
Transcriptome Atlases of the 
Craniofacial Sutures 

Greg Holmes 
 
Harm van Bakel 
 
Ethylin Wang Jabs 

NIH/NIDCR 5U01 DE024448 



• Osteogenic fronts - proliferation and differentiation of 
preosteoblasts 

 
• Suture mesenchyme - separates osteogenic fronts; a 

niche for osteoblast stem cells 

Zhao et al., 2015 

Suture Development 



Differential Gene Expression Underlies  
Suture Development and Disease 

Comprehensive expression profiling needed to understand suture biology 
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Chris Percival 

Eleven Major Craniofacial Sutures 

E18.5 



Laser Capture Microdissection  
of Suture Subregions 

Suture mesenchyme (SM) & osteogenic front (OF) subregions 

Overlapping, Non-Homologous 
E18.5 Coronal Suture 

End to End, Homologous 
E18.5 Frontal Suture 



Data Generation for Each Suture 

• Illumina HiSeq 2500 
• Paired-end 100 nt reads (capture alternate splicing) 
• Depth: ~40M read pairs (comprehensive gene detection) 

Suture 

Mesenchyme Osteogenic fronts 

RNA extraction 

Total RNA-Seq 

→ 5 replicates (mice) 

→ LCM 

SPI amplification 

→ 1-10 ng 

→ rRNAs suppressed 



WT Suture RNA-Seq Libraries 

        Frontal      

285 libraries 



WT Suture RNA-Seq Libraries 

        Frontal      



Fgfr2+/S252W and Twist1+/- Suture  
RNA-Seq Libraries 

        Frontal       

350 libraries 



Fgfr2+/S252W and Twist1+/- Suture  
RNA-Seq Libraries 

        Frontal       



FaceBase Bulk RNA-Seq Datasets 

>7,000 differentially expressed genes across suture subregions, ages, & genotypes 

Frontal (60) Coronal (60) Internasal (40) 

Intermaxillary (38) Interpalatine (40) Maxillary-palatine (60) Interpremaxillary (40) 

Lambdoid (60) 



FaceBase Bulk RNA-Seq Datasets 

• 500 suture subregions have been microdissected from 
the 11 sutures 

  
• 398 RNA-Seq libraries deposited in FaceBase 
 
• 100 RNA-Seq libraries currently being synthesized from 

sagittal (40) & squamoparietal (60) sutures 
 
• 45 RNA samples isolated for RNA-Seq library synthesis 

from premaxillary-maxillary sutures (WT, Fgfr2+/S252W) 
 

TOTAL OF 543  



4 suture types, 18 individual sutures, 200 RNA-Seq profiles 

 Remaining Bulk RNA-Seq Libraries 
(no-cost extension period) 

• Premaxillary-maxillary: Fgfr2+/S252W; 15 libraries 
 
• Coronal: 
 - E14.5 WT and Twist1+/-;  30 libraries 
 - E14.5, E16.5, E18.5 Fgfr2+/S252W; 45 libraries 



Zhao et al., 2015 

osteogenic 
front 

osteogenic 
front 

Arboleya et al., 2013 

Single-cell Analysis of  
Suture Cell Populations 



    WT Sutures:  
• Coronal 
• Frontal 

• E18.5: embryonic skull growth, suture  
      formation 

 
• P10: postnatal skull growth,  
   posterior frontal suture fusion,  
   stem cell niche 
  
• P28: skull and suture maintenance 

Sagittal Suture  

Single-cell Sequencing of  
4 WT Sutures at 3 Ages 

Adapted from Zimmerman, et al., 1988 

• Lambdoid 
• Sagittal 



10X Genomics Chromium  
Single-cell RNA-Seq 

Dissect 

Protease digest 
to single cells 

Coronal 

Lambdoid 

Frontal 

Sagittal 



FaceBase Single-cell RNA-Seq Datasets 

Mouse 
Genotype Stage (E) Suture 

Name 
Cell 

Counts 
Reads per 

cell 

WT E.18.5 Coronal 1594 229,500 

WT E.18.5 Lambdoid 1602 262,512 

WT E.18.5 Frontal 939 218,382 

WT E.18.5 Sagittal 3,052 66,213 

WT P10 Coronal 2026 81,632 

WT P10 Lambdoid 4657 79,290 

Remaining P10 and P28 sutures to be completed  
during the no-cost extension period 



scRNA-Seq Data Analysis 



Use Case #1: Differential Gene Expression 
within Suture Subregions 

• What genes are differentially expressed between suture 
mesenchyme and osteogenic front subregions? 

• How does gene expression change within a subregion during 
development? 

• What gene ontology terms are enriched for a given suture 
subregion? 

Expression 

Hierarchical Clustering  

Ontology 

Suture 



Use Case #1: Differential Gene Expression 
within the Frontal Suture 

https://www.facebase.org/chaise/record/#1/isa:project/RID=1WW8 



Use Case #1: Differential Gene Expression 
within the Frontal Suture 

-download WT frontal suture files 



Use Case #1: Differential Gene Expression 
within the Frontal Suture 



Use Case #1: Differential Gene Expression 
within the Frontal Suture 

Hierarchical Clustering  
(1,272 genes) 

Gene Ontology:  Osteogenic Fronts 

Browser track: Integrin-binding sialoprotein 



Use Case #2: Query Gene Network 
• Where is my gene of interest expressed in a suture? 
• How does its expression change during development? 
• In what cell types is it expressed? 
• With what other genes is it co-expressed? 
• What gene ontology terms are enriched for its  
    co-expression module? 

 

Expression 

Network module 

Ontology 

Cell type 

Gene: Integrin-binding sialoprotein (Ibsp) 



Use Case #2: Query Gene Network 

Osteogenic front of 
frontal suture from 
bulk RNA-Seq 

Osteoblast population of 
frontal suture from 
single-cell RNA-Seq 



Use Case #2: Query Gene Network 
Co-Expression Module 1/23/130 



Use Case #2: Query Gene Network 
Network module 
(35 genes) 

DEG of bulk  
subregions, ages, and genotypes Single cell types Gene ontology categories 



Use Case #2: Query Gene Network 
Network module 
(35 genes) 



Use Case #2: Query Gene Network 

Osteogenic front 
expression 



Use Case #2: Query Gene Network 

Osteoblast 
cells 



Use Case #2: Query Gene Network 

Developmental 
processes 



Use Cases: Relevant FaceBase Projects 
 

• Marazita: Human Genomics Analysis Interface for FaceBase 2 - genes 
identified in human genomics data, e.g., associated with SNPs 
 

• Maas/Liao: Rapid Identification and Validation of Human Craniofacial 
Development Genes - genes associated with craniofacial defects 
 

• Selleri/Wysocka: Epigenetic landscapes and regulatory divergence of 
human craniofacial traits - genes associated with species-specific neural 
crest enhancers 
 

• Visel: Genomic and Transgenic Resources for Craniofacial Enhancer 
Studies - genes associated with craniofacial enhancers 
 

• Fisher/Harris: Anatomical atlas and transgenic toolkit for late skull 
formation in zebrafish - specific genes affecting zebrafish craniofacial 
development 
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