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Abstract

Nonsyndromic craniosynostosis (NCS) is the premature ossification of skull sutures, without 

associated clinical features. Mutations in several genes account for a small number of NCS 

patients; thus, the molecular etiopathogenesis of NCS remains largely unclear.

Our study aimed at characterizing the molecular signaling implicated in the aberrant ossification 

of sutures in NCS patients. Comparative gene expression profiling of NCS patient sutures 
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identified a fused suture-specific signature, including 17 genes involved in primary cilium 

signaling and assembly. Cells from fused sutures displayed a reduced potential to form primary 

cilia compared to cells from control patent sutures of the same patient. We identified specific 

upregulated splice variants of the Bardet Biedl syndrome-associated gene 9 (BBS9), which 

encodes a structural component of the ciliary BBSome complex. BBS9 expression increased 

during in vitro osteogenic differentiation of suture-derived mesenchymal cells of NCS patients. 

Also, Bbs9 expression increased during in vivo ossification of rat sutures. BBS9 functional 

knockdown affected the expression of primary cilia on patient suture cells and their osteogenic 

potential. Computational modeling of the upregulated protein isoforms (observed in patients) 

predicted that their binding affinity within the BBSome may be affected, providing a possible 

explanation for the aberrant suture ossification in NCS.
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1. Introduction

Craniosynostosis (CS) is a major structural birth defect resulting from premature fusion of 

one or more skull sutures, and represents the second most common craniofacial defect in 

humans (after cleft lip/palate), with an overall prevalence of 1/2,000–2,500 live births [1,2]. 

Although CS is a feature in more than 180 Mendelian syndromes and chromosomal 

anomalies, most patients (75%–85%) present with a nonsyndromic (isolated) phenotype [3–

5].

Nonsyndromic craniosynostosis (NCS) is considered a multifactorial disorder, in which 

gene-gene and/or gene-environment interaction effects are plausibly involved [5]. NCS 

subtypes are classified according to the site of premature suture fusion and are named after 

the consequent abnormal morphology of the skull. Single-suture CS subtypes (suture) 

include scaphocephaly (sagittal), trigonocephaly (metopic), anterior plagiocephaly (coronal) 

and posterior plagiocephaly (lambdoid). When multiple sutures are involved, the CS is 

considered complex and is more likely to be a feature of a syndromic phenotype [6,7].

Although the occurrence of NCS is thought to be largely sporadic, familial recurrence has 

been reported in 2–10% of patients, suggesting a Mendelian inheritance [5,6,8].

Nonetheless, the genetic etiology of NCS remains largely unclear. Suggested mechanisms 

include low penetrance of mutations in genes associated with syndromic forms of CS 

(FGFR1, FGFR2, FGFR3, TWIST1, EFNB1, TCF12, among others) [4] and mutations in 

genes acting within interconnected signaling pathways, including TCF12 [9], ERF [10], 

TWIST1 [11], ALX4 [12], RUNX2 [13], FREM1 [14] and ZIC1 [15]. Exposure to 

environmental risk factors is also considered among the etiopathogenetic events in NCS, 

also in the light of recent changes in the incidence of different forms [4,16,17]. More 

recently, two-loci inheritance has been proposed, involving a common risk allele near the 

BMP2 locus that increases the penetrance of rare loss of function mutations in SMAD6 [18].
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Even with this evidence, mutations defining a strong genetic etiology for NCS have been 

reported in a limited proportion of patients [6]. Most NCS appears to occur in the absence of 

an identifiable underlying cause, suggesting that during skull development, a single suture 

undergoes an abnormal morphogenesis leading to premature ossification and fusion. This 

abnormal morphogenesis may be attributed, in part, to local somatic alteration that affects 

the prematurely fused suture site [19,20].

The results of comparative gene expression profiling between fused and unfused suture 

tissues and/or cells performed in previous studies, tend to support the hypothesis of local 

molecular differences acting at the dysmorphic skull site of NCS patients [21–26]. 

Nonetheless, the data obtained in these studies are poorly comparable and reproducible, 

largely due to the different experimental designs and protocols used [4,27,28].

To understand the molecular etiology of NCS, we previously performed a genome-wide 

association study of 130 case-parent trios with sagittal NCS and identified strong and 

reproducible associations with the BMP2 and the BBS9 loci [29]. BMP2 encodes a member 

of the TGFβ superfamily and a key growth factor regulating osteoblast development [30]. 

The TGFβ/BMP and FGF pathways intensely interact during development and osteogenesis, 

playing pivotal roles in cranial morphogenesis of vertebrates [5,31]. We previously 

demonstrated that prematurely fused sutures and osteogenic precursors (calvarial-derived 

mesenchymal cells, CMSC) of sporadic CS patients displayed a constitutive activation of 

BMP2 and its downstream osteogenic cascade [32].

With regard to BBS9, this gene encodes a structural protein involved in the assembly of a 

multimeric complex, namely the BBSome, acting in primary cilium biogenesis and 

intraciliary trafficking [33–36]. BBS9 initially was identified as a gene downregulated by 

parathyroid hormone in osteoblasts [37], although its role in the osteogenic signaling has not 

been well elucidated. BBS9 loss-of-function mutations are associated with the Bardet-Biedl 

syndrome (OMIM: #615986), which does not manifest with CS [38].

Although the molecular signaling within the primary cilium has been recognized as a key 

functional player in craniofacial morphogenesis, to date, a specific role for BBS9 in CS 

etiopathogenesis has not been supported by functional evidence. In this study, we have 

examined the molecular signaling acting in the calvaria of patients affected by NCS, 

focusing on the functional role of BBS9 and related primary cilium signaling. We performed 

comparative molecular and morphological analyses on matched fused/unfused sutures of 

affected patients, and on cells isolated thereof. BBS9 knockdown was performed in fused-

suture derived cells to validate the functional involvement of this gene in the osteogenic 

process, and Bbs9 expression was analyzed in rats during postnatal skull growth, to confirm 

its implication during in vivo suture ossification. Finally, we attempted to identify the 

contribution of different splice variants encoding alternative BBS9 protein isoforms using 

computational modeling and correlating the prediction of three-dimensional structure with 

their functional activity in modeling the assembly of the BBSome.
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2. Materials and Methods

2.1 Patient sample and specimen collection

We enrolled a sample of 16 patients affected by midline (sagittal or metopic) NCS following 

collection of written informed consent from their parents. Patients were of both sexes and 

aged 3-to-12 months (mean age 6.7±2.4 months, median age 6 months). Detailed patient 

data, including craniometrics measures and specimen descriptions are provided in 

Supplemental Table 1. Hotspot CS mutations were excluded by Sanger sequencing analysis 

of the fibroblast growth factor receptor -1, -2 and -3 (FGFR1-3), and in the twist homolog 1 

(TWIST1) genes.

Suture tissue specimens were collected from patients as surgical waste resulting from cranial 

remodeling. Specifically, four tissue specimens were collected from each patient: two from 

the physiological patent suture (termed “Normal”, N) and two from the prematurely fused 

suture (termed “Pathologic”, P). Two samples (one N and one P) were collected in culture 

medium and served for cell isolation, the remaining two samples were snap-frozen in liquid 

nitrogen and served for RNA isolation. The collection site for N and P specimens from each 

patient is specified in Supplemental Table 1.

Our study protocol was designed according to the European Good Clinical Practice 

guidelines and with the current revision of the Declaration of Helsinki, and was approved by 

the Ethical Committee of the Università Cattolica del Sacro Cuore, School of Medicine 

(protocols number A/606/CE/2010 and 19056/14).

2.2 Tissue RNA isolation

Snap-frozen calvarial tissue specimens were grinded using a mortar and pestel and lysed 

using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). The phenol-chloroform phase was 

recovered for protein extraction, as described below. Total RNA was isolated from the 

aqueous phase and subsequently purified using silica membrane spin columns from RNeasy 

Mini kit (Qiagen, Chatsworth, CA), as previously described [32]. The yield, quality, and 

integrity of RNA were determined using the Agilent 2100 Bioanalyzer (Agilent 

Technologies, Palo Alto, CA, USA), as previously described [27].

2.3 Microarray analysis

Total RNA isolated from selected tissue specimens (Supplemental Table 1) was used as a 

template to produce libraries of biotinylated cRNAs [39] and hybridized on GeneChips Exon 

1.0 ST human microarrays (Affymetrix, Santa Clara, CA, USA), following the procedure 

described by the manufacturer. This microarray technology implemented a whole-transcript 

coverage probeset design to enable expression analysis at both the gene and single exon 

levels.

Data analysis was performed using the Affymetrix® Transcriptome Analysis Console (TAC) 

Software 3.0, (www.affymetrix.com/estore/browse/level_seven_software_products_only.jsp?

productId=prod760001#1_1). Starting from the CEL files, CHP files were generated through 

the AffymetrixR Expression Console Software; thus, the list of differentially expressed 
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genes was generated by importing non-paired CHP files and applying a One-Way Between-

Subject Analysis of Variance Analysis (ANOVA) p-value threshold ≤0.05 together with an 

absolute log2 (fold change in linear space) threshold of 1.5.

The exon-level differential expression analysis, which enables distinguishing different 

isoforms of each gene, was performed by the TAC Software selecting a One-Way Between-

Subject ANOVA p-value threshold ≤0.05, and a log2 (fold change in linear space) threshold 

of 2.

The gene lists underwent biological interpretation according to Gene Ontology enrichment 

and gene network analysis (by STRING; https://string-db.org/), enabling the definition and 

prioritization of functional categories. The functional enrichment of the gene lists was 

implemented using the Database for Annotation, Visualization, and Integrated Discovery 

(DAVID; http://david.abcc.ncifcrf.gov/) [40].

Our dataset described in this publication was deposited in the NCBI Gene Expression 

Omnibus (https://www.ncbi.nlm.nih.gov/geo/) [41] and is accessible through the GEO Series 

Accession Number GSE79386.

2.4 Cells isolation and culture

All reagents were purchased from Euroclone (Milan, Italy). CMSC were isolated in primary 

culture from each suture tissue specimen harvested from patients, as previously described 

[32]. This procedure allowed selecting adherent cells isolated from the flat bone boundary at 

the site of suture, regardless of the suture ossification status. These cells displayed the 

immunophenotype and biological features (including multilineage potential) of 

mesenchymal stromal cells, as previously described [32]. Upon confluence, primary cells 

were detached with trypsin/EDTA and split into two aliquots; one aliquot was plated in T75 

flasks and amplified for further experiments, and the other aliquot was stored at −80°C until 

used for RNA and protein isolation, as described below.

2.5 In vitro osteogenic assay

The osteogenic potential of CMSC was analyzed comparatively in cells isolated from N- and 

P- sutures. Cells were cultured for 5 days in osteogenic medium (OM) [42]. Cells cultured in 

standard growth medium were used as negative controls for differentiation. Osteogenic 

differentiation was assessed morphologically using Alizarin red staining and analyzing the 

expression of osteospecific genes, namely osterix (OSX) and alkaline phosphatase (ALP), 

by quantitative real time PCR (qPCR) [43].

2.6 RNA isolation from cells

Total RNA was isolated from CMSC using the RNeasy mini kit (Qiagen, Hilden, Germany), 

according to the manufacturer’s suggested procedures. An additional on-column DNase 

incubation step was performed, allowing the selective removal of genomic DNA during the 

isolation process. RNA was quantified using a UV spectrophotometer, and RNA quality and 

integrity was assessed using the Agilent 2100 Byoanalyzer (Agilent, Santa Clara, CA, USA).
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2.7 Quantitative Real Time PCR (qPCR)

The differential expression of BBS9 and its transcript isoforms was validated, first in tissue 

specimens, and then in N- and P-CMSC isolated from an independent set of NCS patients 

using qPCR [42,44]. Sequence-specific oligonucleotide primers were designed to amplify 

selected BBS9 isoforms, based on the sequence of the Probe Selection Region (PSR) and 

Junction Probe Sets sequences of the Exon array. qPCR was also exploited to analyze the 

expression of the Hedgehog (HH) pathway-related genes, Smoothened (SMO) and GLI 

family zinc finger 1 (GLI1) [45,46], to evaluate the primary cilium-related signaling during 

the osteogenic differentiation of CMSC. The sequences of all oligonucleotide primers used 

in this study are provided in Supplemental Table 2.

2.8 BBS9-silencing

To evaluate the functional role of the BBS9 gene during osteogenic differentiation, we 

knocked-down BBS9 expression in P-CMSC, using a pool of custom-designed double-

stranded short interfering RNAs (siRNA) (Qiagen). The sequences of the siRNA constructs 

are provided in Supplemental Table 3. CMSC were plated in 24-well plates at a density of 

2×104 cells/well and incubated under standard growth conditions. On the following day, the 

siRNA constructs were transfected into adherent cells using the HiPerfect® Transfection 

Reagent (Qiagen), according to the manufacturer’s suggested procedure. Cells transfected 

with AllStars Negative Control siRNA (Qiagen) and cells treated with transfection reagent 

served as siRNA controls and negative controls, respectively. The efficiency of the silencing 

was evaluated by analyzing the expression of BBS9 by qPCR, as previously described [32]. 

BBS9-silenced cells were used in time course experiments of expression analysis and 

confocal microscopy.

2.9 Cell immunofluorescence (IF)

Immunofluorescence and confocal microscopy analysis was carried out on CMSC to 

visualize and quantify the expression of BBS9. To this aim cells were incubated with a 

polyclonal antibody raised against a peptide mapping within an internal region of BBS9 of 

human origin (BBS9: sc-82536; Santa Cruz Biotecnology, Heidelberg, Germany), combined 

with a monoclonal antibody against α-acetylated tubulin (αAcTub-Ab; Sigma Aldrich). 

After incubation with the appropriate fluorophore-associated secondary Ab (1:200), and TO-

PRO3 iodide (Life Technologies) counterstaining, all slides were analyzed using the LSM 

510 META confocal laser scanning microscopy system (Zeiss, Oberkochen, Germany). At 

least ten fields representing each slide were examined for each condition. The quantification 

of the BBS9 fluorescence intensity was performed by the Java image processing and 

analysis program ImageJ (NIH- https://imagej.nih.gov/ij/download.html) [47].

Immunofluorescence and confocal microscopy analysis was carried out on CMSC, also, to 

visualize and count the primary cilia. Two protocols were used. The first protocol combined 

two monoclonal antibodies against α-acetylated tubulin (αAcTub-Ab; Sigma Aldrich) and γ 
tubulin (γTub-Ab, Sigma Aldrich) to label the shaft and the basal body of the cilium, 

respectively [48], and allowed assessing cilium structural integrity and position at an 

improved resolution. The second protocol was implemented to improve the specificity of 

primary cilium staining over the cytoskeleton, being based on a monoclonal Ab against the 
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ADP-ribosylation factor-like GTPase 13B (ARL13B; Santa Cruz Biotechnology) expressed 

selectively inside the cilium [49]. After incubation with the appropriate fluorophore-

associated secondary Ab (1:200), and TO-PRO3 iodide (Life Technologies) counterstaining, 

all slides were analyzed using the LSM 510 META confocal laser scanning microscopy 

system (Zeiss, Oberkochen, Germany). At least ten fields representing each slide were 

examined for each condition. The quantification of primary cilia expression was performed 

on nucleated cells and expressed as percentage of primary cilia per counted nuclei. At least 

50 nucleated cells were counted for each tested specimen.

2.10 HH signaling modulation

In order to better evaluate the involvement of the HH signaling in the calvarial sutures 

closure, the HH activity was modulated by treating N- and P-CMSC cultures with either the 

agonist purmorphamine or the inhibitor cyclopamine (both purchased from Santa Cruz 

Biotecnology) [50–52]. To this aim, scalar concentrations (1-2-5 μM) of purmorphamine and 

cyclopamine were added, alternatively, to both growth and differentiation culture medium, to 

select the most effective treatment conditions. After these preliminary tests, both chemicals 

were used at a final concentration of 5μM in growth and differentiation medium, to treat 

both N- and P-CMSC. Cells cultured in growth and differentiation medium were used as 

control. All cells were collected 5 days after the treatment. The effect of chemical 

modulation of HH signaling was evaluated by analyzing GLI1 expression levels by qPCR, as 

described elsewhere [45,46].

2.11 In vivo BBS9 characterization

Twenty-Five Wistar neonatal rats were used for morphological and molecular studies. The 

animals were sacrificed through decapitation after the induction of deep anesthesia by 

hypothermia at postnatal days 1- 4- 7- 14 and 21 (5 animals per time point). The skulls were 

completely exposed by removing skin, eyes, and soft tissues. For the morphological study, 

the skull specimens were fixed in 4% paraformaldehyde and double-stained with alcian blue 

and Alizarin red [53] for connective tissue and bone tissue parts detection, respectively. For 

the molecular study, sagittal sutures were collected from the skulls immediately after 

sacrifice and snap-frozen in liquid nitrogen for subsequent RNA isolation. The molecular 

study was conducted following the protocol described above.

2.12 Statistical Analysis

Data were analyzed using GraphPad Prism software version 6.0. Results are presented as 

means ± standard deviation (SD). Statistical differences between groups were analyzed 

using the unpaired Student’s t-test. All statistics were two-tailed and the level of significance 

was set at P<0.05.

2.13 In silico analysis of BBS9 domains

The models of the human BBS9 C-terminal domains were built using I-TASSER (https://

zhanglab.ccmb.med.umich.edu/I-TASSER/) [54–56]. The secondary structures obtained 

through I-TASSER were aligned by UCSF Chimera 1.12rc (http://www.rbvi.ucsf.edu/

chimera) [57].
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3. Results

3.1 Microarray analysis

Microarray analysis was performed to compare the genome-wide expression profiles of 

matched fused (pathological=P) and unfused (normal=N) suture specimens of 8 patients 

(Supplemental Table 1). Data analysis was performed both at the gene level and at the single 

exon level to detect differential expression of transcripts and splice isoforms. The 

comparison was made between patient-matched fused-versus-non fused sutures, with the 

precise aim of excluding individual variability and considering the differences due to the 

pathological event (i.e. premature fusion). This approach allowed evaluating differences in 

the functional activity (i.e. expression) of genes reflecting the somatic alteration occurring at 

the site of premature suture fusion, rather than those related to different genetic 

backgrounds.

3.1.1 Gene-level analysis results—The gene-level microarray analysis, allowed 

detecting 256 transcripts differentially expressed (242 overexpressed and 14 downregulated 

genes; p<0.05) in P versus N sutures. The extended list of differentially expressed genes is 

provided in Supplemental File 1. Network analysis and an in-depth literature search allowed 

identifying 100 upregulated genes involved in bone-related functions (Supplemental File 4), 

largely interacting in an extended network (STRING-gene level Figure in Supplemental File 

4).

The functional enrichment of our gene list, based on Gene Ontology (GO) annotations, 

enabled identifying core biological functions that appeared to be coherently activated in P-

sutures compared with N-sutures (see tables in Supplemental File 4). The top 10 biological 

process annotations for these genes included cell differentiation, and morphogenetic and 

developmental processes. The molecular functions and cellular locations resulting from GO 

enrichment indicated a main representation of molecules involved in binding activities 

occurring on plasma membranes and in the extracellular space (see Supplemental File 4).

3.1.2 Exon-level analysis results—The exon-level analysis allowed detecting 3066 

exons, corresponding to 1573 different transcript clusters, whose expression was 

significantly different (2918 overexpressed and 148 downregulated; p<0.05; supplemental 

File 5) in P-versus-N suture specimens. Nearly 200 genes in the exon-level list overlapped 

with those featured in the gene-level list (Figure 1A).

According to GO functional annotations, this gene list includes functional categories related 

to the extracellular matrix (ECM) organization and cell adhesion (see Gene Ontology in 

Supplemental File 5). In particular, genes belonging to the collagen and laminin families, 

responsible for the structural and adhesive properties of the ECM, were overexpressed in P 

specimens. Moreover, according to the ‘cellular compartment’ GO enrichment, most genes 

showing differentially expressed exons between P and N specimens, are expressed within 

the plasma membrane and the extracellular compartments, 19 specifically annotated within 

the primary cilium compartment. Cilium morphogenesis and assembly were also featured 

among the most significant categories resulting from ‘biological processes’ annotations 

(Supplemental File 5).
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3.2 Aberrant primary cilium morphology and signaling in prematurely fused sutures of 
NCS

The biological interpretation of gene- and exon-level lists obtained by TAC analysis 

(Supplemental File 4 and Supplemental File 5) included 15 dysregulated genes 

(Supplemental Table 6) that were already described as either confirmed or putative 

candidates for clinical phenotypes featuring CS [5,58]. Moreover, 17 genes were indexed in 

the Ciliome Database (http://www.sfu.ca/~leroux/ciliome_database.htm) (Figure 1A; 

genelist in Supplemental Table 7), which categorizes 114 genes to date. We therefore chose 

to focus on primary cilium-associated genes, in light of the leading role played by the ciliary 

signaling in craniofacial development, also evidenced by its recent involvement in the 

molecular etiopathogenesis of CS [59–67].

The possible qualitative and quantitative abnormalities affecting the primary cilium were 

investigated in calvarial-derived mesenchymal cells (CMSC) isolated from P and N suture 

specimens from an independent set of patients suffering from midline NCS (metopic or 

sagittal) (Supplemental Table 1). Primary cilia were marked with α-Ac-Tub and γ-Tub 

(described in Materials and Methods) and evaluated comparatively in N- and P-CMSC 

through confocal microscopy. A reduction of primary cilia in P-CMSC (Figure 1C) 

compared with N-CMSC (Figure 1B) was found. Specifically, the percentage of primary 

cilia-expressing cells was significantly (p<0.05) reduced in P- versus N-CMSC (Figure 1H). 

The proteins involved in cilium assembly in differentiated cells also are responsible for the 

formation of the mitotic spindle during replicative stages [68]. P-CMSC displayed 

morphologically aberrant mitoses, with asymmetric (Figure 1E), unipolar (Figure 1F), or 

tripolar (Figure 1G) spindles, compared with N-CMSC (Figure 1D). The percentage of 

aberrant spindles was significantly (p<0.05) higher in P-versus N-CMSC (Figure 1H).

3.3 BBS9 dysregulation in NCS

3.3.1 Differential BBS9 isoform expression in NCS sutures—The list of the 

cilium-related dysregulated genes (Supplemental Table 7) included the BBS9 gene. This 

gene is downregulated by parathyroid hormone in osteoblastic cells and thought to be 

involved in parathyroid hormone action in bones; however, the exact function of this gene 

has not been elucidated. The BBS9 gene features 16 alternative transcripts (splice variants) 

according to Ensembl annotations, of which 9 are protein-coding (Figure 2). As mentioned, 

we reported BBS9 as a putative candidate for sagittal NCS from our GWAS [29]; therefore, 

we focused on BBS9, in order to provide a functional validation and to possibly explain its 

role in the molecular pathogenesis of the premature suture fusion occurring in NCS.

Specifically, 31 probes for BBS9 gene were featured in the human Affymetrix GeneChip® 

Exon 1.0 ST (list provided in Supplemental Table 8). Our exon-level analysis indicated that 

three probes (PSR/Junction ID #2996346, #2996330, #2996339) mapping on BBS9 exons 4, 

9, and 10, respectively, were overexpressed in P- versus N-CMSC. None of these probes 

mapped within the BBS9 splice isoforms in which exons 4, 9, and 10 or any part of these 

isoforms are skipped (namely ENST00000434373, ENST00000432983, 

ENST00000442858, ENST00000627264, Figure 2). The remainder of BBS9 specific probes 

examined were not significantly differentially expressed. Taken together, these data suggest 
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that the expression of the ENST00000242067, ENST00000355070, ENST00000396127, 

ENST00000350941, and ENST00000425508 splice isoforms (Figure 2) is selectively 

overexpressed in the P-CMSC of all tested NCS patients.

3.3.2 BBS9 expression profiling in suture-derived cells—To validate the 

differential expression of the selected BBS9 splice isoforms, semi-quantitative PCR (qPCR) 

in N- and P-CMSC was performed. Sequence-specific oligonucleotide primers were 

designed to amplify the group of isoforms containing the overexpressed exons highlighted 

by the Exon Array analysis (ENST00000242067, ENST00000355070, ENST00000396127, 
ENST00000350941, ENST00000425508; Figure 2).

The qPCR analysis performed on matched N-CMSC and P-CMSC confirmed that the 

expression of BBS9 was higher in P-CMSC compared to N-CMSC (RQ: 2.92; p<0.05, 

Figure 3A). Immunofluorescence for BBS9 protein expression and cellular localization was 

assessed in CMSC through confocal microscopy. This revealed that BBS9 staining was 

discrete with a spot-like distribution in N-CMSC, whereas it appeared diffuse throughout the 

cytoplasm in P-CMSC (Figure 3B, left panels; quantitative data shown in Figure 3C). 

Therefore, despite appearing upregulated in P-CMSC, BBS9 was expressed in a non-

polarized and grossly disorganized distribution within the cellular cytoplasm, coherent with 

a non-functional and dysregulated expression, causing the reduced number of cilia in these 

cells.

3.3.3 BBS9 expression during in vitro osteogenic differentiation—To further 

investigate the functional involvement of BBS9 in the osteogenic process, comparative gene 

expression analysis was performed in N- and P-CMSC induced towards in vitro 
differentiation for 5 days. Upon osteogenic induction, the expression of BBS9 further 

increased exclusively in P-CMSC, whereas a slight decrease was observed in committed N-

CMSC (Figure 3A). Confocal microscopy allowed detecting an increased intensity of BBS9 
fluorescence in P-CMSC compared with N-CMSC, after 5 days of osteogenic induction 

(Figure 3B, right panels; quantitative data shown in Figure 3C).

3.3.4 BBS9 expression during in vivo suture ossification—Whole-mount staining 

of postnatal rat skulls allowed the morphological characterization of suture ossification in 

time course, with the mineralized bone stained in red and the inter-suture mesenchyme and 

cartilaginous parts in light blue. As shown in Figure 4, calvarial sutures were clearly opened, 

as the inter-suture mesenchyme stained in blue is visible in the skulls at postnatal day 1 (p1) 

and 4 (p4) (Figures 4A and 4B). At the latest time points (p7 to p21), the inter-suture 

mesenchyme progressively disappears, being thinner and less detectable (Figures 4C–4E). 

At the same time points, the expression of Bbs9 progressively increased in the rat sagittal 

suture, in a time-related fashion. In particular, Bbs9 expression showed an increasing trend 

until p14, when it reached its highest and statistically significant level (RQ: 2.98; p<0.01) 

comparted to all other tested points (Figure 4F).
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3.4 Functional characterization of BBS9: in vitro knock-down

3.4.1 BBS9 knockdown effects on the osteogenic properties of calvarial 
osteogenic precursors—To validate the functional involvement of BBS9 in the 

regulation of the osteogenic commitment, we knocked-down the gene through siRNA in 

calvarial cells isolated from P-CMSC. Treatment with the AllStars Negative Control siRNA 

or the transfection reagent, used as siRNA controls and negative controls, respectively, did 

not significantly affect the expression of tested genes (data not shown). Therefore, in order 

to facilitate the representation and analyses of our results, we chose to examine and show the 

effects of BBS9 knockdown on P-CMSC only compared with both untreated P-CMSC and 

N-CMSC. qPCR showed that upon siRNA treatment, BBS9 expression was successfully 

downregulated by nearly 80% after 48 hours in treated P-CMSC compared with untreated P-

CMSC (Figure 5A). No significant difference in BBS9 expression was found between 

siRNA-treated P-CMSC (si-P-CMSC) and N-CMSC, suggesting that the gene knockdown 

efficiently reverted BBS9 dysregulation to physiologic levels.

The effects of BBS9 knockdown on the osteogenic potential of cells was then analyzed by 

morphological evaluation, using Alizarin red staining, and by analyzing the expression of 

osteospecific genes, namely alkaline phosphatase (ALP) and osterix (OSX), by qPCR. The 

differentiation capability of the cells significantly decreased after BBS9 silencing. In 

particular, Alizarin red staining performed after 5 days of in vitro osteogenic induction, 

revealed a four-fold reduction of mineralized matrix deposits on the cell monolayer in 

silenced P-CMSC compared with untreated P-CMSC (Figures 5D and 5E). No significant 

difference in matrix mineralization was found between si-P-CMSC and N-CMSC, 

suggesting that BBS9 knockdown was able to revert the osteogenic potential of cells to a 

physiologic phenotype.

The expression profiles of ALP and OSX were analyzed in N-, P-, and si-P-CMSC after 5 

days of osteogenic induction. qPCR allowed detecting a significantly increased expression 

of both genes in P-CMSC induced with differentiation medium compared with untreated P-

CMSC, whereas only ALP was significantly up regulated in osteo-induced N-CMSC 

compared to N-CMSC grown in standard medium. In contrast, none of the tested genes 

appeared significantly modulated in si-P-CMSC following osteogenic commitment (Figures 

5B and 5C), confirming that BBS9 inhibition affected the osteogenic potential of the cells 

and impaired the responsiveness to osteoinductive stimuli.

3.4.2 BBS9 knockdown effects on primary cilium expression—Given the 

structural role of BBS9 in the formation and stabilization of the primary cilium, the 

expression of this cellular compartment in N- and P-CMSC was explored to detect 

quantitative and qualitative changes both in standard growth and in osteoinductive 

conditions. This allowed examined of whether BBS9-siRNA-induced knockdown would 

affect ciliogenesis in P-CMSC during the in vitro osteogenic process.

Confocal microscopy analysis showed that the number of cilia was higher in N-CMSC 

compared to P-CMSC, in standard growth condition (Figures 6A upper panels, and 6B). 

After the osteogenic induction, the number of primary cilium expressing cells decreased in 

N-CMSC, but no significant variation occurred in P-CMSC (Figures 6A lower panels, and 
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6B). Following the BBS9 silencing, the number of cilia increased in si-P-CMSC compared 

to P-CMSC, reaching a percentage comparable with N-CMSC. Also, in the presence of 

osteogenic induction, si-P-CMSC showed a profile similar to N-CMSC. In fact, the 

percentage of si-P-CMSC expressing primary cilium decreased in the presence of OM, 

compared with standard growth condition (Figures 6A and 6B).

3.4.3 BBS9 knockdown effects on hedgehog pathway activity—The HH gene 

drives the best characterized signaling pathway acting within the primary cilium in 

vertebrates [69]. The expression of HH-activity markers, SMO and GLI1, was assessed in 

cells to detect a possible correlation within BBS9 dysregulation and cilium activity during 

the course of in vitro osteogenic differentiation. Results indicated a decreased expression of 

SMO and GLI1 during osteogenic induction in N-CMSC, but not in P-CMSC (Figures 6C 

and 6D). In si-P-CMSC, the expression of both genes was significantly reduced upon 

osteogenic induction, similar to control cells. Taken together, these data suggest that the 

constitutive BBS9 dysregulation acting in P-CMSC impedes the correct HH-signaling 

response to osteogenic stimuli, which is apparently restored upon BBS9-knockdown.

In order to demonstrate that HH pathway responded to external stimuli in our in vitro model, 

we modulated HH signaling in CMSC using an agonist (purmorphamine) and an inhibitor 

(cyclopamine), alternatively. Our results showed that the expression of the HH signaling 

marker gene GLI1 was consistently modulated, in both N- and P-CMSC after 5 days of 

treatment with either of purmorphamine and cyclopamine, both in standard growth condition 

(SM) and upon osteogenic induction (OM) (Figure 6E and 6F). In particular, GLI1 levels 

were significantly reduced by the cyclopamine treatment and increased following 

purmorphamine treatment, without significant differences between N- and P-CMSC.

3.5 Differential structural organization of BBS9 proteins

To specifically address the functional implication of the selected splice variants found 

dysregulated in P-CMSC versus N-CMSC of NCS patients, in silico study of the structural 

organization of the BBS9 protein and its domains was conducted. The full-length BBS9 
isoform (Ensembl Id ENST00000242067) encodes a 99kDa-protein (UniProt Id Q3SYG4), 

which features a well-characterized N-terminal β-propeller domain, spanning residues 1-

to-407 plus a C-terminal domain (residues 405-887) [70]. The latter has been, only partly, 

computationally predicted, as constituted by a domain distantly related to the 

immunoglobulin (Ig)-like b sandwich fold of the g-adaptin ear (GAE) motif and an a/b 

platform domain, ending with an α domain (Figure 7A) [71]. The splice variants found 

overexpressed in our specimens, namely ENST00000242067, ENST00000355070, 

ENST00000396127, ENST00000350941 and ENST00000425508 are translated into 

isoforms Q3SYG4-1, -7, -4, 2, and -5, respectively. The analysis of the protein sequences 

allowed assessing that BBS9 isoform Q3SYG4-5 lacks the entire C-terminus, whereas 

isoforms Q3SYG4-2, Q3SYG4-4, and Q3SYG4-7 lack 41, 36, and 5 residues, respectively, 

within the GAE domain (Figure 7A). We then performed a computational modeling of 

protein structure, which allowed predicting the -organization of the domains in the different 

isoforms. The results confirmed that isoform Q3SYG4-1contains the entire GAE domain 

with six β-strands (Figure 7B), whereas both isoforms Q3SYG4-2 and Q3SYG4-4 lack two 
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β-strands corresponding to the missing residues (Figure 7C), but keep the main arrangement 

of β-sheets of the whole domain. Finally, isoform Q3SYG4-7 holds the same folding 

observed in isoform Q3SYG4-1 (Figure 7C).

4. Discussion

This study provided a novel level of evidence for the implication of the primary cilium 

signaling, acting at the site of premature suture fusion within the human skull. By focusing 

specifically on the expression of BBS9 and its isoforms, our data provide a functional 

validation for this putative candidate gene, associated with sagittal NCS in our previous 

GWAS [29].

BBS9, also known as parathyroid hormone-responsive b1 (PTHB1), was originally 

described as downregulated by parathyroid hormone in osteoblastic cells [37], although the 

specific role for this gene in bone biology and related disorders has yet to be well defined. 

Homozygous and compound heterozygous loss-of-function mutations in BBS9 cause a 

clinical variant of the Bardet-Biedl syndrome (OMIM#615986), characterized by a 

pleiotropic clinical phenotype, including obesity, retinal degeneration, polydactyly, kidney 

abnormalities, cognitive impairment, hypertension, and diabetes [72]. In addition, 

associations with the BBS9 locus have been described in child obesity [73] and abdominal 

fat distribution trait [74].

BBS9 encodes a member of the well-characterized class of BBS proteins, seven of which 

(namely, BBS1, 2, 4, 5, 7, 8, and 9) bind to one another to form an octameric complex 

(including also the BBSome interacting protein 1, BBIP1), named the BBSome [75]. The 

BBSome is located at the basal body of the primary cilium and is necessary for ciliogenesis 

and ciliary function, including sorting membrane proteins to cilia, regulating intraflagellar 

transport, and modulating sonic hedgehog signal transduction [71,76].

Our results showed that a group of splice isoforms of BBS9 is overexpressed in fused suture 

specimens of patients suffering from single-suture midline NCS, compared with same 

patient-matched unfused suture specimens. We further confirmed this evidence by 

comparing BBS9 isoform expression in mesenchymal stromal cells isolated from fused and 

unfused sutures of patients. The expression of both BBS9 transcripts and proteins further 

increased upon in vitro osteogenic induction, only in cells isolated from fused suture 

specimens, suggesting that it might be involved in the aberrant molecular signaling 

underlying premature suture ossification. Indeed, the transient functional knockdown of 

BBS9, through siRNA, reduced the in vitro osteogenic potential of cells isolated from NCS 

fused sutures. We also have shown that the expression of Bbs9 tended to increase during 

postnatal skull suture ossification in rats. Taken together, these data may reasonably allow 

postulating a direct, though previously undefined, involvement of BBS9 in bone formation 

during skull morphogenesis, possibly encompassing its implication in primary cilium 

formation and signaling.

Recent in vitro studies have implicated the primary cilium in mesenchymal stromal cells as 

both a chemosensor and a mechanosensor, being essential for osteogenic differentiation [77]. 
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Craniofacial phenotypes have been described in established ciliopathies and mutations in 

ciliary genes have been also described in craniofacial phenotypes previously not categorized 

as ciliopathies [78]. Specifically, mutations in ciliary genes are found in syndromes that may 

include CS in their phenotypes, including Sensenbrenner syndrome, Carpenter syndrome, 

Mainzer–Saldino syndrome, and cranioectodermal dysplasias types 2 and 4 [67,79]. 

Furthermore, the role of ciliary signaling in CS is corroborated by observation of lambdoid 

CS in mice with Gli3 null allele [80].

In this study, mesenchymal stromal cells isolated from fused sutures of NCS patients 

displayed a dysregulated expression of BBS9 and a reduced tendency to form primary cilia 

compared with open suture-derived cells from the same patient. Confocal microscopy 

showed that the excess protein tends to accumulate in the cytoplasm without being polarized 

in the predicted location of the basal body of the primary cilium. This may suggest that, 

despite the overall increased BBS9 expression, the dysregulated splice variants’ levels lead 

to an imbalance of protein isoforms, impairing the correct assembly of functional primary 

cilia. Upon osteogenic induction, the number of cilia decreased only in control cells, 

suggesting that, in physiologic conditions, the primary cilium is needed to sense 

osteoinductive stimuli and transduce them inside the cell to activate the osteogenic cascade. 

Thereafter, once the process of differentiation is activated, this sensing is not needed 

anymore; hence, the cilia tend to decrease. A similar trend of dynamic modifications in 

primary cilium expression have been found to regulate the adipogenic differentiation of 

mesenchymal stromal cells [46]. Conversely, the number of cilium-expressing cells in 

specimens derived from fused sutures did not change significantly upon osteogenic 

induction, suggesting that osteogenic precursors at the pathologic site are not able to sense 

appropriately environmental stimuli within the growing skull.

The variation in the number of cilia reflected the activity of bone-related signaling pathways 

active in the cilioplasm, such as that of the HH gene. HH has been shown to be involved in 

the osteogenic differentiation of mesenchymal stromal cells and is the main signaling 

cascade within the primary cilium [81–84]. In our model, the expression profiles of SMO 
and GLI1, key molecules of HH signaling, indicated that the pathway activity was altered in 

P-CMSC, during the osteogenic differentiation coherently with the number of primary cilia, 

as their levels decreased upon osteogenic induction exclusively in control cells. The 

alteration of HH pathway seemed to mainly depend on the impairment of ciliogenesis, since 

this signaling properly responded to external stimuli as demonstrated by the effect of 

chemical modulation induced in suture-derived cells by treatment with either 

purmorphamine or cyclopamine. It was demonstrated previously that the activation of HH 

signaling inversely correlated with the osteogenic differentiation of human bone marrow 

mesenchymal stromal cells [85].

Our results also showed that the physiologic cellular phenotype was restored in fused suture-

derived cells upon BBS9 knockdown, which turned the count of primary cilia and the 

expression of SMO and GLI1 transcripts, to similar levels than those of control cells, both in 

standard growth conditions and during osteogenic induction. The mechanism through which 

BBS9 exerts its regulatory function in this process could be related to the correct assembly 

of the BBSome, which is essential for the biogenesis of the primary cilium membrane and 
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plays a key role in the osteogenic commitment mesenchymal stromal cells [86–88]. Zhang 

and colleagues reported that BBS9 dysregulation greatly decreases the association of BBS1, 

BBS4, and BBS8, with BBS2 in the BBSome [35,76]. Nevertheless, a previous study 

associated the Bbs9 full-length knockout in zebrafish to the reduction of both number and 

length of primary cilia [89], without associating it to a clear skull phenotype, either in the 

zebrafish or in higher vertebrates. Indeed, our work linked the impaired ciliogenesis with the 

upregulation of only selected BBS9 isoforms, plausibly resulting in the inefficient assembly 

of the BBSome.

Indeed, the way BBS9 binds its cognates and permits the assemblage of the multimeric 

BBSome complex involves the C-terminus, which is specifically responsible for protein 

dimerization [70]. This domain contains a binding site for the Leucine-zipper transcription 

factor-like 1 protein (LZTFL1), which negatively regulates the ciliary trafficking, 

particularly affecting the SHH signal transducer SMO, which localizes to the primary cilium 

[90]. Interestingly, one of the BBS9 splice variants (ENST00000425508) that was 

overexpressed in fused sutures of NCS patients is translated into a truncated protein missing 

the entire C-terminal domain, suggesting that this protein isoform could not correctly bind 

BBS2 and BBS7 during the assembly of the BBSome core complex. Moreover, the 

secondary structure alignment analysis, showed that two additional isoforms overexpressed 

in fused sutures, namely ENST00000396127 and ENST00000350941, lack two β-strands in 

the GAE domain. The GAE motif has been reported as a hotspot for the assembly of the coat 

complex that sorts membrane proteins to cilia [71]; hence, we hypothesize that the 

alternative secondary structure of these isoforms may affect ciliary trafficking in fused 

suture compared with patent suture sites. Further support for this hypothesis comes from our 

confocal microscopy results, demonstrating that BBS9 expression was de-localized as a 

diffuse signal throughout the cytoplasm of cells isolated from fused sutures. Conversely, 

BBS9 immunofluorescence was detectable in the perinuclear region (where the cilium basal 

body is usually found) of cells isolated from control patent sutures. Taken together, these 

data suggest that selected BBS9 protein isoforms show a tissue-specific increased expression 

and activity in osteogenic precursors residing in fused sutures of NCS patients, owing to a 

less effective assembly of the BBSome, which impairs ciliogenesis. The reduced expression 

of primary cilia on cells from fused/fusing sutures could reasonably affect their capability to 

respond to the surrounding environment. This aberrant sensing to external stimuli may lead 

to a dysregulated and prematurely activated osteogenic process, devoid of appropriate 

synchronization with the morphogenesis of the whole skull.

4.1 Conclusions

The molecular etiopathogenesis of craniosynostosis entails a complex and heterogeneous 

network of aberrant signaling cascades leading to the spatiotemporal dysregulation of 

stimuli inducing, ultimately, excessive and premature osteogenesis of progenitor stromal 

cells in the skull suture mesenchyme [5,67]. In this context, our study provides original 

evidence of the active role played by the primary cilium in the regulation of osteogenesis 

leading to suture fusion, highlighting the BBS9 gene as a putative key candidate in this 

process. Furthermore, our results may pave the way to further characterization of the 

predicted tissue specific BBS9 protein isoforms with different affinity in BBSome binding 
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and alternative role in ciliary trafficking, which may be specifically involved osteogenesis 

and premature suture fusion in NCS.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• BBS9 expression is dysregulated in prematurely ossified sutures of 

craniosynostosis patients

• Primary cilium expression and signaling are abnormal in patient sutures’ cells

• A specific BBS9 splice isoform is overexpressed in prematurely fused sutures

• The resulting BBS9 isoform may be unable to drive the correct assembly of 

the primary cilium
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Figure 1. Ciliome genes and primary cilium expression in CMSC
(A) The Venn diagram shows the intersection between the microarray gene lists (comprising 

an overall number of 200 genes, listed in Supplemental Files 4 and 5) and the 297 genes 

annotated in the ciliome database: 17 genes (listed in Supplemental Table 4) are shared 

between the three groups. Confocal microscopy on IF slides allowed detecting the 

expression of primary cilium (arrows) on cells isolated from unfused suture (B) and on cells 

from fused suture (C), along with the regularly shaped mitotic spindle in N-CMSC (D), and 

the aberrant spindles in P-CMSC (monopolar spindle in E, asymmetric spindle in F and 

tripolar spindle in G). Quantitative data expressed in percentage are shown in H: proportion 

of primary cilium-expressing cells, and of normal/aberrant mitotic spindles, in N-CMSC 

compared with P-CMSC. Unpaired t-test was used to detect the statistical significance 

between samples; *p≤0.05.
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Figure 2. Alternative splice variants of the BBS9 gene
The diagram is built based on BBS9 sequence annotations available on the Ensemble 

genome browser (https://www.ensembl.org/index.html); splice isoforms that are described as 

coding variants are listed, with differential color coding for the different exon compositions. 

See text for details.
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Figure 3. BBS9 expression analysis
(A) The expression of the specific BBS9 splice isoforms (see text and Figure 2 for details) 

was analyzed by qPCR in N- and P-CMSC, cultured in either standard growth medium (SM) 

or in osteogenic medium (OM). Relative quantity (RQ) was calculated according to the 

ΔΔCt method, using N-CMSC as controls in the comparison. All data are expressed as mean 

fold change ± standard deviation (SD) across replicates. Unpaired t-test was used to detect 

the statistical significance between samples; *p≤0.05; ***p≤0.001. (B) BBS9 expression and 

localization in N- and P-CMSC assessed by immunofluorescence and confocal microscopy 

(cells grown in standard medium, SM, on left panels; cells grown in osteogenic medium, 

OM, on right panels). Quantitative analysis of the morphological data was performed by 

analyzing the intensity of the fluorescence by confocal microscopy (C), using N-CMSC as 

controls in the comparison, with value set to 1; unpaired t-test was used to detect the 

statistical significance between groups; **p≤0.01.
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Figure 4. In vivo analysis of Bbs9 expression
Whole mount staining of rat skulls at postnatal day 1 (p1; A), 4 (p4; B), 7 (p7; C), 14 (p14; 

D) and 21 (p21; E). Bony areas are stained in red with Alizarin red staining, fibrous and 

cartilaginous areas are stained in blue with alcian blue staining (f=frontal suture; c=coronal 

suture; s=sagittal suture; l=lambdoid suture). (F) Bbs9 gene expression analysis during rat 

skull ossification. All data are expressed as mean fold change ± SD across replicates, with 

p1 used as control reference in the comparison (value set to 1). RQ=relative quantity. 

Unpaired t-test is used to detect the statistical significance between samples; **p≤0.01.
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Figure 5. Effect of BBS9 knockdown on the osteogenic potential of suture-derived cells
qPCR allowed assessing the expression of BBS9 (A), ALP (B), and OSX (C), in N-. P- and 

si-P-CMSC, grown in OM compared with standard growth conditions. The acquisition of an 

osteogenic phenotype was assessed by Alizarin red staining for mineralized matrix 

deposition (D). The results of quantitative evaluation of mineralized matrix deposition by 

Alizarin red staining are shown in the graph in N-, P- and si-P-CMSC after osteogenic 

induction (E); the extent of mineralized area is expressed in percentage. Unpaired t-test is 

used to detect the statistical significance between the tested groups; *p≤0.05; **p≤0.01; 

***p≤0.001.
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Figure 6. Effect of BBS9 knockdown on primary cilium expression
Confocal microscopy allowed detecting primary cilium-expressing cells in N-, P-, and si-P-

CMSC cultures (A). SM: cells grown in standard growth medium (upper panels), OM: cells 

grown in osteogenic medium (bottom panels). The percentage of primary cilium-expressing 

cells is showed in the histogram in (B). (C. D) The expression of SMO and GLI1 genes was 

assessed in N-, P- and si-P-CMSC, grown in OM or SM, by qPCR (see text for details). (E, 
F) The expression of GLI1 gene was assessed in N- and P-CMSC grown in OM or SM in 

presence of Purmorphamine (Pur) or Cyclopamine (Cyc), alternatively, by qPCR (see text 

for details). Unpaired t-test was used to detect the statistical significance between groups; 

*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001.
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Figure 7. Computational modeling of the secondary structures of BBS9 protein isoforms
(A) The uppermost schemes display the sequence of exons (color codes as shown in Figure 

2), composing the full-length and the alternatively spliced transcripts of the BBS9 gene; the 

lowermost diagrams hows the organization of protein domains in the secondary structure 

(see text for details). (B) The diagrams show the predicted tertiary structures for GAE, 

platform and α domains of the BBS9 protein isoform Q3SYG4-1 (translated from the 

ENST00000242067 splice variant). (C) The result of structure-based alignment of the full 

length Q3SYG4-1 (colored in white) compared with the alternative GAE domains of the 

selected BBS9 isoforms (colored in blue) (see text for details). In each diagram, the peptide 

structure corresponding to the nucleotide sequence that is skipped in the spliced isoforms is 

colored in red.
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