D.M.D Xiaoqian Ye 
  
Ph.D Audrey Guilmatre 
  
Ph.D Boris Reva 
  
Ph.D Inga Peter 
  
Ph.D Yann Heuzé 
  
Ph.D Joan T Richtsmeier 
  
Deborah J Fox 
  
Rhinda J Goedken 
  
M.D Ethylin Wang Jabs 
email: ethylin.jabs@mssm.edu
  
Ph.D Paul A Romitti 
email: paul-romitti@uiowa.edu
  
  
Mutation Screening of Candidate Genes in Patients with Nonsyndromic Sagittal Craniosynostosis

Background-Craniosynostosis is a condition that includes the premature fusion of one or multiple cranial sutures. Among various craniosynostosis forms, midline sagittal nonsyndromic craniosynostosis (sNSC) is the most prevalent. Although different gene mutations have been identified in some craniosynostosis syndromes, the etiology of sNSC remains largely unknown.

INTRODUCTION

Craniosynostosis is defined by the premature fusion of one or more cranial sutures and the malformation of cranial bones that result in abnormal skull shape. It is one of the most common birth defects, occurring in 1 per 2,000 to 2,500 live births. Craniosynostosis patients are often classified according to the suture(s) involved and whether the cranial vault features occur as an isolated defect (nonsyndromic form), or are associated with other facial, specific limb, or dermatological features as part of a syndrome (syndromic form). Nonsyndromic craniosynostosis (NSC) typically involves premature closure of a single suture, the most frequent type being sagittal, and it is controversial whether it is followed by the coronal (unicoronal being more frequent than bicoronal synostosis) or the metopic suture. [START_REF] Heuzé | Closing the gap: Genetic and genomic continuum from syndromic to nonsyndromic craniosynostoses[END_REF] The premature fusion of the sagittal suture results in an increase of the anteroposterior direction of the skull, particularly the calvarium, with growth restriction in the transverse direction, causing a narrow, elongated, boat-shaped skull deformity (dolichocephaly or scaphocephaly) and varying degrees of frontal bossing and occipital bossing. Abnormal growth of the skull can subsequently lead to increased intracranial pressure that can be associated with changes in brain morphology, which in turn can contribute to visual impairment and neurocognitive deficiency. [START_REF] Zeiger | Genetic and environmental risk factors for sagittal craniosynostosis[END_REF][START_REF] Boyadjiev | International Craniosynostosis Consortium. Genetic analysis of non-syndromic craniosynostosis[END_REF] The treatment of sagittal craniosynostosis is currently evolving. Total vault remodeling (CVR) has been effective for correcting cranial shape and expanding intracranial volume. Minimally invasive techniques, such as endoscopic suture release, spring assisted surgery, and distraction osteogenesis have been used in an effort to potentially reduce surgical morbidity. [START_REF] Gerety | Operative management of non-syndromic sagittal craniosynostosis: A head-to-head meta-analysis of outcomes comparing three techniques[END_REF] Sagittal nonsyndromic craniosynostosis (sNSC) accounts for approximately one-half of all affected patients and shows a strong male predominance (male:female ratio of 3.5:1). [START_REF] Lajeunie | Genetic study of scaphocephaly[END_REF] Segregation analysis indicates that sNSC follows an autosomal dominant inheritance with a reduced penetrance in only 6% of cases. [START_REF] Lajeunie | Genetic study of scaphocephaly[END_REF] The majority of sNSC is thought to be sporadic. The current genetic understanding suggests that the underlying etiology of sNSC is complex, most likely involving both genetic and environmental exposures (broadly defined). [START_REF] Kallen | Maternal smoking and craniosynostosis[END_REF] In the past two decades, intensive investigations among the more than 180 craniosynostosis syndromes have provided valuable insights into identifying genes involved in calvarial suture development. [START_REF] Eacute | Genetics of craniosynostosis: Genes, syndromes, mutations and genotype-phenotype correlations[END_REF] Among the identified syndromic-causing genes, some are responsible for rare syndromes with midline sagittal or multiple suture craniosynostosis (Table 1). Heterozygous gain-of-function mutation hotspots in fibroblast growth factor receptors 1, 2 and 3 (FGFR1, FGFR2, FGFR3) account for most of the common craniosynostosis syndromes, including Apert, Crouzon, Pfeiffer, Jackson-Weiss, Beare-Stevenson and Muenke syndrome. [START_REF] Melville | Genetic basis of potential therapeutic strategies for craniosynostosis[END_REF] In addition to those FGFR-related craniosynostosis syndromes, mutations in several transcription factors such as TWIST1 and MSX2 have been implicated in Saethre-Chotzen syndrome and Boston-type craniosynostosis respectively. The clinical phenotypes of these syndromes vary greatly, but all have coronal suture involvement. In contrast to the increasing number of human genes associated with syndromic craniosynostosis, [START_REF] Melville | Genetic basis of potential therapeutic strategies for craniosynostosis[END_REF] only variants in a small number of genes, FGFR1-3, TWIST1, ALX4, ERF, IGF1R, and LRIT3 (Table 2) have been reported in sNSC patients. The mutation hotspots that are important for syndromic craniosynostosis, FGFR1 exon IIIa, FGFR2 exons IIIa and IIIc, FGFR3 exon IIIa, and TWIST1 exon 1 and their somatic changes, have been less likely to be associated with sNSC, 2,3,9,10 perhaps because the sagittal suture is infrequently closed prematurely in syndromic patients. As such, patients with nonsyndromic unilateral or bilateral coronal synostosis merit the genetic testing of mutation hotspots in FGFR1-3 and TWIST1, but mutation testing is not proposed for patients with sNSC unless a syndromic association is suspected due to familial recurrence. [START_REF] Boyadjiev | International Craniosynostosis Consortium. Genetic analysis of non-syndromic craniosynostosis[END_REF][START_REF] Roscioli | Genotype and clinical care correlations in craniosynostosis: findings from a cohort of 630 Australian and New Zealand patients[END_REF] With regard to sNSC, a genome-wide association study (GWAS) showed significant association in a 120kb region downstream of BMP2 and within a 167kb region of BBS9 in 130 non-Hispanic white caseparent trios (N=130) and replicated in 172 case-controls of the same ethnicity, but without identifying plausible causative mutations. [START_REF] Justice | A genome-wide association study identifies susceptibility loci for nonsyndromic sagittal craniosynostosis near BMP2 and within BBS9[END_REF] To further investigate the pathogenesis of sNSC, we sequenced known FGFR1-3 and TWIST1 mutations that were found to be related to sNSC (Table 2) and two new candidate genes RAB23 and BMP2 using case-parent trio specimens from families identified from two population-based birth defect surveillance programs in the U.S.

MATERIALS AND METHODS

Study Population and Data Collection

Cases were live born children with a diagnosis of single suture, sagittal craniosynostosis born from January 1, 1998 through December 31, 2008 to resident mothers in Iowa or New York State. Cases were enumerated from the Iowa Registry for Congenital and Inherited Disorders and the New York State Congenital Malformations Registry, two populationbased birth defect surveillance programs. Controls were live children born without a major birth defect diagnosis to resident mothers in Iowa or New York State during the same time frame as cases and frequency matched by birth year to cases. To be eligible for recruitment, a case or control mother needed to be able to complete an English language questionnaire and to have custody of the case or control child.

Data collection was conducted in three phases: family history questionnaire, saliva specimen collection, and medical record abstraction. A case or control mother was sent a pre-contact letter informing them about the study, and two weeks later, an introductory packet comprised of an introductory letter, the family history questionnaire, a fact sheet/rights as a research subject, a frequently asked questions sheet, and $10 reimbursement was mailed. A systematic follow-up protocol was used to encourage return of a completed family history questionnaire. Following receipt of a completed questionnaire, a case or control mother was sent a saliva specimen collection kit comprised of: a specimen collection letter and instructions; written consent forms for mother and father; specimen collection supplies for mother, father and child; $20 reimbursement; and a medical release form (case mothers only). Again, a systematic follow-up protocol was used to encourage return of saliva specimens and for case mothers, a medical release form. Once a family returned the saliva specimens, a thank you letter and $20 were sent to the mother. For case mothers who returned a signed medical record release form, medical record abstraction for postnatal events, including request for computed tomographic cranial images, was completed. The study protocol was approved by the Icahn School of Medicine at Mount Sinai, The University of Iowa and New York State Department of Health institutional review boards, and conformed to the guidelines set forth by the Declaration of Helsinki.

Mutation Screening

Candidate genes or mutations were selected based on their known involvement in human sagittal craniosynostosis, in animal models, and/or expression studies related to sagittal suture development. In addition to selected variants in FGFR1 (c.1508C>T), FGFR2 (c.833 G>A; c.943 G>A), FGFR3 (c.749C>G; c.1000 G>A) (Table 2), and the TWIST1 gene, we also included in our screen two new candidate genes: RAB23, which is responsible for Carpenter syndrome, which presents with midline sagittal, as well as metopic, synostosis, and BMP2, which was identified from the previously mentioned GWAS study. [START_REF] Justice | A genome-wide association study identifies susceptibility loci for nonsyndromic sagittal craniosynostosis near BMP2 and within BBS9[END_REF] DNA sequence analysis was performed on 93 affected sNSC cases. Primers for the coding regions of all candidate genes or variants (FGFR1 NM_023105; FGFR2 NM_000141; FGFR3 NM_000142.2; TWIST1 NM_000474; RAB23 NM_183227; BMP2 NM_001200) were designed using Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/) (see Supplemental Digital Content 1, Table shows sequencing primers for candidate genes, INSERT LINK). The sequencing was conducted by Genewiz Inc (http://www.genewiz.com/) and sequences analyzed using Sequencher software (v4.8; Gene Codes Corporation, Ann Arbor, MI). We initially screened only the case child. When a variant was identified, we sequenced maternal DNA specimens, and if available, paternal DNA specimens to determine if the variant was de novo or segregated within the family. To confirm the variation, we carried out molecular analysis of 58 healthy children, or 116 control alleles, and compared our results to the 1000 Genomes Project (1KG) database (http://browser.1000genomes.org), the NHLBI Grand Opportunity Exome Sequencing Project (ESP) database (http://evs.gs.washington.edu/ EVS/), the Exome Aggregation Consortium (ExAC) database (http:// exac.broadinstitute.org/) and Locus Specific Mutation Database (LSDB) (http:// grenada.lumc.nl/LSDB_list/lsdbs).

RESULTS

Among the 93 affected sNSC cases screened, we identified two rare novel coding variants in our case child sample. These variants included a heterozygous c.439C>G transversion in TWIST1 exon 1 (Fig. 1), which predicted a glutamine-to-glutamic acid transition that occurred within the highly conserved loop domain. This variant was also present in the case child's mother, who had an undefined jaw anomaly with corrective surgery when she was a teenager. The other heterozygous variant, c.730_731insG (NM_023105), was observed in exon 6 in FGFR1 in a different case child (Fig. 1), but not in the case child's mother; a specimen was not available for the case child's father to be able to determine if this variant was a de novo variant. This insertion was predicted to abolish the entire immunoglobin III domain, including the ligand binding region. These two variants were not seen in the 1KG, ESP or LSDB databases, however the TWIST1 variant c.439C>G was found in an extremely low frequency in ExAC database (1 in 120318 alleles, phenotypic information unavailable). In addition, we identified a heterozygous variant, c.546A>C, in RAB23 in a third case child; this variant predicted the amino acid substitution of glutamic acid to aspartic acid. There is not sufficient extant data in the literature to predict a functional effect of this variant from evolutionary conservation using Mutation Assessor tool. [START_REF] Reva | Predicting the functional impact of protein mutations: Application to cancer genomics[END_REF] The case child's unaffected mother carried the same variant with no obvious phenotype, and this rare variant was also found in one individual from the NHLBI ESP database. It is unknown if the carrier from ESP had any relevant phenotype. Also we did not find any of the previously reported variants in FGFR1-3, TWIST1, RAB23 and BMP2 in our study samples (Table 2).

DISCUSSION

Using a population-based sample, we identified a very rare variant glutamine-to-glutamic acid transition in exon 1 in TWIST1 (c.439C>G; Fig. 1). The assessment of the functionality of this variant made by the Mutation Assessor tool is presented in Figure 2 and Figure 3. [START_REF] Reva | Predicting the functional impact of protein mutations: Application to cancer genomics[END_REF] From multiple sequence alignment, we concluded that the variant residue occupies one of the top specificity positions (Fig. 2) and contributes to the complex formation between transcriptional regulator TWIST1 and the transcriptional factor E2 alpha (Fig. 3). Interestingly, both types of the variant residues, the original glutamine and variant glutamic acid are present in specific subfamilies. This suggests that the glutamic acid variant may be responsible for the specific regulation of the DNA transcription, biologically different from the one performed by the common glutamine variant of the TWIST1. We believe this variant to be pathogenic based on the following evidence. First, this variant was located within the highly conserved loop domain, which is important for the TWIST1 protein's tertiary structure and dimerization. A number of mutations, including c.435G>C and c.443C>A, have been detected in different Saethre-Chotzen patients within the coding sequence for the loop domain at the surrounding nucleotide positions and were confirmed to be deleterious. [START_REF] Rose | The TWIST gene, although not disrupted in Saethre-Chotzen patients with apparently balanced translocations of 7p21, is mutated in familial and sporadic cases[END_REF][START_REF] Kress | Saethre-Chotzen syndrome caused by TWIST 1 gene mutations: Functional differentiation from Muenke coronal synostosis syndrome[END_REF] Second, the variant was extremely rare in the general population. It was absent in a panel of 116 normal control alleles and two of the largest human genome databases; and it was found only once in more than 6000 individuals in ExAC database and the individual information is unknown. The low frequency of the variant could not exclude its pathogenicity. In previous studies, some mutations which were found in other large cohorts of sNSC patients or confirmed with functional analysis also showed a very low population frequency in the public databases (Table 2). Lastly, the variant was found in both the case child and mother. Although the mother had no features of obvious craniosynostosis, she was reported to have anomalous jaw formation, another developmental bone abnormality. TWIST1, a helix-loop-helix transcription factor, has been implicated both in Saethre-Chotzen syndrome and in nonsyndromic coronal craniosynostosis. [START_REF] Roscioli | Genotype and clinical care correlations in craniosynostosis: findings from a cohort of 630 Australian and New Zealand patients[END_REF][START_REF] Wilkie | Prevalence and complications of single-gene and chromosomal disorders in craniosynostosis[END_REF] However, detected point mutations in TWIST1 have been implicated in very few cases of sNSC (Table 2) and are likely to contribute to very few patients. Variable phenotypic expressivity in patients with TWIST1 mutations is common. A S188L mutation in the TWIST Box domain was previously identified to be pathogenic both in a patient with sNSC and the patient's father, who had only small, square-shaped ears and is considered to represent a very mild manifestation of the TWIST1 mutation. [START_REF] Seto | Isolated sagittal and coronal craniosynostosis associated with TWIST box mutations[END_REF] Similarly in our study, the mother might have variable expressivity of the phenotype with only jaw defects. In the Twist1 +/-mice, sagittal suture closure was found to be related to the canonical Wnt signaling downregulation and the causative effects for sNSC are most likely of an epigenetic nature. [START_REF] Behr | Differential activation of canonical Wnt signaling determines cranial sutures fate: A novel mechanism for sagittal suture craniosynostosis[END_REF] Few FGFR1 mutations have been associated with craniosynostosis. A specific mutation P252R in Pfeiffer syndrome and a heterozygous FGFR1 I300L were found in a trigonocephaly patient with isolated metopic synostosis. [START_REF] Kress | An unusual FGFR1 mutation (fibroblast growth factor receptor 1 mutation) in a girl with non-syndromic trigonocephaly[END_REF] With our population-based sample, we also screened the previously reported FGFR1 c.1508C>T variant, [START_REF] Seto | Isolated sagittal and coronal craniosynostosis associated with TWIST box mutations[END_REF] but failed to detect the same variant in our study sample. Instead, we identified another novel variant, c. 730_731insG, near the c. 1508C>T variant, which led to a premature stop codon (p.A244fs*26) and was predicted to abolish the entire IgIII domain, including the ligand binding region. The function of c.730_731insG needs to be further studied. Gain-of-function mutations in FGFR2 have been identified in a majority of autosomal dominant craniosynostosis syndromes that usually include the coronal suture, but multiple affected sutures (coronal and sagittal) can also be involved in some complex cases. In addition to the mutation hotspots found in syndromic craniosynostosis, a few FGFR2 mutations have been reported in different patients with nonsyndromic sagittal craniosynostosis (Table 2). In contrast to FGFR2, only four mutations in FGFR3 have been identified in patients with craniosynostosis, P250R mutation in Muenke syndrome, A391E in Crouzon syndrome with acanthosis nigricans, P250L in one family with nonsyndromic craniosynostosis (sutures involved were unknown), and A334T in a family with mild sagittal crainosynostosis. [START_REF] Boyadjiev | International Craniosynostosis Consortium. Genetic analysis of non-syndromic craniosynostosis[END_REF][START_REF] Schindler | Heterozygous P250L mutation of fibroblast growth factor receptor 3 in a case of isolated craniosynostosis[END_REF][START_REF] Barroso | Mild isolated craniosynostosis due to a novel FGFR3 mutation, p.Ala334Thr[END_REF] A complete screening of FGFR3 was undertaken in 97 craniosynostosis patients with no known molecular defect and no causative mutation was identified. [START_REF] Wilkie | Prevalence and complications of single-gene and chromosomal disorders in craniosynostosis[END_REF] Our screening for FGFR2 C278Y and A315T variants and the FGFR3 mutation hotspots P250R and A334T failed to identify any novel sequence variants in either gene.

Carpenter syndrome is a rare craniosynostosis syndrome with midline sagittal suture involvement. Presumed loss-of-function mutations were found in RAB23, which encodes a member of the RAB guanosine triphosphatase family of vesicle transport proteins and acts as a negative regulator of hedgehog signaling. We screened the entire RAB23 and BMP2 coding and flanking regions in our study sample, but failed to identify any novel sequence variants in either gene. Our study is also the first population-based cohort that demonstrates that mutations in several genes associated with currently known or identified craniosynostosis usually associated with coronal craniosynostosis, were not common in our sNSC cases. Our sequencing results were consistent with the data from previous reports in non-population, Caucasian cohorts. [START_REF] Zeiger | Genetic and environmental risk factors for sagittal craniosynostosis[END_REF][START_REF] Boyadjiev | International Craniosynostosis Consortium. Genetic analysis of non-syndromic craniosynostosis[END_REF][START_REF] Justice | A genome-wide association study identifies susceptibility loci for nonsyndromic sagittal craniosynostosis near BMP2 and within BBS9[END_REF] Thus, sNSC remains a heterogeneous and challenging disorder. Furthering knowledge of gene variants that produce craniosynostosis will require identifying functional variants, investigating pathway and other interactions by using whole exome/genome sequencing, and conducting genome-wide association studies to identify genetic interactions that may reveal critical genetic relationships that modify craniosynostosis phenotypes.

CONCLUSIONS

The etiology of sNSC is complex and is yet unknown. Our sequencing results of a population-based cohort of sNSC patients indicate that the FGFR1-3 mutational hotspots, TWIST1, RAB23 and BMP2 gene coding regions which are involved in syndromic sagittal craniosynostosis and/or sagittal nonsyndromic craniosynostosis contribute to only a few cases of sNSC (variant detection frequency about 1%). Additional studies are needed to elucidate the pathological mechanisms underlying sNSC since these candidate genes may not be the major causes of sNSC and genetic testing of these genes was negative in most cases. Assessment of the functional impact of the variant p.Q147E (c.439 C>G) in TWIST1. A reduced presentation of the multiple sequence alignment of the protein region with mutated residue produced by Mutation Assessor. [START_REF] Reva | Predicting the functional impact of protein mutations: Application to cancer genomics[END_REF] The whole alignment is composed of 393 sequence homologs of TWIST1 (both human and non-human) and divided into 29 subfamilies; only 50 sequences and 4 subfamilies are shown. The positions in the alignment are assessed by evolutionary conservation within entire protein family and by specificity, i.e. evolutionary conservation within subfamilies; the lengths of the bars above the alignment represent the relative strength of conservation and specificity in positions of the multiple alignment. The residues, which are conserved within subfamilies, i.e. specific to the subfamilies, are typically responsible for the actual binding specificity of proteins. The mutated residue is located in one of the top specificity positions, both the original glutamine and the mutated glutamic acid residues are represented by subfamilies; however the dominant residue in this position is a glutamic acid. The 3D view of the complex of the neurogenic differentiation factor 1 (mouse homolog of TWIST1) and the transcription factor E2-alpha bound to DNA (PDB code 2QL2). The conserved and the specificity residues derived from multiple sequence alignment of TWIST1 homologs are mapped on the 3D structure of the neurogenic differentiation factor 1 and shown in blue and orange, respectively; DNA fragment is shown in violet; an alphahelix fragment of E2-alpha is shown in green. The glutamic acid E147 in the position of the mutated residue (shown in dark red) contributes to the complex formation by interacting with the charged residues of the arginine 600 and the main chain of the glutamic acid 601 of E2-alpha protein; it also interacts with the hydroxyl group of serine 138 of TWIST1. The mutation of the glutamine Q147 to glutamic acid in TWIST1 is predicted to affect the stability, the complex and the regulation of transcription performed by TWIST1 molecule. 
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 1 Fig. 1. Sequencing chromatogram of novel variants identified in this study. The arrows indicate the positions of the variants. (Left) TWIST1 c.439C>G; (Right) FGFR1 c.730_731insG.
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Table 1

 1 Syndromic Craniosynostosis with Sagittal Suture Involvement and Related Genes

	Reference	21		22		23	24		25		26			27	28	10,29	30	31	32		33		34		35			36	37	38	39
	Mechanisms/Pathway	Reduced ATP-dependent K+ channel	inhibition	Abnormal ALP enzyme expression	and mineralization	Affect GAG sulfation	Abnormal kinase activity and	secretion in mineralization	TGFβ		FGF			FGF	FGF		FGF	Disrupt GLI-PTCH1-SHH signaling	Reduced cilia frequency and length		Cilia		Misexpression and/or overexpression	of IHH signaling	Abnormal IL11/gp130 affect JAK/	STAT1/3 or SHP2/MAPK/ERK	phosphorylation cascades	Loss of Notch signaling activity	Perturb HH and Nodal signaling	FGF/BMP	Abnormal osteoclast function	Aberrant function in osteoblast-	mediated bone mineralization
	Mutation effect	LOF		LOF		LOF	LOF		LOF		11q11-q13.3 duplication			GOF	GOF		GOF	LOF	LOF		LOF		Microduplication at the	IHH locus	LOF			LOF	LOF	GOF	LOF	LOF
	Sutures affected	Coronal, sagittal		Coronal, sagittal, lambdoid		Sagittal	Multiple		Coronal, sagittal, metopic		Sagittal, metopic,	lambdoid, temporal,	squamosal	Multiple	Sagittal	Sagittal	Coronal, sagittal, lambdoid	Coronal, sagittal, metopic	Sagittal		Sagittal		Coronal, sagittal, metopic,	lambdoid	Coronal, sagittal, metopic,	lambdoid		Coronal, sagittal, metopic,	lambdoid	Coronal, sagittal, metopic	Sagittal, metopic	Coronal, sagittal	Coronal, sagittal
	OMIM Syndrome/Phenotype	601439 Cantu syndrome		171760 Hypophosphatasia infantile type		603799 Autosomal recessive Larsen syndrome	611061 Raine syndrome (non-lethal osteosclerotic bone	dysplasia)	134797 Shprintzen-Goldberg syndrome (Marfanoid	craniosynostosis)	164950, 164980 Syndromic multiple craniosynostosis			136350 Osteoglophonic dysplasia	176943 Crouzonoid syndrome; Familial scaphocephaly	syndrome	134934 Thanatophoric dysplasia type II	165240 Greig cephalopolysyndactyly syndrome	606045 Cranioectodermal dysplasia 1 (Sensenbrenner	syndrome)	614068 Cranioectodermal dysplasia 3 (Sensenbrenner	syndrome)	600726 Craniosynostosis and syndactyly		600939 Craniosynostosis and dental anomalies syndrome			601920 Alagille syndrome	604267 Carpenter syndrome 2	123101 Boston-type craniosynostosis	607649 Infant osteopetrosis craniosynostosis, Chiari	malformation type I	300550 X-linked dominant hypophosphatemic rickets
	Gene	ABCC9		ALPL		CHST3	FAM20C		FBN1		FGF3, FGF4			FGFR1	FGFR2		FGFR3	GLI3	IFT122		IFT43		IHH		IL11RA			JAGGED1	MEGF8	MSX2	OSTM1	PHEX

Table 2

 2 Mutations/Variants Found in Human Sagittal Nonsyndromic Craniosynostosis

	Reference	48		49	16			This study	15	50			11	10	20	51			52		53		16			14				This study
	Population Frequency (1KG/ESP/ExAC)	1/12956 (ESP); 1/49772 (ExAC)	0	0	21/5008 (1KG); 1/6788 (ESP); 85/35096	(ExAC)		0	0	0			1/121146 (ExAC)	0	1/13006 (ESP)	2/12988 (ESP); 4/121408 (ExAC)	24/5008 (1KG); 1/12988 (ESP); 247/121406	(ExAC)	0	2/121380 (ExAC)	1/5008 (1KG); 8/12988 (ESP); 129/121130	(ExAC)	0			0				1/120318 (ExAC)
	Mutation Detection Rate	1% (2/203)		1% (1/70)	1% (1/83)			1% (1/93)	2 patients	1 patient			3% (1/29)	1% (1/94)	3 patients	2% (2/94)			0.5% (2/431)		1% (1/104)		1% (1/83)			2 patients from 1 family, 1	has scaphocephaly, 1 has no	synostosis (reduced	penetrance)	1% (1/93)
	Nucleotide Change Amino Acid Change Case Population Studied	c.19G>T V7F 203 NSC patients (197 sNSC and 6	c.631A>G K211E multiple suture CS with sagittal suture involvement)	c.194G>A R65C 70 sNSC	c.1508C>T T261M 164 infants with isolated, single-suture	craniosynostosis (83 sagittal, 37 metopic,	12 lambdoid, 32 unilateral coronal)	c.730_731insG A244fs*26 93 sNSC patients	c.1032G>A A344A 2 familial sNSC	c.833G>A C278Y 1 familial (1 individual has isolated	sagittal/unilambdoid synostosis, 3 others	unaffected)	c.943G>A A315T 29 sNSC patients	c.1139_1196dup M400fs*53 630 craniosynostosis (94 sNSC)	c.1000G>A A334T 1 familial, sagittal and metopic ridging	c.1217G>A R406H 186 NSC (94 sagittal, 46 coronal, 46	c.2570A>G N857S metopic)		c.1346G>C S494T 431 NSC patients (no information if only	c.1640G>A C592Y sagittal or multiple sutures affected)	c.263G>A D68N 104 sagittal/coronal (no information if	nonsyndromic or multiple sutures)	c.563C>T S188L 164 infants with isolated, single-suture	craniosynostosis (83 sagittal, 37 metopic,	12 lambdoid, 32 unilateral coronal)	c.602C>A S201Y 178 patients (84 Saethre-Chotzen	syndrome, 7 Muenke syndrome, 12 other	syndromes, 75 nonsyndromic coronal	synostosis)	c.439C>G Q147E 93 sNSC patients
	Gene	AlX4		ERF	FGFR1				FGFR2						FGFR3	IGF1R			LRIT3		SOX6		TWIST1						

Plast Reconstr Surg. Author manuscript; available in PMC 2017 March 01.

Plast Reconstr Surg. Author manuscript; available in PMC 2017 March 01.

Acknowledgments

We thank the patients and their families for participation in this study. We are indebted to Charlotte M. Druschel, M.D., M.P.H., who is retired from the Congenital Malformation Registry, New York State Department of Health, Albany, New York and the Department of Epidemiology and Biostatistics, School of Public Health, University at Albany State University of New York, Albany, New York. She was a major contributor to this project in design and recruitment of New York State participants. This research was supported by grants including CDC 5 R01 DD000350 and NIH/NICHD 1 P01 HD078233.

designed the study, coordinated and oversaw the project.

Statement of Ethical approval

Written informed consents were obtained from the parents or guardians of the patient. The study protocol was approved by the Icahn School of Medicine at Mount Sinai and the University of Iowa and New York State Department of Health institutional review boards, and conformed to the guidelines set forth by the Declaration of Helsinki.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.