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Abstract: Craniosynostosis, the premature fusion of the cranial sutures, affects ~1 in 2000 children. 

Although many patients with a genetically determined cause harbor a variant in one of just seven 

genes or have a chromosomal abnormality, over 60 genes are known to be recurrently mutated, thus 

comprising a long tail of rarer diagnoses. Genome sequencing for the diagnosis of rare diseases is 

increasingly used in clinical settings, but analysis of the data is labor intensive and involves a trade-

off between achieving high sensitivity or high precision. PanelApp, a crowd-sourced disease-fo-

cused set of gene panels, was designed to enable prioritization of variants in known disease genes 

for a given pathology, allowing enhanced identification of true-positives. For heterogeneous disor-

ders like craniosynostosis, these panels must be regularly updated to ensure that diagnoses are not 

being missed. We provide a systematic review of genetic literature on craniosynostosis over the last 

5 years, including additional results from resequencing a 42-gene panel in 617 affected individuals. 

We identify 16 genes (representing a 25% uplift) that should be added to the list of bona fide crani-

osynostosis disease genes and discuss the insights that these new genes provide into pathophysio-

logical mechanisms of craniosynostosis. 
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1. Introduction 

Craniosynostosis, the premature fusion of one or more cranial sutures of the skull, is 

a clinically and genetically heterogeneous congenital anomaly, affecting approximately 1 

in 2000 live births [1,2]. Despite being one of the most prevalent craniofacial abnormalities 

(second to cleft lip and/or cleft palate), the variability in its causes and presentation can 

make identifying a genetic diagnosis extremely challenging. Monogenic, polygenic [3,4], 

chromosomal, and environmental [5] factors have all been identified as likely causes of 

craniosynostosis, with a burden of over 20% of the cases originating from monogenic 

causes alone [6]. Although a majority of diagnoses are attributable to variants in just seven 

genes (EFNB1, ERF, FGFR2, FGFR3, SMAD6, TCF12 and TWIST1) [6–8], over 60 genes are 

known to be recurrently mutated in craniosynostosis more rarely [9,10]. For example, in 

an Oxford survey of 666 individuals with craniosynostosis, pathogenic variants were 

identified in 20 more rarely mutated genes in 23/666 individuals (3.5%) [6]. The observa-

tion of a long tail of rarer disease-causing variants was supported by a recent exome se-

quencing study of patients in Norway [1]. The identification of such rare causative vari-

ants is inevitably challenging in a clinical diagnostic setting, where the need for high sen-

sitivity (recall), which minimizes false negative calls but involves intensive effort, has to 
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be balanced against the need for high precision (positive predictive value), which mini-

mizes false positive calls [11]. The use of diagnostic gene panels has been adopted to ad-

dress this problem. 

A test case is provided by the UK’s 100,000 Genomes Project (100kGP), delivered by 

Genomics England Limited (GE) between 2014 and 2019 [12]. This initiative aimed to fa-

cilitate whole genome sequencing (WGS) for 100,000 National Health Service (NHS) pa-

tients or relatives with rare diseases or cancer, with the primary aim being to return infor-

mation to participants on variants with sufficient evidence for diagnostic reporting related 

to their primary condition [12]. To facilitate this, GE curated PanelApp, a publicly availa-

ble resource containing crowdsourced and disease-focused gene panels for all rare disease 

groupings within the 100kGP (https://panelapp.genomicsengland.co.uk/; accessed on 12 

December 2022) [13]. Genes on each panel are traffic-light coded based on the level of 

confidence for diagnostic reporting in a given rare disease. Green genes are those in which 

there are plausible disease-causing variants (de novo or rare variants that are fully-pene-

trant) that affect a functional region of the gene (open reading frame for protein-coding 

genes) and have been identified in three or more unrelated families with a specific rare 

disease, or within two or more unrelated families with strong additional functional data. 

Full criteria for categorization of Green panel genes are provided in Table S1. Scrutiny of 

variants identified in Green genes aids prioritization of likely pathogenic variants and 

decreases the number candidates that diagnostic laboratories are required to screen. 

Genes that do not meet these criteria are listed as Amber or Red, corresponding to mod-

erate or insufficient evidence for gene-disease association, respectively [13]. 

While the use of panels greatly facilities workflow through complex genomic da-

tasets, their full utility is critically dependent on regular updating to take account of recent 

research findings, in order to maximize diagnostic sensitivity. A recent analysis of the di-

agnostic sensitivity achieved for craniosynostosis from the 100kGP showed that only 47% 

of variants had been identified through the panel-based approach in use at that time. Alt-

hough some of the missing diagnoses were attributable to a failure to call variants in-

cluded in the contemporaneous Green panel (33% of missing diagnoses), an additional 

22% of diagnoses were missed because the gene was considered an Amber or Red gene at 

the time of analysis, not taking into account more recent discoveries that indicated the 

gene should have been prioritized more highly [11]. 

Genomic diagnostics in England has now evolved from the 100kGP initiative into the 

NHS England Genomic Medicine Service (www.england.nhs.uk/genomics/nhs-genomic-

med-service/; accessed 23 January 2023). This service continues to rely on PanelApp to 

provide lists of genes to prioritize, however there appears to be no systematic mechanism 

to ensure that panels remain up to date. Here, we aimed to review the current genes listed 

as Amber or Red on PanelApp for craniosynostosis, to ascertain whether additional evi-

dence was sufficient to promote a gene to Green status, thus flagging variants within that 

gene for clinical review by diagnostic laboratories. Additionally, we screened the litera-

ture for variants in genes not documented in PanelApp to provide an updated list of genes 

that should be monitored for further cases or that should already be considered a Green 

gene. We augmented this list with new data obtained from resequencing a 42-gene panel 

in 617 affected individuals. 

2. Materials and Methods 

2.1. Literature Search 

Articles were searched on PubMed using “craniosynostosis” as a keyword across a 

5-year period from 2018 to end of 2022 (Table 1 and Table S2), as reports prior to this date 

should have already been incorporated into PanelApp. All exome, genome, or panel-

based analyses of patients with craniosynostosis were included and screened for variants 

in genes listed as Amber or Red on PanelApp (v3, accessed 12 December 2022) [13] (Table 

S3). Any additional gene not listed on PanelApp with a variant annotated as likely 
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pathogenic/pathogenic was included in the analysis (Table S4). For all genes listed as Am-

ber or Red on PanelApp, a search on PubMed was conducted using the gene name as a 

keyword across all time periods to identify further case reports to support gene-disease 

association (Table S3); some of these papers had already been considered in PanelApp. 

Additionally, we searched for any further published single case reports of craniosynosto-

sis associated with a novel gene to add to the list of genes not described in PanelApp 

(Table S4). 

Table 1. Sequencing of cohorts of patients with craniosynostosis from 2018–2022. 

Cohort 

Number of 

Probands 

Screened 

Sequencing Technol-

ogy 

Phenotypes Included in the 

Screen a 

Number of Pathogenic/Likely 

Pathogenic Variants Identified in 

Each Screen Corresponding to 

Current PanelApp (v3) Status 

Green Amber Red Null 

Australia/ 

New Zealand 

(Lee et al., 

2018) [14] 

309 20-gene panel 

Patients recruited with a range 

of sutures fused, with or with-

out syndromic features 

40 2 1  

Seattle (Clarke 

et al., 2018) 

[15] 

397 
RNA-sequencing,  

61 genes screened 
Single suture craniosynostosis 43 1 19  

Scandinavia 

(Topa et al., 

2019) [16] 

100 63-gene panel 

Syndromic craniosynostosis 

(78% of the cohort), predomi-

nately coronal synostosis 

66    

Yale 

(Timberlake et 

al., 2019) [17] 

12 Whole exome 
All syndromic, with single 

and multi-suture synostosis 
5   4 

Japan (Suzuki 

et al., 2020) 

[18] b 

51 Whole exome All with trigonocephaly  4 17  

Korea (Yoon et 

al., 2020) [19] 
110 34-gene panel 

Patients recruited with syn-

dromic or non-syndromic cra-

niosynostosis and all sutures 

considered 

24  1  

China (Wu et 

al., 2021) [20] 
201 17-gene panel 

Cohort consists of patients 

with syndromic and non-syn-

dromic craniosynostosis 

51    

Saudi Arabia 

(Alghamdi et 

al., 2021) [21] 

28 Whole exome 
Syndromic craniosynostosis 

with all sutures considered 
13  2  

100kGP 

(Hyder et al., 

2021) [11] 

114 Whole genome 

Patients recruited with syn-

dromic or non-syndromic cra-

niosynostosis and all sutures 

considered 

12 3 3 16 

Norway 

(Tønne et al., 

2021) [22] 

381 72-gene panel 

Patients recruited with syn-

dromic or non-syndromic cra-

niosynostosis and all sutures 

considered 

59  4 5 

China (Chen et 

al., 2022) [23] 
264 

17-gene panel (264 in-

dividuals), whole-

Patients recruited with syn-

dromic or non-syndromic 
143 2  4 
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exome sequencing (n = 

102, 39%) 

craniosynostosis and all su-

tures considered 

Norway 

(Tønne et al., 

2022) [24] 

10 Whole exome 

All patients with syndromic 

craniosynostosis that were 

negative in the previous 

Tønne screen [22] 

 1  4 

Yale 

(Timberlake et 

al., 2023) [25] 

25 Whole exome 
All patients displayed lamb-

doid synostosis 
  1 14 

Oxford (Tooze 

et al., 2022) 

[26] 

617 
42-gene panel (Table 

S2) 

Patients recruited with syn-

dromic or non-syndromic cra-

niosynostosis and all sutures 

considered 

4 6   

a See Table S2 for further information. b Only variants confirmed by dideoxy-sequencing within this 

study were included in variant counts. 

2.2. Panel-Based Sequencing of a Cohort of Genetically Unsolved Patients with Craniosynostosis 

In total, 617 samples (considering a variety of sutures fused) were screened for path-

ogenic variants in 42 genes (Table S2) using IDT’s hybridization and capture protocol (fur-

ther details in Supplementary Methods). Probes were designed to ensure that all coding 

regions of the canonical transcript were captured by at least two probes (probes used to 

target SOX6 and SMAD3 are detailed in Table S5). Sequencing data were analyzed using 

amplimap software [27] (including mapping, coverage analysis, and variant calling), and 

variants were filtered on the basis of rarity (allele frequency in gnomAD [v2.1.1] below 

0.000045) [8,28], CADD score (≥20, or not reported), and likely consequence (missense or 

more damaging). 

2.3. Analysis of Single Cell Transcriptomic Data 

For any gene in which there was new, convincing, evidence for variant pathogenicity 

identified in three or more individuals (from the literature or resequencing analysis), or 

two or more cases with additional functional evidence, the expression of the gene was 

analyzed from previously published single cell transcriptomic data of the mouse embry-

onic day (E) 15.5–17.5 coronal suture [29]. Complete methods and bioinformatic analyses 

are described in detail by Farmer et al., 2021. 

3. Results 

Sequencing of 42 genes in 617 unsolved samples identified ten variants considered 

likely pathogenic. Of these, four were identified in Green genes (three ALX4 variants and 

one MSX2), and the remaining six variants were identified in Amber genes. The Amber 

genes included three variants in PRRX1 (which contributed towards the first experimental 

cohort of patients with craniosynostosis and variants in PRRX1 [30], providing substantial 

evidence to promote this gene to Green), one splicing variant in SMAD3 (c.206+1G>A; 

p.(?)), and two truncating variants in SOX6 (Table S3, Figure S1). The two SOX6 variants 

comprised a 23 bp deletion encompassing the exon 3-intron 3 boundary (c.426_445+13del; 

p.(?)) and a de novo stop-gain (c.1624G>T; p.(Glu542*)) (Figure S1). For the individual 

with the SOX6 deletion variant, parental samples were not available for screening. While 

the identification of additional patients with variants in SMAD3 would be required to 

promote its current Amber PanelApp status, the two variants in SOX6 provide a signifi-

cant uplift (40%) to the total number of patients currently described in the literature with 

craniosynostosis and contribute positively to promoting this gene to Green (Table 2). 

Table 2. Genes with sufficient evidence to be updated to Green PanelApp status. 
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Gene. 
Current 

Panel 

Mode of In-

heritance 

Broad Categories of 

Pathophysiology 
Literature 

MASP1 Amber Biallelic 

Bone osteogenesis, 

resorption, and ho-

meostasis 

Two reviews identify a prevalence of 27–31% of patients 

with craniosynostosis and 3MC syndrome and a variant in 

MASP1 [31,32]. 

NFIA Amber Monoallelic 

Regulator of cell 

fate and differentia-

tion 

Four patients identified in independent screens [19,22–24]. 

PRRX1 Amber Monoallelic 

Regulator of cell 

fate and differentia-

tion 

There are 17 patients from 14 independent families with rare 

heterozygous variants in PRRX1, predicting loss of function 

variants or missense variants affecting the homeodomain 

[30]. 

SOX6 Amber Monoallelic 

Regulator of cell 

fate and differentia-

tion 

Seven independent families with loss of function variants in 

SOX6 and craniosynostosis; five of these are published 

[23,33,34] and two were identified in a screen of 617 patients 

without a genetic diagnosis to their craniosynostosis [this 

study; Table S3]. 

ADAMTSL4 Red Biallelic 
Regulator of the ex-

tracellular matrix 

More than 12 cases of ectopia lentis and craniosynostosis are 

associated with recessive variants in ADAMTSL4 [35]. 

AHDC1 Red Monoallelic 

Regulator of cell 

fate and differentia-

tion 

There are three individuals reported with bona fide cranio-

synostosis and variants in AHDC1 [36–38], a further four in-

dividuals are described with variants in AHDC1 and sus-

pected craniosynostosis [22,39]. 

FBN1 Red Monoallelic 
Regulator of the ex-

tracellular matrix 

There are five likely pathogenic de novo variants reported 

in independent families and one deletion which includes 

FBN1 [19,37,40–42]. 

FGF9 Red Monoallelic 

Regulator of cell 

fate and differentia-

tion 

Three likely pathogenic variants have been reported in inde-

pendent families; one variant segregates in 12 individuals in 

the same family and another variant was inherited from an 

affected father [43–45]. A missense substitution, 

p.(Asn143Thr), in murine Fgf9 results in a phenotype similar 

to multiple synostoses syndrome 3, with craniosynostosis 

[46].  

KAT6B Red Monoallelic Chromatinopathy 

Three loss of function variants have been identified in pa-

tients with craniosynostosis and a phenotype similar to Lin-

Gettig syndrome [22,47]. 

NFIX Red Monoallelic 

Regulator of cell 

fate and differentia-

tion 

Four families are reported with variants in NFIX. Only one 

of these variants does not affect a functional domain 

(p.(Met48Lys)), but it is reported in ClinVar as likely patho-

genic for Malan overgrowth syndrome [22,25]. 

ARID1B Absent Monoallelic Chromatinopathy 

Four independent families have been described with loss-of-

function variants in ARID1B and craniosynostosis with de-

velopmental delay [11,18,23,48]. 

BCL11B Absent Monoallelic 

Regulator of cell 

fate and differentia-

tion 

There are seven families with variants in BCL11B and con-

firmed craniosynostosis [49–51]. 

CDK13 Absent Monoallelic 
Cell-cycle regula-

tor/genome stability 

Four independent cases identified within the literature in 

patients with craniosynostosis [11,22,52]. 

FBXO11 Absent Monoallelic 
Cell-cycle regula-

tor/genome stability 
Three independent cases confirmed in patients [11,53]. 
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IL6ST Absent Biallelic 

Bone osteogenesis, 

resorption, and ho-

meostasis 

Two cases of recessive variants in IL6ST and craniosynosto-

sis with additional animal models which phenocopy the hu-

man presentation [54,55]. 

MAN2B1 Absent Biallelic 

Bone osteogenesis, 

resorption, and ho-

meostasis 

Three independent families with recessive variants in 

MAN2B1 and craniosynostosis, although not all individuals 

with recessive variants in MAN2B1 develop craniosynosto-

sis [11,22,56]. 

Following a framework for evidence-based gene-disease-association classification 

(Table S1) [57,58], a review of the current literature on variants reported in patients with 

craniosynostosis alongside the results from our panel-based resequencing analysis (Table 

1) suggests that an additional 16 genes should be promoted to Green status (Table 2), 

bringing the total number of Green genes to 81 (a 25% increase). Four of these are currently 

classified as Amber (MASP1, NFIA, PRRX1, and SOX6), six genes are annotated as Red 

(ADAMTSL4, AHDC1, FBN1, FGF9, KAT6B, and NFIX), and six genes are not included in 

PanelApp (ARID1B, BCL11B, CDK13, FBXO11, IL6ST, and MAN2B1). Further details on 

these 16 proposed new Green genes are provided in the Supplementary Information sec-

tion. 

Single cell transcriptomic data from the mouse E15.5–17.5 coronal suture was ana-

lyzed to provide additional information for interpreting the pathophysiological mecha-

nisms associated with the 16 genes identified. Nine of these genes displayed generalized 

expression across all cell populations, but only Nfia, Nfix and Prrx1 were shown to be 

highly expressed in all clusters (Figure S2). The remaining seven genes showed specific 

expression patterns (Figure S3), with Bcl11b and Sox6 expressed in osteogenic cells, while 

Il6st was predominately expressed in non-osteogenic cell clusters. Masp1 was identified 

in the suture periosteum and Fgf9 showed low but specific expression within cells of the 

suprasutural layer. Fbn1 and Adamtsl4 showed specific expression within cells of the ec-

tocranial layers, although Fbn1 was more widely expressed in the ectocranial clusters. De-

tails on the role of each cell population in the development of the coronal suture were 

discussed previously [29]. 

4. Discussion 

Based on the identification of three or more individuals harboring variants associated 

with congruent phenotypes and likely damaging variants in a common gene, to date, there 

are 65 genes classified as Green in PanelApp. Of those, 24 (37%) may be considered “core” 

craniosynostosis-associated genes, in which variants of a particular molecular type are 

associated with craniosynostosis in over 50% of the individuals and are considered to per-

turb fundamental components in the biology of cranial suturogenesis. The remaining 

genes are those in which craniosynostosis is a phenotype less frequently associated with 

pathogenic variants within that gene, although likely causally associated. This latter 

grouping includes some examples in which there is a wider disturbance in osteogenesis, 

owing to aberrant osteoblast or osteoclast activity. 

Of the 16 genes presented here as newly associated craniosynostosis genes, PRRX1 

and FGF9 may be considered as core genes. PRRX1 encodes the mammalian paired-re-

lated homeobox 1 transcription factor, a member of the PRD class of homeobox transcrip-

tion factors that regulate several aspects of embryonic development [59]. Post-natal cal-

varial stem cells expressing Prrx1 have been shown to reside exclusively in the calvarial 

suture niche [60], suggesting a requirement for PRRX1 regarding suture patency during 

early development. In support, Prrx1 has been shown to be widely expressed within the 

mouse coronal suture at E15.5 [29] (Figure S2). Postnatal skeletal stem cells expressing 

Prrx1 were also shown to respond to WNT signaling by differentiating into osteoblasts 

and can regenerate bone upon heterotopic transplantation [60], supporting a key role for 

PRRX1 in the maintenance of the sutural mesenchyme and flanking bone fronts. 



Genes 2023, 14, 615 7 of 13 
 

 

FGF9 encodes fibroblast growth factor 9, an essential growth factor for intramembra-

nous ossification. Positive differentiation signals emanating from osteoid (a collagenous 

unmineralized matrix produced by osteoblasts), alongside provision of growth factors (in-

cluding FGF9) from the dura mater underlying the suture [61,62], stimulate osteogenesis 

of the surrounding bone fronts. In support, analysis of single cell data shows Fgf9 pre-

dominantly expressed within the suprasutural layer, but also within small populations of 

cells occupying the outer dura mater and osteoprogenitors (Figure S3) [29]. This spatial 

distribution permits signaling interactions between mesenchymal populations and osteo-

genic cells, thus controlling differentiation and proliferation of osteoblasts to establish the 

growing bone fronts flanking the suture [63–65]. Notably, a mouse semidominant mutant 

(Elbow knee synostosis; Eks) is caused by the amino acid substitution p.(Asn143Thr) in 

Fgf9 and manifests elbow joint fusions, knee joint dysplasia, and craniosynostosis 

[46,66,67]; importantly, variants in multiple members of the FGF receptor family cause 

several classical craniosynostosis syndromes, including Apert, Crouzon, Pfeiffer and 

Muenke syndromes [9]. 

The remaining 14 craniosynostosis-associated genes can be broadly divided into five 

categories of pathophysiology: defects in the extracellular matrix (ECM) (ADAMTSL4 and 

FBN1); regulators of cell cycle-progression and/or genome stability (CDK13 and FBXO11); 

chromatinopathies (ARID1B and KAT6B); bone osteogenesis, resorption, and homeostasis 

(IL6ST, MAN2B1, and MASP1); and abnormalities in regulators of cell fate and differenti-

ation (AHDC1, BCL11B, NFIA, NFIX, and SOX6). Each of these categories, which are not 

mutually exclusive, is discussed briefly in turn (further details on each gene are described 

in the Supplementary Information). 

The ECM plays an important role in cell signaling by eliciting cues for cell prolifera-

tion, migration, and differentiation. For example, fibrillin-1 (FBN1) (an ECM glycoprotein) 

mediates the activation of transforming growth factor β (TGF-β) [9,40], which is known to 

be upregulated in osteoblasts [62]. This interaction is stabilized by ECM-binding proteins 

(including ADAMTSL4) at the cell matrix interface [68–70]; expression of Adamtsl4 in the 

mouse coronal suture was identified within the ectocranial layers, overlapping with sites 

of expression of Fbn1 (Figure S3). 

Previously, hypomorphic variants in genes involved in the regulation of cell division, 

including CDC45 and RECQL4 (both Green genes) were reported in patients with cranio-

synostosis [9]. Members of the cyclin-dependent kinases (CDKs) regulate cell-cycle pro-

gression and gene expression through controlling cell-cycle checkpoints, and phosphory-

lation status and activity of splicing regulators [52]. Dysregulation of a number of CDKs 

promotes cell proliferation and is a hallmark of several cancers [71]. In addition, DNA 

damage response pathways respond to genotoxic stress induced by the presence of dele-

terious changes in the DNA sequence, by inducing cell cycle arrest and repair mecha-

nisms. FBXO11 belongs to the F-Box family of proteins which mediate protein-protein 

interaction for ubiquitin-mediated proteolysis [72]; FBXO11 constitutes one subunit of an 

E3-ubiqitin ligase complex, and functions to recognize substrates for degradation [73], 

thus controlling genome stability. Both Cdk13 and Fbxo11 are expressed across all popula-

tions of the coronal suture (Figure S2). The importance of maintaining the balance between 

cell proliferation and differentiation within the suture is discussed later. 

In line with recent reports, we identified chromatin modifiers as a category of plei-

otropic genes associated with craniosynostosis [22,74], whereby the underlying genetic 

mechanism is the disruption of a component of epigenetic machinery (writers, erasers, 

and readers). In keeping with the heterogenous function of chromatin modifiers, the ex-

pression of Arid1b and Kat6b is generally widespread across tissues of the mouse coronal 

suture (Figure S2). Targets of epigenetic modification include the DNA itself through al-

terations to methylation status, or by modification of the DNA-associated histone proteins 

[75]. The effect of variation within these genes is expected to be widespread, although a 

defining feature of patients with chromatinopathies is usually the presence of intellectual 

disabilities [75]. 
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Genes involved in immunity have previously been highlighted as important mole-

cules in the maintenance of the balance between bone growth, mediated by osteoblasts, 

and resorption, mediated by osteoclasts [9]. IL6ST encodes GP130, a cytokine receptor and 

transducer of IL6-mediated cytokine signaling. Perturbations in cytokine signaling affect 

bone remodeling due to a defect in osteoclast differentiation; for example, biallelic loss-

of-function variants in the interleukin 11 (IL-11) co-receptor, IL11RA, cause craniosynosto-

sis, possibly owing to an osteoclast defect and subsequent failure to break down the bone 

matrix. In support, Il6st was predominantly expressed in the non-osteogenic populations 

above and below the suture (Figure S3). MASP1, which encodes the mannan-binding lec-

tin serine protease-1, functions in the lectin pathway of complement. Osteoclast-derived 

complement factors were shown to stimulate osteoblast differentiation, shifting the bal-

ance towards increased bone growth potential [76,77]. Consistent with this function, 

Masp1 exhibits specific expression within a pre-osteoblast population of the coronal suture 

(Figure S3). MAN2B1 encodes α-D-mannosidase, which functions in the lysosomal matu-

ration of N-linked glycoproteins. Biallelic defects in MAN2B1 lead to multisystem accu-

mulation of undigested oligosaccharides in the lysosomes, affecting the function of many 

cell types including osteogenic cells. 

For the maintenance of the cranial suture, a population of undifferentiated stem cells 

must persist within the mid-sutural mesenchyme [9]. A disruption in the delicate balance 

of proliferation and differentiation, associated with increased cell proliferation and/or ac-

celerated osteogenic differentiation, may result in craniosynostosis. The genes AHDC1, 

BCL11B, NFIA, NFIX and SOX6 all encode transcription factors, the haploinsufficiency of 

which may perturb cell regulation in specific contexts. SOX6 has previously been shown 

to function as a tumor suppressor [78,79], limiting cell proliferation; in support, we iden-

tified expression of Sox6 within the sutural mesenchyme and progenitor cell populations 

surrounding the suture (Figure S3). The expression of Bcl11b is specifically enriched 

within the osteoprogenitor cell populations (Figure S3); this finding is consistent with 

studies in mice that have highlighted an essential role of Bcl11b in suture biogenesis. Com-

plete loss of Bcl11b in mice was associated with increased proliferation of osteoprogenitors 

and premature osteoblast differentiation, leading to synostoses of facial and calvarial su-

tures [80]. Additionally, mutation of a critical residue involved in binding the RBBP4-

MTA1 complex, p.(Arg3Ser), was shown to cause coronal craniosynostosis at post-natal 

day 0 [49]. Cells expressing Ahdc1, Nfia, and Nfix showed more generalized expression 

across populations of the coronal suture (Figure S2). Accordingly, these genes are known 

to regulate multiple embryonic lineages and pathogenic variants were shown to cause 

varying phenotypes, with neurodevelopmental disorder a common feature [33,39,81]. 

5. Conclusions 

A literature review of single case reports, and exome-, genome-, or panel-based anal-

yses of patients with craniosynostosis, alongside the resequencing of 617 individuals with 

craniosynostosis for variants in 42 genes, identified 16 genes that should be newly pro-

moted to Green on PanelApp according to gene-disease association criteria. Inclusion of 

these genes will facilitate the identification of additional variants in patients recruited to 

the 100kGP. We highlight two core genes (FGF9, PRRX1) in which variants may impact 

key aspects of cranial suture biology, but for the majority of the genes it is likely that cra-

niosynostosis is a rare consequence of mutation. While efforts have been made to update 

the craniosynostosis panel over recent years, this report provides (to our knowledge) the 

first systematic update of genes newly implicated in craniosynostosis since 2019. Addi-

tionally, the heterogenous nature of craniosynostosis is underlined, giving significant up-

lift to the number of genes identified in the long tail of rarer genetic diagnoses. In genes 

for which only one or two patients have currently been identified with a likely pathogenic 

variant, we hope this work will provide a resource for the identification and analysis of 

additional cases in the future. 
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