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Abstract

Objective—Previous investigations suggest that the embryonic origins of the calvarial tissues
(neural crest or mesoderm) may account for the molecular mechanisms underlying sutural
development. The aim of this study was to evaluate the differences in the gene expression of
human cranial tissues and assess the presence of an expression signature reflecting their
embryonic origins.

Methods—Using microarray technology, we investigated global gene expression of cells from
the frontal and parietal bones and the metopic and sagittal intrasutural mesenchyme (ISM) of four
human foetal calvaria. gRT-PCR of a selected group of genes was done to validate the microarray
analysis. Paired comparison and correlation analyses were performed on microarray results.

Results—Of six paired comparisons, frontal and parietal compartments (distinct tissue types of
calvaria, either bone or intrasutural mesenchyme) had the most different gene expression profiles
despite being composed of the same tissue type (bone). Correlation analysis revealed two distinct
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gene expression profiles that separate frontal and metopic compartments from parietal and sagittal
compartments. TFAP2A, TFAP2B, ICAM1, SULF1, TNC and FOXF2 were among differentially
expressed genes.

Conclusion—Transcriptional profiles of two groups of tissues, frontal and metopic
compartments vs. parietal and sagittal compartments, suggest differences in proliferation,
differentiation and extracellular matrix production. Our data suggest that in the second trimester of
human foetal development, a gene expression signature of neural crest origin still exists in frontal
and metopic compartments while gene expression of parietal and sagittal compartments is more
similar to mesoderm.
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1. Introduction

Calvarial bones are formed by intramembranous ossification and are divided by
mesenchymal tissues called sutures. The human calvaria has four major sutures (metopic,
coronal, sagittal, and lambdoid). The presence of unossified sutures facilitates foetal
movement through the birth canal and functions as a growth centre to allow for brain
growth.! Osteogenesis takes place at the osteogenic front, the leading edge of each bone.?

One important disorder of the cranial vault is craniosynostosis, the premature fusion of the
sutures. Craniosynostosis occurs in 3-5 out of 10,000 live births and can cause
malformations of the skull, increased intracranial pressure, and developmental delay.3 Many
studies have characterized the genetic and environmental aetiology of craniosynostosis,*%
but for the majority of cases the underlying molecular pathways are unclear. In order to
understand these pathways, the basis of normal sutural development must be defined. The
anatomic and developmental differences between the sutures suggest that distinct molecular
mechanisms are controlling morphogenesis. These differences include a suture specific
prevalence of synostosis?; predominance of coronal fusion in hereditary synostosis’-®;
anatomic architecture (sutures with blunt vs. overlapping margins)?; the timing of
physiologic fusion®19; and distinct embryonic origins.11-13

The embryonic origins of the cranial compartments (bones of the calvaria and their
intervening sutures), were not well understood until Jiang et al. used a Wnt1-Cre-
recombinase LacZ reporter mouse model to identify craniofacial structures with neural crest
(NC) origin. They demonstrated that in embryonic day 17.5 (E17.5) mice the frontal bone,
the posterior frontal suture (equivalent to the metopic suture in humans), the sagittal suture,
and the central portion of the interparietal bone were derived from NC cells while the
parietal bone and coronal suture were of paraxial mesoderm origin.12 This was later
substantiated by Yoshida et al. who used the same strategy in Wnt1-Cre and Msp1-Cre mice
to map cells of neural crest and paraxial mesoderm origin.13 On the other hand, while
supporting Jiang’s studies regarding the origins of frontal and parietal bones and posterior
frontal suture, Gagan et al. found that the sagittal sutures of neonatal day 1 (N1) Wnt1-Cre-
recombinase LacZ reporter mice were of mesodermal origin. Additionally, their data
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suggests that on N10 cells in dura mater, which originate entirely from NC, migrate into the
sagittal intrasutural mechencyme (ISM).11 Deckelbaum et al. studied fate mapping using
Whntl, Enl and Glilexpression and demonstrated the complicated nature of cell mapping in
the border of NC and mesoderm derived tissues due to cell mingling in some regions.14
Taken together, there is agreement on the embryonic origin of frontal and parietal bones and
metopic suture in mice but the embryonic origin of the sagittal suture remains unclear.

Based on the targeted expression and cell-level studies in the biology and pathology of
cranial sutures, it is clear that developmental origins play an important role in the
interactions of the adjacent tissues.1>-18 While these findings are enlightening, none of them
investigate gene expression in human tissues. On the other hand, broad understanding of
molecular pathways requires investigation of large array of genes. Recently, high throughput
gene expression analysis (microarray analysis) has been used in investigating
craniosynostosisaetiology1-20 but not in studying human calvarial development. Therefore,
we aimed to investigate the global gene expression profile of human calvarial compartments.

2. Materials and methods

2.1. Ethics statement

Samples used in this study were obtained from the Department of Pathology and the Birth
Defects Research Laboratory at the University of Washington. The study participants
(mothers) signed an informed consent. All procedures were approved by the University of
Washington and Washington State University institutional review boards.

2.2. Study design and samples

Tissues samples were obtained from foetal crania of four normal human foetuses. We
received two females ages 94 and 103 days and two males ages 97 and 98 days. Tissues
were transported and cultured in Dulbecco’s Modified Eagle Medium (DMEM) GlutaMAX
(Life Technologies, Grand Island, NY) containing foetal calf serum (Life Technologies,
Grand Island, NY) and antibiotic—antimycotic supplement (Life Technologies, Grand Island,
NY) containing penicillin, streptomycin and amphotericin B.

2.3. Cell expansion

All dural and extracranial soft tissues were removed from the parietal and frontal bones. 2-3
mm tissue explants were excised from each compartment, frontal and parietal bones and
metopic and sagittal ISM. To avoid contamination with osteoblasts, ISM tissue was
dissected from the central portion of each suture. Similarly, bone was harvested at least 3
mm from the margin of the suture to avoid contamination with ISM. Media was changed
every 3-4 days. After reaching 75-80% confluence, the cells were trypsinized with
TrypLEExpress (Life Technologies, Denmark) and passaged. During the fourth and final
passage, 180,000 cells were plated in triplicate in 6-well plates and cultured for 5 days
followed by RNA extraction. Supplementary Table 1 shows summary of the information for
the samples.
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Supplementary Table 1 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

2.4. RNA isolation

RNA was isolated from the cells using Roche High Pure miRNA Isolation Kit (Indianapolis,
IN) according to the manufacturer’s protocol. RNA was isolated from triplicate wells
separately and then combined to have one RNA sample for microarray. The quality and
quantity of the sample were assessed using Agilent 2100 Bioanalyzer and NanoDrop 1000
spectrophotometer.

2.5. Microarray analysis

We used Affymetrix HuGene 2.0 ST arrays (Affymetrix, Santa Clara, CA) containing DNA
probes for 28,500 full-length transcripts. Preparation of labelled cDNA, hybridization of the
arrays and the analysis were performed according to the manufacturer’s protocol.

2.6. Analyses

Raw data were normalized, background corrected, and summarized using a robust multi-
array average (RMA) using the Bioconductor oligo package.?! A weighted analysis of
variance (ANOVA) model was fit to the data that included factors for sample type and sex.
All comparisons were made using empirical Bayes adjusted contrasts (Bioconductor limma
package).22-24 We focused our analysis on genes that exhibited more than 1.5-fold change
in expression (up or down) with p < 0.05. We used a combination of fold-change in
expression and a p-value criteria based on recommendations by the MAQC consortium?® to
minimize the false positive rate.

The raw data were also used to analyze the correlation of gene expression. Singular value
decomposition (SVD), a matrix factorization method, was used to analyze microarray
data.1926 An SVD of a matrix breaks expression variation into the following discrete
components: patterns across genes (eigenarrays); pattern across samples (eigengenes); and
the weights describing the relative importance of each eigenarray/eigengene (eigenweights).
First, the eigenweights were inspected to determine the number of important variables and
then the corresponding eigenarrays or eigengenes were used to determine the importance of
genes, pathways or groups of samples. Two eigenweights were identified significantly larger
than the remaining. Clustering the first two eigenarrays suggested the existence of three
distinct groups of transcripts. Their corresponding patterns across the samples were used to
define three distinct eigenpatterns or consensus patterns across samples.

2.7. gRT-PCR validation

Following statistical analysis of the expression array results, six genes of interest were
chosen for gRT-PCR validation; TFAP2A, TFAP2B, ICAM1, SULF1, TNC and FOXF2.
Prior to PCR, primers (Sigma—Aldrich, St Louis, MO) (Supplementary Table 2) were
optimized. cDNA was prepared with Thermo Scientific RevertAid First Strand cDNA
Synthesis Kit according to the manufacturer’s protocol. qRT-PCR was performed using
SensiMix SYBR low-ROX kit (Bioline, Taunton, MA) and Applied Biosystems 7500 Fast
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Real Time PCR system. 18s rRNA was used as an internal control for normalization. The
fold changes were calculated by the standard AACt method.2”

Supplementary Table 2 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

3.1. Paired comparisons

Six paired comparisons were made between the gene expression profiles of the four
compartments (Table 1). Fold changes greater than £1.5 with a p-value <0.05 were
considered significant (Supplementary Tables 3-8). The frontal and parietal bone samples
exhibited the largest number of differentially expressed genes while the frontal bone vs.
metopic ISM and parietal bone vs. sagittal ISM had the lowest numbers of differentially
expressed transcripts.

Supplementary Table 3 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

Supplementary Table 4 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

Supplementary Table 5 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

Supplementary Table 6 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

Supplementary Table 7 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

Supplementary Table 8 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

3.2. Correlation analysis

Transcript correlation analysis revealed correlation of 795 genes represented in our array
(Fig. 1). 264/795 genes (group 1) had higher expression in frontal bone and metopic ISM
(Fig. 2; Supplementary Table 9) compared to parietal bone and sagittal ISM. In contrast,
394/795 genes (group 2), were expressed higher in parietal/sagittal compartments (Fig. 3;
Supplementary Table 10). Therefore, the genes in groups 1 and 2 segregated the
compartments into two groups of frontal/metopic and parietal/sagittal. 137/795 genes (group
3), were up-regulated in metopic and sagittal ISM (Fig. 4). Differential expression of these
genes between compartments was not as large as in group 1 or 2.

Supplementary Table 9 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.
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Supplementary Table 10 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

Since the correlation structures were defined independent of statistical significance and in
order to enrich for genes with differential expression between compartments, we combined
the results of two analyses. In order to be listed as highly correlated and significantly
expressed genes, the expression of the genes in groups 1 and 2 had to be significantly
different in four paired comparisons of frontal/metopic versus parietal/sagittal compartments
and not different in frontal versus metopic or parietal versus sagittal comparisons (Tables 2
and 3). The same was performed for gene group 3. Our statistical analysis included
transcripts with greater than £1.2-fold change in expression level with a p-value of <0.05.
None of the genes in group 3 met this requirement. Therefore, no further analysis was
performed on this group.

Genes such as TFAP2 (A-C), FOXF2, ICAM1, SULF1 and TNC (Tables 2 and 3) are
among the genes that segregate the two compartment groups (frontal/metopic vs. parietal/
sagittal) and are expressed significantly different between them. Biological function of these
genes?8-36 confer functional differences between the two compartment groups regarding
proliferation, differentiation, cell migration and production of extracellular matrix. These 2
groups are also different in the expression of several NC regulatory genes.36-38 There was
no significant difference in the expression of other NC regulatory genes3-38 in our study
(Supplementary Table 11).

Supplementary Table 11 related to this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.archoralbio.2015.06.008.

3.3. gRT-PCR validation

gRT-PCR was performed on six of the genes in Tables 2 and 3, TFAP2A, TFAP2B, FOXF2,
ICAM1, SULF1 and TNC. These genes were selected due to their importance in neural crest
development, cell proliferation, differentiation and extracellular matrix.28-36 Six paired
comparisons were made in the same manner as for microarray results. The results (Table 4)
were mostly in concert with microarray results. Similar to the microarray results, the
expression of TFAP2A, TFAP2B, FOXF2 and TNC was significantly different in four
paired comparisons of frontal/metopic versus parietal/sagittal compartments. The difference
was not significant in frontal versus metopic or parietal versus sagittal comparisons. The
expression of ICAM1 and SULF1 was significantly higher in frontal versus parietal and
frontal versus sagittal comparisons. However unlike the microarray results the difference
was not significant comparing metopic versus parietal and sagittal compartments by qRT-
PCR.

4. Discussion

The aim of this paper was to analyze gene expression of human cell lines derived from
foetal cranial bone and ISM to investigate the existence of gene expression patterns
indicating their embryonic origins.
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In this study, the pairwise comparisons and correlation analyses determined that among the
four calvarial compartments, those with unlike tissues (frontal bone/metopic suture vs.
parietal bone/sagittal suture), have more similar gene expression profiles. We found specific
biological themes in these patterns and suggest that these expression profiles reveal
developmental and functional differences related to neural crest regulation and extracellular
matrix production between the two compartment groups (frontal/metopic vs. parietal/
sagittal) (Table 5).

Neural crest regulatory genes which are also important in proliferation and differentiation
are differently expressed between frontal/metopic vs. parietal/sagittal compartments. During
embryonic development there are NC regulatory genes that have a tissue specific expression
pattern in either NC or the surrounding mesodermal tissues.38 We identified regulatory gene
expression profiles similar to NC in frontal/metopic compartments and profiles similar to
mesoderm in parietal/sagittal compartments. We found high levels of expression of TFAP2
gene family in frontal/metopic compartments and high levels of expression of FOXF2 in
parietal/sagittal compartments. These genes are among the regulatory genes of NC
development.36:38 They have distinct roles in proliferation and differentiation as well.39-45

Transcription factor TFAP2 family consists of five members, A, B, C, D and E. Among the
orthologs TFAP2A, B and C are structurally similar. These genes are expressed in the early
development of NC and considered to be NC specifiers.29:33.34.38.46.47 Nytations of these
genes in humans and animal models cause deficiencies in craniofacial tissues derived from
NC.48-50 |n our study, orthologs important in NC development (TFAP2 (A-C)) are the only
members that are differentially expressed. These transcripts are upregulated in frontal and
metopic compartments. Members of the FOX family are among NC regulatory genes as
well.38 Fox genes such as FOXF2 are primarily expressed in the mesodermal layers of the
embryo including the paraxial, axial, lateral and lateral splenic mesoderm.>! However, their
expression in mesoderm affects development of adjacent neural crest derived tissues.>2 They
are important in NC patterning and craniofacial organization.>3 We found higher expression
of FOXF2 in parietal/sagittal cells compared to frontal/metopic cells.

In this study, differential gene expression of TFAP2 (A-C) and FOXF2 in frontal/metopic
compartments compared to parietal/sagittal compartments supports previous studies
demonstrating the distinct embryonic origins of these compartments. High expression of
TFAP2 (A-C) in frontal and metopic compartments suggests that they are originated from
NC. On the other hand, high expression of FOXF2 and low expression of TFAP2 (A-C) in
parietal and sagittal compartments suggest a different developmental origin for these
compartments. These findings are in agreement with the previous studies on the origin of
frontal, parietal bones and metopic suture but not sagittal suture. In previous studies, the
findings regarding the sagittal suture were inconsistent and not conclusive.11-13 Since
mingling and migration of NC and mesoderm cells happen during development specifically
in sagittal suture,11:14 the disagreement on the origin of sagittal suture can be due to
different time points that were studied.

FOXF2 and the TFAP2 family are also important in cell proliferation and differentiation.
Animal studies on different cell types show that reduction of expression of TFAP2 reduces
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cell proliferation and induces early differentiation while reduction of FOXF2 leads to higher
proliferation and less production of ECM.#>°1 Similar results in the investigations of
cancerous cells indicate association of high cell proliferation with high expression of TFAP2
and low expression of FOXF2.39:4044.54 Based on the function of TFAP2 and
FOXF239-41.4345 and their expression profile presented in this study, we suggest that the
frontal and metopic compartments have an increased potential for proliferation and reduced
differentiation while the converse is true for the parietal and sagittal compartments. High
proliferation potential in frontal and metopic compartments can be a contributory factor in
early physiologic fusion of metopic suture.

While this hypothesis requires more study on human cells the studies on the cellular
phenotype of rodent frontal and parietal osteoblasts evaluated proliferation and
differentiation potential using BrdU proliferation assay and alkaline phosphatase (ALP)
assay, respectively.17:18:55 These studies support our hypothesis on higher proliferation
capacity of the frontal bone. However, the results on the early differentiation of the cells are
not consistent. This discrepancy may be due to different experimental methods.

ZIC family, MSX1/2, SOX9/10, ANAI2, PAX3/7 and MYC are other NC specifiers in NC
gene regulatory network.37:38 In the present study the expression of these genes is not
significantly different between the frontal and metopic group compared to parietal and
sagittal group. However, a tendency of higher expression of PAX3 and lower expression of
ZIC family is seen in frontal and metopic compartments. These transcripts can be future
targets for a study with a larger samples size.

Based on gene expression, the extracellular matrix (ECM) in frontal/metopic compartments
has a different composition compared to the ECM in parietal/sagittal compartments. We
have demonstrated that SULF1, ICAM1 and TNC, important genes in the composition of
ECM, are differentially expressed in the two compartment groups. SULF1 is an extracellular
protein involved in remodelling proteoglycans on cell membranes so that NC cells are
recognized by other NC cells during development. SULF1 modulates the path through
which NC cells migrate3! and therefore is important in the regulation of NC
development.38:56 Protein encoded by ICAM1 is a surface glycoprotein that regulates cell—
cell contact and cell movement through ECM.30:32 |t is highly expressed in the tissues with
high proliferation and high potential for migration like prostate, breast, lung and bone
cancer.39:32 Furthermore, ICAML1 is regulated by TFAP-2 which is one of the genes of
interest in this study.>” The protein encoded by TNC (Tenascin) is a major extracellular
matrix protein important in cell adhesion, proliferation and differentiation.58 Although it is
known to play an important role in development, there are controversies surrounding its
exact roles. While some studies suggest that the protein is secreted by NC cells playing a
role in delamination and migration, others believe that tenascin expression has an inhibitory
effect on NC migration.28:35.58 Regardless of the exact effect of tenascin on NC migration,
these studies demonstrate its importance on ECM and NC development.

SULF1, ICAM1 are highly expressed in frontal/metopic compartments and TNC is high in
parietal/sagittal compartments. These differences suggest that the two groups have ECM
with distinct characteristics. The ECM composition of frontal/metopic compartments is
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more similar to NC suggesting facilitation of cell migration. The similarity of the expression
of ECM genes in frontal/metopic compartments in this study and the expression of these
genes in NC further supports previous studies on the NC origin of frontal and metopic
tissues.11-13

Considering the function of these differentially expressed genes and the fact that metopic
suture is the only suture that fuses during the first year of life in humans,19 we propose that
the distinct expression of these genes plays an important role in suture fate and the
development of cranium. Since ICAML1 facilitates adhesion of the cells to heterotypic cells,
it can facilitate adhesion of frontal osteoblasts and metopic mesenchymal cells and increase
their motility and migration. SULF1 can modulate the responsiveness of frontal and metopic
cells to signalling pathways important in cell migration and osteogenesis and finally, the
TFAP2 enhances proliferation. We suggest that the expression of these genes in frontal/
metopic compartments makes the ECM appropriate for mingling of high proliferative frontal
osteoblasts and metopic mesenchymal cells and results in the early physiologic closure of
the suture. However, this is not the case in the sagittal suture complex in which the calvaria
and ISM are not NC derived.

5. Conclusion

In order to elucidate the aetiology of craniosynostosis more studies on molecular
mechanisms of suture fusion are required. This study sheds light on the physiological
differences between cranial compartments. Our data demonstrates that during the early
second trimester of humans, foetal cranial compartments have differential gene expression
profiles that persist in cell culture. Gene expression profiles are more similar in the
compartments with unlike tissues (frontal bone/metopic suture vs. parietal bone/sagittal
suture) reflecting the NC and paraxial mesoderm origins of the compartments. Due to the
difference in embryonic origin of distinct parts of occipital bone in mammalians®%:60
investigating this finding in occipital bone is of great interest. However, since early fusion of
lambdoid suture is the rarest cranyosynistosis®? this study is focused on frontal, parietal,
metopic and sagittal compartments.

Future studies will focus on correlations between gene expression and cellular phenotype
including proliferation and differentiation and ECM production in each compartment.
Furthermore, the gene expression at different time points through the course of development
in both cases of normal and early sutural fusion requires more investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Correlation analysis. Clustering the first two eigenarrays suggested that three distinct gene
groups (total of 795 genes), had correlated expression throughout all the microarrays.
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Fig. 2.
Expression of correlated genes in groupl. This group was highly expressed in frontal and

metopic compartments and segregated the compartments into two groups of frontal/metopic
and parietal/sagittal.
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Fig. 3.

Expression of correlated genes in group 2. This group was highly expressed in parietal and
sagittal compartments and segregated the compartments into two groups of frontal/metopic
and parietal/sagittal.
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Fig. 4.
Expression of correlated genes in group 3. This group was highly expressed in metopic and

sagittal compartments but the differential expression between the compartments was not as
large as in groups 1 and 2.
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Table 1

Number of differentially expressed genes in comparisons of compartments.

Comparison Count

Frontal vs. parietal ~ 104
Frontal vs. sagittal 100
Parietal vs. metopic 54
Metopic vs. sagittal 48
Frontal vs. metopic 22

Parietal vs. sagittal 13
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