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Abstract

Cherubism is a rare genetic disorder caused primarily by mutations in SH3BP2 resulting in 

excessive bone resorption and fibrous tissue overgrowth in the lower portions of the face. Bone 

marrow derived cell cultures derived from a murine model of cherubism display poor osteogenesis 

and spontaneous osteoclast formation. To develop a deeper understanding for the potential 

underlying mechanisms contributing to these phenotypes in mice, we compared global gene 

expression changes in hematopoietic and mesenchymal cell populations between cherubism and 

wild type mice. In the hematopoietic population, not surprisingly, upregulated genes were 

significantly enriched for functions related to osteoclastogenesis. However, these upregulated 

genes were also significantly enriched for functions associated with inflammation including 

arachidonic acid/prostaglandin signaling, regulators of coagulation and autoinflammation, 

extracellular matrix remodeling, and chemokine expression. In the mesenchymal population, we 

observed down regulation of osteoblast and adventitial reticular cell marker genes. Regulators of 

BMP and Wnt pathway associated genes showed numerous changes in gene expression, likely 

implicating the down regulation of BMP signaling and possibly the activation of certain Wnt 

pathways. Analyses of the cherubism derived mesenchymal population also revealed interesting 
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changes in gene expression related to inflammation including the expression of distinct 

granzymes, chemokines, and sulfo-transferases. These studies reveal complex changes in gene 

expression elicited from a cherubic mutation in Sh3bp2 that are informative to the mechanisms 

responding to inflammatory stimuli and repressing osteogenesis. The outcomes of this work are 

likely to have relevance not only to cherubism, but other inflammatory conditions impacting the 

skeleton.
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1. Introduction

Cherubism is a rare autosomal dominant craniofacial disorder af-fecting pre-pubertal 

children. It was first described in 1933 as a multilocular cystic dysplasia of the jaw that led 

to outward bulging of cheek and upward shift of eyes that gave a ‘cherub’ like appearance to 

these children [1]. Extensive bone resorption, fibrous tissue overgrowth and immune cell 

invasion in jawbones further characterize the cherubism phenotype [2]. In most cases, the 

disease is known to self-regress after puberty over a period of several years [3–5]. However, 

in more ag-gressive cases, surgical interventions are required to restore severe facial 

deformation and normal functions like eating and breathing. The majority of cherubism 

cases (80%) are caused by gain-of-function mutations in Src Homology 3-domain binding 
protein 2 (SH3BP2), which is located on chromosome 4 (4p16.3 region) in humans [6,7].

SH3BP2 is a cytoplasmic adaptor protein that plays an indispensable role in relaying signals 

from various cell surface molecules to their downstream effectors by assembling stable 

enzyme-substrate com-plexes. In humans, it is a 561-aa protein that consists of an N-

terminal pleckstrin homology (PH) domain, a proline-rich Src Homology 3 (SH3) binding 

domain and a C-terminal Src Homology 2 (SH2) domain. SH3BP2 has been shown to take 

part in various cellular processes by its involvement in key signaling pathways, including the 

Syk and Src family of kinases [8]. Protein levels of SH3BP2 are itself regulated through 

tankyrase mediated ADP ribosylation followed by RNF146 mediated ubiquitination and 

proteasomal degradation [9,10]. There is evidence to suggest that cherubism mutations in 

SH3BP2 lead to dis-ruption in tankyrase binding resulting in overaccumulation of SH3BP2 

protein in cells [9]. Consequently, it is generally assumed that SH3BP2 associated signaling 

pathways are increased, which ultimately leads to the pathology of cherubism. However, 

why this mechanistic outcome would contribute to a disease that is largely restricted to the 

craniofacial region remains a mystery.

To better understand the physiological and molecular pathology of cherubism, a mouse 

model of the disease was generated by knocking-in one of the most common mutations 

Pro416Arg into Sh3bp2 (Sh3bp2KI/ KI) [11]. While the generation of Sh3bp2KI/KI mice has 

not faithfully recapitulated the selective craniofacial aspects of cherubism patients, 

nonetheless, the animal model has yielded valuable evidence on the dysfunction of Sh3bp2 
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in certain cell types, such as the heightened activation of inflammatory and RANK signaling 

pathways that systemically impacts bone resorption [11–13].

One of the unexplained etiologies of cherubism relates to the excessive fibrous tissue 

overgrowth that occurs, which is analogous to other fibrotic conditions. Consistent with 

fibrotic tissue, mandibular and maxillary lesions in cherubism patients contain a complex 

mixture of cell types of hematopoietic and mesenchymal origin, both of which are likely to 

have roles in perpetuating the fibrotic state. While not of craniofacial origin, adherent bone 

marrow cultures from long bones contain a rich mixture of hematopoietic and mesenchymal 

cell types and past work by us has shown that bone marrow cells derived from cherubism 

mice display poor osteogenesis and spontaneously form osteoclasts [14]. Further, the 

osteoblasts in these cultures not only fail to mature but typically organize into swirling 

patterns possibly suggesting the existence of fibrotic mechanisms. Consistent with this 

thinking, we showed that decreasing TGFβ signaling, a major fibrotic pathway, could 

decrease osteoclast formation and rescue osteoblast differentiation [14]. Unfortunately, in 

our hands, anti-TGFβ treatment in cherubism mice did not alleviate bone resorption or 

overall animal health (data not shown). Therefore, to develop a broader understanding of the 

mechanisms occurring between hematopoietic and mesenchymal cell lineages, we 

characterized global gene expression patterns in sorted hematopoietic and mesenchymal 

cells from day 7 bone marrow cultures derived from femurs using RNA sequencing (RNA-

Seq). Here we report our findings from differential expression analyses, which revealed 

surprising alterations in gene expression both within the hematopoietic and mesenchymal 

cell lineages that are likely to be relevant not just to cherubism, but to a variety of 

inflammatory skeletal diseases.

2. Methods

2.1. Reagents

For cell culture, MEM Alpha (12571–063), PBS (10010–023), HEPES 1M (15630–080), 

100× Penicillin-Streptomycin (15140122), and Hanks’ balanced salt solution 10× (HBSS) 

(14185–052) were obtained from Life Technologies. Fetal Bovine Serum (FBS) (S01520) 

was purchased from Biowest and Accutase (AT104) was purchased from Innovative Cell 

Technologies.

For cell sorting, FITC conjugated mouse anti-CD45 (130–110-796) and APC conjugated 

mouse anti-SCA-1 (130–102-833) antibody were bought from Miltenyi Biotec. SUPERase 

In RNase Inhibitor (20 U/μL) (AM2694) was from ThermoFisher Scientific. UltraPure 

distilled water (DNase and RNase free) (10977–015) was obtained from Invitrogen by Life 

Technologies. RNase free BSA (B6917) was obtained from Sigma--Aldrich. RNAprotect 

cell reagent (76526) was obtained from Qiagen.

For RNA purification, library preparation, and sequencing, Direct-zol RNA Miniprep Plus 

(R2072) was purchased from Zymo Research. SMARTer Stranded RNA-Seq Kit (634836) 

and RiboGone-Mammalian (634847) were obtained from Takara Biosciences. Agencourt 

AMPure XP, 5 mL (A63881) was bought from Beckman Coulter. The sequencing kit, 

NextSeq® 500/550 High Output Kit v2 (150 cycles) (TG-160–2002), was bought from 
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Illumina. Experion RNA HighSens Analysis Kit (7007105) was purchased from Bio-Rad. 

High Sensitivity DNA Kit (5067–4626) was obtained from Agilent. Qubit dsDNA HS Assay 

Kit (Q32851) was bought from ThermoFisher Scientific. NEBNext Library Quant Kit for 

Illumina (E7630S) was bought from New England Biolabs.

2.2. Animals

Sh3bp2 KI/+ mice were generously provided by Dr. Yasuyoshi Ueki. Col1a1–2.3 EGFP 
osteoblast reporter mice were generously provided by Dr. David Rowe. Male and female 

Sh3bp2KI/+ mice were intercrossed with Col1a1–2.3 EGFP mice to generate experimental 

animals, which were maintained on a C57BL/6 background. Genotyping by PCR for the 

Sh3bp2 knock-in allele was performed using PCR primers 5′-CCACTA 

TATGACAATACCTG-3′ and 5′-CATAGTCTTCATCTGAGTCC-3′. Animal studies were 

carried out in strict accordance with the Guide for the Care and Use of Laboratory Animals 

of the National Institutes of Health and animal protocols were approved by the Animal Care 

Committee of the University of Connecticut Health (approved protocols 101060–0518, 

101777–0121).

2.3. Primary bone marrow stromal cell cultures

Bone marrow cultures were prepared from 6- to 8-week old mice. Hindlimbs were dissected 

out and placed in ice cold PBS. Under a cell culture hood, muscle and connective tissues 

were removed from long bones using a scalpel. Bones were then cut in half to expose the 

bone marrow cavity and kept wet in cell culture media until all bones were prepared. Long 

bone halves were vertically inserted with marrow opening facing down in a 1.5 mL 

microfuge tube containing precut-pipet tips to hold bone pieces. 200 μL of cell culture media 

was added to each microfuge tube to keep cells wet following centrifugation. Bones were 

centrifuged at 6000 rpm for 1 min to spin out bone marrow cells. Bone pieces and pipet tips 

were removed from microfuge tubes under the c ll culture hood with sterile forceps. Cell 

pellets were resuspended in cell culture media by gentle pipetting. Extra cell culture media 

(0.5 mL–1 mL) was added to facilitate cell suspension to generate a single cell suspension. 

Cell suspensions were then filtered through a 70-μm cell strainer. Cells obtained from one 

mouse were plated in one 10 cm tissue culture dish or one six-well plate with 15 mL of 

media. On the third day of culture, cells were washed with PBS and re-supple-mented with 

media.

2.4. Flow cytometry

On day 7 of culture, adherent cells were washed twice with PBS, digested with 5 mL of 

accutase (Innovative Cell Technologies) for 5 min at 37 °C, gently scraped and pipetted up 

and down to generate a single cell suspension. 10 mL of PBS was added to dilute accutase. 

Cells were then centrifuged and resuspended in FACS staining buffer (1× HBSS, 10 mM 

HEPES, 2% BSA (RNase free), 2 mM EDTA, pH 7.4). Cell surface staining was carried out 

with anti-Sca1-APC and anti-CD45-FITC according to manufacturer’s recommendations 

(Miltenyi Biotech). To a small volume of FACS staining buffer, Sytox blue was added to 

detect and remove dead cells during FACS, and SUPERase In RNase Inhibitor was added to 

prevent RNA degradation. Sorting was carried out on a Becton-Dickinson FACS-ARIA II 

(UCH Flow Cytometry Core). Two populations Sca1+CD45− (mesenchymal stromal cells) 

Sharma et al. Page 4

Bone. Author manuscript; available in PMC 2020 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Sca1+CD45+ (hematopoietic cells) were collected into RNA protect obtained from 

Qiagen.

2.5. RNA purification

RNA was isolated from the two sorted cell populations using Zymo Research’s Direct-zol™ 

RNA Miniprep Plus kit according to manufacturer’s instructions. RNA samples were 

quantified by NanoDrop 1000 Spectrophotometer (Thermo Scientific) and RNA integrity 

was assessed by Agilent Bioanalyzer 2100 (Agilent). RNA samples with RNA Integrity 

Number (RIN) higher than or equal to 8.5 were used for library preparation. Six biological 

replicates of each group, i.e., WT stromal cells, WT hematopoietic cells, Sh3bp2KI/KI 

stromal cells, and Sh3bp2KI/KI hematopoietic cells were selected for library preparation.

2.6. Library preparation and validation

RNA-Seq libraries were prepared using SMARTer® Stranded RNA-Seq Kit from Clontech 

Laboratories, Inc. (currently known as Takara Biosciences) according to manufacturer’s 

instructions. Briefly, ribo-somal RNA (rRNA) was depleted from 100 ng of RNA sample. 

rRNA depleted samples were then subjected to SMARTer First-strand cDNA synthesis. 

cDNA was then purified using magnetic bead pull-down. cDNA samples were amplified for 

16 cycles to generate RNA-seq libraries. RNA-Seq libraries were purified using magnetic 

bead pull-down. Quality check and library validation were performed using Agilent 2100 

Bioanalyzer and the High Sensitivity DNA Chip from Agilent’s High Sensitivity DNA Kit. 

Libraries were quantified through qPCR using the NebNext quant kit specifically designed 

to quantify Illumina NextSeq libraries.

2.7. Sequencing run

Libraries were pooled in batches of 12 and requantified using pi-cogreen dye and reading the 

fluorescence through Qubit 3.0 Fluorometer. Pooled libraries were denatured prior to the 

sequencing run. Sequencing was performed on Illumina NextSeq 500 platform using 

NextSeq 500/550 High Output v2 kit (150 cycles) with 75 bp paired end reads.

2.8. Quality check and RNA-seq data analyses

Quality of the raw sequenced reads was assessed with the help of FastQC software [15]. 

MultiQC was used to generate cumulative results from FastQC output files. Sickle was used 

to trim low quality reads and improve the quality of the reads [16]. Reads were then mapped 

to mouse reference genome (mm10) using STAR [17]. The output files were then counted 

for reads mapping to each gene using the htseq_-count function from HTseq [18], a python-

based framework designed to process high throughput sequencing data. These count files 

were then subjected to DESeq2 analysis in R/Bioconductor packages [19]. DESeq2 analysis 

normalized the reads and provided a list of differentially expressed genes (DEGs). The list of 

DEGs were examined using a variety of web accessible resources including Ingenuity 

Pathway Analysis software (Qiagen), Gene Ontology (http://geneontology.org; [20,21]), 

PathVisio (Pathvisio.org; [22]), and Wikipathways [23,24] to identify significant 

associations and molecular pathways and make predictions regarding upstream regulators. 
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Raw and processed RNA-Seq data was deposited into the Gene Expression Omnibus (GEO) 

database and can be found using the accession number GSE139421.

2.9. Quantitative RT-PCR gene expression analyses

RNA purification was carried out on FACS sorted day 7 bone marrow stromal cultures 

according to the manufacturer’s recommendations (Macherey-Nagel and Zymo Research). 

cDNA was prepared from 500 ng of RNA/sample using the SuperScript II Reverse 

Transcriptase kit or Protoscript II kit (Life Technologies, NEB). QPCR was carried out using 

I-Taq Universal SybrGreen Supermix (Bio-Rad) in a Bio-Rad CFX real-time thermocycler. 

PCR primer sequences used for gene expression analyses and RNA-Seq validation are listed 

in Supplementary Table 4.

3. Results

Previously, we reported that cultured bone marrow cells derived from a cherubism mouse 

model (Sh3bp2KI/KI), in contrast to wild type littermates, displayed defects in osteoblast 

differentiation while at the same time spontaneously forming osteoclasts [14]. To develop a 

deeper understanding for the mechanistic differences taking place between cherubism and 

wild type cells in this culture system, we performed an RNA-Seq study. For this, we decided 

to separate hematopoietic and mesenchymal cell fractions by FACS on day 7 of culture 

using the cell surface markers CD45 and SCA1, where CD45+, SCA1+ defined the 

hematopoietic population and CD45−, Sca1+ defined the mesenchymal population (sFig. 

1A) [25–28]. At day 7 of culture, the ratio of hematopoietic cells to mesenchymal cells was 

consistently 1:1 from both wild type and cherubism mice. RNA from six biological 

replicates were used for library preparation and sequencing. The high quality of RNA 

sequencing was confirmed using FASTQC software and outputs were merged with the help 

of MultiQC software (sFig. 1B) [15,29]. An RNASTAR → HTSeq → DESeq2 work flow 

was used to align, count, and identify differentially expressed genes [17–19]. Normalization 

and data analyses were carried out to generate a list of differentially expressed genes (DEGs) 

comparing cherubism to wild type samples for both hematopoietic and mesenchymal cell 

populations. Further, we examined the expression of known hematopoietic and 

mesenchymal cell markers within the wild type sample groups to substantiate the 

enrichment of cell types by FACS (sFig. 2). DEGs reported here had an additional base 

mean intensity cut off of ≥50 counts and a log2 fold change ≥ ± 1 with an adjusted p-value > 

0.05.

3.1. Differential gene expression in the hematopoietic cell population

Principal component analysis of the hematopoietic population grouped the wild type (blue) 

and Sh3bp2KI/KI (red) samples separately indicating differentially expressed gene signatures 

(Fig. 1A). To ensure no transcriptional bias existed between wild type and Sh3bp2KI/KI 

samples, an MA plot was also generated (Fig. 1B). The MA plot showed us that the dataset 

was appropriately normalized as the mean line (red line) passed through 0 on the y-axis. 

Thus, the PCA and MA plots gave us confidence that the workflow parameters used to align, 

count, normalize, and identify differentially expressed genes in the dataset were appropriate.
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To visualize global gene expression differences, a heatmap was generated based on the 

above mentioned cutoffs that resulted in a total of 461 differentially expressed genes within 

the hematopoietic population (Fig. 1C). Of the total differentially expressed genes, 299 were 

upregulated and 162 were downregulated in the Sh3bp2KI/KI hematopoietic population. A 

list of the differentially expressed genes included in the heatmap and those between Log2 

Fold > 1 and < −1 are provided in Supplementary Table 1. To further understand the 

differentially expressed gene set, we performed gene ontology analyses on both upregulated 

and downregulated gene sets [30]. Consistent with our previous study, which reported 

spontaneous osteoclast formation, gene ontology analyses of upregulated genes showed 

positive regulation of bone resorption and osteoclast differentiation as the highest fold 

enrichment score (Table 1). Also consistent with other reports detailing an inflammatory 

phenotype in cherubism [11–13], gene ontology analyses showed enrichment of genes 

associated with regulation of inflammation and myeloid cell differentiation (Table 1). Gene 

ontology analyses of downregulated genes indicated that interleukin 2 regulation, lympho-

cyte chemotaxis, migration, and negative regulators of cell growth were significantly 

enriched (Table 2).

To appreciate the identified gene ontology categories, we examined the dataset for genes 

associated with osteoclast formation and inflammation. Numerous gene markers of 

osteoclast differentiation were highly upregulated in the hematopoietic dataset (Table 3). 

These in-cluded, but were not limited to Acp5, the gene that encodes for the well-known 

osteoclast secreted acid phosphatase best known as TRAP (tar-trate resistant acid 

phosphatase) [31]. Atp6v0d2, a gene that encodes for a vacuolar ATPase important for 

extracellular H+ transport, but also has a role in osteoclast cell fusion [32]. Calcr, a gene that 

encodes for a receptor that binds calcitonin, a peptide hormone that down regulates bone 

resorption [33,34]. Proteases cathepsin k (Ctsk) and MMP9, which are highly expressed in 

osteoclasts and play a role in bone matrix degradation [35–37]. Dcstamp and Ocstamp are 

genes that encode for transmembrane proteins that participate in osteoclast fusion [38–40]. 

Integrin β3 (Itgb3) and Oscar are genes that encode for receptors that bind matrix proteins 

and provide critical signaling cues for osteoclast differentiation [41,42]. Src is a tyrosine 

kinase whose function is essential for osteoclast activity [43].

A variety of genes associated with the regulation of inflammatory processes were also noted 

in the data set. In particular, genes associated with the production and signaling of certain 

eicosanoids (sFig. 3). This included Ptges, a gene that encodes for prostaglandin E synthase, 

which was upregulated Log2 Fold 2.6 in the Sh3bp2KI/KI group while the enzyme capable of 

breaking down prostaglandins, encoded by Hpdg, was downregulated Log2 Fold −2.9 (Table 

4). Cytochrome P450 2s1 (Cyp2s1), which encodes for an enzyme that can metabolize 

PGG2 and PGH2 into 12-HHT and thromboxane A2 potentially at the expense of making 

PGE2, was also highly induced (Log2 Fold 3.33) [44–46]. Ephx2, an epoxide hyrolase that is 

involved in a different arm of ara-chidondic metabolism can convert EETs into DHETs to 

regulate inflammation was also upregulated (Log2 Fold 2.33) [47,48]. Other genes identified 

in the dataset that may regulate prostglandin signaling or be induced by prostaglandin 

signaling include annexin A1 (Log2 Fold 1.03) [49] and Saa3 (Log2 Fold 3.50) [50]. 

Interestingly, Annexin A1 and SAA ligands have been shown to bind formyl peptide 

receptors of which Fpr-1 was shown to be upregulated in the dataset [50,51].
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A second group of inflammatory genes were associated with the coagulation cascade. 

Coagulation factor X (Log2 Fold 2.16) and Coagulation factor II receptor (F2r; Log2 Fold 

2.53) also known as Par-1 were both highly upregulated. Additionally, two more genes 

associated with the coagulation cascade Von Willdebrand Factor and Protein C receptor were 

upregulated, but just below the Log2Fold cutoff in the dataset. Interestingly, work by others 

has shown that Activated Protein C can form a complex with Protein C Receptor and F2r to 

up-regulate target genes Tnfaip3, Birc3, and Sphk1 [52], which were all upregulated in the 

hematopoietic population, but again just below the Log2 fold cutoff (sFig. 4).

A third group of inflammatory genes have associations with different autoimflammatory 

disorders (sFig. 4). Mefv encodes for pyrin (Log2 Fold 2.58), an intracellular pattern 

recognition receptor capable of assembling inflammasome complexes [47]. While known for 

familial Mediterranean fever disease [53], mutations in Mefv have been associated with 

juvenile idiopathic arthritis, inflammatory bowel disease, Behcet’s disease, ulcerative colitis, 

Fibromyalgia, rheumatoid arthritis, and ankylosing spondylitis [54]. TNIP1 (Log2 Fold 1.05) 

has been implicated by genome wide association studies to be important for psor-iatic 

arthiritis, systemic sclerosis, systemic lupus erythematosus, and psoriasis [55]. Interestingly, 

the protein product of Tnip1, whose function is largely anti-inflammatory, can form a 

complex with Nlrp10 (Log2 Fold 1.04), which is also upregulated in the dataset and can 

negatively regulate protein levels of Tnip1 upon infection [56]. Nlrp10−/ − mice have also 

revealed that it is highly important for establishing an adaptive immune response [57]. 

Studies on Rasgrp1 (Log2 Fold 1.21), a guanine nucleotide exchange factor also implicate 

this gene in systemic lupus erythematosus and pulmonary alveolar proteinosis [58–60].

Finally, the last group of inflammatory genes has associations with hematopoietic cell 

migration. This group includes genes that encode for enzymes known to modify the 

extracellular matrix, Chst1 (Log2 Fold 1.20) and Ndst (Log2 Fold 1.05) thereby indirectly 

influencing cell migration and cell signaling. Interestingly, Ndst modification of the 

extracellular matrix has also been shown to negatively regulate BMP signaling [61] and thus, 

may impact osteoblast differentiation as well. Additional genes upregulated include 

chemokines Cxcl2 (Log2 Fold 1.49) and Ccl9 (Log2 Fold 1.08). Interesting, Ccl9 also plays 

a role in osteoclast formation and has been shown to be regulated by TGFβ signaling in 

myeloid progenitor cells [62,63].

3.2. Differential gene expression in the mesenchymal cell population

The computational analysis of the mesenchymal population was performed in a manner 

identical to the hematopoietic population de-tailed above. In brief, principal component 

analysis of the mesenchymal cell population grouped the wild type (blue) and Sh3bp2KI/KI 

(red) samples separately indicating differentially expressed gene signatures (Fig. 2A). An 

MA plot was also generated (Fig. 2B) with the mean line (red line) passed through 0 on the 

y-axis, indicating that no transcript-tional bias existed between wild-type and Sh3bp2KI/KI 

samples. Thus, the PCA and MA plots confirmed that the workflow parameters used to 

align, count, normalize, and identify differentially expressed genes in the dataset were 

appropriate.
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To visualize global gene expression differences, a heatmap was generated based on the 

above mentioned cutoffs that resulted in a total of 246 differentially expressed genes within 

the mesenchymal cell population (Fig. 2C). Of the total differentially expressed genes, 77 

genes were upregulated and 169 genes were downregulated. A list of the differentially 

expressed genes included in the heatmap and those between Log2 Fold > 1 and < −1 are 

provided in Supplementary Table 2. To further understand the differentially expressed gene 

set, we performed gene ontology analyses on both upregulated and downregulated gene sets. 

Consistent with previous work [14], which reported impaired osteogenesis, gene ontology 

analyses of the downregulated gene set showed high enrichment scores related to bone 

mineralization, ossifi-cation, and osteoblast differentiation (Table 5). Additionally, consistent 

with cherubism mice having an inflammatory phenotype [12,13], gene ontology analyses of 

upregulated genes showed enrichment of genes associated granzyme mediated apoptotic 

signaling, proteoglycan synthesis, and chemotaxis (Table 6).

While bone marrow cells were cultured for only seven days and grown under non-osteogenic 

conditions, examination of genes associated with osteoblast differentiation revealed that 

most, but not all were downregulated (Table 7, sFig. 5). Most early and intermediate markers 

of osteogenic differentiation including alkaline phosphatase (Alpl; Log2 Fold −1.38), osterix 
(Sp7; Log2 Fold −1.37), and bone sialoprotein (Ibsp; Log2 Fold −3.64) were downregulated. 

Additionally genes with known roles in osteoblast differentiation including osteomodulin 
(Omd; Log2 Fold −1.19), parathyroid hormone receptor (Pth1r; Log2 Fold −1.60), and 

myocyte enhancer factor 2C (Mef2c; Log2 Fold −1.06) were also downregulated. 

Interestingly, Tbx3 (Log2 Fold 1.22) and Sox11 (Log2 Fold 1.57), two transcription factors 

with less defined roles in osteogenesis were up-regulated [64,65].

Mesenchymal bone marrow stromal cells, also referred to as adventitial reticular cells, while 

retaining osteogenic potential also retain a functional importance to maintaining the 

hematopoietic stem cell niche as well as regulating their differentiation. In doing so, marrow 

adventitial reticular cells express a variety of genes crucial for this role including Cxcl12 
(Log2 Fold −1.71), kit ligand (Kitl) (Log2 Fold −2.19), angiopoietin 1 (Log2 Fold −1.41) and 

angiopoietin 4 (Log2 Fold −1.06), and leptin receptor (Lepr; Log2Fold −1.15) [66–71]. 

Interestingly, all of these reticular cell gene markers were downregulated. Work by others 

has also indicated that many of these adventitial reticular cells serve as important early 

precursor cells for the osteogenic lineage [72,73]. With this in mind, gremlin 1 (Grem1; 

Log2 Fold 2.47), a gene that has been reported as a possible marker for skeletal stem cells 

was highly upregulated (Table 8, sFig. 6) [74]. Grem1, a known BMP inhibitor [75], can also 

promote angiogenesis through binding Vegfr2 [76].

In addition to increased expression of Grem 1 implicating changes in BMP signaling, several 

other genes associated with the BMP pathway were impacted (sFig. 6). The expression of 

Bmp2 (Log2 Fold −2.74), Bmp4 (Log2 Fold −1.79), Bmp8a (Log2 Fold −2.11), and Gdf6 
(Log2 Fold −2.69) were all downregulated in the Sh3bp2KI/KI mesenchymal population. 

BMPs are well known inducers of osteogenesis [77]. While the significance of GDF6 in 

joint formation is known, its role in osteogenesis remains less defined. There is evidence to 

suggest that GDF6 may be anti-osteogenic [78]. However, GDF6 can also heterodimerize 

with BMPs and therefore may have additional regulatory roles [79]. Genes encoding for 
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secreted BMP inhibitors follistatin (Log2 Fold −1.24) and chordin-like 1 (Log2 Fold −1.91) 

were downregulated, while receptor Bmp1rb (Log2 Fold 1.26) was upregulated. Taken to-

gether, these data suggest that BMP signaling is strongly downregulated (Table 9).

The Wnt pathway was another pathway that showed considerable changes in gene 

expression. Several inhibitors of the Wnt signaling pathway including Sfrp1 (Log2 Fold 

−1.91), Sfrp2 (Log2 Fold −2.13), Frzb (Log2 Fold −2.03), and Wif (Log2 Fold −1.83) were 

downregulated, while Wnt2b (Log2 Fold 1.49) was upregulated. This possibly suggests that 

the activity of certain downstream Wnt pathways may be heightened. However, Lrg5 (Log2 

Fold −1.65) and R-spondin 3 (Log2 Fold −1.67), which have been shown to positively 

support Wnt signaling were also downregulated [80]. Thus, while our studies clearly detail 

significant changes in genes associated with Wnt signaling, it will be important to determine 

how these changes in gene expression impact specific downstream signaling events.

While the majority of genes showing downregulated expression in the Sh3bp2KI/KI 

mesenchymal population were associated with osteogenesis, most upregulated genes had 

associations with inflammation and/or supporting osteoclast formation (Table 10, sFig. 5). 

Gzmc (Log2 Fold 2.47), Gzmd (Log2 Fold 2.2), and Gzme (Log2 Fold 1.78), belonging to 

the granzyme family of serine proteases, which are notoriously secreted by immune cells, 

were highly upregulated in the mesenchymal population. Chemokines Cxcl5 (Log2 Fold 

2.46) and Cxcl1 (Log2 Fold 1.32), critical for the recruitment of inflammatory cells were 

also up-regulated. Related to osteoclast formation, there is evidence to suggest Cxcl1 

promotes the recruitment of osteoclast precursors while Cxcl5 induces the expression of 

Rankl (Tnfsf11; Log2 Fold 1.01) [81,82], which was also upregulated in the mesenchymal 

cell population. Consistent with what we previously reported [14], OPG, a decoy RANK 

receptor, was downregulated in the data set, but just below the Log2fold cutoff. Facilitating 

the remodeling of heparan sulfate, several members of the 3-O sulfotransferase family were 

up regulated including Hs3st1 (Log2 Fold 2.37), Hs3st3a1 (Log2 Fold 1.77), Hs3st3b1 (Log2 

Fold 1.69). Through the modification of heparan, these enzymes can regulate processes such 

as coagulation and epithelial to mesenchymal transition [83,84]. Thrombomodulin (Thbd; 

Log2 Fold 1.07), which is modestly upregulated has important roles in anti-coagulation and 

anti-in-flammation through direct binding of thrombin and also through the activation of 

Protein C [85–87]. F-spondin (Spon1; Log2 Fold 2.38) a gene highly upregulated in the 

Sh3bp2KI/KI mesenchymal population encodes for a protein containing six thrombospondin 

domains. Interestingly, similar to thrombospondin-1, f-spondin has also been shown to 

activate latent TGFβ1 and lead to increased synthesis of PGE2 [88]. Finally, while the 

expression of most genes associated with inflammation were upregulated, Il1rn (Log2 Fold 

−2.06), a gene that encodes for Interleukin Receptor 1 Antagonist was strongly 

downregulated. One of the valued biological effects of bone marrow derived mesenchymal 

stem cells (MSCs) is that they possess anti-inflammatory and anti-fibrotic properties. There 

is evidence to suggest that Il1rn expression in MSCs is a major contributor to these anti-

inflammatory and anti-fibrotic properties [89]. Thus, strong down regulation of this receptor 

expression will likely permit stronger inflammatory and fibrotic outcomes.
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4. Discussion

Past studies from our lab have shown how bone marrow cultures derived from a cherubism 

mouse model (Sh3bp2KI/KI mice) displayed defective osteogenesis and spontaneous 

osteoclast formation [14]. To gain deeper insight into the mechanistic changes that 

contribute to these alterations in cell differentiation, we performed global gene expression 

analysis on sorted hematopoietic and mesenchymal cell populations using RNA-Seq. Our 

findings presented here have yielded some surprising outcomes regarding the identity of 

specific genes impacted by cherubic mutations in Sh3bp2. Here we discuss the significance 

of these gene expression changes and speculate on possible links to regulation of 

inflammation, osteoclast formation, osteoblast differentiation and fibrosis.

It is well established that inflammation remains a core element contributing to cherubism. 

During the early stages of this disease in patients, the submandibular and cervical lymph 

nodes are enlarged and within cherubism lesions various immune cell types including giant 

multinucleated osteoclasts exist [5,90,91]. Studies in mice have gone on to provide evidence 

that cherubic mutations in Sh3bp2 lead to greater sensitivity to pathogen and damage 

associated molecular patterns (PAMPS and DAMPS), Rankl stimulation, and homozygous 

knockin mice systemically have higher levels of TNFα [11,12,92,93]. Consistent with these 

studies, evaluation of the dataset by Ingenuity Pathway Analysis predicts many of the same 

inflammatory signaling molecules (Supplementary Table 3). However, examination of the 

dataset from the hematopoietic population has also drawn our interest to prostaglandin and 

coagulation signaling pathways, which have known roles in inflammatory processes, but 

have not been investigated with regard to cherubism. The data set also draws interest towards 

genes associated with autoinflammatory conditions including MEFV, a gene that encodes 

for Pyrin, an inflammatory sensing molecule.

Importantly, changes in gene expression associated with inflammation were not exclusive to 

the hematopoietic population, but also existed within the mesenchymal population. 

Understanding how the mesenchymal population responds to and participates in 

inflammatory processes remains a topically understudied area of re-search, yet it is well 

appreciated that bone marrow derived MSCs retain anti-inflammatory properties [89]. 

However, given the down regulation of Il1rn, an interleukin 1 receptor antagonist, and 

hematopoietic stem cell niche regulators Cxcl12 and Kitl and the up regulation in granzymes 

C, D, and E, it appears that the marrow derived mesenchymal cells derived from cherubism 

mice have taken on a very different role in regulating immune cell function. The detection of 

granzyme expression within the mesenchymal population was unexpected. Granzyme 

expression is generally thought to be restricted to cytotoxic T cells and natural killer cells 

[94], but certain granzymes genes have been reported to be expressed in non-hematopoietic 

cell types including marrow stromal cells [95]. In support of our findings, inspection of 

granzyme C, D, and E expression in the online accessible gene expression portal BioGPS 

also selectively detects these granzymes in osteoblasts [96].

In cherubism, excessive bone resorption has largely been attributed to the overactivation of 

osteoclasts. Work by others has shown how myeloid progenitors derived from cherubism 

mice are more sensitive to both Rankl and TNFα signaling to augment osteoclast formation 
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[11,93]. Our studies have also implicated several additional genes that are likely to enhance 

the recruitment and development of osteoclasts. Within the hematopoietic population, this 

includes genes associated with the generation and stability of prostaglandin PGE2. In vitro 
studies have shown how PGE2 through its receptor EP2 is a potent enhancer of osteoclast 

formation [97]. Further, Cxcl2 and Ccl9 have also been shown to be involved in the 

regulation of osteoclast formation [63,98].

Our studies also indicate that gene expression changes within the mesenchymal cell lineage 

support osteoclast formation. Not only has the expression of Rankl (Tnfsf11) increased, but 

Cxcl5, a gene shown to positively regulate Rankl expression was also increased [82]. 

Further, down-regulation of Kitl expression has also been associated with increased 

osteoclast formation [99] and the gene product of Spon1 has been shown to activate latent 

TGFβ1 and increase PGE2 synthesis [88], both of which are enhancers of osteoclast 

formation.

In cherubism, fibrous tissue overgrowth potentially at the expense of osteoblast 

differentiation is a characteristic of the cherubism phenotype that mechanistically remains 

poorly understood. Examination of gene expression changes within the mesenchymal 

population clearly indicated that down-regulation of the BMP signaling pathway was the 

likely cause for impaired osteoblast differentiation. However, not only was the expression of 

different BMP ligands downregulated, but Grem1, a known BMP inhibitor was highly 

upregulated [75]. Interestingly, down-regulation of BMP signaling and up-regulation of 

Grem1 expression has also been observed in idiopathic pulmonary fibrosis [100]. While 

mechanistically not understood, evidence in the literature has shown that an inverse 

relationship exists between BMP and TGFβ signaling pathways. With regard to regulating 

osteogenesis, BMP active-tion is pro-ostegenic, while TGFβ activation is inhibitory. As 

men-tioned, the increased expression of Spon1, which can activate latent TGFβ ligands, may 

be a likely contributor to inhibiting osteogenesis. In support of this thinking, Spon1 deficient 

mice have increased bone mass with evidence of enhanced BMP signaling [84]. 

Additionally, the down-regulation of Il1rn may provide a permissive environment for 

inflammatory cytokines to inhibit osteogenesis and contribute to the profibrotic state [101].

There is also evidence from the hematopoietic population that changes in gene expression 

may contribute to impaired osteogenesis. Work on Saa3, a gene highly increased within the 

cherubism hematopoietic population, has been shown to inhibit PTH induced osteogenesis 

[50]. Also, Ndst1, which participates in the synthesis of heparan sulfate chains, has been 

shown to negatively regulate BMP signaling [61].

In this study, we have thoroughly examined and discussed the gene expression changes that 

occurred within the hematopoietic and mesenchymal cell populations derived from bone 

marrow cultures of cherubism mice. In doing so, this work reveals a much broader network 

of genes involved in the regulation of inflammation, osteoclast formation, and osteoblast 

differentiation. To the best of our knowledge, few studies have simultaneously examined 

gene expression changes within the hematopoietic and mesenchymal cell lineages to gain a 

deeper collective understanding of the complex interplay that exists among these two cell 

populations. It is important to emphasize that while this study has utilized a cherubism 
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mouse model, what we have learned from this study is likely to have much broader relevance 

to a variety of inflammatory skeletal diseases. Certain phenotypic characteristics of 

cherubism resemble other diseases like Noonan syndrome, neurofi-bromatosis type I, 

craniofacial cutaneous syndrome, and central giant cell granuloma [102]. Thus, mechanisms 

identified in this study are likely to have relevance for understanding the cross talk between 

hematopoietic and mesenchymal cell types for a host of diseases involving fibrotic 

inflammation and focal areas of bone loss.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Broad comparative analyses of RNAseq outcomes generated from the cherubism and wild 

type hematopoietic populations. (A) Principal component analysis reveals two distinct 

groups along the first principle component. (Blue = WT, Red = Cherubism). (B) MA plot 

indicating proper data normalization. Red dots indicate genes displaying significant 

differential gene expression. (C) Heatmap view of differential gene expression identifying 

299 upregulated genes and 162 downregulated genes. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 
Broad comparative analyses of RNAseq outcomes generated from the cherubism and wild 

type mesenchymal populations. (A) Principal component analysis reveals two distinct 

groups along the first principle component. (Blue = WT, Red = Cherubism). (B) MA plot 

indicating proper data normalization. Red dots indicate genes displaying significant 

differential gene expression. (C) Heatmap view of differential gene expression identifying 

77 upregulated genes and 169 downregulated genes. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Table 5

GO terms generated from downregulated genes found in the cherubism mesenchymal population.

GO biological process Fold enrichment P–value
a

Bone trabecula morphogenesis (G0:0061430) 25.73 3.56E-04

Animal organ maturation (GCh0048799) 23.47 4.70E-05

Positive regulation of bone mineralization (G0:0030501) 17.15 2.80E-06

Endochondral ossification (G0:0001958) 15.38 2.03E-04

Replacement ossification (G0:0036075) 15.38 2.03E-04

Positive regulation of cartilage development (G0:0061036) 14.86 2.28E-04

Bone mineralization (G0:0030282) 14.54 6.64E-06

Negative regulation of endothelial cell apoptotic process (G0:2000352) 14.38 2.56E-04

Positive regulation of biomineral tissue development (G0:0070169) 14.23 7.43E-06

Positive regulation of osteoblast differentiation (G0:0045669) 11.65 4.30E-06

Regulation of bone mineralization (G0:0030500) 11.43 9.95E-07

Branching involved in blood vessel morphogenesis (G0:0001569) 11.15 6.23E-04

a
Generated using a Fisher's Exact test and a Bonferroni correction.
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Table 8

Changes in marrow stromal cell gene marker expression found in the cherubism mesenchymal population.

Gene Description Log2 fold change P-value Base mean intensity
a

Greml Gremlin 1, DAN family BMP antagonist 2.47 1.87E-18 1104.66

Angptl Angiopoietin 1 −1.41 3.47E-13 1219.34

Angpt4 Angiopoietin 4 −1.06 4.55E-09 1021.87

Lepr Leptin receptor −1.15 9.70E-06 666.29

Cxdl2 Chemokine (C-X-C motif) ligand 12 −1.71 1.85E-16 9955.47

Kitl Kit ligand −2.19 2.20E-21 1203.63

Cd200 CD200 Antigen −1.02 0.000718 347.42

a
Values given in counts.
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