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Abstract

We report RNA-Sequencing results on a cohort of patients with single suture craniosynostosis and
demonstrate significant enrichment of heterozygous, rare, and damaging variants among key
craniosynostosis-related genes. Genetic burden analysis identified a significant increase in
damaging variants in ATR, EFNA4, ERF, MEGF8, SCARF2and TGFBRZ. Of 391 participants,
15% were found to have damaging and potentially causal variants in 29 genes. We observed
transmission in 96% of the affected individuals, and thus penetrance, epigenetics, and oligogenic
factors need to be considered when recommending genetic testing in patients with nonsyndromic
craniosynostosis.
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INTRODUCTION

Craniosynostosis is the premature fusion of one or more of the calvarial sutures that occurs
in syndromic and non-syndromic forms in approximately 1/2,100-2,500 live births [Boulet
et al., 2008; Johnson and Wilkie 2011; Wilkie et al., 2010]. Craniosynostosis, as a major or
minor feature, has been associated with over 150 different syndromes [Kabbani and
Raghuveer 2004; Ye et al., 2016]; however, single suture fusions account for approximately
85% of all patients diagnosed with craniosynostosis [Heuze et al., 2014]. In some families,
single suture craniosynostosis (SSC) follows Mendelian patterns of inheritance, and
approximately 6-8% of patients have a positive family history that is consistent with
autosomal dominant transmission [Boyadjiev 2007; Lajeunie et al., 1996]. Examples of
familial recurrence typically involve the same suture, although large pedigrees with coronal
or sagittal synostosis have been described that exhibit significant intrafamilial variability
[Boyadjiev 2007; Cohen and MacLean 2000]. This suggests that the pattern of suture fusion
may not be a reliable method of clustering affected individuals. In addition, due to clinical
overlap in the presentations of SSC and mild or atypical patients with Crouzon, Saethre-
Chotzen, or Muenke syndromes [Boyadjiev 2007], phenotypically guided genetic testing
may fail to identify rarer causes of disease [Miller et al., 2017].

The use of next generation sequencing (NGS) and RNA-Sequencing (RNA-Seq)
technologies offer alternatives to phenotypically guided genetic testing methods. The
benefits of RNA-Seq are two-fold: gene variant detection can be conducted in ways
analogous to exome sequencing, but with the added benefit of patient specific gene
expression. Our use of calvarial osteoblasts cell lines from 391 SSC patients as an RNA
source serves to enrich osteoblast candidate gene transcripts, and thus, variant detection, in
ways that can be used to identify key pathway drivers in the development of SSC.

To date, most of the genetic testing for SSC has focused on sequencing hotspots of known
craniosynostosis syndromes associated with coronal synostosis (FGFRI-3, TWIST1,
EFNBI1, TCF12), with low diagnostic yield [Heuze et al., 2014; Ye et al., 2016]. We sought
to address these gaps by using RNA-Seq methodology and stringent filtering criteria to
identify coding region variants in individuals diagnosed with SSC while providing patient
specific expression data for future functional studies. In this study, we report rare, damaging
alleles in 29 genes known to be associated with syndromic forms of craniosynostosis that are
enriched in patients with SSC.

MATERIALS AND METHODS

Ethics statement

Written informed consent from all parents and guardians of children with SSC was obtained
and a consent waiver was obtained for the use of anonymous control samples.
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Participant enrollment and cohort description

Three hundred and ninety-seven children were enrolled in the study at the time of treatment.
Computed tomography scans confirmed the diagnosis of isolated SSC. Criteria for exclusion
included the presence of major medical conditions or presence of three or more minor extra-
cranial malformations. Calvaria and blood samples were obtained from the 397 individuals
undergoing surgery and blood or saliva samples were collected from consented parents.
Eighty-seven control samples were obtained from patients undergoing a craniotomy for
reasons other than craniosynostosis (e.g., brain tumor, isolated hydrocephalus) or at the time
of autopsy. All samples were screened for known pathogenic variants in FGFR1, FGFRZ,
FGFR3, TWIST1, EFNBI1, and MSX2. Patients with these variants or chromosomal
rearrangements were excluded from this analysis.

Cell culture of primary osteoblasts

For participants with craniosynostosis, calvarial bone fragments were obtained from
otherwise discarded tissues during surgical reconstruction. For control samples, calvarial
bone was obtained from surgeries or autopsies. Bone fragments were used to establish
osteoblast cell lines as described [Park et al., 2015].

RNA isolation

Cell lines were thawed and cultured to sub-confluence in T25 flasks and passaged at a
density of 175,000 cells per 25 cm2. At 75% confluence, cells were trypsinized, washed in
cold 1X PBS, and RNA was isolated using the Roche High Pure miRNA Isolation Kit
(Roche, Indianapolis, IN) according to the manufacturer’s instructions. RNA integrity was
assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and
only samples with RIN scores above 8.6 were used for RNA Sequencing.

TruSeq Stranded mRNA Preparation

Next-generation sequencing libraries were prepared from 1.25 pg of total RNA in a high-
throughput format using the TruSeq Stranded mRNA kit (Illumina, San Diego, CA). All the
steps required for sequence library construction were automated and performed on a
Sciclone NGSx Workstation (Perkin Elmer, Waltham, MA). During library construction,
rRNA was depleted by means of a poly-A enrichment and first and second strand cDNA
syntheses were performed. Each library was uniquely barcoded using Illumina adapters and
amplified by PCR. After amplification and cleanup, library concentrations were quantified
using the Quant-it dsDNA Assay (Life Technologies, Carlsbad, CA). Final libraries were
normalized and pooled based on Agilent 2100 Bioanalyzer results (Agilent Technologies,
Santa Clara, CA) and size selected using a Pippin Prep (Sage Science, Beverly, MA). Pooled
libraries were diluted to a final concentration of 2-3 nM for sequencing on a HiSeq 4000.

Read Processing and Analysis Pipeline

Samples were multiplexed and sequenced on a HiSeq 4000. Lane-level sequencing reads
were base quality checked using the FASTX-toolkit and FastQC and aligned to hg19 with a
reference transcriptome Ensembl v67 using TopHat2 suite [Kim et al., 2013] followed by
mate-fixing. Lane-level aligned BAMs were merged with Picard MergeSamFiles tool, PCR
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duplicates were marked with Picard MarkDuplicates tool, local realignment was performed
around indels, and base quality score recalibration was run using GATK tools [McKenna et
al., 2010] to generate sample-level BAMs. Sample BAMs were used for isoform assembly
and quantitation with Cufflinks [Kim et al., 2013; Trapnell et al., 2013] and genomic
features were quantitated with featureCounts [Liao et al., 2014]. Custom QC scripts
generated final sample level statistics. Any transcripts with average raw counts <100 or with
average FPKM scores <1.5 were considered not expressed sufficiently for reliable gene
variant analysis, and were removed from further analysis.

Variant detection and genotyping were performed with the GATK Unified Genotyper
version 2.6.5 [DePristo et al., 2011]. Variant calls were heuristically filtered with methods
similar to SNiPR [Piskol et al., 2013]. Reads with a mapping quality score less than 20 on a
Phred scale [Li et al., 2008] were filtered to remove obvious paralagous reads in pileups.
Variants with allele biases of greater than 0.75 and strand biases of >0.1% were filtered, as
were variants within 6 bp of the 5" end of a read. Two sequence-context dependent filters
further refined RNA-Seq variant calls. Variants in repeat regions were removed using a file
of intervals from RepeatMasker (http://www.repeatmasker.org/), and variants in known RNA
editing sites were removed if they overlapped a curated file of known RNA editing intervals
[Ramaswami and Li 2014].

All variants were annotated with ANNOVAR [Wang et al., 2010] using refGene as a gene
model. Variants were filtered for quality (coverage =5, Q=30), frequency in the Exome
Aggregation Consortium < 0.01 (EXAC) [Lek et al., 2016], and in an exon, but not predicted
to be synonymous. Next, variants were filtered by CADD [Kircher et al., 2014]
(CADD_phred), GERP [Davydov et al., 2010] (GERP_RS++ ) and Polyphen2 [Adzhubei et
al., 2010] (Polyphen2_HDIV) scores. If variants passed all criteria (CADD 215, GERP =3
and Polyphen2 =0.9), they were considered potentially damaging alleles.

Variant Identification in genes associated with craniosynostosis

Variants meeting the above criteria were filtered against a list of 61 genes [Heuze et al.,
2014; Twigg and Wilkie 2015; Ye et al., 2016], 20 of which are associated with classic
syndromic forms of craniosynostosis in >50% of individuals) and 41 genes associated with a
syndrome in which craniosynostosis is seen as an occasional feature (<50%).

Minor Allele Frequency (MAF) scores for variants were obtained from the UCSC Genome
Browser’s dbSNP build 147 database [Kent et al., 2002; Speir et al., 2016], EXAC [Lek et
al., 2016], and Exome Variant Server, http://evs.gs.washington.edu/EVS/ [accessed
09/19/2017]. If no allele frequencies were listed, the EXAC database was used to evaluate
exome sequencing coverage, and variants in regions with coverage <30% were not assigned
a MAF. If adequate coverage existed, the allele count score of the nearest variant neighbor
was used as a proxy in statistical calculations. A two-tailed two-proportion z-test was used
with a significance value of p<0.05 to determine if there were statistically valid differences
between the observed allele frequencies in our sample cohort compared to the overall
population frequencies from the above databases. Sequence variants were interpreted as
Likely Benign, Uncertain Significance, or Likely Pathogenic according to ACMG guidelines
[Richards et al., 2015].
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Variant validation

RNA-Seq variants meeting criteria were validated by Sanger DNA sequencing. Proband and
parental genomic DNA samples were amplified with primers (Sigma Aldrich, St. Louis,
MO) designed for each variant (Supplementary Table I1) using Primer3 software
[Untergasser et al., 2012] and reference sequences from UCSC’s Genome Browser [Kent et
al., 2002; Speir et al., 2016], (GRCh37/hg19). Variant sequences were aligned to the above
reference sequences using Sequencher® version 5.1 DNA (Gene Codes Corporation, Ann
Arbor, MI). In addition, alignments and chromatograms were visually inspected to confirm
the variants of interest. Any variants that did not confirm the RNA-Seq results (4%) were
removed from further analysis.

DAVID Functional Annotation

To identify overlapping functional domains in the 29 genes with presumed damaging
variants, the gene list was uploaded using the DAVID Tool Suite [Huang da et al., 2009b].
Filtering was conducted with the application of high stringency filters and a 0.1 EASE
adjustment. Enrichment scores of >1.3 and p<0.05 are reported for Functional Annotation
Clustering, whereas scores of fold enrichment >2.0 and p<0.05 are reported for Functional
Annotation Chart results.

Gene Burden and Variant Enrichment Analysis

RESULTS

Within each gene of interest we identified the number of rare exonic variants (EXAC MAF =
<0.01) in both our proband and EXAC datasets that were predicted to be disruptive
(nonsense, frameshift, or splice site) or missense variants with a CADD =15, GERP >3 and
Polyphen2 =0.9. We analyzed these data for significant differences in the proportion of
exonic variants in individual genes between our cohort and EXAC controls using a Fisher’s
exact test. Using the same parameters for identification of variants predicted to be disruptive
or damaging we used a two-tailed Chi-square test with Yates correction to determine if
damaging variants in all tested craniosynostosis genes were more common in our cohort
than in the historical controls available in the EXAC database.

Cohort description

Three hundred and ninety-seven probands were enrolled in this study. The prevalence of
each suture type and male to female ratios (Table 1) is on par with previously described
prevalence data [Di Rocco et al., 2009; Kolar 2011; Lajeunie et al., 1995; Lajeunie et al.,
1996; Lajeunie et al., 1998; Selber et al., 2008; van der Meulen et al., 2009]. No parents
were documented as affected with craniosynostosis.

Enrichment of RNA-Seq variants in craniosynostosis-related genes

Of the 397 SSC calvarial osteoblast RNA samples, six failed to give any RNA-Seq reads,
and of the 87 controls, two failed; thus, 391 SSC transcripts were used for further variant
analyses. When applied to our primary filtering strategies (MAF < 0.01, CADD =15, GERP
>3, and Polyphen2 =0.9), we detected a total of 11,036 non-synonymous, predicted
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damaging, variants in 19,724 expressed transcripts. To assess whether or not the variants
were enriched in known craniosynostosis genes, we compared the number of damaging
variants in the transcripts from the genes in Table Il to the number of coding variants
predicted to be damaging detected in all transcripts. One hundred and two damaging variants
were detected in 53 transcribed genes known to be associated with craniosynostosis. This
reflects a statistically significant enrichment of damaging variants in known craniosynostosis
genes (P<0.0001, two-tailed Chi-square test with Yates correction), and supports the
hypothesis that damaging variation in known craniosynostosis genes may underlie the
development of SSC in some patients.

Eight of the gene transcripts referenced in Table 11 had average raw or FPKM values too low
for reliable variant detection: ALX4, COLECI11, FGFR3, FREMI, GPC3, IHH, LMX1B,
and PHEX: thus potentially damaging variants in these candidates could not be ascertained.
Despite adequate levels of RNA transcription, no variants met our filtering criteria for
ADAMTSL4, ASXL1, CDC45, CTSK, CYP26B1, EFNB1, ESCOZ, FGFRZ, GNAS, IDS,
IFT43, JAG1, KRAS, MSX2, STAT3, TGFBR1, WDR19, or ZIC1, although this does not
rule out their potential role in craniosynostosis. Variants meeting the filtering criteria were
observed in GLI3, GNPTAB, RUNXZ, TMCO1, and WDR35, however, these variants did
not achieve statistical significance when compared to allele frequencies in the EXAC
database (Supplementary Table I).

Sixty-four of the 102 variants were significant and damaging, as defined by our stringent
filtering parameters and statistical tests. These 64 variants were found in 29 genes associated
with syndromic craniosynostosis (Table I11 and 1V). Following the classification
methodology of Twigg and Wilkie [2015], 15 variants were seen in eight genes considered
to be core craniosynostosis genes (Table I11) and 48 variants were observed in 21 genes that
have been associated with syndromic disease that have craniosynostosis as an occasional
feature (Table 1V). The variants detected in this study were predominantly heterozygous,
missense variants and were distributed nearly equally among loci associated with disorders
with autosomal dominant and autosomal recessive inheritance patterns.

Parental samples were available for testing in 42% of families and transmission of damaging
variants was documented in 96% of these probands, however the inheritance pattern of the
remaining variants is unknown. One de novo variant p.(Val563Gly) was detected in
SCARF2. Tables Il1-1V and Supplementary Table | display the complete set of genotypic
changes, predictive /n silico scores, and statistical calculations for the significance of the
variants observed in our dataset of 391 SSC probands.

DAVID analysis

We used the DAVID tool suite [Huang da et al., 2009a; Huang da et al., 2009b] with our set
of 29 genes containing rare, damaging variants to discover functionally related protein
domains or motifs that may be associated in our SSC cohort. Not surprisingly, the functional
chart results (Supplemental Table I11) show strong associations of these genes with “disease
mutation” and “craniosynostosis” (p< 6.84 x 10722 and p<1.23 x 10718; respectively), since
our list of 29 genes originally derived from 61 genes associated with syndromic
craniosynostosis. It is notable, however, that 83% of this smaller subset (24 of 29 genes) are
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involved in phosphorylation processes (p<6.33 x 107%), and five genes contain EGF-like
domains (17.2%, p<2.87 x 1074), particularly MEGF8, MASPI1, FBN1, LRP5, and
SCARF2. Another functional group containing 7GFBRZ, SKI, TCF12, and FLNA is defined
by Smad-binding (13.8%, p<4.32 x 107°), and FGFR1, TGFBR?2, and LRP5 are associated
with the positive regulation of mesenchymal cell proliferation (10.34%, p<8.5 x 1074). The
functional annotation analyses showed enriched clustering of genes with EGF-like domains,
EGF-like calcium-binding domains, signal peptides, disulfide bonds, and kinases
(Supplemental Table 1V). While this result could have been predicted based on our selection
of known syndromic craniosynostosis genes, the aggregation of the variants we identified in
these functional domains increases the likelihood of pathogenicity.

Gene Burden Test

In addition to assessing variant level differences, we used genetic burden testing to
determine if these patients had significant increases in the number of predicted damaging
exonic variants when compared to EXAC controls. Using our filtering strategy we identified
six genes (ATR, EFNA4, ERF, MEGFS8, SCARF2and TGFBRZ2) with a significantly
increased number of predicted damaging variants between these patients and EXAC controls
using the Fisher’s exact test. Two of the variants observed in EFNA4, ¢.178C>T:p.
(His60Tyr) and ¢.590T>G:p.(Leul97Arg) (Supplemental Table I), are not statistically
significant when compared to allele frequencies in UCSC; however, they may confer a
predisposition to SSC occurrence [Merrill et al., 2006]. Twenty individuals in our cohort
were identified with predicted damaging variants in one of these six genes with significantly
increased variant burden representing approximately 5% of our sample.

DISCUSSION

Although causality has not been determined, our results highlight a wide range of potentially
causative variants observed in both known syndromic craniosynostosis genes and genes
indirectly implicated in craniosynotosis. Beyond our identification of individual candidate
genes associated with SSC, our analysis demonstrated a highly significant enrichment of
predicted damaging variants in craniosynostosis genes among these patients. Our genetic
burden analysis suggests that additional research into the candidates identified in this work
will uncover new causes for SSC. Ideally, functional studies of key variants would be
completed to establish direct proof of causation.

In order to select the genetic changes most likely to be pathogenic to the development of
SSC, we restricted our analysis to non-synonymous, damaging, exonic differences in genes
already known to be associated with craniosynostosis. However, there are limitations to this
approach, in that there may be splicing variants, nonsense mediated decay, null alleles, large
duplications or deletions, and 5" or 3" regulatory elements, and novel genes that were
excluded from this analysis. Also, the data for the eight genes with low RNA expression in
primary osteoblasts were not included and thus, additional variants may reside in those
genes as well.

Craniosynostosis is rarely the result of complete loss of gene function [Patel et al., 2014;
Twigg et al., 2012; Twigg and Wilkie 2015]. Therefore, we propose that heterozygous
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missense changes in similar protein domains may perturb function to a degree that results in
SSC, but without the other malformations associated with syndromic forms. As such, we
examined conserved protein structural domains using DAVID analyses to note any
commonalities in function, both within and between craniosynostosis-related genes.
Damaging variants in genes with EGF-like domains (MEGF8, SCARFZ, FBNI), and
receptor protein kinase function (/GF1R, ATR, ERF, FAM20C, TGFBR2) were enriched in
our cohort (Supplemental Tables 111-V1). This work demonstrates that additional genes or
gene families with related protein structures may present novel targets for SSC gene
discovery, although additional studies need to be conducted to determine if these functional
relationships are representative of craniosynostosis overall, or SSC in particular.
Furthermore, this work demonstrates the efficacy of RNA-Seq as a viable alternative to
exome sequencing to identify candidate variants in a multifactorial and multigenic disorder
such as craniosynostosis. With over 95% of variant calls validated by Sanger sequencing of
genomic DNA, there is great utility of this approach for studies exploring the correlations
between gene expression and genetic variation.

Analysis of this cohort of highly curated participants with SSC demonstrated heterozygous
missense variants in genes, which when mutated, cause dominant, recessive, and X-linked
forms of syndromic craniosynostosis. We demonstrated a significant enrichment of
damaging variants in the expressed 53 craniosynostosis genes in our cohort relative to all
expressed transcripts (p<0.0001). Specific to our analyses, we identified 64 predicted
damaging variants that were significantly more common in our cohort than the general
population and represent 15% of the 391 patients. Although these data do not prove
causality, they demonstrate that predicted damaging variants in known syndromic
craniosynostosis genes are more common in patients with isolated craniosynostosis. While
each of the rare, predicted damaging, variants identified in this study may increase the risk
of developing craniosynostosis, the frequency of damaging variants identified in A7R,
EFNA4, ERF, MEGF8, SCARF2, and TGFBRZ2 suggest these genes as SSC candidates
worthy of further investigation.

Upon replication of our data and clinical correlation, our study suggests that genetic
evaluations of children with SSC of all suture types should be considered, not only those
presenting with coronal SSC. Analysis of FLANA and TCF12, for instance, may yield
additional variants in sagittal, coronal and metopic forms of SSC than previously
determined. We identified transmission of the damaging variant from an unaffected parent in
the vast majority of patients in which we had parental DNA. This finding is in keeping with
incomplete penetrance, seen in many families with recurrence of SSC, suggesting oligogenic
or gene environment interactions. In fact, we identified four patients that had two potentially
damaging variants in more than one gene associated with craniosynostosis. This is an
important consideration with regard to future research as well as the interpretation of
increasingly common clinical sequencing data on this population.

With respect to genetic testing panels currently available, we found that 12 genes with
damaging variants from our study are represented on three or more NGS craniosynostosis
testing panels: ERF, FGFR1, TCF12, IFT122, IL11RA, MASP1, MEGFS, POR, RABZ3,
RECQL4, SKI, and TGFBRZ2. The remaining 17 genes, most notably FLNA, ATR, FBNJ,
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and SCARF2, were on <1 craniosynostosis gene testing panel; thus potentially causative
SSC variants, such as those observed in our study, may go undetected.

One of the keys to understanding disease causation is the elucidation of the links between
genetic variants and their functional consequences. This will require close collaborations
between basic scientists, clinicians and genome scientists [Manolio et al., 2017]. To that end,
future work on this cohort will include traditional differential gene expression analyses as
well as correlation analysis of patient specific variants and expression data from osteoblast
cell lines derived from affected individuals. These data will serve to guide additional
research into the pathogenesis of single suture craniosynostosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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