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Abstract. Premature fusion of cranial sutures is called craniosynostosis. The prev-
alence of this condition is approximately 1 in 2100 to 1 in 2500 births. In approxi-
mately 20% of cases, mutations in single genes can be identified as causative agents
of craniosynostosis. The most common form of craniosynostosis is called Crouzon
syndrome. The fibroblast growth factor receptor 2 (FGFR2) gene is involved in the
pathogenesis of Crouzon syndrome. This gene belongs to a family of transmem-
brane tyrosine kinases and is located on10q26.13. The function of FGFR?2 is to reg-
ulate the process of intracellular signaling. The inheritance pattern of Crouzon syn-
drome is autosomal dominant, whereby a single copy of the altered gene in each
cell results in an affected individual. In addition to genetic factors, epigenetics also
plays a role in Crouzon syndrome.
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1 Introduction

A congenital defect resulting in premature fusion of one or more sutures of the hu-
man skull is called craniosynostosis. The most frequent syndrome associated with
craniosynostosis is Crouzon syndrome. Its clinical features include deformation of
the skull, skeletal Class III malocclusion, maxillary hypoplasia, exorbitism, pseu-
doschisis and ogival palate, and a parrot-beaked nose. Affected individuals exhibit
a variety of signs and symptoms, which differ in severity. People with Crouzon
syndrome have normal intelligence. Craniosynostosis represents a significant med-
ical problem, and its prevalence is estimated between 1 in 2100 and 1 in 2500 births.
Possible effects of craniosynostosis are elevated intracranial pressure, airway ob-
struction, vision and hearing defects, damaged cerebral blood flow, difficulties in
learning, and adverse psychological effects, associated with irregular skull growth
[1,2].

These circumstances are caused by alterations in the fibroblast growth factor re-
ceptor 2 (FGFR2) gene. FGFR2 is a part of the transmembrane tyrosine kinase fam-
ily and is located on chromosome 10926.13. Three extracellular immunoglobulin-
like (Ig) domains (Igl, Igll, and IglIII), a single transmembrane segment, and a split
tyrosine kinase (TK 1 and TK 2) domain together make up what we know as the
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FGFR2 gene. The FGFR2 gene is responsible for regulating processes of intracel-
lular signaling. When the receptor binds the fibroblast growth factor, this receptor
autophosphorylates, leading to activation of several intercellular proteins derived
from an elevated level of tyrosine phosphorylation [3].

Crouzon syndrome is caused by an autosomal dominant mutation in the FGFR2
gene. Although other types of mutations frequently occur, missense mutations,
which increase the function of the protein, account for most FGFR pathologies. Ep-
igenetics also plays an important role in Crouzon syndrome [2,4].

2 Crouzon Syndrome

2.1 Definition

Crouzon Syndrome is defined as a genetic disorder characterized by premature fu-
sion of one or more cranial sutures of the human skull. This condition is also known
as craniosysnostosis. Early fusion of the skull bones prevents the skull from grow-
ing in a normal direction and causes deformation of the head and face shape. Prem-
ature fusion of the skull bones leads to several distortions, such as wide-set, bulging
eyes, a beaked nose, shallow eye sockets resulting in exopthalmos, eyes not pointing
in the same direction or strabismus, hearing loss, maxilla hypoplasia, short upper
lip and philtrum, and a compressed, high-arched palate. People affected by Crouzon
syndrome usually have normal intelligence [1,5].

Fig 1. Clinical manifestations of Crouzon syndrome (Source : http://www.forgottendi-
seases.org/assets/Crouzon_Syndrome)

2.2 Etiology

Mutation of the FGFR2 gene is believed to be the etiology of Crouzon syndrome.
FGFR2 gene mutations possibly over-trigger the process of signaling controlled by
the FGFR2 protein, causing the skull bones to fuse prematurely. Crouzon Syndrome
is inherited in an autosomal dominant pattern, which explains how a single copy of
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the altered gene in each cell is adequate for a person to be affected. Following the
inheritance pattern, there is a 50% chance of a child being affected if either parent
is affected with Crouzon syndrome [1,5].

2.3 Prevalence

Being the most prevalent form of craniosynostosis syndrome, Crouzon Syndrome
affects approximately 16 newborns per million. The prevalence of Crouzon syn-
drome has been estimated at between 1 in 2100 and 1 in 2500 births [1,5].

3 Cranial Suture Development

During the development process, the human skull consists of nine cranial bones:
two temporal bones, two frontal bones, two parietal bones, one ethmoid bone, one
spheniod bone, and one occipital bone. These bones articulate with one another at
fibrous tissue joints that are called cranial sutures. The human skull consists of su-
tures such as the sagittal suture located between two parietal bones; the coronal su-
tures located between the two parietal and frontal bones; the metopic suture located
between the frontal bones; the lambdoid suture located between the parietal and
supraoccipital bone; and the squamosal suture located between the temporal, parie-
tal, and sphenoid bone [6].

Posterior

Fig 2. Three-dimensional computed tomography reconstruction of a 4-week-old pa-
tient with normal suture development. (Source: Beederman M, Farina EM, Reid RR
et al. 2014) [6]

Between days 23 and 26 of gestation, the human skull begins to form, and the
sutures mentioned above remain to allow for cranial vault expansion. The develop-
ment of the cranial bone undergoes intramembranous ossification where the mesen-
chymal cells differentiate directly into osteoblasts that form bones through the se-
cretion of osteoid matrix. The cranial suture consists of two osteogenic bone fronts,
the suture’s mesenchymal tissue, the dura mater underneath, and the overlying per-
icranium [7-9].
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Fig 3. Schematic representation of the cranial suture complex. (Source: Beederman
M, Farina EM, Reid RR et al. 2014) [6]

During cranial vault development, the cells near the two osteogenic bone fronts
typically become bones through the intramembranous ossification process, while
the cells in the middle of the mesenchymal tissue of the suture remain undifferenti-
ated. Suture formation is in tight synchronicity with the development of underlying
organs in order to facilitate growth. Functional impairment can occur when it is not
synchronized correctly. One example of this condition is premature fusion of the
cranial sutures [6,10]. Abnormal expansion of the skull can manifest as craniofacial
asymmetries, increased intracranial pressure, mental delay, severe proptosis, stra-
bismus, visual and airway compromise, midfacial underdevelopment, and maloc-
clusion. Based on knowledge of the etiopathogenesis and genetic basis of the dis-
ease, it has been shown that a number of signaling pathways, cytokines, and growth
factors play important roles in proper cranial vault growth and development [6].

3.1 The Role of the FGFR2 Gene in Cranial Suture Development

A major role in the development of cranial sutures is assigned to the FGFR2 gene
from the perspective of osteoblast-related pathways. The origin of this finding is
derived from the identification of altered genetic expression, molecular pathways,
and environmental causes in forms of syndromic craniosynostosis. The best-estab-
lished signaling pathway associated with osteoblast differentiation in suture devel-
opment is the fibroblast growth factor receptor (FGFR) pathway. This molecular
signaling pathway is quite complex and consists of four different receptors and over
22 ligands. During intrauterine development of the human fetus, expression of fi-
broblast growth factors 1, 2, and 3 has been demonstrated within the cranial sutures
[6,11,12].

Confirming the significant role of FGF signaling in this context, at least three-
point mutations in FGFR (for example, FGFR S252W, FGFR2, C342Y, and P253R)
correlate phenotypically with syndromic craniosynostoses such as Crouzon and
Apert syndromes. Such mutations alter the activation of essential receptors, ligand-
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receptor affinity, and the patterns of splicing and expression. This may in turn ex-
plain the phenotypic variability within each syndrome as well as in the mechanism
of premature suture closure and disorder type [11,13].

3.2 FGFR2 Gene Composition

The FGFR2 gene encodes a protein called fibroblast growth factor receptor 2,
one of four fibroblast growth factors. It is involved in the regulation of important
processes such as cell division, cell growth and maturation, blood vessel formation,
wound healing, and embryo development [14]. The ligand affinity and tissue allo-
cation vary from one FGFR family member to another. An extracellular region
which includes three immunoglobulin-like domains, a single hydrophobic mem-
brane-spanning segment, and a cytoplasmic tyrosine kinase domain comprise a full-
length representative protein [15].

One end of the FGFR2 protein is located on the outer surface of the cell, and the
other end is predominantly located inside the cell extending from the cell mem-
brane. The position of the FGFR2 protein allows the cell to receive signals that assist
the cell in responding to its environment and interacting with specific growth factors
from outside the cell. Binding of growth factors to the receptor triggers a rapid suc-
cession of chemical reactions inside the cell. This process directs the cell to undergo
several changes to take on specific functions, such as maturation. Several isoforms
of the FGFR2 protein have been discovered in different body tissues. The tissue-
specific expression pattern of FGFR2 may undergo changes throughout growth and
development [14].

3.3 Chromosomal Location of the FGFR2 Gene

The chromosomal location of the FGFR2 gene can be shown by its cytogenic or
molecular location. The cytogenic location in 10q26.13 means in the long (q) arm
of chromosome 10 at position 2, band 6, sub-band 13.14 The molecular location is
base pairs 121,478,330 to 121,598,656 on chromosome 10 (Homo sapiens Annota-
tion Release 108, GRCh38.p7) [14].
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Fig 4. The cytogenic location of fibroblast growth factor receptor 2 (FGFR2). (Source:
https://ghr.nlm.nih.gov/gene/FGFR2) [14]

3.4 FGFR2 Gene Mutation

The genotype-phenotype correlations of the human genetics most incredible series

are provided by the FGFR2 mutations. The following points are of great importance

[2].

*  Most of the FGFR2 mutations are missense, which means that a point mutation
alters a single nucleotide to generate a codon that codes for a different amino
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acid. For example, codon GAA, which encodes the amino acid glutamic acid is
changed to codon GAC, which encodes the amino acid aspartic acid. There was
no explanation about nonsense or frameshift mutations [2].

*  Many of the mutations are recurrent, and some missense mutations in the
FGFR2 gene occur much more frequently than others. [2]

*  There are many different types of phenotype outcomes of allelic missense mu-
tations of FGFR2 [2].

* In several regions of the molecule, identical mutations are detected in FGFR
paralogs [2].

* Inside one of the immunoglobulin-like domains, there are many FGFR2 mis-
sense mutations that create or even destroy a cysteine residue. This happens
mainly in C342, which represents a mutational hotspot. It has been demon-
strated that all but one of the amino acid substitutions result from alteration of
a single nucleotide in the TGC codon [2].

»  Different phenotypes may result from substitutions at the same amino acid po-
sition. For example, C342Y results in the Crouzon syndrome phenotype,
whereas C342R tends to give a Pfeiffer phenotype. In another example,
FGFR2, S252W, and S252F cause Apert syndrome, whereas S252L usually
results in a normal phenotype [2].
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Fig 5. Histogram indicating the relative frequencies of mutations in IgII and IgIII that
lead to Crouzon, Pfeiffer, and Apert syndromes. (Source: Wilkie AOM et al) [2]

In the 259 patients from the study conducted by Kan et al., there were 85 inde-
pendent FGFR2 mutations. The screening strategy was carried out in the most com-
mon FGFR2 mutational hotspots, which include the first examination of the two
exons, II1a and Illc. Kan et al. found 45 mutations of 22 different types in these two
exons apart from those in the 29 Apert syndrome cases. The patients described in
earlier reports conducted by Oldridge et al., Rutland et al., Przylepa et al., Glaser et
al., and Johnson et al. also had this mutation. Crouzon, Pfeiffer, or Apert syndromes
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were associated with mutations in exons Illa and Illc, except for the 943GLIT
(A315S) and 1032G[JA (A344A) substitutions, which occurred in nonsyndromic
coronal synostosis [4].

The pathogenic mutations of FGFR2 occur in seven different exons. They are
located outside the exon Illa or I1lc hotspot and include one mutation in Igl, another
in Igll, one in the juxta-membrane region, two in tyrosine kinase I (TK 1), and four
in tyrosine kinase 2 (TK 2). In a case report by Pulleyn et al., the Y105C mutation
was reportedly present in a boy with Crouzon syndrome and facial asymmetry [4].

Six other mutations were discovered in the tyrosine kinase domains (TK 1 and
TK 2). These mutations were first localized to the intracellular region of FGFR2.
Providing solid evidence of pathogenicity, three of these mutations (K641R,
K659N, and R678G0) were described to have emerged de novo. In six human sub-
jects, the presence of the mutation E565G was concordant with the phenotype [4].

The following pathogenic FGFR2 mutations were recognized by Kan et al.
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Fig 6. Shown above in a schematic of the FGFR2 domain structure is the distribution
of de novo mutations of FGFR2 and a summary of their genomic organization.
(Source: Verloes A, Uspc USC, Twigg S, et al. 2017) [4]
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Fig 7. Pathogenic FGFR2 mutations identified by Kan et al. (Source: Verloes A, Uspc
USC, Twigg S, et al. 2017) [4]

Another study conducted by Kim et al. found 10 FGFR2 mutations that had been
reported previously: a mutation in the Iglllc domain (Y328C and C342Y) from four
subjects and a mutation in the Igllla domain (C278F, W290R, and K292E) from six
subjects. Direct PCR sequencing identified a new FGFR2 mutation in the TK 2 do-
main (L617F), replacement of leucine 617 (TTG codon) by phenylalanine (coded
by TTC). According to Robertson et al., if no unpaired cysteine residues were found,
the loop in the protein-binding domain would be combined. Mutation in this loca-
tion resulted in a mild phenotype. The mutational analysis data from this research
is as follows: [3]
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Gender Mutation Domain
1 M C278F Ig-1Tla
2 M Q289pP Ig-11la
3 M W290R Ig-1Tla
4 F W290R Ig-1Tla
5 F K292E Ig-1Tla
6 F K292E Ig-1lla
7 F Y328C g-Mc
8 F C342Y g-Mc
9 M C342Y Ig-Mc
10 F C342Y g-Mc
11 M L617F TE-1I

Fig 8. Mutation analysis data of craniosynostosis syndrome patients conducted by
Kim et al. (Source: Kim M, et al. 2014) [3]

4 Epigenetics

Epigenetics is defined as the study of heritable changes in gene function that occur
without DNA sequence alteration. This transformation may be caused by environ-
mental factors, spontaneously, or as a result of particular mutations. Environmental
factors can affect epigenetic mechanisms such as DNA methylation, histone modi-
fication (acetylation, lysine, and arginine methylation, phosphorylation, SUMOy-
lation, ubiquitination, ADP ribosylation, proline isomerization, and deamination),
and post-transcriptional silencing by interfering RNA (miRNA and microRNA).
Gene activation and inactivation can be generated by any of the above-mentioned
mechanisms. The outcome of the environment (for example hormonal, respiratory,
and dietary factors) on the human genome can be modulated by epigenetic mecha-
nisms through regulation of the transcriptional activity of particular genes, at par-
ticular points in time, and in particular organs. They can specify cellular variation
without changing the sequence of DNA [16,17].

Epigenetic modifications are important to many processes inside and outside of
cells and are necessary to most organismal functions, such as senescence, X chro-
mosome inactivation, cellular reprogramming, and imprinting. Serious injurious
health effects, such as cancer or congenital diseases, may result from incorrect mod-
ifications. Early detection and prognosis of potentially new cancer biomarkers are
classified as epigenetic modifications. Moreover, new therapeutic strategies and
medication designs reflect the possibility of changing epigenetic modifications [17].

Further information on epigenetic mechanisms will be elaborated as follows:

¢ DNA methylation: without changing the primary sequence of DNA, a methyl
group is added to one of the bases in the deoxyribonucleic acid chain. One of
the most important mechanisms for gene silencing during the development of
an embryo is DNA methylation, which is commonly repressive to transcription.
Cytosine and adenine methylation are commonly studied types of DNA modi-
fication. Nowadays, the main techniques for studying DNA methylation are
capture or quantification of methylated DNA, sodium bisulfite modification,
and sequence-specific enzyme digestion [17].
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Fig 9. DNA methylation and demethylation overview. (Source: Abcam Guide to Epige-

netics) [17]

Histone modification: DNA is wrapped around histones and packaged into nu-
cleosomes, which constitute the chromatin. Two subunits of histones H2A,
H2B, H3, and H4 are present in each nucleosome. These are known as the his-
tones cores. H1 or the linker histone serves as a stabilizer of the internucleoso-
mal DNA and does not establish part of the nucleosome [17].

A large number of post-translational modifications occur on histones, which di-
vide the genome into “inactive” regions, called the heterochromatin, where
DNA is denser and less attainable for transcription, and “active” regions, called
the euchromatin, where DNA is attainable for transcription [17].

Catalyzed by a specific set of enzymes, nine different types of histone modifi-
cations have been presented. The best acknowledged modifications are ser-
ine/threonine/tyrosine phosphorylation, lysine and arginine methylation, ser-
ine/threonine ubiquitylation lysine acetylation. Other types of modifications
include proline isomerization, krotonilation, citrullination, and GicNAcylation
[17].

10
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Fig 10. Schematic of the most common epigenetic histone modifications. (Source: Abcam
Guide to Epigenetics) [17]

* Post-transcriptional silencing of RNA (non-coding RNAs): according to recent
studies, 90% of the eukaryotic genome is transcribed. Interestingly, proteins are
coded by only 1%—2% of these transcripts. Most of them are transcribed as non-
coding RNAs (ncRNAs). During gene expression, ncRNAs play an important
role in epigenetic regulation. Equally important roles are played during tran-

scriptional and post-transcriptional events [17].

Infrastructural and regulatory ncRNAs are two types of non-coding RNAs. In
the processes of transcription and splicing, infrastructural ncRNAs serve as
housekeepers. These include transfer, ribosomal, and small nuclear RNAs. Reg-
ulatory ncRNAs are needed for modification of other RNAs. They are catego-
rized into small interfering RNAs, microRNAs, promoter-associated RNAs,

long, non-coding RNAs, enhancer RNAs, and piwi-interacting RNAs [17].

4.1 Epigenetics Associated with Crouzon Syndrome

Among individuals with identical pathogenic variants of FGFR2, a wide variety of
phenotypes are displayed. Despite being in the same family, bilateral or unilateral
coronal synostosis was caused by different pathogenic variants in FGFR2. In a study
of 47 individuals, unilateral craniosynostosis that showed orbital hypertelorism and
asymmetric brachycephaly was strongly associated with a recognized pathogenic

variant in FGFR2 [18].

11
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The correlation between the protein variant A391E in FGFR3 and the patholo-
gies seen in individuals with Crouzon syndrome is one of the genotype-phenotype
associations specific to this syndrome. Moreover, severe ocular problems, such as
astigmatism, strabismus, amblyopia, ptosis, cleft palate, humeroradial synostosis,
and nasolacrimal stenosis, are seen more frequently in individuals with the protein
pathogenic variant S252W in FGFR2. In individuals with the protein pathogenic
variant P253R in FGFR2, the degree of intellectual disability and syndactyly is more
significant. Pathogenic variants seen in individuals with Crouzon, Jackson-Weiss,
and Pfeiffer syndromes occur in and around the B exon of the third immunoglobu-
lin-like domain in FGFR2 [18].

Identical pathogenic variants were described in individuals with Crouzon, Jack-
son-Weiss, and Pfeiffer syndromes, suggesting that epigenetic factors or unlinked
modifier genes help to determine the final phenotype. Interestingly, the Crouzon
syndrome phenotype was specifically produced by FGFR2 pathogenic variants gen-
erating residues W290G, W290R, and Y340H. On the other hand, serious forms of
Pfeiffer syndrome were produced by different amino acid substitutions at the same
positions (W290C and Y340C) [18].

5 Conclusion

The knowledge discussed in this paper increases our understanding of the etiology,
prevalence, gene mechanisms, and gene mutations involved in Crouzon syndrome.
Apart from the explanation mentioned above, additional research should be con-
ducted to further elucidate the genomics of craniosynostosis, particularly Crouzon
syndrome. One of the most fundamental components of management of cranio-
synostosis is the genetic workup, as it assists in risk assessment for the family and
provides information of prognostic value to the patient. It is possible that a single
molecular etiology remains to be discovered in a further 10%—15% of individuals,
even though the molecular bases of the common craniosynostosis syndrome have
been explained. Considerations should be given to other mechanisms of disease be-
sides whole genome assessment of copy number changes and DNA sequencing to
identify further predisposing factors.
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