maintainability of mesoderm-neural crest lineage 
boundary. Moreover, EphrinA4 could regulate both 
Erk1/2 and BMP pathways via interaction with 
Twist1 [49]. 

4.3. TGF signaling pathway 
Even though no TGF mutation has been 

identified in craniosynostosis cases, mutations of its 
receptors have been published before [116, 117]. 
Therefore, the vital roles of TGF in maintaining the 
patency of cranial sutures have been illuminated [41, 
118]. Studies revealed that additional of TGF‐β2 might 
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facilitate the obliteration of sutures, whereas TGF‐β3 
exhibited reverse effects [118]. Opperman et al. [42] 
demonstrated that additional of TGF-β2 could induce 
the premature fusion of sutures via enhancing the 
proliferation of cells, whereas removal of TGF-β2 did 
not downregulate the proliferation of cells but inhibit 
cells differentiation. In addition, high levels of 
apoptotic cells have been observed in the TGF-β2 
additive groups, whose sutures suffer from 
premature fusion. To be different from the results 
observed in TGF-β2 additive groups, the study 
exhibited converse results in TGF-β3 additive studies. 
The molecular mechanisms involved in the TGF 
signaling-induced craniosynostosis attracted 
enormous attentions, and have been well 
investigated. Studies implied that TGF-β2 might 
stimulate the phosphorylation of Erk1/2, and resulted 
in the closure of sutures [41] (Figure 4(a)). Besides, as 
Smad proteins are of vital importance downstream 
mediators of TGF signaling, the roles of Smads in 
suture patency have been discussed. Transient 
up-regulated expressions of phosphorylated Smad2 
and Smad3 have been observed in patent sutures, 
while, as the decrease of phosphorylated Smad2 and 
Smad3, the expression of Smad7 increased. However, 
in fusing sutures, continuous elevations of 

phosphorylated Smad2 and Smad3 have been 
observed, and no significant changes of Smad7 could 
be found. To investigate the role of Smad7, siRNA of 
Smad7 was applied. Interestingly, downregulation of 
Smad7 might elicit suture fusion and increase the 
expressions of phosphorylated Smad2 and Smad3. 
Moreover, upregulation of FGF10 and 
phosphorylation of Erk1/2 have also been observed 
[119] (Figure 4(a)). These results indicated that TGF 
signaling plays critical roles during the development 
of cranial suture, and perturbance of associated 
molecules might result in craniosynostosis. In 
addition, the interactions of TGFs with Erk1/2, 
Smads, and FGF are significant during the processes 
of craniosynostosis, which need to be thoroughly 
investigated. 

4.4. BMP signaling pathway 
Bone morphogenetic proteins (BMP) are 

members of TGF superfamily, which are essential for 
the development of multi-tissues, including 
craniomaxillofacial development [44, 45, 120]. BMPs 
could bind to transmembrane receptors. The 
activation of receptors could phosphorylate 
Smad1/5/8, which interact with Smad4 subsequently. 
The Smad complex then translocate into the nucleus 
and stimulate the expression of downstream genes 
[121]. Studies revealed that enhanced expression of 
BMP signaling via activating its receptors resulted in 
premature suture fusion. The expressions of 
phosphorylated Smad1/5/8 were upregulated 
(Figure 4(b)). Meantime, enhanced expression of 
FGF2, FGFR1, FGFR2, and phosphorylated Erk1/2 
have also been illuminated as the activation of BMP 
receptors (Figure 4(b)). While, studies indicated that 
FGF and Erk1/2 signaling were not the direct cause of 
BMP receptor mutation induced craniosynostosis. In 
other words, FGF and Erk1/2 might partially be 
involved in the craniosynostosis induced via 
activating BMP signaling pathway, while the critical 
roles of Smads dependent pathway might be 
significant [45]. In addition to Smad1/5/8 and Smad4, 
Smad6, an inhibitory member of Smads, is believed to 
function preventing premature fusion of cranial 
sutures. Timberlake and colleagues reported rare 
mutations in Smad6 and all individuals having such 
mutations develop a midline craniosynostosis when 
those individuals carry a high risk allele for BMP2 
[122]. It is speculated that the high risk allele for BMP2 
may produce higher amount of BMP2, thus combined 
with a loss of function of SMAD6, BMP signaling 
levels should become higher to lead to midline 
craniosynostosis. In combination with the knowledge 
from animal models showing that increased BMP 
signaling results in premature fusion of the metopic 

 
Figure 3. Schematic diagram of gene interactions associated with Twist1, 
which is modified from Ref. [145]. The diagram is proposed by Connerney et al. 
[113] and Merrill et al. [48]. (a) represents the homodimers of Twist1, and (b) 
represents the heterodimers of Twist1. The interactions of Eph/Ephrin with 
Twist1and MSX2 have been illustrated as (c). 
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suture [44, 45], those findings strongly suggest that 
increased BMP signaling is at least one of the 
molecular mechanisms for human midline 
craniosynostosis. A re-synostosis case after operation 
has also been published recently, and the authors 
proposed that the mutations of Smad6 together with 
TCF12 exacerbate the severe manifestations and 
accelerate the process of re-synostosis [123]. Besides, a 
study implied that the antagonist of BMP, Noggin, is 
associated with the patency of sutures. Warren et 
al.[124] demonstrated that, in the patent sagittal and 
coronal sutures, continuous expression of Noggin 
have been observed, but in fused sutures, Noggin was 
absent and high levels of BMP signaling activity was 
observed. Furthermore, recent studies also indicated 
that Msx1 and Msx2 mutations could result in ectopic 
bone formation in the frontal foramen via activating 
BMP signaling [125]. Also, the disturbance of Msx1 
and Msx2 were implied in the migration of neural 
crest cells and abnormalities of frontal bones and 
parietal bones [126]. Considering the critical roles of 
BMP signaling during the processed of 
craniosynostosis, some researchers hold the 
assumption that targeted intervention of the 
biological processes might be potential therapy for 
craniosynostosis. Zhou et al. [127] fabricated 
Glypican-loaded titania implants, which could 
regulate the expression of BMP2, and demonstrated 
that the delivery system could efficiently transfect 
C2C12 cells with favorable release periods. Moreover, 

Gremlin1, an attractive BMP antagonist, was 
encapsulated in hydrogel for the prevention of 
re-synostosis after surgery. The study revealed that 
the re-synostosis has been delayed [128]. Although 
the biomaterials did not achieve prevention of 
re-synostosis, the approach still enrich new sights for 
the treatment of craniosynostosis. As the interactions 
between BMP and other molecules are elusive, and a 
plenty of problems about the architecture of delivery 
carrier need to be overcome, the investigation of the 
molecular mechanisms should be processed 
thoroughly and deeply. 

4.5. Wnt signaling pathway 
Wnt is a conserved signaling pathway, which 

plays vital roles in the processes of cell proliferation, 
differentiation, migration, and patterning [129]. Wnt 
signaling pathway could be further classified as 
canonical β-catenin pathway and non-canonical 
pathways, which includes Wnt/Ca2+ pathway and 
planar cell polarity pathway. In the canonical 
β-catenin pathway, Wnt binds to transmembrane 
receptors, Frizzled and LRP5/6, and leads to the 
release of β-catenin into the cytoplasm. The 
accumulated β-catenin translocate into nucleus and 
stimulate the target genes expression (Figure 4(c)). 
The characteristics of Wnt/Ca2+ pathway are the 
intracellular Ca2+ release and activation of PKC. The 
planar cell polarity pathway is implicated within the 
palatal shelves [130]. Considering the assignable role 

 

 
Figure 4. The figure illustrates the signal transduction cascades of TGF/BMP, Wnt, Hedgehog signaling pathway in the development of cranial sutures. Any possible 
impairment might evoke craniosynostosis[121]. (a) TGF signaling; (b) BMP signaling; (c)Wnt signaling; (d) Hedgehog signaling. 



Int. J. Biol. Sci. 2019, Vol. 15 
 

 
http://www.ijbs.com 

308 

of Wnt signaling pathway in skeletal development, 
studies have been processed to identify the possibly 
genetic mutations, associated with Wnt signaling 
pathway, in craniosynostosis patients. Potter et 
al.[131] identified genetic mutations associated with 
Wnt signaling pathway, including downregulation of 
both SFRP2 and DKK2, in nonsyndromic 
craniosynostosis patients. The study also implied that 
both genes played as negative regulators of Wnt 
signaling. In addition, negative regulators of Wnt, 
including Axin1, DVL, Mesp1, PMSC, and NPHP4, 
have also been illuminated in nonsyndromic 
craniosynostosis cases [132]. Genetic mutations of 
Wnt signaling have also been identified in syndromic 
craniosynostosis. Getinkaya et al. [133] demonstrated 
FRZB, SFRP2, and Wnt2 mutations in Apert 
syndrome patients. Furthermore, Axin2 acts as a 
pronouncing member of degradation complex, which 
phosphorylate β-catenin and promote the 
degradation of β-catenin [134]. Studies proposed that 
aberrant expression of Axin2 could accelerate the 
osteogenic processes and lead to craniosynostosis 
[135]. As a plenty of genetic mutations of Wnt 
signaling have been identified, the critical roles of 
Wnt signaling in the etiology and pathophysiology of 
craniosynostosis should be thoroughly studied. Even 
though, some studies based on animal models have 
been processed [40, 135, 136], there still have largely 
unknown and need to be further studied. 

4.6. Hedgehog signaling and primary cilia 
Mutations of Hedgehog signaling associated 

proteins have been identified for years. Jenkins et 
al.[137] identified loss-of-function mutations in RAS 
oncogene family 23 (RAB23), which is an inhibitor of 
Hedgehog signaling. In addition, mutations in Gli3, a 
downstream protein of Hedgehog signaling, 
displayed synostosis of metopic suture [138]. 
Moreover, Hedgehog signaling has close relationships 
with primary cilia. Hedgehog ligand binds to 
patched1, which presents in cilia, and then the 
transmembrane protein smoothened moves into cilia. 
The smoothened plays key role in activation of Gli1-3 
downstream, and regulate the functions of cells 
subsequently [139] (Figure 4(d)). Primary cilia are 
microtubule based structures of cells, whose function 
is perceiving the extracellular stimulations and 
transducing signals. The intraflagellar transport (IFT) 
machinery is essential for the trafficking of proteins 
[140]. IFT mutations, such as IFT140, IFT122, and 
WDR35, are mainly identified in craniosynostosis 
patients with cranioectodermal dysplasia [141-143]. 
The mutations disrupted the transport functions of 
primary cilia, and lead to abnormalities of skeletal 
development. Otherwise, studies indicated that 

FGF/FGFR signaling pathway could regulate the 
functions of cilia [144]. 

5. Conclusion 
Genetic factors have been implied to have close 

relationships with craniosynostosis. Multiple 
mutations of genes have been identified during the 
last two decades, both in the syndromic and 
nonsyndromic craniosynostosis. The most common 
variants that identified in patients including FGFR1-3, 
Twist1, EFNB, Msx2, etc. Studies indicated that 
FGF/FGFR signaling plays vital roles during the 
embryonic development of cranial, and interacts with 
PI3K/Akt, Ras/MAPK, and PLCγ signaling 
pathways. Besides, Twist1, whose mutation mainly 
identified in Saethre-Chotzen syndrome and focus on 
coronal sutures, displays close correlations with 
FGFR2, EFNB, and BMP signaling pathways. Besides, 
Wnt, BMP and Hedgehog signaling pathways are also 
involved in the potential mechanisms beneath the 
genetic mutations. The complex and interacted 
signaling pathways make it difficult to manipulate the 
pathogenic processes via targeted regulate typical 
molecular. In addition, considering the overlapping 
phenotypes and heterogeneous penetrance of 
analogous cases, environment factors have been 
implied to be associated with suture synostosis. The 
stimulus generated from growing brain may produce 
tensile stress across the sutures and manipulate the 
osteogenic processes regionally. In summary, the 
etiology of craniosynostosis is complicated and 
further studies are need to clarify the specific roles of 
each parameter. The identification of new mutations 
should be continuous processed for providing 
evidences to prenatal screening and counselling. 
Furthermore, up till now, most studies focus on the 
syndromic craniosynostosis, as syndromic cases 
exhibit severer manifestations and stronger genetic 
associations. However, the studies about 
nonsyndromic cases, which occupied over 70% of all 
cases, are insufficient. Further investigations for 
illuminating disease-specific cellular signaling 
pathways are necessary in order to provide thorough 
insights into the development of craniosynostosis and 
other developmental disorders. 
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